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Abstract. Here, the Copernicus Ocean State Report offers detailed scientific analysis of the ocean under cli-
mate change, ocean variability, and ocean extremes. This evidence-based reporting is based on a set of key ocean
indicators such as sea surface temperature, sea level rise, ocean heat content, ocean acidification, and sea ice
extent. Moreover, key indicators for ocean variability such as the El Niño–Southern Oscillation and major ocean
current systems such as the Atlantic Meridional Overturning Circulation are tackled. Major results show that the
global ocean’s sea surface temperature continues to steadily increase, particularly in the Northern Hemisphere,
with a global warming rate of 0.13 ± 0.01 °C per decade from 1982 to 2023. Since around the 1970s, the ocean
warming trend has intensified, doubling its rate over the past 2 decades. Concurrently, global mean sea level
has risen significantly at intensifying rates from 2.1 mm yr−1 in the 1990s to 4.3 mm yr−1 in recent years, with
regional disparities. The Arctic Ocean has faced unprecedented sea ice loss and warming, while Antarctic sea
ice has reached record lows. Ocean acidification has progressed, decreasing pH at a rate of −0.017 per decade.
Marine heatwaves have become more frequent, intense, and extensive, affecting up to 80 % of the global ocean
surface annually. Despite significant variability, extreme ocean surface wind speeds have been prevalent, particu-
larly in the North Atlantic, North Pacific, and Southern Ocean. The Atlantic Meridional Overturning Circulation
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shows no significant decline but varies substantially. In 2023, La Niña conditions have transitioned to El Niño
conditions in the Pacific Ocean.

Executive summary

The sea surface temperature (SST) of the global ocean con-
tinues to warm, and this warming is not uniform across ocean
basins and particularly pronounced in the Northern Hemi-
sphere. Global mean sea surface temperature is warming at
a rate of 0.13 ± 0.01 °C per decade over the period 1982–
2023. Apart from areas of major ocean current systems in
the Pacific, Atlantic, and Southern Ocean, the ocean surface
is warming. In particular, 75 % of the Northern Hemisphere
ocean surface is warming faster than the global average, com-
pared to 35 % of the Southern Hemisphere ocean.

Ocean warming continues to increase globally, and since
the 1960s, rates of change have doubled in the past
2 decades. Over the period 1960–2023, the global ocean heat
content increased at a rate of 0.58 ± 0.1 W m−2. Since 2005,
this global rate has increased to 1.05 ± 0.2 W m−2. Region-
ally, ocean warming is evolving differently in various areas
of the global ocean, while since 1960, the strongest upper
2000 m ocean warming has occurred in the Southern Ocean
(60–35° S), the North Atlantic (20–50° N), and the South At-
lantic (60° S–0°).

Global mean sea level observed by satellite altimetry has
risen more than 10 cm, at a rate of 3.4 ± 0.3 mm yr−1, and
accelerated by 0.11 ± 0.05 mm yr−2 over the past 30 years.
Global mean sea level rose from 2.1 ± 0.3 mm yr−1 over
the period 1993–2002 to 4.3 ± 0.3 mm yr−1 over 2013–2023.
Regional sea level rise is not uniform, and almost 50 % of
the ocean is rising faster than the global average. The regions
with faster rates are the major western boundary currents (in
the Kuroshio current in the western North Pacific and in the
Gulf Stream and the Brazil and Malvinas currents in the At-
lantic Ocean), large parts of the western Pacific Ocean and
Indian Ocean, and some areas in the Atlantic Ocean.

The Arctic Ocean has been exposed to unprecedented sea
ice loss and surface ocean warming of 4.37 °C since the
1980s, and in 2016, Antarctic sea ice entered a new state
of low sea ice, reaching the lowest levels on record in 2023.
Over the period 1979–2023, the Northern Hemisphere sea
ice extent decreased by −4.33 % per decade on annual aver-
age, by −12.64 % per decade in September (Summer), and
by −2.55 % per decade in March (Winter). Record summer
sea ice loss is reported during the years 2012 and 2020. The
trend in surface temperature in the Arctic Ocean amounts to
0.104 ± 0.005 °C yr−1 between 1982 and 2023. Most of the
Arctic Ocean basin is experiencing surface warming, partic-
ularly in the northern Barents Sea, the Kara Sea, the Beaufort
Sea, and the Eurasian part of the Arctic Ocean. Antarctic sea
ice extent does not show a long-term trend on average due to

high variability and contrasting regional trends over the pe-
riod 1982–2023. In 2016, Antarctic sea ice showed a rapid
decrease, entering a new low state of sea ice, and 2023 be-
came by far the lowest year on record. Global mean sea ice
extent in the polar regions was at its lowest point in 2023 as
compared to the 1993–2010 reference period.

Global ocean acidification has continuously increased
over the past 37 years (1985–2022), with an observed rate of
decrease in ocean pH of −0.017 pH unit per decade. Region-
ally, ocean acidification is not increasing uniformly. About
47 % of the sampled ocean is getting more acidic at a faster
rate than the global average, particularly in the Indian Ocean,
the Southern Ocean, the eastern equatorial Pacific Ocean, the
northern tropical Pacific, and some regions in the Atlantic
Ocean.

The year 2022 was the third consecutive year of El Niño–
Southern Oscillation (ENSO) La Niña conditions, and the
year 2023 was marked by developing El Niño conditions. The
tropical Pacific Ocean experienced multi-year La Niña con-
ditions persisting during 2020, 2021, and 2022. This phase
of ENSO reverted afterwards, transitioning to neutral condi-
tions in boreal spring 2023 and then to a warm El Niño phase
in the second half of 2023.

The Atlantic Meridional Overturning Circulation (AMOC)
strength does not show a statistically significant decline over
the period 1993–2023. Since 1993, the strength of AMOC
has undergone stark variations in both the reanalyses and
observations, superposing any long-term change. Scientific
controversy prevails in the published literature, and several
studies estimate low AMOC strength or even predict a near-
term collapse, while other studies elevate fluctuations of
AMOC.

Since 1982, the frequency, duration, intensity, and regional
extension of marine heatwaves of strong and extreme cate-
gories have increased, and during the years 2022 and 2023,
large areas of the surface ocean were affected. Over the pe-
riod 1982–2023, the fraction of the global ocean surface that
experienced a marine heatwave (MHW) event over 1 year in-
creased from 50 % to 80 %. The spatial extension of strong
MHW events and the yearly averaged maximum duration of
MHW events in recent years have doubled since 2008 from
about 20 % to 40 % and from 20 to 40 d, respectively, while
they were relatively stable before the mid-2000s. In 2022,
12 % of the global ocean surface experienced at least one
marine heatwave event of severe to extreme category, with
most persistent events lasting 6 months or longer occurring
in the Coral Sea, affecting waters off northeast Australia and
the Melanesian Pacific Island states. In 2023, 22 % of the
global ocean surface experienced at least one severe to ex-
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treme marine heatwave event. The most prominent events,
lasting 6 months or longer, occurred in the tropical central
and eastern Pacific, associated with the emerging 2023–2024
El Niño and the coastal Niño off the coast of Peru, and in the
northern tropical Atlantic and the Southern Ocean south of
40° S.

Globally, most extreme ocean surface wind speeds exceed-
ing 20 m s−1 over the past 16 years prevail in the central and
subpolar North Atlantic, the North Pacific, and the South-
ern Ocean. The detection of long-term trends in extreme
wind speeds is hampered by their large variability in space
and time, such as being triggered by the El Niño–Southern
Oscillation. Over the period 2007–2023, ocean surface ex-
treme wind speeds in the North Atlantic exceeding more
than 22 m s−1 were particularly pronounced along the south-
ern coast of Greenland. Extreme winds also reach more than
20 m s−1 in the North Pacific and Southern Ocean. Extreme
wind speeds in the tropical bands (10–30° of latitude) amount
typically to about 13 m s−1 and around or below 10 m s−1

in the equatorial band (0–10° of latitude). Wind speed ex-
tremes in the western tropical Pacific are closely correlated
with the El Niño–Southern Oscillation index, with more ex-
treme wind speeds and longer-lived tropical cyclones during
El Niño years.

1 Ocean and climate

1.1 Sea surface temperature

The surface of the ocean is in permanent dialogue with the
overlying atmosphere, and every change in this complex in-
teraction governed by air–sea processes transferring energy,
momentum, and gases between them is reflected in changes
of sea surface temperature. Hence, regular monitoring of sea
surface temperature is a fundamental component of climate
variability assessment. Also, sea surface temperature is iden-
tified as an essential ocean variable in weather prediction and
atmospheric model simulation, and it has a profound role in
the study of marine ecosystems, ocean dynamics, and ocean
health (Centurioni et al., 2019). Global targets of political
ambitions are aligned along the global climate indicator of
Earth surface temperature (UN, 2015) from which the ocean
surface constitutes the major fraction covering nearly 70 %
of the Earth’s surface. The most recent assessment of avail-
able scientific knowledge under the sixth assessment cycle
of the IPCC has reported that each of the last 4 decades has
been successively warmer than any decade that preceded it
since 1850. Global surface temperature was 1.09 [0.95 to
1.20] °C higher in 2011–2020 than 1850–1900, with larger
increases over land (1.59 [1.34 to 1.83] °C) than over the
ocean (0.88 [0.68 to 1.01] °C), IPCC, 2021). While the global
mean sea surface temperature is increasing, there is vari-
ability around this average, with different regions and loca-
tions experiencing different responses, both in terms of trend
and variance on different timescales and which are linked to

climate modes (such as the El Niño–Southern Oscillation)
and/or ocean dynamics.

In 2023, the global mean temperature was the highest on
record (Fig. 1). Since 1982, global mean surface temperature
has risen at a rate of 0.13 ± 0.01 °C. Superposed on the long-
term trend, the global mean sea surface temperature also
shows large variations around the average, which is known
to be dominated by internal variations from the El Niño–
Southern Oscillation (ENSO; Fig. 1, red and blue shading).
Except for the area poleward of about 50° S, the eastern trop-
ical Pacific where upwelling takes place, the central subtrop-
ical South Atlantic, and the area of the so-called “cold blob”
in the subtropical North Atlantic (Fan et al., 2023; Sanders
et al., 2022), which show no statistically significant trend,
the rest of the ocean surface is warming. The spatial pat-
tern of the global SST trend also evidences that nearly 14 %
of the ocean surface is warming more slowly compared to
the global mean surface warming rate (Fig. 2b, Table 1), and
40 % of the ocean surface is even observed to warm at a rate
equal to or exceeding 2 times or more (12 %) the global mean
surface warming (Fig. 2b, Table 1). Higher warming rates
characterize the Northern Hemisphere in all ocean basins,
particularly north of 30° N.

1.2 Ocean heat content

The global ocean is warming, and this human-driven warm-
ing is irreversible over centuries to millennia (IPCC, 2021).
The ocean is warming because today the Earth is out of en-
ergy balance with anthropogenic climate forcing (Forster et
al., 2021; Hansen et al., 2011; von Schuckmann et al., 2016).
This Earth energy imbalance leads to an accumulation of heat
in the Earth system, from which the majority – about 90 % –
is stored in the global ocean. The rest is warming the con-
tinents, melting the ice in the frozen parts of the world, and
warming the atmosphere (von Schuckmann et al., 2020). In
other words: the ocean is our sentinel for monitoring the cur-
rent state and future perspectives of planetary warming and
is hence the fundamental indicator of high policy relevance
(Cheng et al., 2024; von Schuckmann et al., 2023). In ac-
cordance with climate models, this indicator also reveals that
Earth system heating is accelerating (Minière et al., 2023;
Storto and Yang, 2024; Cheng et al., 2024).

Ocean warming has wide-reaching implications (Cheng et
al., 2022). For example, ocean warming contributes to about
40 % of the observed global mean sea level rise and alters
ocean currents (Gulev et al., 2021). It also indirectly alters
storm tracks (IPCC, 2018), increases ocean stratification (Li
et al., 2022), and can lead to changes in marine ecosystems
(Bindoff et al., 2019). Particularly, and together with ocean
acidification and deoxygenation, ocean warming can lead to
dramatic changes in ecosystem assemblages, biodiversity im-
pacts, population extinction, coral bleaching, infectious dis-
eases, and changes in animal behaviour (including reproduc-
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conditions in the Pacific Ocean.

Executive summary

The sea surface temperature (SST) of the global ocean con-
tinues to warm, and this warming is not uniform across ocean
basins and particularly pronounced in the Northern Hemi-
sphere. Global mean sea surface temperature is warming at
a rate of 0.13 ± 0.01 °C per decade over the period 1982–
2023. Apart from areas of major ocean current systems in
the Pacific, Atlantic, and Southern Ocean, the ocean surface
is warming. In particular, 75 % of the Northern Hemisphere
ocean surface is warming faster than the global average, com-
pared to 35 % of the Southern Hemisphere ocean.

Ocean warming continues to increase globally, and since
the 1960s, rates of change have doubled in the past
2 decades. Over the period 1960–2023, the global ocean heat
content increased at a rate of 0.58 ± 0.1 W m−2. Since 2005,
this global rate has increased to 1.05 ± 0.2 W m−2. Region-
ally, ocean warming is evolving differently in various areas
of the global ocean, while since 1960, the strongest upper
2000 m ocean warming has occurred in the Southern Ocean
(60–35° S), the North Atlantic (20–50° N), and the South At-
lantic (60° S–0°).

Global mean sea level observed by satellite altimetry has
risen more than 10 cm, at a rate of 3.4 ± 0.3 mm yr−1, and
accelerated by 0.11 ± 0.05 mm yr−2 over the past 30 years.
Global mean sea level rose from 2.1 ± 0.3 mm yr−1 over
the period 1993–2002 to 4.3 ± 0.3 mm yr−1 over 2013–2023.
Regional sea level rise is not uniform, and almost 50 % of
the ocean is rising faster than the global average. The regions
with faster rates are the major western boundary currents (in
the Kuroshio current in the western North Pacific and in the
Gulf Stream and the Brazil and Malvinas currents in the At-
lantic Ocean), large parts of the western Pacific Ocean and
Indian Ocean, and some areas in the Atlantic Ocean.

The Arctic Ocean has been exposed to unprecedented sea
ice loss and surface ocean warming of 4.37 °C since the
1980s, and in 2016, Antarctic sea ice entered a new state
of low sea ice, reaching the lowest levels on record in 2023.
Over the period 1979–2023, the Northern Hemisphere sea
ice extent decreased by −4.33 % per decade on annual aver-
age, by −12.64 % per decade in September (Summer), and
by −2.55 % per decade in March (Winter). Record summer
sea ice loss is reported during the years 2012 and 2020. The
trend in surface temperature in the Arctic Ocean amounts to
0.104 ± 0.005 °C yr−1 between 1982 and 2023. Most of the
Arctic Ocean basin is experiencing surface warming, partic-
ularly in the northern Barents Sea, the Kara Sea, the Beaufort
Sea, and the Eurasian part of the Arctic Ocean. Antarctic sea
ice extent does not show a long-term trend on average due to

high variability and contrasting regional trends over the pe-
riod 1982–2023. In 2016, Antarctic sea ice showed a rapid
decrease, entering a new low state of sea ice, and 2023 be-
came by far the lowest year on record. Global mean sea ice
extent in the polar regions was at its lowest point in 2023 as
compared to the 1993–2010 reference period.

Global ocean acidification has continuously increased
over the past 37 years (1985–2022), with an observed rate of
decrease in ocean pH of −0.017 pH unit per decade. Region-
ally, ocean acidification is not increasing uniformly. About
47 % of the sampled ocean is getting more acidic at a faster
rate than the global average, particularly in the Indian Ocean,
the Southern Ocean, the eastern equatorial Pacific Ocean, the
northern tropical Pacific, and some regions in the Atlantic
Ocean.

The year 2022 was the third consecutive year of El Niño–
Southern Oscillation (ENSO) La Niña conditions, and the
year 2023 was marked by developing El Niño conditions. The
tropical Pacific Ocean experienced multi-year La Niña con-
ditions persisting during 2020, 2021, and 2022. This phase
of ENSO reverted afterwards, transitioning to neutral condi-
tions in boreal spring 2023 and then to a warm El Niño phase
in the second half of 2023.

The Atlantic Meridional Overturning Circulation (AMOC)
strength does not show a statistically significant decline over
the period 1993–2023. Since 1993, the strength of AMOC
has undergone stark variations in both the reanalyses and
observations, superposing any long-term change. Scientific
controversy prevails in the published literature, and several
studies estimate low AMOC strength or even predict a near-
term collapse, while other studies elevate fluctuations of
AMOC.

Since 1982, the frequency, duration, intensity, and regional
extension of marine heatwaves of strong and extreme cate-
gories have increased, and during the years 2022 and 2023,
large areas of the surface ocean were affected. Over the pe-
riod 1982–2023, the fraction of the global ocean surface that
experienced a marine heatwave (MHW) event over 1 year in-
creased from 50 % to 80 %. The spatial extension of strong
MHW events and the yearly averaged maximum duration of
MHW events in recent years have doubled since 2008 from
about 20 % to 40 % and from 20 to 40 d, respectively, while
they were relatively stable before the mid-2000s. In 2022,
12 % of the global ocean surface experienced at least one
marine heatwave event of severe to extreme category, with
most persistent events lasting 6 months or longer occurring
in the Coral Sea, affecting waters off northeast Australia and
the Melanesian Pacific Island states. In 2023, 22 % of the
global ocean surface experienced at least one severe to ex-
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treme marine heatwave event. The most prominent events,
lasting 6 months or longer, occurred in the tropical central
and eastern Pacific, associated with the emerging 2023–2024
El Niño and the coastal Niño off the coast of Peru, and in the
northern tropical Atlantic and the Southern Ocean south of
40° S.

Globally, most extreme ocean surface wind speeds exceed-
ing 20 m s−1 over the past 16 years prevail in the central and
subpolar North Atlantic, the North Pacific, and the South-
ern Ocean. The detection of long-term trends in extreme
wind speeds is hampered by their large variability in space
and time, such as being triggered by the El Niño–Southern
Oscillation. Over the period 2007–2023, ocean surface ex-
treme wind speeds in the North Atlantic exceeding more
than 22 m s−1 were particularly pronounced along the south-
ern coast of Greenland. Extreme winds also reach more than
20 m s−1 in the North Pacific and Southern Ocean. Extreme
wind speeds in the tropical bands (10–30° of latitude) amount
typically to about 13 m s−1 and around or below 10 m s−1

in the equatorial band (0–10° of latitude). Wind speed ex-
tremes in the western tropical Pacific are closely correlated
with the El Niño–Southern Oscillation index, with more ex-
treme wind speeds and longer-lived tropical cyclones during
El Niño years.

1 Ocean and climate

1.1 Sea surface temperature

The surface of the ocean is in permanent dialogue with the
overlying atmosphere, and every change in this complex in-
teraction governed by air–sea processes transferring energy,
momentum, and gases between them is reflected in changes
of sea surface temperature. Hence, regular monitoring of sea
surface temperature is a fundamental component of climate
variability assessment. Also, sea surface temperature is iden-
tified as an essential ocean variable in weather prediction and
atmospheric model simulation, and it has a profound role in
the study of marine ecosystems, ocean dynamics, and ocean
health (Centurioni et al., 2019). Global targets of political
ambitions are aligned along the global climate indicator of
Earth surface temperature (UN, 2015) from which the ocean
surface constitutes the major fraction covering nearly 70 %
of the Earth’s surface. The most recent assessment of avail-
able scientific knowledge under the sixth assessment cycle
of the IPCC has reported that each of the last 4 decades has
been successively warmer than any decade that preceded it
since 1850. Global surface temperature was 1.09 [0.95 to
1.20] °C higher in 2011–2020 than 1850–1900, with larger
increases over land (1.59 [1.34 to 1.83] °C) than over the
ocean (0.88 [0.68 to 1.01] °C), IPCC, 2021). While the global
mean sea surface temperature is increasing, there is vari-
ability around this average, with different regions and loca-
tions experiencing different responses, both in terms of trend
and variance on different timescales and which are linked to

climate modes (such as the El Niño–Southern Oscillation)
and/or ocean dynamics.

In 2023, the global mean temperature was the highest on
record (Fig. 1). Since 1982, global mean surface temperature
has risen at a rate of 0.13 ± 0.01 °C. Superposed on the long-
term trend, the global mean sea surface temperature also
shows large variations around the average, which is known
to be dominated by internal variations from the El Niño–
Southern Oscillation (ENSO; Fig. 1, red and blue shading).
Except for the area poleward of about 50° S, the eastern trop-
ical Pacific where upwelling takes place, the central subtrop-
ical South Atlantic, and the area of the so-called “cold blob”
in the subtropical North Atlantic (Fan et al., 2023; Sanders
et al., 2022), which show no statistically significant trend,
the rest of the ocean surface is warming. The spatial pat-
tern of the global SST trend also evidences that nearly 14 %
of the ocean surface is warming more slowly compared to
the global mean surface warming rate (Fig. 2b, Table 1), and
40 % of the ocean surface is even observed to warm at a rate
equal to or exceeding 2 times or more (12 %) the global mean
surface warming (Fig. 2b, Table 1). Higher warming rates
characterize the Northern Hemisphere in all ocean basins,
particularly north of 30° N.

1.2 Ocean heat content

The global ocean is warming, and this human-driven warm-
ing is irreversible over centuries to millennia (IPCC, 2021).
The ocean is warming because today the Earth is out of en-
ergy balance with anthropogenic climate forcing (Forster et
al., 2021; Hansen et al., 2011; von Schuckmann et al., 2016).
This Earth energy imbalance leads to an accumulation of heat
in the Earth system, from which the majority – about 90 % –
is stored in the global ocean. The rest is warming the con-
tinents, melting the ice in the frozen parts of the world, and
warming the atmosphere (von Schuckmann et al., 2020). In
other words: the ocean is our sentinel for monitoring the cur-
rent state and future perspectives of planetary warming and
is hence the fundamental indicator of high policy relevance
(Cheng et al., 2024; von Schuckmann et al., 2023). In ac-
cordance with climate models, this indicator also reveals that
Earth system heating is accelerating (Minière et al., 2023;
Storto and Yang, 2024; Cheng et al., 2024).

Ocean warming has wide-reaching implications (Cheng et
al., 2022). For example, ocean warming contributes to about
40 % of the observed global mean sea level rise and alters
ocean currents (Gulev et al., 2021). It also indirectly alters
storm tracks (IPCC, 2018), increases ocean stratification (Li
et al., 2022), and can lead to changes in marine ecosystems
(Bindoff et al., 2019). Particularly, and together with ocean
acidification and deoxygenation, ocean warming can lead to
dramatic changes in ecosystem assemblages, biodiversity im-
pacts, population extinction, coral bleaching, infectious dis-
eases, and changes in animal behaviour (including reproduc-
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Figure 1. Annual global (90° N–90° S) mean sea surface temperature (bars) anomalies (relative to the 1991–2020 baseline) together with
pentadal (green line) values over the satellite record as derived from product ref. SST.3 in the Supplement over the period 1982–2023. The
green shaded envelope represents the 2σ ensemble spread of pentadal values for three products (product ref. SST.1–SST.4). Colours on bars
indicate the positive (red, El Niño), negative (blue, La Niña), and neutral (grey) phases of the multivariate ENSO index (product ref. SST.5).

Table 1. Percentage of ocean surface affected by different sea surface temperature trends, for the whole considered areas, and when consid-
ering only the shallow waters (depth between 0 and 200 m) in the regions.

Region Selection of trend: surface tempera-
ture trend as compared to the global
mean trend

Percentage of ocean surface (re-
lated to the considered region)
concerned by the selected trend

Percentage of ocean surface for
the shelf regions (depth 0 to
200 m deep) in the considered
area

Global ocean Negative trend 5 % 1 %

Global ocean Positive trend, lower than global
mean

14 % 24 %

Global ocean Trend equal to or lower than 2 times
the global mean

40 % 40 %

Global ocean Trend larger than 2 times the global
mean

12 % 25 %

Northern
Hemisphere
ocean

Trend larger than the global mean 75 % 78 %

Southern
Hemisphere
ocean

Trend larger than the global mean 35 % 32 %

tion), as well as the redistribution of habitats (Garcia Molinos
et al., 2015; Gattuso et al., 2015; Ramírez et al., 2017).

Different research groups have developed products for
evaluating ocean heat content, which rely on different data
processing methods and bias corrections (Gulev et al., 2021;
Cheng et al., 2022). Albeit these different approaches,
those estimates agree on the fact that the global ocean
has been warming since about 1960 onwards (Fig. 3a).
The rate of ocean warming for the period 1960–2023
amounts to 0.58 ± 0.1 W m−2 (Fig. 3a). For the most re-

cent 2 decades (2005–2023), the global mean ocean warm-
ing rate has increased as compared to the long-term change
(1.05 ± 0.2 W m−2, Fig. 3a). This doubling of the global
ocean warming rate has been discussed in the recent litera-
ture (Cheng et al., 2022; Loeb et al., 2021; von Schuckmann
et al., 2023), also in the light of ocean warming acceleration
(Minière et al., 2023). The steady increase in ocean warming
rates is consistent for different types of products, including
direct estimates from ocean in situ observations, indirect es-
timates from remote sensing, the direct estimate of net flux
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Figure 2. (a) Regional trend of sea surface temperature anomalies (rel. to the 1991–2020 baseline) over the period 1982–2023 as derived
from product ref. SST.3. (b) Same as (a) but representing areas where the regional trend is negative (blue), positive and lower (green) than
the global mean sea surface warming trend, equal to or exceeding up to 2 times (yellow) or exceeding 2 times the global mean sea surface
warming trend (see Fig. 1). The grey shading represents areas where the trend is statistically not significant.

at the top of the atmosphere from satellite data, and CMIP6
climate models (Cheng et al., 2024). Different drivers of this
change are discussed in the literature, including an attribu-
tion to a change in anthropogenic climate forcing (Hansen et
al., 2023; Kramer et al., 2021; Raghuraman et al., 2021), or
natural variability (Loeb et al., 2021).

Although ocean heat content (OHC) has increased dra-
matically at the surface, at depth, and over the entire wa-
ter column, the pattern of ocean warming has been non-
uniform (Cheng et al., 2022). The strongest upper 2000 m
ocean warming occurs in the Southern Ocean (60–35° S),
North Atlantic (20–50° N), and South Atlantic (60° S–0°)

(Fig. 3b). The Southern Ocean domain (78–35° S) has been
the largest heat reservoir since 1960, accounting for ∼ 36 %
of the global upper 2000 m OHC increase. This strong warm-
ing is associated with the absorption of anthropogenic heat
by the cold upwelling waters, which is then exported to the
northern flank of the Antarctic Circumpolar Current (ACC)
by the background overturning circulation. While the At-
lantic Ocean (35° S–64° N), Pacific Ocean (35° S–60° N), In-
dian Ocean (35° S–30° N), and Arctic Ocean (65° N–90° N)
account for ∼ 33 %, ∼ 20 %, ∼ 9 %, and ∼ 2.5 % of the
global 0–2000 m OHC increase, respectively, the percent-
ages change with time and ocean area. If considering the
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Figure 1. Annual global (90° N–90° S) mean sea surface temperature (bars) anomalies (relative to the 1991–2020 baseline) together with
pentadal (green line) values over the satellite record as derived from product ref. SST.3 in the Supplement over the period 1982–2023. The
green shaded envelope represents the 2σ ensemble spread of pentadal values for three products (product ref. SST.1–SST.4). Colours on bars
indicate the positive (red, El Niño), negative (blue, La Niña), and neutral (grey) phases of the multivariate ENSO index (product ref. SST.5).

Table 1. Percentage of ocean surface affected by different sea surface temperature trends, for the whole considered areas, and when consid-
ering only the shallow waters (depth between 0 and 200 m) in the regions.

Region Selection of trend: surface tempera-
ture trend as compared to the global
mean trend

Percentage of ocean surface (re-
lated to the considered region)
concerned by the selected trend

Percentage of ocean surface for
the shelf regions (depth 0 to
200 m deep) in the considered
area

Global ocean Negative trend 5 % 1 %

Global ocean Positive trend, lower than global
mean

14 % 24 %

Global ocean Trend equal to or lower than 2 times
the global mean

40 % 40 %

Global ocean Trend larger than 2 times the global
mean

12 % 25 %

Northern
Hemisphere
ocean

Trend larger than the global mean 75 % 78 %

Southern
Hemisphere
ocean

Trend larger than the global mean 35 % 32 %

tion), as well as the redistribution of habitats (Garcia Molinos
et al., 2015; Gattuso et al., 2015; Ramírez et al., 2017).

Different research groups have developed products for
evaluating ocean heat content, which rely on different data
processing methods and bias corrections (Gulev et al., 2021;
Cheng et al., 2022). Albeit these different approaches,
those estimates agree on the fact that the global ocean
has been warming since about 1960 onwards (Fig. 3a).
The rate of ocean warming for the period 1960–2023
amounts to 0.58 ± 0.1 W m−2 (Fig. 3a). For the most re-

cent 2 decades (2005–2023), the global mean ocean warm-
ing rate has increased as compared to the long-term change
(1.05 ± 0.2 W m−2, Fig. 3a). This doubling of the global
ocean warming rate has been discussed in the recent litera-
ture (Cheng et al., 2022; Loeb et al., 2021; von Schuckmann
et al., 2023), also in the light of ocean warming acceleration
(Minière et al., 2023). The steady increase in ocean warming
rates is consistent for different types of products, including
direct estimates from ocean in situ observations, indirect es-
timates from remote sensing, the direct estimate of net flux
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Figure 2. (a) Regional trend of sea surface temperature anomalies (rel. to the 1991–2020 baseline) over the period 1982–2023 as derived
from product ref. SST.3. (b) Same as (a) but representing areas where the regional trend is negative (blue), positive and lower (green) than
the global mean sea surface warming trend, equal to or exceeding up to 2 times (yellow) or exceeding 2 times the global mean sea surface
warming trend (see Fig. 1). The grey shading represents areas where the trend is statistically not significant.

at the top of the atmosphere from satellite data, and CMIP6
climate models (Cheng et al., 2024). Different drivers of this
change are discussed in the literature, including an attribu-
tion to a change in anthropogenic climate forcing (Hansen et
al., 2023; Kramer et al., 2021; Raghuraman et al., 2021), or
natural variability (Loeb et al., 2021).

Although ocean heat content (OHC) has increased dra-
matically at the surface, at depth, and over the entire wa-
ter column, the pattern of ocean warming has been non-
uniform (Cheng et al., 2022). The strongest upper 2000 m
ocean warming occurs in the Southern Ocean (60–35° S),
North Atlantic (20–50° N), and South Atlantic (60° S–0°)

(Fig. 3b). The Southern Ocean domain (78–35° S) has been
the largest heat reservoir since 1960, accounting for ∼ 36 %
of the global upper 2000 m OHC increase. This strong warm-
ing is associated with the absorption of anthropogenic heat
by the cold upwelling waters, which is then exported to the
northern flank of the Antarctic Circumpolar Current (ACC)
by the background overturning circulation. While the At-
lantic Ocean (35° S–64° N), Pacific Ocean (35° S–60° N), In-
dian Ocean (35° S–30° N), and Arctic Ocean (65° N–90° N)
account for ∼ 33 %, ∼ 20 %, ∼ 9 %, and ∼ 2.5 % of the
global 0–2000 m OHC increase, respectively, the percent-
ages change with time and ocean area. If considering the

https://doi.org/10.5194/sp-4-osr8-1-2024 State Planet, 4-osr8, 1, 2024



CHAPTER1.1

6 K. von Schuckmann et al.: The state of the global ocean

Figure 3. (a) Global mean ocean heat content (60° S–60° N) integrated from the surface down to 2000 m depth based on different products,
i.e. IAP (Cheng et al., 2017 (product ref. OHC.1); Levitus et al., 2012 (product ref. OHC.2); Minière et al., 2023 (product ref. OHC.5),
GCOS (von Schuckmann et al., 2023) product ref. OHC.6) and the Copernicus Marine Ocean Monitoring Indicators (product ref. OHC.7
ensemble mean of reanalyses based on product ref. OHC.8). Shaded areas indicate the uncertainty for each method respectively. The trend
is estimated from product ref. 1–8 using a locally weighted scatterplot smoothing approach and amounts to 0.58 ± 0.13 W m−2 over the
period 1960–2023 and 1.05 ± 0.17 W m−2 over the period 2005–2023. (b) Regional trend over 1960–2023 for ocean heat content in the
upper 2000 m depth, in W m−2. Data updated from Cheng et al. (2017), product ref. OHC.1.

difference of ocean area, area-averaged warming is larger
in the Southern Ocean, Atlantic Ocean, and Mediterranean
Sea (ranging from 1.11–1.42 × 109 J m−2) compared to the
other basins (0.49–0.70 × 109 J m−2), indicating very inten-
sive warming mainly associated with the ocean circulations.
Some regions are cooling, in particular the subpolar Atlantic
Ocean extending from the near surface down to >800 m
depth (Fig. 3b). The contrasting pattern of cooling (∼ 50–
70° N) and warming (20–50° N) in the North Atlantic has
been associated with both circulation changes and local air–
sea interactions (Cheng et al., 2022). Other cooling regions

include the northwest Pacific, southwest Pacific, and south-
west Indian oceans (Fig. 3b).

1.3 Sea level

Sea level is a global climate indicator of major interest
(GCOS/WMO) as its long-term change encompasses differ-
ent components of the Earth climate system in response to
anthropogenic and natural forcing (Cazenave and Moreira,
2022). According to IPCC (2019), global mean sea level is
rising, with acceleration in recent decades due to increasing
rates of ice loss from the Greenland and Antarctic ice sheets,
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as well as continued glacier mass loss and ocean thermal ex-
pansion. Global mean sea level increased by 0.20 m between
1901 and 2018, with an increasing rate of rise for which hu-
man influence has very likely been the main driver since at
least 1971 (IPCC, 2023).

The rise in sea levels has increased the adverse effects of
coastal floods, storms, and tropical cyclones and, hence, the
consequent losses and damages, increasing inhabitants’ and
infrastructure vulnerability and food security risk, in particu-
lar in low-lying areas and island states (IPCC, 2022a). Adap-
tation and mitigation measures, such as the restoration of
mangroves and coastal wetlands, reduce the risks from sea
level rise (IPCC, 2022b). Part of the present-day global mean
sea level rise is driven by human-induced global warming,
which impacts oceans’ mass and volume. The ocean mass
change (also known as barystatic sea level change) refers
to the sea level change due to water mass redistribution be-
tween the ocean and land due to Greenland and Antarctica
ice sheets’ mass loss, the melting of glaciers and ice caps,
and changes in terrestrial water storage (Oppenheimer et al.,
2019). Change in ocean volume or density (also known as
steric sea level change) is due to temperature and salinity
changes regionally and, at global scale, to thermal expan-
sion of the ocean in response to warming (Oppenheimer et
al., 2019).

Assessment of the global mean sea level budget is key to
disentangling the causes of sea level change. The sea level
budget between 1993 and 2016 was been reported to have
been closed within uncertainties (e.g., WCRP Global Sea
Level Budget Group, 2018). Horwath et al. (2022) estimated
the closure of the sea level budget over two periods 1993–
2016 and 2003–2016. For the period 1993–2016, the thermal
expansion contributes with 38 % and the ocean mass com-
ponent with 57 % to the global mean sea level trend. Dur-
ing the second period, 2003–2016, ocean mass contributions
increased, mostly due to the contribution from the Green-
land ice sheet, accounting now for 66 % of global mean sea
level rise. The recent literature has reported the non-closure
of the sea level budget since 2016 (Chen et al., 2020); how-
ever, efforts have been made to identify the reasons. Barnoud
et al. (2021) identified that errors in Argo salinity measure-
ments are responsible for about 40 % of the non-closure;
however, part of the non-closure remains unexplained.

Since the early 1990s, sea level has been routinely moni-
tored by precision radar altimeters on board the still-growing
satellite constellation. Historically, sea level has also been
monitored by tide gauges installed along coastlines that mea-
sure relative sea level, which is the height of the water rela-
tive to the height of the land. Relative sea level change as
measured by tide gauges describes the variation in ocean
height in relation to the land at a specific location. Abso-
lute sea level as measured by satellites change refers to the
variation in the ocean’s height relative to the Earth’s centre,
irrespective of any changes in the adjacent land’s elevation.

The Copernicus Marine Service altimetry-based global
mean sea level (GMSL) has been rising at a rate
of 3.4 mm yr−1 with an uncertainty that amounts to
±0.3 mm yr−1 with a confidence level of 90 % (Guérou et
al., 2023) over the last 30 years (Fig. 4). The Coperni-
cus Marine Service sea level data have been adjusted for
the modelled glacial isostatic adjustment from Spada and
Melini (2019), with a global mean correction on the or-
der of −0.3 mm yr−1. The altimetry-based sea level data
are affected by the TOPEX-A instrumental drift over the
period 1993–1998 (e.g., WCRP Global Sea Level Budget
Group, 2018). The correction applied is based on Ablain
et al. (2017). This empirical correction is based on a com-
parison with tide gauges, and it led to a drift correction of
about −1.0 mm yr−1 between January 1993 and July 1995
and +3.0 mm yr−1 between August 1995 and February 1999,
with an uncertainty of 1.0 mm yr−1 (WCRP Global Sea Level
Budget Group, 2018). Even though this correction was ini-
tially intended for the GMSL, Legeais et al. (2020) stated
that the anomaly of the onboard calibration correction is not
expected to have any spatial signature on the regional sea
level trends since it affects all measurements equally; as a
consequence, here we correct the regional sea level data.

Over 1993–2023, the GMSL has increased by more than
10 cm (Fig. 4). The rate of rise for the first 10 years (1993–
2002) of the altimetry era is estimated to be 2.1 mm yr−1,
whereas the rate of rise for the last 10 years (2013–2023) is
estimated to be 4.3 mm yr−1, indicating an acceleration that
is broadly reported in the recent literature (e.g., Hamling-
ton et al., 2020). The acceleration is estimated to have been
0.11 ± 0.06 mm yr−2 over the last 30 years (e.g., Guérou et
al., 2023).

At regional scale, the sea level rise is not uniform. Whereas
a positive trend is observed in most regions, spots of negative
trends can also be observed (Fasullo and Nerem, 2018). As
shown in Fig. 5, 49 % of the altimetry-based observed ocean
is rising at a faster rate as compared to the global average
rate (3.4 mm yr−1 over 1993–2023). This is the case in the
Indian Ocean and in some regions of the Pacific and Atlantic
Ocean (yellow areas in Fig. 5b). A total of 23 % of the ocean
level has been rising faster than the rate over the last 10 years
(4.3 mm yr−1 over mid-2013 to mid-2023), as for instance in
the eddy-rich regions in the North Atlantic and North Pacific
Ocean basins, in the western Pacific Ocean and Pacific is-
lands, and also in the Gulf of Mexico and some areas in the
South Atlantic and Indian Ocean basins (orange regions in
Fig. 5). Overall, most regions display positive trends over the
period 1993–2023 except in the eastern Pacific Ocean and,
for some spots, near the major Northern Hemisphere western
boundary currents (e.g. the Kuroshio current) (green areas in
Fig. 5b). In any case, internal variability has a significant im-
pact on global and regional sea level trend estimates (e.g.,
Moreira et al., 2021; Hamlington et al., 2019), and hence,
these spatial patterns are affected by the natural variability,
for example, the El Niño–Southern Oscillation (ENSO).
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Figure 3. (a) Global mean ocean heat content (60° S–60° N) integrated from the surface down to 2000 m depth based on different products,
i.e. IAP (Cheng et al., 2017 (product ref. OHC.1); Levitus et al., 2012 (product ref. OHC.2); Minière et al., 2023 (product ref. OHC.5),
GCOS (von Schuckmann et al., 2023) product ref. OHC.6) and the Copernicus Marine Ocean Monitoring Indicators (product ref. OHC.7
ensemble mean of reanalyses based on product ref. OHC.8). Shaded areas indicate the uncertainty for each method respectively. The trend
is estimated from product ref. 1–8 using a locally weighted scatterplot smoothing approach and amounts to 0.58 ± 0.13 W m−2 over the
period 1960–2023 and 1.05 ± 0.17 W m−2 over the period 2005–2023. (b) Regional trend over 1960–2023 for ocean heat content in the
upper 2000 m depth, in W m−2. Data updated from Cheng et al. (2017), product ref. OHC.1.

difference of ocean area, area-averaged warming is larger
in the Southern Ocean, Atlantic Ocean, and Mediterranean
Sea (ranging from 1.11–1.42 × 109 J m−2) compared to the
other basins (0.49–0.70 × 109 J m−2), indicating very inten-
sive warming mainly associated with the ocean circulations.
Some regions are cooling, in particular the subpolar Atlantic
Ocean extending from the near surface down to >800 m
depth (Fig. 3b). The contrasting pattern of cooling (∼ 50–
70° N) and warming (20–50° N) in the North Atlantic has
been associated with both circulation changes and local air–
sea interactions (Cheng et al., 2022). Other cooling regions

include the northwest Pacific, southwest Pacific, and south-
west Indian oceans (Fig. 3b).

1.3 Sea level

Sea level is a global climate indicator of major interest
(GCOS/WMO) as its long-term change encompasses differ-
ent components of the Earth climate system in response to
anthropogenic and natural forcing (Cazenave and Moreira,
2022). According to IPCC (2019), global mean sea level is
rising, with acceleration in recent decades due to increasing
rates of ice loss from the Greenland and Antarctic ice sheets,
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as well as continued glacier mass loss and ocean thermal ex-
pansion. Global mean sea level increased by 0.20 m between
1901 and 2018, with an increasing rate of rise for which hu-
man influence has very likely been the main driver since at
least 1971 (IPCC, 2023).

The rise in sea levels has increased the adverse effects of
coastal floods, storms, and tropical cyclones and, hence, the
consequent losses and damages, increasing inhabitants’ and
infrastructure vulnerability and food security risk, in particu-
lar in low-lying areas and island states (IPCC, 2022a). Adap-
tation and mitigation measures, such as the restoration of
mangroves and coastal wetlands, reduce the risks from sea
level rise (IPCC, 2022b). Part of the present-day global mean
sea level rise is driven by human-induced global warming,
which impacts oceans’ mass and volume. The ocean mass
change (also known as barystatic sea level change) refers
to the sea level change due to water mass redistribution be-
tween the ocean and land due to Greenland and Antarctica
ice sheets’ mass loss, the melting of glaciers and ice caps,
and changes in terrestrial water storage (Oppenheimer et al.,
2019). Change in ocean volume or density (also known as
steric sea level change) is due to temperature and salinity
changes regionally and, at global scale, to thermal expan-
sion of the ocean in response to warming (Oppenheimer et
al., 2019).

Assessment of the global mean sea level budget is key to
disentangling the causes of sea level change. The sea level
budget between 1993 and 2016 was been reported to have
been closed within uncertainties (e.g., WCRP Global Sea
Level Budget Group, 2018). Horwath et al. (2022) estimated
the closure of the sea level budget over two periods 1993–
2016 and 2003–2016. For the period 1993–2016, the thermal
expansion contributes with 38 % and the ocean mass com-
ponent with 57 % to the global mean sea level trend. Dur-
ing the second period, 2003–2016, ocean mass contributions
increased, mostly due to the contribution from the Green-
land ice sheet, accounting now for 66 % of global mean sea
level rise. The recent literature has reported the non-closure
of the sea level budget since 2016 (Chen et al., 2020); how-
ever, efforts have been made to identify the reasons. Barnoud
et al. (2021) identified that errors in Argo salinity measure-
ments are responsible for about 40 % of the non-closure;
however, part of the non-closure remains unexplained.

Since the early 1990s, sea level has been routinely moni-
tored by precision radar altimeters on board the still-growing
satellite constellation. Historically, sea level has also been
monitored by tide gauges installed along coastlines that mea-
sure relative sea level, which is the height of the water rela-
tive to the height of the land. Relative sea level change as
measured by tide gauges describes the variation in ocean
height in relation to the land at a specific location. Abso-
lute sea level as measured by satellites change refers to the
variation in the ocean’s height relative to the Earth’s centre,
irrespective of any changes in the adjacent land’s elevation.

The Copernicus Marine Service altimetry-based global
mean sea level (GMSL) has been rising at a rate
of 3.4 mm yr−1 with an uncertainty that amounts to
±0.3 mm yr−1 with a confidence level of 90 % (Guérou et
al., 2023) over the last 30 years (Fig. 4). The Coperni-
cus Marine Service sea level data have been adjusted for
the modelled glacial isostatic adjustment from Spada and
Melini (2019), with a global mean correction on the or-
der of −0.3 mm yr−1. The altimetry-based sea level data
are affected by the TOPEX-A instrumental drift over the
period 1993–1998 (e.g., WCRP Global Sea Level Budget
Group, 2018). The correction applied is based on Ablain
et al. (2017). This empirical correction is based on a com-
parison with tide gauges, and it led to a drift correction of
about −1.0 mm yr−1 between January 1993 and July 1995
and +3.0 mm yr−1 between August 1995 and February 1999,
with an uncertainty of 1.0 mm yr−1 (WCRP Global Sea Level
Budget Group, 2018). Even though this correction was ini-
tially intended for the GMSL, Legeais et al. (2020) stated
that the anomaly of the onboard calibration correction is not
expected to have any spatial signature on the regional sea
level trends since it affects all measurements equally; as a
consequence, here we correct the regional sea level data.

Over 1993–2023, the GMSL has increased by more than
10 cm (Fig. 4). The rate of rise for the first 10 years (1993–
2002) of the altimetry era is estimated to be 2.1 mm yr−1,
whereas the rate of rise for the last 10 years (2013–2023) is
estimated to be 4.3 mm yr−1, indicating an acceleration that
is broadly reported in the recent literature (e.g., Hamling-
ton et al., 2020). The acceleration is estimated to have been
0.11 ± 0.06 mm yr−2 over the last 30 years (e.g., Guérou et
al., 2023).

At regional scale, the sea level rise is not uniform. Whereas
a positive trend is observed in most regions, spots of negative
trends can also be observed (Fasullo and Nerem, 2018). As
shown in Fig. 5, 49 % of the altimetry-based observed ocean
is rising at a faster rate as compared to the global average
rate (3.4 mm yr−1 over 1993–2023). This is the case in the
Indian Ocean and in some regions of the Pacific and Atlantic
Ocean (yellow areas in Fig. 5b). A total of 23 % of the ocean
level has been rising faster than the rate over the last 10 years
(4.3 mm yr−1 over mid-2013 to mid-2023), as for instance in
the eddy-rich regions in the North Atlantic and North Pacific
Ocean basins, in the western Pacific Ocean and Pacific is-
lands, and also in the Gulf of Mexico and some areas in the
South Atlantic and Indian Ocean basins (orange regions in
Fig. 5). Overall, most regions display positive trends over the
period 1993–2023 except in the eastern Pacific Ocean and,
for some spots, near the major Northern Hemisphere western
boundary currents (e.g. the Kuroshio current) (green areas in
Fig. 5b). In any case, internal variability has a significant im-
pact on global and regional sea level trend estimates (e.g.,
Moreira et al., 2021; Hamlington et al., 2019), and hence,
these spatial patterns are affected by the natural variability,
for example, the El Niño–Southern Oscillation (ENSO).
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Figure 4. Global mean sea level (product ref. SL.1) time series from January 1993 to June 2023 (black curve) and its uncertainty envelope
(shaded). The seasonal cycle has been removed, and the data are low-pass-filtered (175 d cut-off) and adjusted for global GIA correction
of −0.3 mm yr−1 (Spada and Melini, 2019) and TOPEX-A instrumental drift (1993–1998, Ablain et al., 2017). The trend and acceleration
estimates for the whole altimetry era (1993–2023) are presented in the black box, trends for the first decade (1993–2002) and last decade
(June 2013–June 2023) in red, and trends for the middle period (2003–June 2013) in blue.

Regionally, the mechanisms responsible for the variations
in sea level trends are dominated by ocean temperature and
salinity changes linked to steric effects and other processes
such as ocean mass redistribution by the ocean circulation,
atmospheric loading and changes in Earth gravity, Earth rota-
tion, and viscoelastic solid-Earth deformation (GRD; Stam-
mer et al., 2012). The latter is due to ongoing changes in the
solid Earth caused by past changes in land ice (glacial iso-
static adjustment, GIA) and by contemporary changes in the
mass of water stored on land as ice sheets, glaciers, and land
water storage (GRD sea level fingerprints) (Gregory et al.,
2019). While at regional scale, sea level trends are still dom-
inated by steric changes (Stammer et al., 2012), theoretical
studies predict that with accelerated land ice melt, GRD fin-
gerprints will become detectable (Tamisiea, 2011). An exam-
ple of sea level fingerprint is the area encircling the Green-
land ice sheet, which shows negative trends observed quite
well for the period 2002–2019, as a consequence of ice mass
melting (Coulson et al., 2022). Over 1993–2019, Prandi et
al. (2021) estimated the average local sea level trend uncer-
tainty to be 0.83 mm yr−1, with values ranging from 0.78 to
1.22 mm yr−1.

1.4 The ocean in the cryosphere

The cryosphere (that is the frozen parts of the world)
and ocean are tightly interlinked, such as through major
Earth system global cycles (energy, water, carbon), sea level
change, or climate feedback processes (IPCC, 2019). For ex-
ample, evaporation from the ocean contributes to snowfall
that builds and sustains ice sheets and glaciers (Abram et

al., 2019). A major fraction of global sea level rise is driven
by the mass loss from melting land ice (WCRP Global Sea
Level Budget Group, 2018), and ice sheets in Antarctica and
Greenland currently hold about 66 m of potential global sea
level rise (Fretwell et al., 2013). Ocean warming affects sea
ice, ice sheet, glacier, and ice-shelf stability in areas of direct
contact (Cai et al., 2023; Harrison et al., 2022; Naughten et
al., 2022; Turney et al., 2020; Ciracì et al., 2023; de Steur
et al., 2023; Wood et al., 2021). The injection of less dense
water into the ocean from melting processes in turn affects
ocean processes, hydrography, and circulation (Armitage et
al., 2020; Gunn et al., 2023; Rahmstorf et al., 2015; Golledge
et al., 2019). Also, ocean productivity in the polar areas is
triggered – amongst others – through biogeochemical pro-
cesses, such as through seasonal nutrient exchange from sea
ice and glaciers’ melt (Arrigo et al., 2017; Tagliabue et al.,
2017).

A major player for the ocean–cryosphere nexus is sea ice,
which is a thin and active system that triggers fluxes of heat,
water, and carbon and is hence a fundamental actor in phys-
ical and biogeochemical processes (IPCC, 2019). Besides its
role in affecting ocean circulation and processes (e.g., strati-
fication) as mentioned above, sea ice plays a prominent role
within the so called “ice–ocean–albedo feedback”, which is
a central process controlling high-latitude climate change: as
ice cover melts from unusual warming, the underlying ocean
is exposed to increasing absorption of shortwave radiation,
which results in amplified ocean warming (Jenkins and Dai,
2022, 2021; Kashiwase et al., 2017; Goosse et al., 2018).
Together with biogeochemical tracers, sea ice also harbours
various species at the base of the food chain, which plays a
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Figure 5. (a) Regional sea level trends from January 1993 to June 2023 (product ref. SL.2). (b) Shading map indicating the magnitude of the
rates of sea level rise, where blue depicts regions with negative sea level trends, green indicates areas where sea level is rising more slowly
than the altimetry-era global mean sea level rate of rise of 3.4 mm yr−1, yellow indicates locations where sea level is increasing at a range
between the global mean trend and 4.3 mm yr−1, and orange indicates regions where sea level is rising at a rate faster than 4.3 mm yr−1,
which is the global mean sea level trend estimate over the last 10 years (June 2013–June 2023). The data used are corrected for GIA (Spada
and Melini, 2019) and TOPEX-A drift (Ablain et al., 2017).

central role in the biological carbon pump and supports key
foraging species such as Arctic cod (Lannuzel et al., 2020).
Since about the 1980s, Arctic Sea ice area has decreased
by about 40 % (10 %) in September (March) from anthro-
pogenic warming, and in 2011–2020, annual average Arctic
sea ice area reached its lowest level since at least 1850 (IPCC,
2021). The Arctic is likely to be practically sea ice-free in
September at least once before 2050 under all scenarios con-
sidered in the recent IPCC report (IPCC, 2021), with sea ice
losses projected to begin in the European Arctic and proceed

to the Pacific and western Arctic and then the central Arctic
(Jahn et al., 2024).

Sea ice is frozen seawater that floats on the ocean surface.
The sea ice extent indicator is defined as the area where at
least 15 % of the surface area is frozen (Fig. 6). Knowing
how the sea ice cover is changing is essential for monitor-
ing Arctic climate and has critical relevance for ecosystem
health; Arctic communities; and economy such as fisheries,
tourism, and transport (Meredith et al., 2019).

Since 1979, the Northern Hemisphere sea ice extent has
decreased at an annual rate of −0.50 ± 0.02 × 106 km2 per
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Figure 4. Global mean sea level (product ref. SL.1) time series from January 1993 to June 2023 (black curve) and its uncertainty envelope
(shaded). The seasonal cycle has been removed, and the data are low-pass-filtered (175 d cut-off) and adjusted for global GIA correction
of −0.3 mm yr−1 (Spada and Melini, 2019) and TOPEX-A instrumental drift (1993–1998, Ablain et al., 2017). The trend and acceleration
estimates for the whole altimetry era (1993–2023) are presented in the black box, trends for the first decade (1993–2002) and last decade
(June 2013–June 2023) in red, and trends for the middle period (2003–June 2013) in blue.

Regionally, the mechanisms responsible for the variations
in sea level trends are dominated by ocean temperature and
salinity changes linked to steric effects and other processes
such as ocean mass redistribution by the ocean circulation,
atmospheric loading and changes in Earth gravity, Earth rota-
tion, and viscoelastic solid-Earth deformation (GRD; Stam-
mer et al., 2012). The latter is due to ongoing changes in the
solid Earth caused by past changes in land ice (glacial iso-
static adjustment, GIA) and by contemporary changes in the
mass of water stored on land as ice sheets, glaciers, and land
water storage (GRD sea level fingerprints) (Gregory et al.,
2019). While at regional scale, sea level trends are still dom-
inated by steric changes (Stammer et al., 2012), theoretical
studies predict that with accelerated land ice melt, GRD fin-
gerprints will become detectable (Tamisiea, 2011). An exam-
ple of sea level fingerprint is the area encircling the Green-
land ice sheet, which shows negative trends observed quite
well for the period 2002–2019, as a consequence of ice mass
melting (Coulson et al., 2022). Over 1993–2019, Prandi et
al. (2021) estimated the average local sea level trend uncer-
tainty to be 0.83 mm yr−1, with values ranging from 0.78 to
1.22 mm yr−1.

1.4 The ocean in the cryosphere

The cryosphere (that is the frozen parts of the world)
and ocean are tightly interlinked, such as through major
Earth system global cycles (energy, water, carbon), sea level
change, or climate feedback processes (IPCC, 2019). For ex-
ample, evaporation from the ocean contributes to snowfall
that builds and sustains ice sheets and glaciers (Abram et

al., 2019). A major fraction of global sea level rise is driven
by the mass loss from melting land ice (WCRP Global Sea
Level Budget Group, 2018), and ice sheets in Antarctica and
Greenland currently hold about 66 m of potential global sea
level rise (Fretwell et al., 2013). Ocean warming affects sea
ice, ice sheet, glacier, and ice-shelf stability in areas of direct
contact (Cai et al., 2023; Harrison et al., 2022; Naughten et
al., 2022; Turney et al., 2020; Ciracì et al., 2023; de Steur
et al., 2023; Wood et al., 2021). The injection of less dense
water into the ocean from melting processes in turn affects
ocean processes, hydrography, and circulation (Armitage et
al., 2020; Gunn et al., 2023; Rahmstorf et al., 2015; Golledge
et al., 2019). Also, ocean productivity in the polar areas is
triggered – amongst others – through biogeochemical pro-
cesses, such as through seasonal nutrient exchange from sea
ice and glaciers’ melt (Arrigo et al., 2017; Tagliabue et al.,
2017).

A major player for the ocean–cryosphere nexus is sea ice,
which is a thin and active system that triggers fluxes of heat,
water, and carbon and is hence a fundamental actor in phys-
ical and biogeochemical processes (IPCC, 2019). Besides its
role in affecting ocean circulation and processes (e.g., strati-
fication) as mentioned above, sea ice plays a prominent role
within the so called “ice–ocean–albedo feedback”, which is
a central process controlling high-latitude climate change: as
ice cover melts from unusual warming, the underlying ocean
is exposed to increasing absorption of shortwave radiation,
which results in amplified ocean warming (Jenkins and Dai,
2022, 2021; Kashiwase et al., 2017; Goosse et al., 2018).
Together with biogeochemical tracers, sea ice also harbours
various species at the base of the food chain, which plays a
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Figure 5. (a) Regional sea level trends from January 1993 to June 2023 (product ref. SL.2). (b) Shading map indicating the magnitude of the
rates of sea level rise, where blue depicts regions with negative sea level trends, green indicates areas where sea level is rising more slowly
than the altimetry-era global mean sea level rate of rise of 3.4 mm yr−1, yellow indicates locations where sea level is increasing at a range
between the global mean trend and 4.3 mm yr−1, and orange indicates regions where sea level is rising at a rate faster than 4.3 mm yr−1,
which is the global mean sea level trend estimate over the last 10 years (June 2013–June 2023). The data used are corrected for GIA (Spada
and Melini, 2019) and TOPEX-A drift (Ablain et al., 2017).

central role in the biological carbon pump and supports key
foraging species such as Arctic cod (Lannuzel et al., 2020).
Since about the 1980s, Arctic Sea ice area has decreased
by about 40 % (10 %) in September (March) from anthro-
pogenic warming, and in 2011–2020, annual average Arctic
sea ice area reached its lowest level since at least 1850 (IPCC,
2021). The Arctic is likely to be practically sea ice-free in
September at least once before 2050 under all scenarios con-
sidered in the recent IPCC report (IPCC, 2021), with sea ice
losses projected to begin in the European Arctic and proceed

to the Pacific and western Arctic and then the central Arctic
(Jahn et al., 2024).

Sea ice is frozen seawater that floats on the ocean surface.
The sea ice extent indicator is defined as the area where at
least 15 % of the surface area is frozen (Fig. 6). Knowing
how the sea ice cover is changing is essential for monitor-
ing Arctic climate and has critical relevance for ecosystem
health; Arctic communities; and economy such as fisheries,
tourism, and transport (Meredith et al., 2019).

Since 1979, the Northern Hemisphere sea ice extent has
decreased at an annual rate of −0.50 ± 0.02 × 106 km2 per
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Figure 6. Panel (1): (a) Seasonal Northern Hemisphere sea ice extent expressed in millions of square kilometres averaged over the period
1979–2023 (red), shown together for the seasonal cycle in the year 2023 (green), and (b) time series of yearly average Northern Hemisphere
Sea ice extent. The change of sea ice extent over the period 1979–2023 is expressed as a trend in millions of square kilometres per decade
and is plotted with a dashed line in panel (b). Time series are based on satellite observations (SMMR, SSM/I, SSMIS) by EUMETSAT OSI
SAF with R&D input from ESA CCI (product ref. SI.1). Panel (2): (a) Seasonal Southern Hemisphere sea ice extent expressed in millions
of square kilometres averaged over the period 1979–2023 (red), shown together for the seasonal cycle in the year 2023 (green), and (b) time
series of yearly averaged Southern Hemisphere sea ice extent. The change of sea ice extent over the period 1979–2023 is expressed as a trend
in millions of square kilometres per decade and is plotted with a dashed line in panel (b). Time series are based on satellite observations
SMMR, SSM/I, SSMIS by EUMETSAT OSI SAF with R&D input from ESA CCI (product ref. SI.2). Panel (3): Arctic and Antarctic sea
ice extent between 1993 to 2023. The black line represents the year 2023. Time series estimated using GLORYS12V1 and GLO12 (product
ref. SI.3–4).

decade (−4.33 % per decade) (Fig. 6). Loss of sea ice
extent during summer exceeds the loss observed during
winter periods: summer (September) sea ice extent loss
amounts to −0.80 ± 0.06 × 106 km2 per decade (−12.64 %
per decade), and winter (March) sea ice extent loss
amounts to −0.39 ± 0.03 × 106 km2 per decade (−2.55 %
per decade). These values agree with those assessed in the
IPCC Special Report on the Ocean and Cryosphere in a
Changing Climate (SROCC) (Meredith et al., 2019). Sea
ice extent in September 2012 saw to date a record mini-
mum Northern Hemisphere value since the beginning of the
satellite record, followed by September 2020. January and
February 2023 had the third-lowest values on record for these
months, and September 2023 had the fifth-lowest values.

Sea surface temperature and sea ice surface temperatures
play a crucial role in the heat exchange between the ocean
and atmosphere and the sea ice growth and melt processes
in the Arctic and are important for forecast and predictions
(Meredith et al., 2019; Rasmussen et al., 2018). Combining
sea surface temperature and sea ice surface temperature is
identified as the most appropriate method for determining
the surface temperature of the Arctic while challenged by
the presence of complex interactions between water and sea
ice at different space scales and timescales (Minnett et al.,
2020; Nielsen-Englyst et al., 2023) (Fig. 7). Over the period
1982–2023, the cumulative trends exceed 2 °C for the great-
est part of the Arctic Ocean, with the largest trends to occur
in the northern Barents Sea, Kara Sea, Beaufort Sea, and the
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Eurasian part of the Arctic Ocean (Fig. 7b). Zero to slightly
negative trends are found in the North Atlantic part of the
Arctic Ocean. The combined sea and sea ice surface temper-
ature trend is 0.104 ± 0.005 °C yr−1, which corresponds to
an increase of around 4.37 °C between 1982 and 2023.

For many years, i.e. from the beginning of the record up to
the year 2016, Antarctic sea ice increased (Parkinson, 2019)
(Fig. 6), despite continued global warming (IPCC, 2021) and
the projected decline by climate models (Fox-Kemper et al.,
2021). This overall increase in Antarctic sea ice could be al-
located to increasing regional sea ice concentrations in the
Ross and Weddell seas, which are on average only partly
compensated for by a decrease in ice concentrations in the
Bellingshausen Sea (Parkinson and Cavalieri, 2012; Lecomte
et al., 2017). These regional patterns of sea ice increase over
the period 1979–2016 have been linked to air–sea interac-
tions (i.e. wind, precipitation) (Holland and Kwok, 2012;
Haumann et al., 2014; Purich et al., 2016; Marsland and
Wolff, 2001; Liu et al., 2004; Liu and Curry, 2010), sea ice
advection or other internal ice–ocean processes (Haumann et
al., 2016; Abernathey et al., 2016; Polvani and Smith, 2013;
Zunz et al., 2013; Meehl et al., 2016), and the influence of
freshwater discharge from Antarctic meltwater at the ocean
and cryosphere nexus (Bintanja et al., 2013a; Pauling et al.,
2017; Bintanja et al., 2013b; Swart and Fyfe, 2013). In au-
tumn 2016, however, Antarctic sea ice experienced an un-
precedented rapid loss, and since then, it has remained in a
state of low sea ice, reaching record low levels in the years
2022 and 2023 (Gilbert and Holmes, 2024) (Fig. 6). Re-
cent studies highlight that ocean warming has played a role
in pushing Antarctic sea ice into this new low-extent state
(Zhang et al., 2023; Purich and Doddridge, 2023). Values
in 2023 are the lowest on record and amount to more than
1.5 × 106 km2 below the pre-2000 levels (Fig. 6).

Monitoring change in sea ice extent globally allows for
identifying changes in Earth’s albedo sea ice feedback. The
Earth’s albedo, or its ability to reflect sunlight, is heavily in-
fluenced by the extent of ice cover on the planet’s surface.
And ice, with its high reflectivity, has a significant cooling
effect on the Earth’s climate by bouncing a substantial por-
tion of incoming solar radiation back into space. As global
ice cover decreases due to climate change, more sunlight is
absorbed by darker surfaces like water and land, potentially
leading to increased warming and altered weather patterns
and exacerbating global climate change (Abram et al., 2019).
Global sea ice extent in the polar regions – considering both
the Arctic and Antarctic areas together – was on average at
its lowest point in 2023 (Fig. 6), well below the 2020 and
2022 values. The drastic drop in global mean sea ice extent
in 2023 is caused by a combination of strong Arctic sea ice
melting during the Northern Hemisphere spring and the con-
current lack of Antarctic sea ice growth during the Southern
Hemisphere autumn. This global historical low sea ice extent
started in May and lasted until end of October, with total sea
ice cover between 20 and 22×106 km2 over the entire period.

1.5 Ocean acidification

The ocean plays a major role in the global carbon cycle, and
it is an important sink for anthropogenic CO2, moderating
climate change (Gruber et al., 2019). According to the recent
IPCC report, the ocean has taken up between 20 %–30 % of
total anthropogenic carbon dioxide emissions since the 1980s
(IPCC, 2019). Every year, the ocean absorbs about 25 % of
the carbon dioxide released to the atmosphere (Canadell et
al., 2021) by fossil fuel consumption, cement manufacturing,
and land use change. The ongoing uptake of CO2 alters the
ocean carbonate system (i.e. lowers ocean pH) and threatens
marine ecosystems, as well as reliant human communities
(Doney et al., 2020). The decrease in ocean pH is referred to
as ocean acidification (e.g., Canadell et al., 2021).

Ocean acidification is one of the 10 targets of the Sus-
tainable Development Goal 14: Life Below Water (SG14.3 –
minimize and address the impacts of ocean acidification, in-
cluding through enhanced scientific cooperation at all levels)
of the United Nation’s 2030 Agenda for Sustainable Devel-
opment (UN, 2015). The Intergovernmental Oceanographic
Commission (IOC) of UNESCO is the custodian agency of
SDG 14 Target 3, gathering together average marine acid-
ity (pH) measured at an agreed suite of representative sam-
pling stations. It provides guidance on how to establish the
monitoring of ocean acidification by detailing which mea-
surements to take. The methodology follows the best prac-
tices established by the scientific community. It supports the
design of the most appropriate sampling strategy for a par-
ticular location and presents tools for the collection, quality
control, and reporting of the data (UN, 2023).

IPCC (2019) states that open-ocean surface pH has de-
clined by a very likely range of 0.017 to 0.027 pH units per
decade since the late 1980s, with the decline in surface ocean
pH very likely to have already emerged from background nat-
ural variability for more than 95 % of the ocean surface area.
Ocean acidification has spread deeper in the ocean, surpass-
ing 2000 m depth in the northern North Atlantic and in the
Southern Ocean (Canadell et al., 2021). At regional scale,
ocean acidification is not increasing uniformly: 47 % of the
sampled ocean is getting more acidic at a rate faster than the
global average, particularly in the Indian Ocean, the South-
ern Ocean, the eastern equatorial and northern tropical Pa-
cific Ocean, and some regions in the Atlantic Ocean (Fig. 8).
At global scales, the trends have shown a decrease of about
0.06 pH units (from 8.11 to 8.05) since 1985, corresponding
to an approximately 30 % increase in acidity (Fig. 9), a rate
of −0.017 ± 0.002 pH units per decade.

2 Ocean variability

2.1 El Niño–Southern Oscillation

The El Niño–Southern Oscillation (ENSO) is one of the most
important and well-studied natural climate variability phe-
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Figure 6. Panel (1): (a) Seasonal Northern Hemisphere sea ice extent expressed in millions of square kilometres averaged over the period
1979–2023 (red), shown together for the seasonal cycle in the year 2023 (green), and (b) time series of yearly average Northern Hemisphere
Sea ice extent. The change of sea ice extent over the period 1979–2023 is expressed as a trend in millions of square kilometres per decade
and is plotted with a dashed line in panel (b). Time series are based on satellite observations (SMMR, SSM/I, SSMIS) by EUMETSAT OSI
SAF with R&D input from ESA CCI (product ref. SI.1). Panel (2): (a) Seasonal Southern Hemisphere sea ice extent expressed in millions
of square kilometres averaged over the period 1979–2023 (red), shown together for the seasonal cycle in the year 2023 (green), and (b) time
series of yearly averaged Southern Hemisphere sea ice extent. The change of sea ice extent over the period 1979–2023 is expressed as a trend
in millions of square kilometres per decade and is plotted with a dashed line in panel (b). Time series are based on satellite observations
SMMR, SSM/I, SSMIS by EUMETSAT OSI SAF with R&D input from ESA CCI (product ref. SI.2). Panel (3): Arctic and Antarctic sea
ice extent between 1993 to 2023. The black line represents the year 2023. Time series estimated using GLORYS12V1 and GLO12 (product
ref. SI.3–4).

decade (−4.33 % per decade) (Fig. 6). Loss of sea ice
extent during summer exceeds the loss observed during
winter periods: summer (September) sea ice extent loss
amounts to −0.80 ± 0.06 × 106 km2 per decade (−12.64 %
per decade), and winter (March) sea ice extent loss
amounts to −0.39 ± 0.03 × 106 km2 per decade (−2.55 %
per decade). These values agree with those assessed in the
IPCC Special Report on the Ocean and Cryosphere in a
Changing Climate (SROCC) (Meredith et al., 2019). Sea
ice extent in September 2012 saw to date a record mini-
mum Northern Hemisphere value since the beginning of the
satellite record, followed by September 2020. January and
February 2023 had the third-lowest values on record for these
months, and September 2023 had the fifth-lowest values.

Sea surface temperature and sea ice surface temperatures
play a crucial role in the heat exchange between the ocean
and atmosphere and the sea ice growth and melt processes
in the Arctic and are important for forecast and predictions
(Meredith et al., 2019; Rasmussen et al., 2018). Combining
sea surface temperature and sea ice surface temperature is
identified as the most appropriate method for determining
the surface temperature of the Arctic while challenged by
the presence of complex interactions between water and sea
ice at different space scales and timescales (Minnett et al.,
2020; Nielsen-Englyst et al., 2023) (Fig. 7). Over the period
1982–2023, the cumulative trends exceed 2 °C for the great-
est part of the Arctic Ocean, with the largest trends to occur
in the northern Barents Sea, Kara Sea, Beaufort Sea, and the
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Eurasian part of the Arctic Ocean (Fig. 7b). Zero to slightly
negative trends are found in the North Atlantic part of the
Arctic Ocean. The combined sea and sea ice surface temper-
ature trend is 0.104 ± 0.005 °C yr−1, which corresponds to
an increase of around 4.37 °C between 1982 and 2023.

For many years, i.e. from the beginning of the record up to
the year 2016, Antarctic sea ice increased (Parkinson, 2019)
(Fig. 6), despite continued global warming (IPCC, 2021) and
the projected decline by climate models (Fox-Kemper et al.,
2021). This overall increase in Antarctic sea ice could be al-
located to increasing regional sea ice concentrations in the
Ross and Weddell seas, which are on average only partly
compensated for by a decrease in ice concentrations in the
Bellingshausen Sea (Parkinson and Cavalieri, 2012; Lecomte
et al., 2017). These regional patterns of sea ice increase over
the period 1979–2016 have been linked to air–sea interac-
tions (i.e. wind, precipitation) (Holland and Kwok, 2012;
Haumann et al., 2014; Purich et al., 2016; Marsland and
Wolff, 2001; Liu et al., 2004; Liu and Curry, 2010), sea ice
advection or other internal ice–ocean processes (Haumann et
al., 2016; Abernathey et al., 2016; Polvani and Smith, 2013;
Zunz et al., 2013; Meehl et al., 2016), and the influence of
freshwater discharge from Antarctic meltwater at the ocean
and cryosphere nexus (Bintanja et al., 2013a; Pauling et al.,
2017; Bintanja et al., 2013b; Swart and Fyfe, 2013). In au-
tumn 2016, however, Antarctic sea ice experienced an un-
precedented rapid loss, and since then, it has remained in a
state of low sea ice, reaching record low levels in the years
2022 and 2023 (Gilbert and Holmes, 2024) (Fig. 6). Re-
cent studies highlight that ocean warming has played a role
in pushing Antarctic sea ice into this new low-extent state
(Zhang et al., 2023; Purich and Doddridge, 2023). Values
in 2023 are the lowest on record and amount to more than
1.5 × 106 km2 below the pre-2000 levels (Fig. 6).

Monitoring change in sea ice extent globally allows for
identifying changes in Earth’s albedo sea ice feedback. The
Earth’s albedo, or its ability to reflect sunlight, is heavily in-
fluenced by the extent of ice cover on the planet’s surface.
And ice, with its high reflectivity, has a significant cooling
effect on the Earth’s climate by bouncing a substantial por-
tion of incoming solar radiation back into space. As global
ice cover decreases due to climate change, more sunlight is
absorbed by darker surfaces like water and land, potentially
leading to increased warming and altered weather patterns
and exacerbating global climate change (Abram et al., 2019).
Global sea ice extent in the polar regions – considering both
the Arctic and Antarctic areas together – was on average at
its lowest point in 2023 (Fig. 6), well below the 2020 and
2022 values. The drastic drop in global mean sea ice extent
in 2023 is caused by a combination of strong Arctic sea ice
melting during the Northern Hemisphere spring and the con-
current lack of Antarctic sea ice growth during the Southern
Hemisphere autumn. This global historical low sea ice extent
started in May and lasted until end of October, with total sea
ice cover between 20 and 22×106 km2 over the entire period.

1.5 Ocean acidification

The ocean plays a major role in the global carbon cycle, and
it is an important sink for anthropogenic CO2, moderating
climate change (Gruber et al., 2019). According to the recent
IPCC report, the ocean has taken up between 20 %–30 % of
total anthropogenic carbon dioxide emissions since the 1980s
(IPCC, 2019). Every year, the ocean absorbs about 25 % of
the carbon dioxide released to the atmosphere (Canadell et
al., 2021) by fossil fuel consumption, cement manufacturing,
and land use change. The ongoing uptake of CO2 alters the
ocean carbonate system (i.e. lowers ocean pH) and threatens
marine ecosystems, as well as reliant human communities
(Doney et al., 2020). The decrease in ocean pH is referred to
as ocean acidification (e.g., Canadell et al., 2021).

Ocean acidification is one of the 10 targets of the Sus-
tainable Development Goal 14: Life Below Water (SG14.3 –
minimize and address the impacts of ocean acidification, in-
cluding through enhanced scientific cooperation at all levels)
of the United Nation’s 2030 Agenda for Sustainable Devel-
opment (UN, 2015). The Intergovernmental Oceanographic
Commission (IOC) of UNESCO is the custodian agency of
SDG 14 Target 3, gathering together average marine acid-
ity (pH) measured at an agreed suite of representative sam-
pling stations. It provides guidance on how to establish the
monitoring of ocean acidification by detailing which mea-
surements to take. The methodology follows the best prac-
tices established by the scientific community. It supports the
design of the most appropriate sampling strategy for a par-
ticular location and presents tools for the collection, quality
control, and reporting of the data (UN, 2023).

IPCC (2019) states that open-ocean surface pH has de-
clined by a very likely range of 0.017 to 0.027 pH units per
decade since the late 1980s, with the decline in surface ocean
pH very likely to have already emerged from background nat-
ural variability for more than 95 % of the ocean surface area.
Ocean acidification has spread deeper in the ocean, surpass-
ing 2000 m depth in the northern North Atlantic and in the
Southern Ocean (Canadell et al., 2021). At regional scale,
ocean acidification is not increasing uniformly: 47 % of the
sampled ocean is getting more acidic at a rate faster than the
global average, particularly in the Indian Ocean, the South-
ern Ocean, the eastern equatorial and northern tropical Pa-
cific Ocean, and some regions in the Atlantic Ocean (Fig. 8).
At global scales, the trends have shown a decrease of about
0.06 pH units (from 8.11 to 8.05) since 1985, corresponding
to an approximately 30 % increase in acidity (Fig. 9), a rate
of −0.017 ± 0.002 pH units per decade.

2 Ocean variability

2.1 El Niño–Southern Oscillation

The El Niño–Southern Oscillation (ENSO) is one of the most
important and well-studied natural climate variability phe-
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Figure 7. (a) Time series of monthly mean (turquoise line) and annual mean (blue line) of sea and sea ice surface temperature anomalies for
January 1982 to December 2023, relative to the 1991–2020 mean (product ref. SI.5). (b) Cumulative trends (i.e. the rate of change, °C yr−1,
scaled by the number of years, 42 years) in combined sea and sea ice surface temperature anomalies calculated from 1982 to 2023 for the
Arctic Ocean (product ref. SI.6).

nomena, originating from coupled ocean atmosphere inter-
actions in the Pacific Ocean and impacting Earth’s climate
globally through complex interaction between oceanic and
atmospheric processes (McPhaden et al., 2006; Timmermann
et al., 2018). ENSO is the dominant source of climate on
seasonal to multi-year timescales that originates in the trop-
ical Pacific Ocean, with alternating warming and cooling
phases – El Niño and La Niña, as well as neutral conditions.
It has major worldwide social and economic consequences
through its global-scale effects on atmospheric and oceanic
circulation, marine and terrestrial ecosystems, and other nat-
ural systems (McPhaden et al., 2020). For example, ENSO-
driven ocean temperature extremes, including marine heat-
waves, have been shown to result in coral bleaching, loss of
kelp forests, mass mortality of marine invertebrates, and geo-
graphical shifts of species due to heat stress (Holbrook et al.,
2020; Oliver et al., 2017, 2018; Cavole et al., 2016; Garrabou
et al., 2009). The recent IPCC assessment has concluded that
since the late 19th century, major modes of climate variabil-
ity such as ENSO have shown no sustained trends (Gulev
et al., 2021), as the detectability of a projected increase of
ENSO variability by climate models is hampered by the
strong influence of internal variability (Cai et al., 2021).

Several indices are used to monitor the state of ENSO
variability in the tropical Pacific. For instance, the Niño
3.4 index (Trenberth and Stepaniak, 2001) measures sea
surface temperature anomalies averaged in the east-central
tropical Pacific (5° N–5° S, 170–120° W). An El Niño (La
Niña) event is declared when Niño 3.4 SST remains above
+0.4 °C (below −0.4 °C) for several months, while the
tropical Pacific also exhibits commonly associated atmo-
spheric change (Houghton and Wilson, 2020; Trenberth,
1997). Since 1998, five out of six La Niña events lasted 2 to
3 years (Wang et al., 2023) (Fig. 10). Recently, multi-year

La Niña conditions persisted during 3 consecutive years,
2020, 2021 and 2022 (Fig. 10). This cold phase of ENSO
reverted in 2023, transitioning to neutral conditions during
boreal spring 2023 and then to El Niño conditions in boreal
summer 2023 (WMO, 2023) (Fig. 10). During the year 2023,
intense ocean surface warming was also observed along
the coasts of Ecuador and Peru. Sea surface temperature
anomalies averaged in the coastal region Niño 1 + 2 (10–
0° S, 90–80° W) remained above +2 °C for most of the year
(https://www.mercator-ocean.eu/actualites/record-high-sea-
surface-temperatures-north-atlantic-drop-in-phytoplankton-
el-nino-costal-el-nino/, last access: 11 September 2024).
Such coastal warming is referred to as a “coastal El Niño”
that usually overlaps with El Niño but can sometimes occur
independently (Hu et al., 2019; Gasparin et al., 2019). The
2023 coastal El Niño surface warming in fact started a few
months before the start of the 2023 El Niño.

2.2 Atlantic Meridional Overturning Circulation

The Meridional Overturning Circulation (MOC) plays a cen-
tral role in Earth’s climate because it ultimately transports
heat, freshwater, carbon, oxygen, and nutrients around the
globe. The MOC is driven by a complex interplay of ocean
currents, driven by the wind and water density differences, by
surface buoyancy and momentum (wind) fluxes, and by inte-
rior ocean mixing (Rhein et al., 2011). The upper and lower
branches of the MOC are connected via intense water mass
transformation processes through air–sea exchange mainly in
the subpolar and polar oceans. The recent literature has pre-
sented significant changes in the Southern Ocean since the
mid-1970s, with a broadening and strengthening of the up-
per overturning cell and a contraction and weakening of the
lower cell (Lee et al., 2023).
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Figure 8. (a) Global ocean surface pH trend (in pH unit per decade) computed over the period 1985–2022 (product ref. OA.1). Black
hatching shows the regions where pH trends are associated with the highest uncertainty estimates σ (σ>10 % | µ|, i.e. σ -to-µ ratio greater
than 10 %). The 10 % threshold is chosen at the 90th confidence level of all ratio values computed across the global ocean. (b) Shading map
indicating the magnitude of the pH decrease rates from product ref. OA.1, where green indicates areas where pH is decreasing more slowly
than the global mean pH trend of −0.017 pH unit per decade, yellow indicates locations where pH is decreasing at a rate between the global
mean trend and −0.02 pH unit per decade, and orange indicates regions where pH is decreasing at rate faster than −0.02 pH unit per decade.

The Atlantic Meridional Overturning Circulation
(AMOC) is a major circulation system in the Atlantic Ocean
and plays a key role for the North Atlantic and global
climate (Volkov et al., 2023; Jackson et al., 2015). The
northward flow of high-salinity waters in the upper North
Atlantic Ocean and heat loss to the atmosphere are essential
for the formation of deep, dense waters at high latitudes
(Holliday et al., 2020). In the Northern Hemisphere the
northward transport is mainly via the Gulf Stream and North
Atlantic Current system, while the southward transport of
cold and dense water is via the Deep Western Boundary

Current System. The AMOC components are monitored at a
number of latitudes across the Atlantic (Frajka-Williams et
al., 2019), with basin-wide arrays being the South Atlantic
Meridional Overturning Circulation (SAMOC) array at
34.5° S (subtropical South Atlantic), which ran in a pilot
phase from 2009 to 2010 and has routinely been run since
2013; the RAPID array (McCarthy et al., 2015; Smeed et al.,
2014) at 26.5° N (subtropical North Atlantic), in operation
since 2004; and the OSNAP array (OSNAP, 2023; Lozier
et al., 2019) at nominal 60° N (subpolar North Atlantic)
and operational since 2014. The AMOC estimates from the
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Figure 7. (a) Time series of monthly mean (turquoise line) and annual mean (blue line) of sea and sea ice surface temperature anomalies for
January 1982 to December 2023, relative to the 1991–2020 mean (product ref. SI.5). (b) Cumulative trends (i.e. the rate of change, °C yr−1,
scaled by the number of years, 42 years) in combined sea and sea ice surface temperature anomalies calculated from 1982 to 2023 for the
Arctic Ocean (product ref. SI.6).
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et al., 2018). ENSO is the dominant source of climate on
seasonal to multi-year timescales that originates in the trop-
ical Pacific Ocean, with alternating warming and cooling
phases – El Niño and La Niña, as well as neutral conditions.
It has major worldwide social and economic consequences
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3.4 index (Trenberth and Stepaniak, 2001) measures sea
surface temperature anomalies averaged in the east-central
tropical Pacific (5° N–5° S, 170–120° W). An El Niño (La
Niña) event is declared when Niño 3.4 SST remains above
+0.4 °C (below −0.4 °C) for several months, while the
tropical Pacific also exhibits commonly associated atmo-
spheric change (Houghton and Wilson, 2020; Trenberth,
1997). Since 1998, five out of six La Niña events lasted 2 to
3 years (Wang et al., 2023) (Fig. 10). Recently, multi-year

La Niña conditions persisted during 3 consecutive years,
2020, 2021 and 2022 (Fig. 10). This cold phase of ENSO
reverted in 2023, transitioning to neutral conditions during
boreal spring 2023 and then to El Niño conditions in boreal
summer 2023 (WMO, 2023) (Fig. 10). During the year 2023,
intense ocean surface warming was also observed along
the coasts of Ecuador and Peru. Sea surface temperature
anomalies averaged in the coastal region Niño 1 + 2 (10–
0° S, 90–80° W) remained above +2 °C for most of the year
(https://www.mercator-ocean.eu/actualites/record-high-sea-
surface-temperatures-north-atlantic-drop-in-phytoplankton-
el-nino-costal-el-nino/, last access: 11 September 2024).
Such coastal warming is referred to as a “coastal El Niño”
that usually overlaps with El Niño but can sometimes occur
independently (Hu et al., 2019; Gasparin et al., 2019). The
2023 coastal El Niño surface warming in fact started a few
months before the start of the 2023 El Niño.

2.2 Atlantic Meridional Overturning Circulation

The Meridional Overturning Circulation (MOC) plays a cen-
tral role in Earth’s climate because it ultimately transports
heat, freshwater, carbon, oxygen, and nutrients around the
globe. The MOC is driven by a complex interplay of ocean
currents, driven by the wind and water density differences, by
surface buoyancy and momentum (wind) fluxes, and by inte-
rior ocean mixing (Rhein et al., 2011). The upper and lower
branches of the MOC are connected via intense water mass
transformation processes through air–sea exchange mainly in
the subpolar and polar oceans. The recent literature has pre-
sented significant changes in the Southern Ocean since the
mid-1970s, with a broadening and strengthening of the up-
per overturning cell and a contraction and weakening of the
lower cell (Lee et al., 2023).
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Figure 8. (a) Global ocean surface pH trend (in pH unit per decade) computed over the period 1985–2022 (product ref. OA.1). Black
hatching shows the regions where pH trends are associated with the highest uncertainty estimates σ (σ>10 % | µ|, i.e. σ -to-µ ratio greater
than 10 %). The 10 % threshold is chosen at the 90th confidence level of all ratio values computed across the global ocean. (b) Shading map
indicating the magnitude of the pH decrease rates from product ref. OA.1, where green indicates areas where pH is decreasing more slowly
than the global mean pH trend of −0.017 pH unit per decade, yellow indicates locations where pH is decreasing at a rate between the global
mean trend and −0.02 pH unit per decade, and orange indicates regions where pH is decreasing at rate faster than −0.02 pH unit per decade.

The Atlantic Meridional Overturning Circulation
(AMOC) is a major circulation system in the Atlantic Ocean
and plays a key role for the North Atlantic and global
climate (Volkov et al., 2023; Jackson et al., 2015). The
northward flow of high-salinity waters in the upper North
Atlantic Ocean and heat loss to the atmosphere are essential
for the formation of deep, dense waters at high latitudes
(Holliday et al., 2020). In the Northern Hemisphere the
northward transport is mainly via the Gulf Stream and North
Atlantic Current system, while the southward transport of
cold and dense water is via the Deep Western Boundary

Current System. The AMOC components are monitored at a
number of latitudes across the Atlantic (Frajka-Williams et
al., 2019), with basin-wide arrays being the South Atlantic
Meridional Overturning Circulation (SAMOC) array at
34.5° S (subtropical South Atlantic), which ran in a pilot
phase from 2009 to 2010 and has routinely been run since
2013; the RAPID array (McCarthy et al., 2015; Smeed et al.,
2014) at 26.5° N (subtropical North Atlantic), in operation
since 2004; and the OSNAP array (OSNAP, 2023; Lozier
et al., 2019) at nominal 60° N (subpolar North Atlantic)
and operational since 2014. The AMOC estimates from the
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Figure 9. Time series of annual global mean surface sea water pH reported on a total scale over the period 1985–2022 and associated
uncertainties (range). Product ref. OA.2.

Figure 10. Monthly ensemble mean (solid line) and spread (bars) of sea surface temperature anomalies (relative to the 1993–2014 climatol-
ogy) averaged over the NINO box 3.4 (5° S–5° N, 170–120° W). Product ref. OV.1 based on product ref. OHC.8 for the period 1993–2022
and extended up to December 2023 using product ref. SI.4 (using GLORYS2V4 (product ref. OHC.8) 1993–2014 as climatology).

arrays make use of moored instruments, ship and float data,
and data from satellites. Variability in the AMOC influences
global ocean heat content (OHC) and heat/freshwater trans-
port, global ocean carbon uptake, nutrient redistribution, and
sea level change (Fox-Kemper et al., 2021).

The 2014–2020 OSNAP observational period in the sub-
polar North Atlantic reveals robust seasonal variability
driven by the wintertime formation and export of dense wa-
ter and by the seasonally varying Ekman transport amplified
by the positive phase of the North Atlantic Oscillation (Fu
et al., 2023). While combining records from ocean reanaly-
ses (Jackson et al., 2018; Baker et al., 2022, 2023) and di-

rect observations from the RAPID array (Moat et al., 2023)
monitoring of the AMOC can be established from 1993 on-
wards (Fig. 11). The results clearly visualize the challenge
of detecting any long-term change of AMOC as discussed
in Box 1, as records show large uncertainties and are domi-
nated by large interannual to decadal-scale variations over a
period that is too short to capture any eventual slowdown in
the AMOC strength.
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Box 1. Did AMOC change?

3 Ocean extremes

3.1 Marine heatwaves

A marine heatwave (MHW) is commonly defined as a pe-
riod of at least 5 consecutive days of anomalously warm sea
surface temperatures exceeding the 90th climatological per-
centile threshold (Hobday et al., 2016). In other words, it is
seen as an extreme event during which a given region heats
way past its regular range of temperature variations. The reg-
ular range of variations is defined in practice over a reference
period (here 1993–2016), which is discussed as a sensible
choice (Amaya et al., 2023). Marine heatwaves are globally
observed and are emerging as important stressors to marine
ecosystems at the individual, collective, and community lev-
els, also including coral reefs and seagrass beds (Welch et
al., 2023; Smith et al., 2023; Wakelin et al., 2021; Marba and
Duarte, 2010). They can trigger the migration of species and
mass extinctions and lead to significant economic losses in
fisheries and aquaculture (Garrabou et al., 2022; Smith et al.,
2023; Oliver et al., 2019; Holbrook et al., 2022).

The frequency, duration, and intensity of marine heat-
waves have increased over the past decades under global
warming (Peal et al., 2023; Yao et al., 2022; Oliver et al.,
2019; IPCC, 2021). The fraction of the global ocean surface
that did not experience any MHW event over the year has in-
creased from about 50 % in the 1980s to about 80 % in the
most recent years (Fig. 12). The ocean surface fraction af-
fected by strong MHW events has doubled since 2008, from
about 20 % to 40 % in recent years, and severe and extreme

marine heatwave events also show positive trends in terms
of surface extent over the same period. However, the posi-
tive trend of extreme marine heatwave events is dampened
when excluding sea-ice-covered regions from the computa-
tion (Fig. 12), while the impact on other marine heatwave
categories is minor (not shown). In these regions, the marine
heatwave detections may be less optimal and may require
further scientific evaluations and refinements both in terms
of sea surface temperature data (Vazquez-Cuervo et al., 2022;
Castro et al., 2023) and marine heatwave detection method-
ology (Hu et al., 2020; Huang et al., 2021). The yearly aver-
aged maximum duration of marine heatwave events doubled
between 2008 and 2023 (from 20 to about 40 d), while it was
relatively stable from 1982 to the mid-2000s (Fig. 12). The
global ocean surface fraction affected by marine heatwave
events lasting more than 1 month experienced a 5-fold in-
crease between the mid-2000s (about 12 %) and 2023 (55 %).
Similar results are obtained for the marine heatwave dura-
tions when excluding the sea-ice-covered regions.

These results also highlight the interannual variability of
marine heatwave events and the major role of climate drivers
such as ENSO, as larger fractions of the global ocean tend to
experience marine heatwave events during El Niño years and
smaller regions during La Niña periods (Oliver et al., 2019)
(Fig. 13). Larger fractions of the ocean were affected by
strong and severe marine heatwave events during the strong
El Niño years (1982–1983, 1997–1998, 2010, 2015–2016),
and the yearly averaged maximum marine heatwave duration
was also larger for these years (Fig. 12).
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Figure 9. Time series of annual global mean surface sea water pH reported on a total scale over the period 1985–2022 and associated
uncertainties (range). Product ref. OA.2.

Figure 10. Monthly ensemble mean (solid line) and spread (bars) of sea surface temperature anomalies (relative to the 1993–2014 climatol-
ogy) averaged over the NINO box 3.4 (5° S–5° N, 170–120° W). Product ref. OV.1 based on product ref. OHC.8 for the period 1993–2022
and extended up to December 2023 using product ref. SI.4 (using GLORYS2V4 (product ref. OHC.8) 1993–2014 as climatology).

arrays make use of moored instruments, ship and float data,
and data from satellites. Variability in the AMOC influences
global ocean heat content (OHC) and heat/freshwater trans-
port, global ocean carbon uptake, nutrient redistribution, and
sea level change (Fox-Kemper et al., 2021).

The 2014–2020 OSNAP observational period in the sub-
polar North Atlantic reveals robust seasonal variability
driven by the wintertime formation and export of dense wa-
ter and by the seasonally varying Ekman transport amplified
by the positive phase of the North Atlantic Oscillation (Fu
et al., 2023). While combining records from ocean reanaly-
ses (Jackson et al., 2018; Baker et al., 2022, 2023) and di-

rect observations from the RAPID array (Moat et al., 2023)
monitoring of the AMOC can be established from 1993 on-
wards (Fig. 11). The results clearly visualize the challenge
of detecting any long-term change of AMOC as discussed
in Box 1, as records show large uncertainties and are domi-
nated by large interannual to decadal-scale variations over a
period that is too short to capture any eventual slowdown in
the AMOC strength.
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Box 1. Did AMOC change?

3 Ocean extremes

3.1 Marine heatwaves

A marine heatwave (MHW) is commonly defined as a pe-
riod of at least 5 consecutive days of anomalously warm sea
surface temperatures exceeding the 90th climatological per-
centile threshold (Hobday et al., 2016). In other words, it is
seen as an extreme event during which a given region heats
way past its regular range of temperature variations. The reg-
ular range of variations is defined in practice over a reference
period (here 1993–2016), which is discussed as a sensible
choice (Amaya et al., 2023). Marine heatwaves are globally
observed and are emerging as important stressors to marine
ecosystems at the individual, collective, and community lev-
els, also including coral reefs and seagrass beds (Welch et
al., 2023; Smith et al., 2023; Wakelin et al., 2021; Marba and
Duarte, 2010). They can trigger the migration of species and
mass extinctions and lead to significant economic losses in
fisheries and aquaculture (Garrabou et al., 2022; Smith et al.,
2023; Oliver et al., 2019; Holbrook et al., 2022).

The frequency, duration, and intensity of marine heat-
waves have increased over the past decades under global
warming (Peal et al., 2023; Yao et al., 2022; Oliver et al.,
2019; IPCC, 2021). The fraction of the global ocean surface
that did not experience any MHW event over the year has in-
creased from about 50 % in the 1980s to about 80 % in the
most recent years (Fig. 12). The ocean surface fraction af-
fected by strong MHW events has doubled since 2008, from
about 20 % to 40 % in recent years, and severe and extreme

marine heatwave events also show positive trends in terms
of surface extent over the same period. However, the posi-
tive trend of extreme marine heatwave events is dampened
when excluding sea-ice-covered regions from the computa-
tion (Fig. 12), while the impact on other marine heatwave
categories is minor (not shown). In these regions, the marine
heatwave detections may be less optimal and may require
further scientific evaluations and refinements both in terms
of sea surface temperature data (Vazquez-Cuervo et al., 2022;
Castro et al., 2023) and marine heatwave detection method-
ology (Hu et al., 2020; Huang et al., 2021). The yearly aver-
aged maximum duration of marine heatwave events doubled
between 2008 and 2023 (from 20 to about 40 d), while it was
relatively stable from 1982 to the mid-2000s (Fig. 12). The
global ocean surface fraction affected by marine heatwave
events lasting more than 1 month experienced a 5-fold in-
crease between the mid-2000s (about 12 %) and 2023 (55 %).
Similar results are obtained for the marine heatwave dura-
tions when excluding the sea-ice-covered regions.

These results also highlight the interannual variability of
marine heatwave events and the major role of climate drivers
such as ENSO, as larger fractions of the global ocean tend to
experience marine heatwave events during El Niño years and
smaller regions during La Niña periods (Oliver et al., 2019)
(Fig. 13). Larger fractions of the ocean were affected by
strong and severe marine heatwave events during the strong
El Niño years (1982–1983, 1997–1998, 2010, 2015–2016),
and the yearly averaged maximum marine heatwave duration
was also larger for these years (Fig. 12).
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Figure 11. Temporal evolution of the Atlantic Meridional Overturning Circulation (AMOC) strength at 26.5° N obtained by integrating the
meridional transport at 26.5° N across the Atlantic basin (zonally) and then cumulatively integrating over depth. Its maximum value in depth
is then taken as the strength in Sverdrups (Sv = 1 × 106 m3 s−1). The green line and shading (2 times the standard deviation) are based on
product ref. OV.2 computed from product ref. OHC.8. The black line shows the observational record from the RAPID array (Moat et al.,
2023). Panel (a) shows monthly mean values, and panel (b) shows interannual variations by applying a 12-month running mean.

In 2022, 74 % of the global ocean experienced a marine
heatwave, whatever its category, and large areas were af-
fected by strong (34 %) or even severe (7 %) and extreme
(5 %) marine heatwaves (Table 2). For 28 % of the ocean
surface, the maximum marine heatwave category detected in
2022 was moderate. These numbers are on the order of those
obtained by Peal et al. (2023). The most persistent and most
prominent feature for marine heatwaves, lasting over a period
of 6 months and longer, temporarily related to severe and ex-
treme categories, occurred in the Coral Sea, also affecting
waters off northeast Australia and the Melanesian Pacific is-
land states (Fig. 14). Marine heatwaves lasting more than 4
months in 2022 and reaching up to severe and extreme cat-
egories are reported for the central subtropical Pacific, the
South Atlantic, and the western Mediterranean Sea.

In 2023, 90 % of the global ocean surface was hit by at
least one marine heatwave event. This increase compared to
2022 is mainly due to evolving El Niño conditions in winter
2023 and to particularly warm surface waters in the North

Atlantic Ocean. For 26 % of the ocean surface, the maximum
marine heatwave category detected was moderate. Larger ar-
eas were affected by strong (43 %), severe (14 %), and ex-
treme (8 %) marine heatwaves. The regions that experienced
the most prominent marine heatwave events in 2023, lasting
more than 6 months and reaching up to severe and extreme
categories, include (Fig. 15) the following:

– the tropical Pacific, driven by the emerging 2023–2024
El Niño event;

– off the coast of Peru and linked to the so-called “coastal
El Niño”;

– the northern tropical Atlantic Ocean;

– the Southern Ocean poleward of 40° S, with large areas
of extreme category in the Atlantic and Pacific.

Areas where most prominent marine heatwaves lasted 3 to
6 months and reached up to extreme and severe categories
include the following:
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Figure 12. (a) Percentage of global ocean surface where the maximum MHW category detected was moderate, strong, severe, or extreme
(Hobday et al., 2016), or there was no MHW. The dashed black line shows the same information for extreme categories when excluding sea
ice regions from the computation (see Fig. 14 for sea ice mask applied, minor impact for the other categories). These ocean fraction estimates
are done following the same method as Hobday et al. (2018). (b) Percentage of global ocean surface where the maximum MHW duration
was within a given period (lines) and yearly mean of maximum MHW durations (bars). The method of Hobday et al. (2016) is used and is
derived from the products ref. SST.1 and SST.2.

Figure 13. Upper plot: globally averaged daily (light line) and annual (bold line) SST anomalies (reference period 1993–2016) from products
ref. SST.1 and SST.2. Bottom plot: the amplitude of the bars shows the percentage of global ocean surface where MHW were detected. The
colours of the bars correspond to the ENSO MEI.v2 (multivariate) index values (red for El Niño conditions when MEI ≥ 0.5, blue for La
Niña conditions when MEI ≤ −0.5, and grey for neutral conditions when MEI is between −0.5 and 0.5 (product ref. SST.5)). The evaluation
of this MHW indicator is done following the method of Hobday et al. (2016) and is derived from the products ref. SST.1 and SST.2.
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Figure 11. Temporal evolution of the Atlantic Meridional Overturning Circulation (AMOC) strength at 26.5° N obtained by integrating the
meridional transport at 26.5° N across the Atlantic basin (zonally) and then cumulatively integrating over depth. Its maximum value in depth
is then taken as the strength in Sverdrups (Sv = 1 × 106 m3 s−1). The green line and shading (2 times the standard deviation) are based on
product ref. OV.2 computed from product ref. OHC.8. The black line shows the observational record from the RAPID array (Moat et al.,
2023). Panel (a) shows monthly mean values, and panel (b) shows interannual variations by applying a 12-month running mean.

In 2022, 74 % of the global ocean experienced a marine
heatwave, whatever its category, and large areas were af-
fected by strong (34 %) or even severe (7 %) and extreme
(5 %) marine heatwaves (Table 2). For 28 % of the ocean
surface, the maximum marine heatwave category detected in
2022 was moderate. These numbers are on the order of those
obtained by Peal et al. (2023). The most persistent and most
prominent feature for marine heatwaves, lasting over a period
of 6 months and longer, temporarily related to severe and ex-
treme categories, occurred in the Coral Sea, also affecting
waters off northeast Australia and the Melanesian Pacific is-
land states (Fig. 14). Marine heatwaves lasting more than 4
months in 2022 and reaching up to severe and extreme cat-
egories are reported for the central subtropical Pacific, the
South Atlantic, and the western Mediterranean Sea.

In 2023, 90 % of the global ocean surface was hit by at
least one marine heatwave event. This increase compared to
2022 is mainly due to evolving El Niño conditions in winter
2023 and to particularly warm surface waters in the North

Atlantic Ocean. For 26 % of the ocean surface, the maximum
marine heatwave category detected was moderate. Larger ar-
eas were affected by strong (43 %), severe (14 %), and ex-
treme (8 %) marine heatwaves. The regions that experienced
the most prominent marine heatwave events in 2023, lasting
more than 6 months and reaching up to severe and extreme
categories, include (Fig. 15) the following:

– the tropical Pacific, driven by the emerging 2023–2024
El Niño event;

– off the coast of Peru and linked to the so-called “coastal
El Niño”;

– the northern tropical Atlantic Ocean;

– the Southern Ocean poleward of 40° S, with large areas
of extreme category in the Atlantic and Pacific.

Areas where most prominent marine heatwaves lasted 3 to
6 months and reached up to extreme and severe categories
include the following:
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Figure 12. (a) Percentage of global ocean surface where the maximum MHW category detected was moderate, strong, severe, or extreme
(Hobday et al., 2016), or there was no MHW. The dashed black line shows the same information for extreme categories when excluding sea
ice regions from the computation (see Fig. 14 for sea ice mask applied, minor impact for the other categories). These ocean fraction estimates
are done following the same method as Hobday et al. (2018). (b) Percentage of global ocean surface where the maximum MHW duration
was within a given period (lines) and yearly mean of maximum MHW durations (bars). The method of Hobday et al. (2016) is used and is
derived from the products ref. SST.1 and SST.2.

Figure 13. Upper plot: globally averaged daily (light line) and annual (bold line) SST anomalies (reference period 1993–2016) from products
ref. SST.1 and SST.2. Bottom plot: the amplitude of the bars shows the percentage of global ocean surface where MHW were detected. The
colours of the bars correspond to the ENSO MEI.v2 (multivariate) index values (red for El Niño conditions when MEI ≥ 0.5, blue for La
Niña conditions when MEI ≤ −0.5, and grey for neutral conditions when MEI is between −0.5 and 0.5 (product ref. SST.5)). The evaluation
of this MHW indicator is done following the method of Hobday et al. (2016) and is derived from the products ref. SST.1 and SST.2.
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Table 2. Percentage of global ocean surface hit by a MHW event in 2022 and 2023, depending on the category. The second column provides
the same information but considering the global ocean without the sea-ice-covered regions (see Fig. 14 for sea ice mask applied). These
ocean fraction estimates are done following the same method as Hobday et al. (2018).

Percentage of ocean surface hit by a MHW Global Global – sea ice excluded

2022 2023 2022 2023

All categories 74 % 90 % 73 % 92 %
Max category 1 (moderate) 28 % 26 % 30 % 29 %
Max category 2 (strong) 34 % 43 % 36 % 46 %
Max category 3 (severe) 7 % 14 % 6 % 14 %
Max category 4 or higher (extreme) 5 % 8 % 1 % 2 %

Figure 14. (a) Maximum category of marine heatwave reached in
2022 and (b) maximum duration of marine heatwave events in 2022.
The evaluation of this indicator is done following the method of
Hobday et al. (2016) and is derived from the products ref. SST.1 and
SST.2. The areas shaded in grey correspond to regions where there
was at least 1 d of sea ice (sea ice concentration larger than 0.15 in
the product ref. SST.1) during the climatological reference period
(1993–2016), implying potentially less accurate marine heatwave
detections (see text for more details).

– the southern tropical Indian Ocean;

– the northern tropical Atlantic up to the coast of Europe
and central America;

Figure 15. Same as Fig. 14 but for the year 2023.

– the central northern subpolar Pacific;

– the Arctic Ocean, particularly in the Kara, Beaufort,
Lincoln, and East Siberian seas.

3.2 Wind extremes over the ocean

Extreme wind speeds over the ocean surface and associated
stormy weather and rough surface ocean conditions are par-
ticularly destructive natural hazards. In coastal regions, the
combination of high waves and storm surges can lead to
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Figure 16. The 99th wind speed percentile. (a) Climatology (2007–2022) and (b) annual trend (2007–2023). Areas with trends significant
above the 90 % confidence level are outlined in black. Computation at 0.25° resolution from product ref. Wind.1 (ASCAT-A) following the
method of Giesen and Stoffelen (2022). The black box shows the region used in Fig. 17.

flooding, coastline erosion, coastal water quality degrada-
tion, and ecosystem destructions (Sopkin et al., 2014; Harley
et al., 2017; Amores et al., 2020; Wetz and Yoskowitz, 2013;
González-De Zayas et al., 2021; Bonnington et al., 2023;
Patrick et al., 2022; Alvarez-Fanjul et al., 2022; Giesen et
al., 2021). Massive rainfall associated with storms can result
in inundation and landslides (Negri et al., 2005). The increas-
ing demographic pressure in coastal regions can increase the
risks and vulnerability of populations if disaster risk miti-
gation and reduction practices (e.g. shelters, early-warning
systems) are not adopted (Peduzzi et al., 2012; Alvarez-
Fanjul et al., 2022; She and Nielsen, 2019; de Alfonso et

al., 2020; Giesen et al., 2021). Many economic sectors such
as tourism, ports, and fishing can be impacted by extreme
coastal events (Verschuur et al., 2023; Kunze, 2021; de Al-
fonso et al., 2020). In the open ocean, storms and associated
high winds and waves can affect offshore infrastructures as
well as marine traffic (Mattu et al., 2022; Lam and Lassa,
2016; Staneva et al., 2020).

Regions that have been affected by the most extreme ocean
surface wind speeds (>22 m s−1) over the 2007–2022 period
(Fig. 16) (Sampe and Xie, 2007; Giesen and Stoffelen, 2022)
include the central and subpolar parts of the North Atlantic
Ocean, especially the southern tip and eastern coast of Green-
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Table 2. Percentage of global ocean surface hit by a MHW event in 2022 and 2023, depending on the category. The second column provides
the same information but considering the global ocean without the sea-ice-covered regions (see Fig. 14 for sea ice mask applied). These
ocean fraction estimates are done following the same method as Hobday et al. (2018).
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Max category 2 (strong) 34 % 43 % 36 % 46 %
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Figure 14. (a) Maximum category of marine heatwave reached in
2022 and (b) maximum duration of marine heatwave events in 2022.
The evaluation of this indicator is done following the method of
Hobday et al. (2016) and is derived from the products ref. SST.1 and
SST.2. The areas shaded in grey correspond to regions where there
was at least 1 d of sea ice (sea ice concentration larger than 0.15 in
the product ref. SST.1) during the climatological reference period
(1993–2016), implying potentially less accurate marine heatwave
detections (see text for more details).

– the southern tropical Indian Ocean;

– the northern tropical Atlantic up to the coast of Europe
and central America;

Figure 15. Same as Fig. 14 but for the year 2023.

– the central northern subpolar Pacific;

– the Arctic Ocean, particularly in the Kara, Beaufort,
Lincoln, and East Siberian seas.

3.2 Wind extremes over the ocean

Extreme wind speeds over the ocean surface and associated
stormy weather and rough surface ocean conditions are par-
ticularly destructive natural hazards. In coastal regions, the
combination of high waves and storm surges can lead to
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Figure 16. The 99th wind speed percentile. (a) Climatology (2007–2022) and (b) annual trend (2007–2023). Areas with trends significant
above the 90 % confidence level are outlined in black. Computation at 0.25° resolution from product ref. Wind.1 (ASCAT-A) following the
method of Giesen and Stoffelen (2022). The black box shows the region used in Fig. 17.

flooding, coastline erosion, coastal water quality degrada-
tion, and ecosystem destructions (Sopkin et al., 2014; Harley
et al., 2017; Amores et al., 2020; Wetz and Yoskowitz, 2013;
González-De Zayas et al., 2021; Bonnington et al., 2023;
Patrick et al., 2022; Alvarez-Fanjul et al., 2022; Giesen et
al., 2021). Massive rainfall associated with storms can result
in inundation and landslides (Negri et al., 2005). The increas-
ing demographic pressure in coastal regions can increase the
risks and vulnerability of populations if disaster risk miti-
gation and reduction practices (e.g. shelters, early-warning
systems) are not adopted (Peduzzi et al., 2012; Alvarez-
Fanjul et al., 2022; She and Nielsen, 2019; de Alfonso et

al., 2020; Giesen et al., 2021). Many economic sectors such
as tourism, ports, and fishing can be impacted by extreme
coastal events (Verschuur et al., 2023; Kunze, 2021; de Al-
fonso et al., 2020). In the open ocean, storms and associated
high winds and waves can affect offshore infrastructures as
well as marine traffic (Mattu et al., 2022; Lam and Lassa,
2016; Staneva et al., 2020).

Regions that have been affected by the most extreme ocean
surface wind speeds (>22 m s−1) over the 2007–2022 period
(Fig. 16) (Sampe and Xie, 2007; Giesen and Stoffelen, 2022)
include the central and subpolar parts of the North Atlantic
Ocean, especially the southern tip and eastern coast of Green-
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Figure 17. (a) Monthly wind speed 99th percentile from product ref. Wind.1 (ASCAT-A) between latitudes 10° S and 10° N in the western
tropical Ocean (see box in Fig. 16), presented as a function of longitude and time. The horizontal grey lines show the longitudes 150° E and
150° W. (b) Time series of monthly and yearly wind speed 99th percentile from product ref. Wind.1 (ASCAT-A) for the box shown in Fig. 16.
The shading corresponds to the ENSO MEI.v2 index values: red for El Niño conditions when MEI ≥ 0.5, blue for La Niña conditions when
MEI ≤ −0.5, and white for neutral conditions (product ref. SST.5).

land. It should be noted that the values given here are repre-
sentative of the 1 % highest ocean surface wind speeds (i.e.
reported at 99th percentiles). The North Pacific Ocean and
the Southern Ocean are the other regions with the strongest
extreme wind speeds (>20 m s−1) in the long-term climatol-
ogy. Extreme wind speeds reach about 13 m s−1 in the tropi-
cal bands (10–30° of latitude), while they are low (around or
below 10 m s−1) in the equatorial band (0–10° of latitude).

Typically, tropical cyclones are too short-lived and small
to be reflected in these numbers. Further analyses are re-
quired to address the role of tropical cyclones in affecting
the climatological extreme wind speeds, particularly with re-
spect to the percentile method used, and the sensitivity to the
spatial resolution of the wind products. Local patterns of ex-
treme wind speeds can also be noted, such as in the Gulf of
Tehuantepec, off Mexico in the Pacific Ocean (e.g., Zamudio
et al., 2006; Romero-Centeno et al., 2003).

Results from the recent IPCC sixth assessment report re-
flect the challenge of attributing long-term change in wind
extremes explained by the interplay with natural variability,
the length of the time series, and uncertainties in the esti-
mates. For example, past changes of maximum wind speeds
and other measures of dynamical intensity of extratropical
cyclones have been assessed with low confidence (Senevi-

ratne et al., 2021). The report also assessed that tropical and
extra-tropical cyclone tracks tend to migrate poleward as the
tropical climate zones expand with global warming. How-
ever, while none of the observed changes of Category 3–5
tropical cyclone instances can be explained by natural vari-
ability alone, their observed increase is assessed as likely.
With respect to future evolution, there is high confidence
that the proportion of intense tropical cyclones, average peak
tropical cyclones wind speeds, and peak wind speeds of the
most intense tropical cyclones will increase on the global
scale with increasing global warming (Seneviratne et al.,
2021).

Due to their spatial and temporal abundance, satellite in-
struments excel in the monitoring of long-term trends in
ocean surface wind extremes (Fig. 16). Analysing long-term
trends of extreme wind speeds has revealed several areas of
significant increase in extreme wind speeds over the past
16 years (2007–2023) (Fig. 16). However, results are iden-
tified to be highly sensitive to methodological approaches
and trend periods, challenging the attribution of long-term
change and the interplay of natural variability (Giesen and
Stoffelen, 2022). The main regions where positive trend
features remain stable when addressing different timescales
(2007–2020 versus 2007–2023) are the central North At-
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lantic Ocean Gulf Stream region (30–35° N, 30–50° W), the
subpolar Atlantic region between Greenland and south of
Iceland, the Bering Sea and the northwest Pacific Ocean,
the subtropical Indian Ocean, and the sector of Southern
Ocean located south of Australia (Fig. 16b). Decreases in
wind speed extremes are also stable in the Tasman Front.
However, further analysis, specific detection, and attribution
studies, as well as longer time series, are needed in the future
for the identification of long-term trends in observed extreme
wind speeds.

In some areas, interannual variability such as large-scale
climate-mode teleconnections (El Niño–Southern Oscilla-
tion/ENSO, North Atlantic Oscillation, Pacific Decadal Os-
cillation, Indian Ocean Dipole, etc.) are known to affect ex-
treme winds and storminess regimes (Krueger et al., 2019;
Roose et al., 2023; Yuan and Cao, 2013; and Lin et al., 2020),
as well as their consecutive impacts on the ocean (waves,
storm surges) (Holbrook et al., 2020). For example, wind
speed extremes in the western tropical Pacific are closely
correlated with the ENSO index (Fig. 17), with more ex-
treme wind speeds and longer-lived tropical cyclones during
El Niño years (Hu et al., 2017; Eusebi Borzelli and Carniel,
2023; Camargo and Sobel, 2005). A positive trend is detected
in this region for the period 2007–2020 in Giesen and Stof-
felen (2022) because ENSO was negative (La Niña) in the
early years (2007-2008) and positive (El Niño) in 2015–2016
and 2019 (Fig. 17). La Niña conditions in 2020–2022 al-
most entirely dampened the positive trend in the region when
adding the years 2021–2023 to the extreme wind speed trend
estimation (Fig. 16b).

In summary, our results indicate that extreme wind speeds
over the ocean show regional patterns but likewise are highly
variable in space and time. Satellite-based wind observa-
tions are the major source for analysis and statistics of ex-
treme wind events over the ocean. In particular, for extreme
winds, however, the satellite-based estimates are question-
able, and, hence, regular and state-of-the-art in situ moni-
toring of winds is and will be essential to inform national
meteorological and oceanographic services and feed their
early-warning systems with accurate and robust information
(see for example the WMO Regional Climate Centers: CSIS,
2024).
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Figure 17. (a) Monthly wind speed 99th percentile from product ref. Wind.1 (ASCAT-A) between latitudes 10° S and 10° N in the western
tropical Ocean (see box in Fig. 16), presented as a function of longitude and time. The horizontal grey lines show the longitudes 150° E and
150° W. (b) Time series of monthly and yearly wind speed 99th percentile from product ref. Wind.1 (ASCAT-A) for the box shown in Fig. 16.
The shading corresponds to the ENSO MEI.v2 index values: red for El Niño conditions when MEI ≥ 0.5, blue for La Niña conditions when
MEI ≤ −0.5, and white for neutral conditions (product ref. SST.5).

land. It should be noted that the values given here are repre-
sentative of the 1 % highest ocean surface wind speeds (i.e.
reported at 99th percentiles). The North Pacific Ocean and
the Southern Ocean are the other regions with the strongest
extreme wind speeds (>20 m s−1) in the long-term climatol-
ogy. Extreme wind speeds reach about 13 m s−1 in the tropi-
cal bands (10–30° of latitude), while they are low (around or
below 10 m s−1) in the equatorial band (0–10° of latitude).

Typically, tropical cyclones are too short-lived and small
to be reflected in these numbers. Further analyses are re-
quired to address the role of tropical cyclones in affecting
the climatological extreme wind speeds, particularly with re-
spect to the percentile method used, and the sensitivity to the
spatial resolution of the wind products. Local patterns of ex-
treme wind speeds can also be noted, such as in the Gulf of
Tehuantepec, off Mexico in the Pacific Ocean (e.g., Zamudio
et al., 2006; Romero-Centeno et al., 2003).

Results from the recent IPCC sixth assessment report re-
flect the challenge of attributing long-term change in wind
extremes explained by the interplay with natural variability,
the length of the time series, and uncertainties in the esti-
mates. For example, past changes of maximum wind speeds
and other measures of dynamical intensity of extratropical
cyclones have been assessed with low confidence (Senevi-

ratne et al., 2021). The report also assessed that tropical and
extra-tropical cyclone tracks tend to migrate poleward as the
tropical climate zones expand with global warming. How-
ever, while none of the observed changes of Category 3–5
tropical cyclone instances can be explained by natural vari-
ability alone, their observed increase is assessed as likely.
With respect to future evolution, there is high confidence
that the proportion of intense tropical cyclones, average peak
tropical cyclones wind speeds, and peak wind speeds of the
most intense tropical cyclones will increase on the global
scale with increasing global warming (Seneviratne et al.,
2021).

Due to their spatial and temporal abundance, satellite in-
struments excel in the monitoring of long-term trends in
ocean surface wind extremes (Fig. 16). Analysing long-term
trends of extreme wind speeds has revealed several areas of
significant increase in extreme wind speeds over the past
16 years (2007–2023) (Fig. 16). However, results are iden-
tified to be highly sensitive to methodological approaches
and trend periods, challenging the attribution of long-term
change and the interplay of natural variability (Giesen and
Stoffelen, 2022). The main regions where positive trend
features remain stable when addressing different timescales
(2007–2020 versus 2007–2023) are the central North At-
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lantic Ocean Gulf Stream region (30–35° N, 30–50° W), the
subpolar Atlantic region between Greenland and south of
Iceland, the Bering Sea and the northwest Pacific Ocean,
the subtropical Indian Ocean, and the sector of Southern
Ocean located south of Australia (Fig. 16b). Decreases in
wind speed extremes are also stable in the Tasman Front.
However, further analysis, specific detection, and attribution
studies, as well as longer time series, are needed in the future
for the identification of long-term trends in observed extreme
wind speeds.

In some areas, interannual variability such as large-scale
climate-mode teleconnections (El Niño–Southern Oscilla-
tion/ENSO, North Atlantic Oscillation, Pacific Decadal Os-
cillation, Indian Ocean Dipole, etc.) are known to affect ex-
treme winds and storminess regimes (Krueger et al., 2019;
Roose et al., 2023; Yuan and Cao, 2013; and Lin et al., 2020),
as well as their consecutive impacts on the ocean (waves,
storm surges) (Holbrook et al., 2020). For example, wind
speed extremes in the western tropical Pacific are closely
correlated with the ENSO index (Fig. 17), with more ex-
treme wind speeds and longer-lived tropical cyclones during
El Niño years (Hu et al., 2017; Eusebi Borzelli and Carniel,
2023; Camargo and Sobel, 2005). A positive trend is detected
in this region for the period 2007–2020 in Giesen and Stof-
felen (2022) because ENSO was negative (La Niña) in the
early years (2007-2008) and positive (El Niño) in 2015–2016
and 2019 (Fig. 17). La Niña conditions in 2020–2022 al-
most entirely dampened the positive trend in the region when
adding the years 2021–2023 to the extreme wind speed trend
estimation (Fig. 16b).

In summary, our results indicate that extreme wind speeds
over the ocean show regional patterns but likewise are highly
variable in space and time. Satellite-based wind observa-
tions are the major source for analysis and statistics of ex-
treme wind events over the ocean. In particular, for extreme
winds, however, the satellite-based estimates are question-
able, and, hence, regular and state-of-the-art in situ moni-
toring of winds is and will be essential to inform national
meteorological and oceanographic services and feed their
early-warning systems with accurate and robust information
(see for example the WMO Regional Climate Centers: CSIS,
2024).
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Abstract. In this paper, the Copernicus Ocean State Report offers detailed scientific analysis of the ocean under
climate change, ocean variability, and ocean extremes in the northeastern Atlantic and adjacent seas. Major
results show that the northeastern Atlantic Ocean and adjacent seas have experienced consistent warming, with
sea surface temperatures increasing at a rate of 0.25 ± 0.03 °C per decade since 1982, doubling the global average
trend. This warming is most pronounced in the Black Sea, Mediterranean Sea, and Baltic Sea. Sea levels have
risen significantly over the past 30 years, particularly in the Baltic and Mediterranean seas. Ocean acidification
has also increased, with pH decreasing at a rate of −0.017 ± 0.001 units per decade. Marine heatwaves have
intensified and expanded, affecting over 60 % of the region in 2022 and 2023. Over the past 16 years, most
extreme wind speeds exceeding 22 m s−1 prevailed in the central and subpolar North Atlantic and northern
Mediterranean Sea. The region has also seen significant variability in ocean climate indicators and circulation
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Abstract. In this paper, the Copernicus Ocean State Report offers detailed scientific analysis of the ocean under
climate change, ocean variability, and ocean extremes in the northeastern Atlantic and adjacent seas. Major
results show that the northeastern Atlantic Ocean and adjacent seas have experienced consistent warming, with
sea surface temperatures increasing at a rate of 0.25 ± 0.03 °C per decade since 1982, doubling the global average
trend. This warming is most pronounced in the Black Sea, Mediterranean Sea, and Baltic Sea. Sea levels have
risen significantly over the past 30 years, particularly in the Baltic and Mediterranean seas. Ocean acidification
has also increased, with pH decreasing at a rate of −0.017 ± 0.001 units per decade. Marine heatwaves have
intensified and expanded, affecting over 60 % of the region in 2022 and 2023. Over the past 16 years, most
extreme wind speeds exceeding 22 m s−1 prevailed in the central and subpolar North Atlantic and northern
Mediterranean Sea. The region has also seen significant variability in ocean climate indicators and circulation
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patterns, including increased Atlantic Water transport to the Arctic Ocean through the Fram Strait and notable
variations in the Mediterranean Sea’s meridional overturning circulation. No major Baltic inflow occurred in
winter 2022/23.

1 Introduction

The area of the northeastern Atlantic Ocean and adjacent
seas begins in the North Atlantic Ocean from the point at
24.58° N, extends east to 68.5° E, and continues due north
to the geographical North Pole along the meridian 44° W,
including the regional sea areas such as the Mediterranean
Sea, the Black Sea, the North Sea, and the Baltic Sea
(Fig. 1). The criteria for the choice of this area rely on
both oceanic and policy relevant criteria. Specifically,
the northeastern Atlantic Ocean and adjacent seas con-
tain all Copernicus Marine areas and cover all European
waters. In addition, the area includes the regional seas
areas under the UNEP regional seas conventions (https:
//www.unep.org/explore-topics/oceans-seas/what-we-do/
working-regional-seas/regional-seas-programmes/
regional-seas, last access: 11 September 2024) (e.g.
OSPAR, https://www.ospar.org/, last access: 11 Septem-
ber 2024). The GOOS regional alliances (https:
//goosocean.org/who-we-are/goos-regional-alliances/,
last access: 11 September 2024), such as EuroGOOS
(https://eurogoos.eu, last access: 11 September 2024),
MONGOOS (https://mongoos.eurogoos.eu/, last ac-
cess: 11 September 2024), and Black Sea GOOS
(https://goosocean.org/who-we-are/goos-regional-alliances/
gra-black-sea-goos/, last access: 11 September 2024),
are considered as well. The northeastern Atlantic Ocean
and adjacent seas also cover the FAO 27 major fishing
area (https://www.fao.org/fishery/en/area/27/en, last ac-
cess: 11 September 2024), as well as the WMO region
VI-Europe (https://wmo.int/about-us/regions/europe#:~:
text=The%20WMO%20Regional%20Office%20for,on%
20society%20and%20the%20environment, last access:
11 September 2024). On the one hand, this choice allows
us to consider the ocean dynamics and processes (e.g. to
consider full basin approaches for the regional seas). On the
other hand, it aligns with various European and international
actors at the science–policy interface.

Executive summary

Sea surface temperature of the northeastern Atlantic Ocean
and adjacent seas shows consistent warming across all
ocean subbasins that doubles the global average trend and
is most pronounced in the eastern part of the region. Since
1982, the area-averaged sea surface temperature in the north-
eastern Atlantic Ocean and adjacent seas has been rising
at a rate of 0.25 ± 0.03 °C per decade, with the Black Sea,

Figure 1. Northeastern Atlantic Ocean and adjacent seas region
highlighted in blue grey.

Mediterranean Sea, and Baltic Sea experiencing the most in-
tense warming rates. Overall, nearly the entire western part
of the region is warming at least 2 times faster than the global
average, while rates gradually decrease when approaching
the adjacent large-scale patterns linked to the North Atlantic
warming hole in the western part of the region.

The interplay of long-term change and natural variations
determine stark variations in ocean warming in the north-
eastern Atlantic, while the ocean warming trend dominates
in the adjacent seas. Large multi-annual- to decadal-scale
variations dominate ocean warming in the area-average of
the northeastern Atlantic and adjacent seas, as well as in
the Iberia–Biscay–Irish area. In the Mediterranean Sea, the
Black Sea, and the Baltic Sea, ocean warming dominates at
rates exceeding the global mean warming rate.

All ocean areas in the northeastern Atlantic Ocean and
adjacent seas have been experiencing sea level rise over
the past 30 years as obtained from absolute sea level mea-
surements, particularly in the Baltic Sea and the Mediter-
ranean Sea. Rates of area-averaged sea level rise dur-
ing the period 1993–2023 in the northeastern Atlantic
Ocean and adjacent seas range from 1 ± 0.8 mm yr−1 in the
Black Sea, 2.5 ± 0.8 mm yr−1 in the Mediterranean Sea, to
4.1 ± 0.8 mm yr−1 in the Baltic Sea. Regionally, the sea level
in 46 % of the ocean area in the northeastern Atlantic Ocean
and adjacent seas is rising at a rate larger than the global
mean average rate (3.4 mm yr−1 over 1993–2023). Areas of
fast sea level rise above the global rate of rise for the last 10
years (mid-2013–mid-2023), estimated to be 4.3 mm yr−1,
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are observed in the North Atlantic Ocean and in 9 % of the
Baltic Sea.

Sea ice coverage in the Baltic Sea does not show a signifi-
cant trend over the period 1993–2023, and in winter 2022/23
the Baltic Sea experienced a moderate ice season, with 15 %
sea ice coverage. The moderate ice season 2022/23 in the
Baltic Sea reached a maximum area of about 65 000 km2,
which amounts to 15 % of total Baltic Sea ice coverage. Usu-
ally, the maximum sea ice extent is reached at the end of
February, but in 2023 the maximum ice cover was observed
in the second week of March. Although records show a de-
crease in sea ice extent over the period 1993–2023, the linear
trend is not statistically significant.

Regional mean ocean acidification in the northeastern At-
lantic Ocean and adjacent seas has continuously increased
over the past 37 years (1985–2022), with an observed rate
of decrease in ocean pH of −0.017 ± 0.001 pH units per
decade. Regional rates of change of ocean pH are not ho-
mogenously distributed. About 51 % of the sampled ocean
surface in the northeastern Atlantic Ocean and adjacent sea
areas is becoming more acidic at a rate of −0.017 pH units
per decade. The largest rates of pH decrease are reported in
the Mediterranean Sea. In the Baltic Sea and Black Sea, the
reporting on ocean acidification is challenged by large uncer-
tainties.

Indicators of ocean climate variability and circulation in
the northeastern Atlantic Ocean and adjacent seas all show
large variations at interannual to decadal scales, and there is
an increase reported in Atlantic Water transport to the Arctic
Ocean through the Fram Strait. The meridional overturning
circulation in the Mediterranean Sea is stronger in the east-
ern basin as compared to the western basin, showing stark
interannual to decadal change since the late 1980s. The At-
lantic Water volume transport in the Nordic Seas show large
variations at interannual and decadal timescales. In the Fram
Strait, the model data indicates an increase in the Atlantic
Water transport to the Arctic Ocean. Major Baltic inflows
that determine variations in hydrographic and biogeochemi-
cal conditions in the Baltic Sea basin were identified in 1993,
2002, and 2014. There was no major Baltic inflow in winter
2022/23, and in 2023 oxygen was completely consumed be-
low the depth of 75 m.

Since 1982, the frequency, duration, intensity, and regional
extension of marine heatwave (MHW) events in the north-
eastern Atlantic Ocean and adjacent seas have increased,
and more than 60 % of the region has experienced at least
one strong, severe, or extreme marine heatwave in 2022 and
2023, including areas of European aquaculture activities.
From 1982 to 2023, the fraction of the ocean surface in this
area that experienced marine heatwave events over the year
increased from 20 % to more than 90 %, and since 2013 the
cumulative ocean surface fraction affected by strong, severe,
and extreme marine heatwave events has been larger than that
experiencing moderate events. The duration of the events has
also increased, with marine heatwave events of more than

1 month prevailing in the area since 2017. In 2022, about
12 % of the northeastern Atlantic Ocean and adjacent seas
have experienced at least one severe to extreme marine heat-
wave, increasing to about 32 % in 2023. In 2022, the most
prominent marine heatwaves lasting for at least 4 months
and reaching categories up to severe or extreme are reported
for the English Channel and the western Mediterranean Sea.
In 2023, the most persistent marine heatwaves are observed
in the North Atlantic, lasting 4 months and longer, and in
the Adriatic, Ionian, and western Black seas, lasting about
3 months. Severe to extreme categories were reached in all
these regions.

In the northeastern Atlantic Ocean and adjacent seas,
most extreme ocean surface wind speeds exceeding 22 m s−1

over the past 16 years prevail in the central and subpo-
lar North Atlantic and in the northern Mediterranean Sea.
The detection of long-term trends in extreme wind speeds is
hampered by their large variability in space and time. Over
the period 2007–2023, extreme ocean surface wind speeds
in the North Atlantic that exceed more than 22 m s−1 are
particularly pronounced along the southern coast of Green-
land. Extreme wind speeds also reach about 20 m s−1 in the
northwestern Mediterranean Sea. In September 2023, Storm
Daniel, which occurred in the Mediterranean Sea, was des-
ignated as a Medicane (Mediterranean hurricane) and had
devastating impacts on the Greek and Libyan coasts, caus-
ing an overwhelming amount of loss and damage in Libya.
During the autumn to winter season, larger areas of higher
storm density are reported as compared to the spring to sum-
mer seasons, such as in the North Atlantic across 40° N from
the Canadian coast to the coast of Europe and in all adjacent
seas.

2 Ocean and climate

2.1 Sea surface temperature

Monitoring changes in regional sea surface temperature is
essential for evaluating climate variability and its regional
impacts. Over more than the past quarter of a century, a ma-
jor fraction of the surface ocean in the northeastern Atlantic
Ocean and adjacent seas has been warming at rates that are
equal to or higher than the global rate (WMO, 2023).

Over the past 4 decades (1982–2023), the Mediterranean
Sea surface temperature warmed at a rate of 0.41 ± 0.01 °C
per decade, corresponding to a mean surface temperature
warming of about 1.7 °C. The spatial pattern of the Mediter-
ranean Sea surface temperature trend shows a general un-
even warming tendency following an eastward increased
tendency. The strongest surface warming is reported in
the eastern Mediterranean Sea, such as in the Adriatic,
Aegean, Levantine, and Ionian seas (MedECC, 2020b). Be-
tween 2022 and 2023, the Mediterranean Sea experienced
an exceptionally long-lasting and intense marine heatwave
that hit the whole basin. This marine heatwave started in
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patterns, including increased Atlantic Water transport to the Arctic Ocean through the Fram Strait and notable
variations in the Mediterranean Sea’s meridional overturning circulation. No major Baltic inflow occurred in
winter 2022/23.

1 Introduction

The area of the northeastern Atlantic Ocean and adjacent
seas begins in the North Atlantic Ocean from the point at
24.58° N, extends east to 68.5° E, and continues due north
to the geographical North Pole along the meridian 44° W,
including the regional sea areas such as the Mediterranean
Sea, the Black Sea, the North Sea, and the Baltic Sea
(Fig. 1). The criteria for the choice of this area rely on
both oceanic and policy relevant criteria. Specifically,
the northeastern Atlantic Ocean and adjacent seas con-
tain all Copernicus Marine areas and cover all European
waters. In addition, the area includes the regional seas
areas under the UNEP regional seas conventions (https:
//www.unep.org/explore-topics/oceans-seas/what-we-do/
working-regional-seas/regional-seas-programmes/
regional-seas, last access: 11 September 2024) (e.g.
OSPAR, https://www.ospar.org/, last access: 11 Septem-
ber 2024). The GOOS regional alliances (https:
//goosocean.org/who-we-are/goos-regional-alliances/,
last access: 11 September 2024), such as EuroGOOS
(https://eurogoos.eu, last access: 11 September 2024),
MONGOOS (https://mongoos.eurogoos.eu/, last ac-
cess: 11 September 2024), and Black Sea GOOS
(https://goosocean.org/who-we-are/goos-regional-alliances/
gra-black-sea-goos/, last access: 11 September 2024),
are considered as well. The northeastern Atlantic Ocean
and adjacent seas also cover the FAO 27 major fishing
area (https://www.fao.org/fishery/en/area/27/en, last ac-
cess: 11 September 2024), as well as the WMO region
VI-Europe (https://wmo.int/about-us/regions/europe#:~:
text=The%20WMO%20Regional%20Office%20for,on%
20society%20and%20the%20environment, last access:
11 September 2024). On the one hand, this choice allows
us to consider the ocean dynamics and processes (e.g. to
consider full basin approaches for the regional seas). On the
other hand, it aligns with various European and international
actors at the science–policy interface.

Executive summary

Sea surface temperature of the northeastern Atlantic Ocean
and adjacent seas shows consistent warming across all
ocean subbasins that doubles the global average trend and
is most pronounced in the eastern part of the region. Since
1982, the area-averaged sea surface temperature in the north-
eastern Atlantic Ocean and adjacent seas has been rising
at a rate of 0.25 ± 0.03 °C per decade, with the Black Sea,

Figure 1. Northeastern Atlantic Ocean and adjacent seas region
highlighted in blue grey.

Mediterranean Sea, and Baltic Sea experiencing the most in-
tense warming rates. Overall, nearly the entire western part
of the region is warming at least 2 times faster than the global
average, while rates gradually decrease when approaching
the adjacent large-scale patterns linked to the North Atlantic
warming hole in the western part of the region.

The interplay of long-term change and natural variations
determine stark variations in ocean warming in the north-
eastern Atlantic, while the ocean warming trend dominates
in the adjacent seas. Large multi-annual- to decadal-scale
variations dominate ocean warming in the area-average of
the northeastern Atlantic and adjacent seas, as well as in
the Iberia–Biscay–Irish area. In the Mediterranean Sea, the
Black Sea, and the Baltic Sea, ocean warming dominates at
rates exceeding the global mean warming rate.

All ocean areas in the northeastern Atlantic Ocean and
adjacent seas have been experiencing sea level rise over
the past 30 years as obtained from absolute sea level mea-
surements, particularly in the Baltic Sea and the Mediter-
ranean Sea. Rates of area-averaged sea level rise dur-
ing the period 1993–2023 in the northeastern Atlantic
Ocean and adjacent seas range from 1 ± 0.8 mm yr−1 in the
Black Sea, 2.5 ± 0.8 mm yr−1 in the Mediterranean Sea, to
4.1 ± 0.8 mm yr−1 in the Baltic Sea. Regionally, the sea level
in 46 % of the ocean area in the northeastern Atlantic Ocean
and adjacent seas is rising at a rate larger than the global
mean average rate (3.4 mm yr−1 over 1993–2023). Areas of
fast sea level rise above the global rate of rise for the last 10
years (mid-2013–mid-2023), estimated to be 4.3 mm yr−1,
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are observed in the North Atlantic Ocean and in 9 % of the
Baltic Sea.

Sea ice coverage in the Baltic Sea does not show a signifi-
cant trend over the period 1993–2023, and in winter 2022/23
the Baltic Sea experienced a moderate ice season, with 15 %
sea ice coverage. The moderate ice season 2022/23 in the
Baltic Sea reached a maximum area of about 65 000 km2,
which amounts to 15 % of total Baltic Sea ice coverage. Usu-
ally, the maximum sea ice extent is reached at the end of
February, but in 2023 the maximum ice cover was observed
in the second week of March. Although records show a de-
crease in sea ice extent over the period 1993–2023, the linear
trend is not statistically significant.

Regional mean ocean acidification in the northeastern At-
lantic Ocean and adjacent seas has continuously increased
over the past 37 years (1985–2022), with an observed rate
of decrease in ocean pH of −0.017 ± 0.001 pH units per
decade. Regional rates of change of ocean pH are not ho-
mogenously distributed. About 51 % of the sampled ocean
surface in the northeastern Atlantic Ocean and adjacent sea
areas is becoming more acidic at a rate of −0.017 pH units
per decade. The largest rates of pH decrease are reported in
the Mediterranean Sea. In the Baltic Sea and Black Sea, the
reporting on ocean acidification is challenged by large uncer-
tainties.

Indicators of ocean climate variability and circulation in
the northeastern Atlantic Ocean and adjacent seas all show
large variations at interannual to decadal scales, and there is
an increase reported in Atlantic Water transport to the Arctic
Ocean through the Fram Strait. The meridional overturning
circulation in the Mediterranean Sea is stronger in the east-
ern basin as compared to the western basin, showing stark
interannual to decadal change since the late 1980s. The At-
lantic Water volume transport in the Nordic Seas show large
variations at interannual and decadal timescales. In the Fram
Strait, the model data indicates an increase in the Atlantic
Water transport to the Arctic Ocean. Major Baltic inflows
that determine variations in hydrographic and biogeochemi-
cal conditions in the Baltic Sea basin were identified in 1993,
2002, and 2014. There was no major Baltic inflow in winter
2022/23, and in 2023 oxygen was completely consumed be-
low the depth of 75 m.

Since 1982, the frequency, duration, intensity, and regional
extension of marine heatwave (MHW) events in the north-
eastern Atlantic Ocean and adjacent seas have increased,
and more than 60 % of the region has experienced at least
one strong, severe, or extreme marine heatwave in 2022 and
2023, including areas of European aquaculture activities.
From 1982 to 2023, the fraction of the ocean surface in this
area that experienced marine heatwave events over the year
increased from 20 % to more than 90 %, and since 2013 the
cumulative ocean surface fraction affected by strong, severe,
and extreme marine heatwave events has been larger than that
experiencing moderate events. The duration of the events has
also increased, with marine heatwave events of more than

1 month prevailing in the area since 2017. In 2022, about
12 % of the northeastern Atlantic Ocean and adjacent seas
have experienced at least one severe to extreme marine heat-
wave, increasing to about 32 % in 2023. In 2022, the most
prominent marine heatwaves lasting for at least 4 months
and reaching categories up to severe or extreme are reported
for the English Channel and the western Mediterranean Sea.
In 2023, the most persistent marine heatwaves are observed
in the North Atlantic, lasting 4 months and longer, and in
the Adriatic, Ionian, and western Black seas, lasting about
3 months. Severe to extreme categories were reached in all
these regions.

In the northeastern Atlantic Ocean and adjacent seas,
most extreme ocean surface wind speeds exceeding 22 m s−1

over the past 16 years prevail in the central and subpo-
lar North Atlantic and in the northern Mediterranean Sea.
The detection of long-term trends in extreme wind speeds is
hampered by their large variability in space and time. Over
the period 2007–2023, extreme ocean surface wind speeds
in the North Atlantic that exceed more than 22 m s−1 are
particularly pronounced along the southern coast of Green-
land. Extreme wind speeds also reach about 20 m s−1 in the
northwestern Mediterranean Sea. In September 2023, Storm
Daniel, which occurred in the Mediterranean Sea, was des-
ignated as a Medicane (Mediterranean hurricane) and had
devastating impacts on the Greek and Libyan coasts, caus-
ing an overwhelming amount of loss and damage in Libya.
During the autumn to winter season, larger areas of higher
storm density are reported as compared to the spring to sum-
mer seasons, such as in the North Atlantic across 40° N from
the Canadian coast to the coast of Europe and in all adjacent
seas.

2 Ocean and climate

2.1 Sea surface temperature

Monitoring changes in regional sea surface temperature is
essential for evaluating climate variability and its regional
impacts. Over more than the past quarter of a century, a ma-
jor fraction of the surface ocean in the northeastern Atlantic
Ocean and adjacent seas has been warming at rates that are
equal to or higher than the global rate (WMO, 2023).

Over the past 4 decades (1982–2023), the Mediterranean
Sea surface temperature warmed at a rate of 0.41 ± 0.01 °C
per decade, corresponding to a mean surface temperature
warming of about 1.7 °C. The spatial pattern of the Mediter-
ranean Sea surface temperature trend shows a general un-
even warming tendency following an eastward increased
tendency. The strongest surface warming is reported in
the eastern Mediterranean Sea, such as in the Adriatic,
Aegean, Levantine, and Ionian seas (MedECC, 2020b). Be-
tween 2022 and 2023, the Mediterranean Sea experienced
an exceptionally long-lasting and intense marine heatwave
that hit the whole basin. This marine heatwave started in
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May 2022, when the mean anomaly increased abruptly
from −0.1 ± 0.2 °C (April) to 0.8 ± 0.1 °C (May), reach-
ing the highest values during June (1.7 ± 0.1 °C) and July
(1.45 ± 0.07 °C) and persisting until spring 2023 (Marullo et
al., 2023).

The Baltic Sea sea surface temperature is rising at a rate
of 0.38 ± 0.04 °C per decade (over the period 1982–2023),
which represents an average warming of about 1.60 °C. Sea
surface warming in the Baltic Sea is characterized by a dis-
tinct north–south gradient, and the largest increase in sea
surface temperature has been reported for the northern part
of the Gulf of Bothnia, the Gulf of Finland, the Gulf of
Riga, and the northern part of the Baltic Proper (Meier et al.,
2022; von Storch et al., 2015). A long-term increase in sur-
face ocean temperature has also been detected in the North
Sea at rates exceeding the global mean values (Huthnance
et al., 2016). The rise in sea surface temperature in areas of
so-called Large Marine Ecosystems has even been classified
within a “superfast warming category”, such as for those lo-
cated in the Norwegian Sea, North Sea, and along the Celtic-
Biscay Shelf (Kessler et al., 2022).

The Black Sea is experiencing the most intense sea surface
temperature trend among the European seas, estimated at
0.65 ± 0.02 °C per decade (period: 1982–2023), which cor-
responds to an average increase of about 2.7 °C during the
last 42 years. Together with the Baltic and the Mediterranean
seas, the Black Sea represents a hot spot of global warm-
ing, where the surface warming trend largely exceeds both
the northeastern Atlantic Ocean and adjacent seas and the
global mean sea surface temperature trend (0.25 ± 0.03 and
0.13 ± 0.01 °C per decade, respectively).

The Iberia–Biscay–Irish (IBI) and the European North
West Shelf (NWS) seas are characterized by milder warming
rates estimated at 0.24 ± 0.02 and 0.22 ± 0.02 °C per decade,
respectively. These trends are strongly affected by decadal
variability superposed on the long-term trend (Fig. 2).

Variations from interannual to decadal scales play a critical
role in shaping the evolution of regional sea surface tempera-
ture. Major climate modes affect northeastern Atlantic Ocean
and adjacent seas sea surface temperature, such as the At-
lantic Multidecadal Oscillation (AMO) or the North Atlantic
Oscillation (NAO) (Pisano et al., 2020; Yan and Tang, 2021;
Valcheva and Slabakova, 2020; Kniebusch et al., 2019), and
can, together with ocean processes and cryosphere–ocean in-
teractions, challenge the detection of long-term trends from
global warming. For example, in the Baltic Sea, changes
in the interplay of atmospheric circulation and ocean pro-
cesses (e.g. changes in the frequency of coastal upwelling)
have resulted in regional patterns of lower-than-average sur-
face warming, which is manifested northeast of Bornholm
up to and along the Swedish coast (von Storch et al., 2015).
In the North Sea, changes in sea surface temperature are
largely affected by decadal variations driven by water mass
exchange from the adjacent northeastern Atlantic, superpos-
ing any long-term surface warming trend (Huthnance et al.,

2016). In the North Atlantic, the so-called “warming hole” –
a large pattern of unusual cold sea surface temperature – is
discussed as being driven by ocean processes (e.g. circulation
change), air–sea interactions, cryosphere–ocean interactions,
and changes in anthropogenic forcing (Li et al., 2022; Allan
and Allan, 2019; Caesar et al., 2018; Hu and Fedorov, 2020;
Qasmi, 2023; Gutiérrez et al., 2021).

Good knowledge of sea surface temperature spatial pat-
terns and trends is also critical to correctly assess European
climate trends and projections, as they determine variations
in regional weather and climate at a variety of scales that
have societal implications (O’Carroll et al., 2019). For ex-
ample, knowledge of the temporal evolution of sea surface
temperature can provide important handles to increase the
predictability of certain events, such as wet and dry extremes
in Europe (Ionita et al., 2012, 2015; Volosciuk et al., 2016).

The rise in sea surface temperature is not homogeneous,
and the rate of regional surface ocean warming is largest in
the eastern part of the European zone and decreases further
towards the western part (Fig. 3). The latter is also affected
by the extension of the so-called North Atlantic warming
hole. However, nearly the entire northeastern Atlantic Ocean
and adjacent seas area is affected by an increase in sea sur-
face temperature, and about 43 % of the area is warming at a
rate 2 times faster than the global mean warming rate, i.e. in
the Mediterranean Sea, North Sea, Baltic Sea, and Black Sea
areas (Fig. 4, Table 1).

2.2 Ocean heat content

Regional ocean warming is not homogeneous, and the North
Atlantic area between 20–50° N has been identified as one
of the regions that is affected by unusual strong warming
rates as compared to the rest of the global ocean (Cheng
et al., 2022, Fig. 5). However, subsurface water temperature
changes at various timescales in the subpolar North Atlantic
as triggered by several factors, such as anthropogenic warm-
ing (Cheng et al., 2022), heat redistribution (Messias and
Mercier, 2022), climate variability (e.g. the North Atlantic
Oscillation; Hurrell and Deser, 2010), and dynamical pro-
cesses linked to gyre dynamics and large-scale ocean circula-
tion (Yeager, 2020). In the central subpolar North Atlantic, a
decadal-scale cooling of the surface ocean has been reported,
also known as the so-called “North Atlantic cold blob” or
North Atlantic warming hole (Hansen et al., 2010; Drijfhout
et al., 2012; Li et al., 2022; Fan et al., 2023), which impacts
North Atlantic storm track activities and weather patterns in
Europe (Gervais et al., 2019, 2020; Woollings et al., 2018).
The cold blob has been also associated with variations in
ocean heat content down to about 1000 m depth (Dubois et
al., 2018). Several drivers of the cold blob have been hypoth-
esized, such as evidence for an Atlantic Meridional Overturn-
ing Circulation (AMOC) slowdown (Drijfhout et al., 2012;
Menary and Wood, 2018; Rahmstorf et al., 2015; Caesar et
al., 2018; Chemke et al., 2020), variations in the subpolar
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Figure 2. (a) Annual (light) and pentadal (bold) data of global (grey) and northeastern Atlantic Ocean and adjacent seas (blue) mean sea
surface temperature anomalies (relative to the 1991–2020 baseline) as derived from the product ref. SST.3 (see Supplement). The shaded areas
indicate the 2σ envelope using three different products (product refs. SST.1–SST.4) to indicate the agreement between different products.
(b) Linear trends (in °C per decade) of area-averaged sea surface temperature over the period 1982–2023 in the global ocean, the northeastern
Atlantic Ocean and adjacent seas (designated here as “NEA”), the Iberia–Biscay–Irish (IBI) area, the European North West Shelf (NWS),
the Baltic Sea (Baltic), the Black Sea, and the Mediterranean Sea (Med. Sea). Black bars indicate the 2σ uncertainty. Trends and associated
uncertainties are estimated by using the X-11 seasonal adjustment procedure (Pezzulli et al., 2005), except for the northeastern Atlantic Ocean
and adjacent seas (“NEA”) region (see Fig. 1), which uses linear least-squares regression. The product used for the global and northeastern
Atlantic Ocean and adjacent seas averages is similar to panel (a), and for IBI product ref. SST.7 is used, for the Baltic Sea product ref. SST.8 is
used, for the Mediterranean Sea product ref. SST.9 is used, for the NWS product ref. SST.6 is used, and for the Black Sea product ref. SST.10
is used.

Table 1. Percentage of ocean surface affected by different sea surface temperature trends in the northeastern Atlantic Ocean and adjacent
seas and when considering only the shallow waters (depth between 0 and 200 m) in the area.

Selection on trend Percentage of Percentage of ocean
ocean surface for surface for the shelf regions

the whole area (depth 0 to 200 m deep)

Negative trend 0.1 % 0.2 %
Positive trend, lower than global mean 5 % 6 %
Trend equal or lower than 2 times the global mean 40 % 27 %
Trend larger than 2 times the global mean 43 % 64 %

gyre circulation (Hu and Fedorov, 2020; Keil et al., 2020;
Ma et al., 2020), and changing process at the air–sea inter-
face (Fan et al., 2023; Sanders et al., 2022).

The strong interplay of natural and anthropogenic warm-
ing is reflected during the regionalization approach for the

ocean warming indicator. Over the period 1960–2023, the
area-averaged results for the northeastern Atlantic Ocean
and adjacent seas indicate ocean warming at a rate of
0.3 ± 0.1 W m−2 (Fig. 6, ensemble 1). However, temporal
changes in ocean warming are strongly affected by natural
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May 2022, when the mean anomaly increased abruptly
from −0.1 ± 0.2 °C (April) to 0.8 ± 0.1 °C (May), reach-
ing the highest values during June (1.7 ± 0.1 °C) and July
(1.45 ± 0.07 °C) and persisting until spring 2023 (Marullo et
al., 2023).

The Baltic Sea sea surface temperature is rising at a rate
of 0.38 ± 0.04 °C per decade (over the period 1982–2023),
which represents an average warming of about 1.60 °C. Sea
surface warming in the Baltic Sea is characterized by a dis-
tinct north–south gradient, and the largest increase in sea
surface temperature has been reported for the northern part
of the Gulf of Bothnia, the Gulf of Finland, the Gulf of
Riga, and the northern part of the Baltic Proper (Meier et al.,
2022; von Storch et al., 2015). A long-term increase in sur-
face ocean temperature has also been detected in the North
Sea at rates exceeding the global mean values (Huthnance
et al., 2016). The rise in sea surface temperature in areas of
so-called Large Marine Ecosystems has even been classified
within a “superfast warming category”, such as for those lo-
cated in the Norwegian Sea, North Sea, and along the Celtic-
Biscay Shelf (Kessler et al., 2022).

The Black Sea is experiencing the most intense sea surface
temperature trend among the European seas, estimated at
0.65 ± 0.02 °C per decade (period: 1982–2023), which cor-
responds to an average increase of about 2.7 °C during the
last 42 years. Together with the Baltic and the Mediterranean
seas, the Black Sea represents a hot spot of global warm-
ing, where the surface warming trend largely exceeds both
the northeastern Atlantic Ocean and adjacent seas and the
global mean sea surface temperature trend (0.25 ± 0.03 and
0.13 ± 0.01 °C per decade, respectively).

The Iberia–Biscay–Irish (IBI) and the European North
West Shelf (NWS) seas are characterized by milder warming
rates estimated at 0.24 ± 0.02 and 0.22 ± 0.02 °C per decade,
respectively. These trends are strongly affected by decadal
variability superposed on the long-term trend (Fig. 2).

Variations from interannual to decadal scales play a critical
role in shaping the evolution of regional sea surface tempera-
ture. Major climate modes affect northeastern Atlantic Ocean
and adjacent seas sea surface temperature, such as the At-
lantic Multidecadal Oscillation (AMO) or the North Atlantic
Oscillation (NAO) (Pisano et al., 2020; Yan and Tang, 2021;
Valcheva and Slabakova, 2020; Kniebusch et al., 2019), and
can, together with ocean processes and cryosphere–ocean in-
teractions, challenge the detection of long-term trends from
global warming. For example, in the Baltic Sea, changes
in the interplay of atmospheric circulation and ocean pro-
cesses (e.g. changes in the frequency of coastal upwelling)
have resulted in regional patterns of lower-than-average sur-
face warming, which is manifested northeast of Bornholm
up to and along the Swedish coast (von Storch et al., 2015).
In the North Sea, changes in sea surface temperature are
largely affected by decadal variations driven by water mass
exchange from the adjacent northeastern Atlantic, superpos-
ing any long-term surface warming trend (Huthnance et al.,

2016). In the North Atlantic, the so-called “warming hole” –
a large pattern of unusual cold sea surface temperature – is
discussed as being driven by ocean processes (e.g. circulation
change), air–sea interactions, cryosphere–ocean interactions,
and changes in anthropogenic forcing (Li et al., 2022; Allan
and Allan, 2019; Caesar et al., 2018; Hu and Fedorov, 2020;
Qasmi, 2023; Gutiérrez et al., 2021).

Good knowledge of sea surface temperature spatial pat-
terns and trends is also critical to correctly assess European
climate trends and projections, as they determine variations
in regional weather and climate at a variety of scales that
have societal implications (O’Carroll et al., 2019). For ex-
ample, knowledge of the temporal evolution of sea surface
temperature can provide important handles to increase the
predictability of certain events, such as wet and dry extremes
in Europe (Ionita et al., 2012, 2015; Volosciuk et al., 2016).

The rise in sea surface temperature is not homogeneous,
and the rate of regional surface ocean warming is largest in
the eastern part of the European zone and decreases further
towards the western part (Fig. 3). The latter is also affected
by the extension of the so-called North Atlantic warming
hole. However, nearly the entire northeastern Atlantic Ocean
and adjacent seas area is affected by an increase in sea sur-
face temperature, and about 43 % of the area is warming at a
rate 2 times faster than the global mean warming rate, i.e. in
the Mediterranean Sea, North Sea, Baltic Sea, and Black Sea
areas (Fig. 4, Table 1).

2.2 Ocean heat content

Regional ocean warming is not homogeneous, and the North
Atlantic area between 20–50° N has been identified as one
of the regions that is affected by unusual strong warming
rates as compared to the rest of the global ocean (Cheng
et al., 2022, Fig. 5). However, subsurface water temperature
changes at various timescales in the subpolar North Atlantic
as triggered by several factors, such as anthropogenic warm-
ing (Cheng et al., 2022), heat redistribution (Messias and
Mercier, 2022), climate variability (e.g. the North Atlantic
Oscillation; Hurrell and Deser, 2010), and dynamical pro-
cesses linked to gyre dynamics and large-scale ocean circula-
tion (Yeager, 2020). In the central subpolar North Atlantic, a
decadal-scale cooling of the surface ocean has been reported,
also known as the so-called “North Atlantic cold blob” or
North Atlantic warming hole (Hansen et al., 2010; Drijfhout
et al., 2012; Li et al., 2022; Fan et al., 2023), which impacts
North Atlantic storm track activities and weather patterns in
Europe (Gervais et al., 2019, 2020; Woollings et al., 2018).
The cold blob has been also associated with variations in
ocean heat content down to about 1000 m depth (Dubois et
al., 2018). Several drivers of the cold blob have been hypoth-
esized, such as evidence for an Atlantic Meridional Overturn-
ing Circulation (AMOC) slowdown (Drijfhout et al., 2012;
Menary and Wood, 2018; Rahmstorf et al., 2015; Caesar et
al., 2018; Chemke et al., 2020), variations in the subpolar
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Figure 2. (a) Annual (light) and pentadal (bold) data of global (grey) and northeastern Atlantic Ocean and adjacent seas (blue) mean sea
surface temperature anomalies (relative to the 1991–2020 baseline) as derived from the product ref. SST.3 (see Supplement). The shaded areas
indicate the 2σ envelope using three different products (product refs. SST.1–SST.4) to indicate the agreement between different products.
(b) Linear trends (in °C per decade) of area-averaged sea surface temperature over the period 1982–2023 in the global ocean, the northeastern
Atlantic Ocean and adjacent seas (designated here as “NEA”), the Iberia–Biscay–Irish (IBI) area, the European North West Shelf (NWS),
the Baltic Sea (Baltic), the Black Sea, and the Mediterranean Sea (Med. Sea). Black bars indicate the 2σ uncertainty. Trends and associated
uncertainties are estimated by using the X-11 seasonal adjustment procedure (Pezzulli et al., 2005), except for the northeastern Atlantic Ocean
and adjacent seas (“NEA”) region (see Fig. 1), which uses linear least-squares regression. The product used for the global and northeastern
Atlantic Ocean and adjacent seas averages is similar to panel (a), and for IBI product ref. SST.7 is used, for the Baltic Sea product ref. SST.8 is
used, for the Mediterranean Sea product ref. SST.9 is used, for the NWS product ref. SST.6 is used, and for the Black Sea product ref. SST.10
is used.

Table 1. Percentage of ocean surface affected by different sea surface temperature trends in the northeastern Atlantic Ocean and adjacent
seas and when considering only the shallow waters (depth between 0 and 200 m) in the area.

Selection on trend Percentage of Percentage of ocean
ocean surface for surface for the shelf regions

the whole area (depth 0 to 200 m deep)

Negative trend 0.1 % 0.2 %
Positive trend, lower than global mean 5 % 6 %
Trend equal or lower than 2 times the global mean 40 % 27 %
Trend larger than 2 times the global mean 43 % 64 %

gyre circulation (Hu and Fedorov, 2020; Keil et al., 2020;
Ma et al., 2020), and changing process at the air–sea inter-
face (Fan et al., 2023; Sanders et al., 2022).

The strong interplay of natural and anthropogenic warm-
ing is reflected during the regionalization approach for the

ocean warming indicator. Over the period 1960–2023, the
area-averaged results for the northeastern Atlantic Ocean
and adjacent seas indicate ocean warming at a rate of
0.3 ± 0.1 W m−2 (Fig. 6, ensemble 1). However, temporal
changes in ocean warming are strongly affected by natural
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Figure 3. (a) Trend of sea surface temperature anomalies (relative to the 1991–2020 baseline) (in °C per decade) for the European regional
seas and the North Atlantic over the period 1982–2023 as derived from product ref. SST.3. Grey shading indicates the areas where the trend is
not statistically significant. (b) Regional time series of area-averaged sea surface temperature anomalies (relative to the 1991–2020 baseline)
for the different regions, i.e. (1) IBI, (2) NWS, (3) Baltic Sea, (4) Black Sea, and (5) Mediterranean Sea (product refs. SST.6–SST.10).
Products used for the regional time series are similar to Fig. 4. The black curves show the 5-yearly mean of the sea surface temperature
anomalies. The grey ticks on the yearly anomaly bars show the associated uncertainty range.

variations (Fig. 5), and consequently warming rates quanti-
fied since the year 2005 are not statistically significant in the
northeastern Atlantic and adjacent seas (−0.1 ± 0.4 W m−2,
Fig. 6, ensemble 1). The dominant role of large natural vari-
ations is also again reflected in the high sensitivity of the
ocean warming trend evaluation in this region when consid-
ering different time periods (de Pascual-Collar et al., 2023)
(Fig. 6).

In the adjacent seas, ocean warming emerges more clearly
in the time series. The sea surface of the Black Sea is ex-
periencing the most intense warming since about the 1980s,
leading to an average increase of 2.7 °C over the past 42 years
(see results on the indicator sea surface temperature in this
issue), and basin-wide ocean warming of the upper 300 m
shows the highest warming level in the study area over the
period 2005–2023 (Fig. 6). Whether this high level is the re-
sult of both the ongoing warming trend and natural variabil-
ity, which is known to play a central role (Lima et al., 2020,
2021), remains a matter of research (Cheng et al., 2024), with
a marked increase over the past few decades (Pinardi et al.,
2015; Simoncelli et al., 2018; von Schuckmann et al., 2016;
Fig. 6).

2.3 Sea level

At a regional scale, the sea level trends show spatial pat-
terns, with regions rising at a faster or slower rate than the
global mean rates or even dropping in some areas. The re-
gional sea level trends depart from the global mean sea level
rise as a result of the superposition of geographical trend
patterns caused by different processes (Cazenave and Mor-
eira, 2022). For example, the sea level trends in the Mediter-
ranean Sea differ from global mean trends as a result of the
semi-enclosed conditions of the Mediterranean Sea (Pinardi
et al., 2014). The process contributing to the regional vari-
ability in sea level trends are regional changes in ocean cir-
culation, temperature, and salinity (stereodynamic changes);
redistribution of ocean water mass by the ocean circulation
(manometric changes); atmospheric loading; and changes in
Earth gravity, Earth rotation, and viscoelastic solid Earth de-
formation (GRD) due to ongoing changes in the solid Earth
caused by past changes in land ice (GIA) and contemporary
changes in the mass of water stored on land as ice sheets,
glaciers, and land water storage (GRD sea level fingerprints)
(Gregory et al., 2019).

Depending on the measurement technique used, different
information on sea level change can be obtained. For exam-
ple, relative sea level as obtained from tide gauges is referred
to the height of the sea surface relative to the sea floor, and
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Figure 4. Areas where the regional trend is negative (blue), is pos-
itive and lower than the global mean sea surface warming trend
(green), is equal or less than 2 times the global mean sea surface
warming trend (yellow), or exceeds 2 times the global mean sea sur-
face warming trend (orange) as derived from the product ref. SST.3.
The grey shading represents areas where the trend is not statistically
significant. The black box indicates the northeastern Atlantic Ocean
and adjacent seas zone used.

Figure 5. Ocean warming regional trends over the period 1960–
2023 and integrated over the upper 700 m depth based on the prod-
uct ref. OHC.3. The shaded grey zones indicate the regions where
the noise exceeds the signal of the ensemble product refs. OHC.1–4,
indicating the level of disagreement of regional trends in the differ-
ent products. The bold grey line indicates the study area, i.e. the
northeastern Atlantic Ocean and adjacent seas.

thus to land, at a given location. Sea level from the satellite is
linked to the so-called absolute sea level, which is the height
of the sea surface at a given location relative to the reference
ellipsoid. At a regional scale, these are important concepts
allowing for further understanding on the causes of sea level
change. For example, in the Baltic Sea the rise in absolute sea
level has been assessed to a rate of 1.3 to 1.8 mm yr−1 over
the period 1993–2010 (Hünicke et al., 2015; The BACC II
Author Team, 2015), whereas relative sea level in the Baltic
Sea shows the lowest increase as compared to other ocean
areas in Europe due to land uplift (Ranasinghe et al., 2021;
Vousdoukas et al., 2017). The Baltic Sea is strongly affected
by vertical land motion, especially due to the GIA caused by
the melting of past ice sheets (Ludwigsen et al., 2020), and
relative sea level trends have been shown to be strongly neg-
ative (Passaro et al., 2021). Accordingly, the IPCC (2021a)
projected that relative sea level will rise in all European areas
except for the Baltic Sea. However, absolute sea level trends
show statistically significant positive trends (Fig. 7) (Passaro
et al., 2021).

A recent assessment report for the Mediterranean climate
has reported a mean sea level rise of 6 cm over the past
20 years, and this trend is likely to accelerate (with regional
differences) by the global rate of 43 to 84 cm until 2100
(MedECC, 2020c). In the North Sea, an absolute mean sea
level trend of 2.61 ± 0.95 mm yr−1 has been reported over
the period 1995–2019, which varies regionally between 1.5
and 3.5 mm yr−1 over the region, with the highest trends in
the German Bight and around Denmark and lower trends
around the southern part of Great Britain (Dettmering et al.,
2021). Sea level change in the northeastern Atlantic up to the
European shelf area is known to be largely affected by vari-
ations driven by ocean dynamics and processes at the air–
sea interface, which have induced large sea level variations
at decadal and smaller timescales, superposing the long-term
trend in this area (Chafik et al., 2019). In the Black Sea, a
recent study has reported a mean rate of total sea level rise
of 2.5 ± 0.5 mm yr−1 over the entire basin (Avşar and Kuto-
glu, 2020), with large interannual- to decadal-scale variations
driven by climate variability, freshwater fluxes from land,
and sea level fluctuations in the Mediterranean Sea (Volkov
and Wilson, 2019).

The Copernicus Marine Service sea level data for the Eu-
ropean regional seas have been adjusted for the TOPEX-
A instrumental drift based on Ablain et al. (2017) and ad-
justed for the GIA using latitude and coastal weighting
on the map of GIA trend from Spada and Melini (2019).
Therefore, the European weighted-mean GIA corrections
amount to −0.49 mm yr−1. At basin level, the correction
amounts to 0.21 mm yr−1 in the Baltic Sea, whereas in the
Mediterranean Sea it is on the order of −0.21 mm yr−1.
On the other hand, in the Black Sea the correction is es-
timated to 0.08 mm yr−1, and it ranges between −0.5 and
−0.69 mm yr−1 in the North West shelf and Iberia–Biscay–
Irish regions, respectively.
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Figure 3. (a) Trend of sea surface temperature anomalies (relative to the 1991–2020 baseline) (in °C per decade) for the European regional
seas and the North Atlantic over the period 1982–2023 as derived from product ref. SST.3. Grey shading indicates the areas where the trend is
not statistically significant. (b) Regional time series of area-averaged sea surface temperature anomalies (relative to the 1991–2020 baseline)
for the different regions, i.e. (1) IBI, (2) NWS, (3) Baltic Sea, (4) Black Sea, and (5) Mediterranean Sea (product refs. SST.6–SST.10).
Products used for the regional time series are similar to Fig. 4. The black curves show the 5-yearly mean of the sea surface temperature
anomalies. The grey ticks on the yearly anomaly bars show the associated uncertainty range.

variations (Fig. 5), and consequently warming rates quanti-
fied since the year 2005 are not statistically significant in the
northeastern Atlantic and adjacent seas (−0.1 ± 0.4 W m−2,
Fig. 6, ensemble 1). The dominant role of large natural vari-
ations is also again reflected in the high sensitivity of the
ocean warming trend evaluation in this region when consid-
ering different time periods (de Pascual-Collar et al., 2023)
(Fig. 6).

In the adjacent seas, ocean warming emerges more clearly
in the time series. The sea surface of the Black Sea is ex-
periencing the most intense warming since about the 1980s,
leading to an average increase of 2.7 °C over the past 42 years
(see results on the indicator sea surface temperature in this
issue), and basin-wide ocean warming of the upper 300 m
shows the highest warming level in the study area over the
period 2005–2023 (Fig. 6). Whether this high level is the re-
sult of both the ongoing warming trend and natural variabil-
ity, which is known to play a central role (Lima et al., 2020,
2021), remains a matter of research (Cheng et al., 2024), with
a marked increase over the past few decades (Pinardi et al.,
2015; Simoncelli et al., 2018; von Schuckmann et al., 2016;
Fig. 6).

2.3 Sea level

At a regional scale, the sea level trends show spatial pat-
terns, with regions rising at a faster or slower rate than the
global mean rates or even dropping in some areas. The re-
gional sea level trends depart from the global mean sea level
rise as a result of the superposition of geographical trend
patterns caused by different processes (Cazenave and Mor-
eira, 2022). For example, the sea level trends in the Mediter-
ranean Sea differ from global mean trends as a result of the
semi-enclosed conditions of the Mediterranean Sea (Pinardi
et al., 2014). The process contributing to the regional vari-
ability in sea level trends are regional changes in ocean cir-
culation, temperature, and salinity (stereodynamic changes);
redistribution of ocean water mass by the ocean circulation
(manometric changes); atmospheric loading; and changes in
Earth gravity, Earth rotation, and viscoelastic solid Earth de-
formation (GRD) due to ongoing changes in the solid Earth
caused by past changes in land ice (GIA) and contemporary
changes in the mass of water stored on land as ice sheets,
glaciers, and land water storage (GRD sea level fingerprints)
(Gregory et al., 2019).

Depending on the measurement technique used, different
information on sea level change can be obtained. For exam-
ple, relative sea level as obtained from tide gauges is referred
to the height of the sea surface relative to the sea floor, and
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Figure 4. Areas where the regional trend is negative (blue), is pos-
itive and lower than the global mean sea surface warming trend
(green), is equal or less than 2 times the global mean sea surface
warming trend (yellow), or exceeds 2 times the global mean sea sur-
face warming trend (orange) as derived from the product ref. SST.3.
The grey shading represents areas where the trend is not statistically
significant. The black box indicates the northeastern Atlantic Ocean
and adjacent seas zone used.

Figure 5. Ocean warming regional trends over the period 1960–
2023 and integrated over the upper 700 m depth based on the prod-
uct ref. OHC.3. The shaded grey zones indicate the regions where
the noise exceeds the signal of the ensemble product refs. OHC.1–4,
indicating the level of disagreement of regional trends in the differ-
ent products. The bold grey line indicates the study area, i.e. the
northeastern Atlantic Ocean and adjacent seas.

thus to land, at a given location. Sea level from the satellite is
linked to the so-called absolute sea level, which is the height
of the sea surface at a given location relative to the reference
ellipsoid. At a regional scale, these are important concepts
allowing for further understanding on the causes of sea level
change. For example, in the Baltic Sea the rise in absolute sea
level has been assessed to a rate of 1.3 to 1.8 mm yr−1 over
the period 1993–2010 (Hünicke et al., 2015; The BACC II
Author Team, 2015), whereas relative sea level in the Baltic
Sea shows the lowest increase as compared to other ocean
areas in Europe due to land uplift (Ranasinghe et al., 2021;
Vousdoukas et al., 2017). The Baltic Sea is strongly affected
by vertical land motion, especially due to the GIA caused by
the melting of past ice sheets (Ludwigsen et al., 2020), and
relative sea level trends have been shown to be strongly neg-
ative (Passaro et al., 2021). Accordingly, the IPCC (2021a)
projected that relative sea level will rise in all European areas
except for the Baltic Sea. However, absolute sea level trends
show statistically significant positive trends (Fig. 7) (Passaro
et al., 2021).

A recent assessment report for the Mediterranean climate
has reported a mean sea level rise of 6 cm over the past
20 years, and this trend is likely to accelerate (with regional
differences) by the global rate of 43 to 84 cm until 2100
(MedECC, 2020c). In the North Sea, an absolute mean sea
level trend of 2.61 ± 0.95 mm yr−1 has been reported over
the period 1995–2019, which varies regionally between 1.5
and 3.5 mm yr−1 over the region, with the highest trends in
the German Bight and around Denmark and lower trends
around the southern part of Great Britain (Dettmering et al.,
2021). Sea level change in the northeastern Atlantic up to the
European shelf area is known to be largely affected by vari-
ations driven by ocean dynamics and processes at the air–
sea interface, which have induced large sea level variations
at decadal and smaller timescales, superposing the long-term
trend in this area (Chafik et al., 2019). In the Black Sea, a
recent study has reported a mean rate of total sea level rise
of 2.5 ± 0.5 mm yr−1 over the entire basin (Avşar and Kuto-
glu, 2020), with large interannual- to decadal-scale variations
driven by climate variability, freshwater fluxes from land,
and sea level fluctuations in the Mediterranean Sea (Volkov
and Wilson, 2019).

The Copernicus Marine Service sea level data for the Eu-
ropean regional seas have been adjusted for the TOPEX-
A instrumental drift based on Ablain et al. (2017) and ad-
justed for the GIA using latitude and coastal weighting
on the map of GIA trend from Spada and Melini (2019).
Therefore, the European weighted-mean GIA corrections
amount to −0.49 mm yr−1. At basin level, the correction
amounts to 0.21 mm yr−1 in the Baltic Sea, whereas in the
Mediterranean Sea it is on the order of −0.21 mm yr−1.
On the other hand, in the Black Sea the correction is es-
timated to 0.08 mm yr−1, and it ranges between −0.5 and
−0.69 mm yr−1 in the North West shelf and Iberia–Biscay–
Irish regions, respectively.
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Figure 6. (a) Area-averaged ocean heat content in the northeastern Atlantic Ocean and adjacent seas (area indicated in Fig. 5) integrated
over the upper 700 m depth based on an observation-based multi-product approach for ensemble 1 (product refs. OHC.1–4) and for the
reanalysis-based ensemble 2 (product ref. OHC.8). The shaded areas indicate the ensemble spread. (b–c) Ocean warming trends derived over
different periods (long-term: 1960–2023; mid-term: 1993–2023; recent decades: from 2005 onwards) and for different ocean layers (0–300,
0–700, 0–2000 m). Products for the northeastern Atlantic Ocean and adjacent seas area (NEA) include product refs. OHC.1–4; for the Baltic
Sea product ref. OHC.9 is used; for the Black Sea product ref. OHC.10 is used; for the Mediterranean Sea product ref. OHC.11 is used; and
for the Iberia–Biscay–Irish area product ref. OHC.12 is used. Trends of the global average (ensemble of product refs. OHC.1–2) are added
for comparison, and an ordinary least-squares regression is used.

Most recent Ocean State Report estimates of absolute
sea level recorded by altimeters onboard satellites show sea
level rise over all the European seas ranging from 1.04 to
4.11 mm yr−1 with uncertainties on the order of 0.8 mm yr−1.
However, space-based radar altimetry does not provide reli-
able sea level data within 20 km of the coast, and the amount
of valid data strongly decreases due to land contamination
within the radar echo in the vicinity of the coast (Cazenave
et al., 2022; The Climate Change Initiative Coastal Sea
Level Team, 2020; Vignudelli et al., 2019). The sea level
rise presents spatial variations with differences across basins,
with the Baltic Sea absolute sea level rising at a faster rate
and the Black Sea at a comparably slower pace (Fig. 7).

The northeastern Atlantic Ocean and adjacent seas area-
averaged sea level time series (Fig. 7a) presents dominant
interannual variability that in this region is dominated by
the North Atlantic Oscillation (NAO) (Calafat et al., 2022;
Chafik et al., 2019; Meli et al., 2023; Passaro et al., 2021;
Volkov and Landerer, 2015). Karimi et al. (2022) showed that
the NAO dominates the interannual variations of barystatic
sea level in the Baltic Sea, whereas steric sea level plays a key

role in decadal variations. Additionally, Chafik et al. (2019)
proposed that the decadal sea level changes are driven by
steric variability in the subpolar North Atlantic. Masina et
al. (2022) presented an anticorrelation between the Mediter-
ranean mean sea level and the upper branch of the Atlantic
Meridional Overturning Circulation at 26.5° N.

Over the January 1993–June 2023 period, the regional
rates of rise are positive across the northeastern Atlantic and
adjacent seas region, except for some eddy-scale areas in the
eastern Mediterranean Sea (Fig. 8a), where negative trends
are observed. The rate of sea level rise in the Mediterranean
Sea shows spatial variations that reflect changes at basin-
scale circulation. Based on data over the altimetry era, Meli
et al. (2023) showed that the mass component is the dominant
driver in this area, except for in the Levantine and Aegean
subbasins, where the steric component is the major contribu-
tor to the sea level trends.

In the Black Sea, the major drivers of change have been
attributed to steric variability, water mass changes related to
the Mediterranean inflow, and freshwater fluxes (precipita-
tion, evaporation, and river discharge) (Tsimplis et al., 2004;
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Figure 7. (a) Global (product ref. SL.1, grey curve) and northeastern Atlantic Ocean and adjacent seas (blue curve) mean sea level time
series from January 1993 to June 2023. The shaded grey envelope shows the uncertainty of the global mean sea level time series. The time
series have been adjusted from the seasonal cycle, low-pass-filtered (175 d cut-off), and corrected for GIA (Spada and Melini, 2019) and
Topex-A drift (Ablain et al., 2017). The area average for the northeastern Atlantic Ocean and adjacent seas region (NEA) is indicated in
Fig. 5 (black box). (b) Linear trends (in mm yr−1) and associated uncertainties (black bars) for the global ocean, northeastern Atlantic Ocean
and adjacent seas (NEA), the Iberia–Biscay–Irish (IBI), the North West Shelf (NWS), Baltic Sea, Black Sea, and Mediterranean Sea, shown
as area-averaged sea level (product ref. SL.3-SL.7) time series from January 1993 to June 2023.

Volkov and Landerer, 2015). Most of the Mediterranean Sea
and Black Sea are rising a slower rate than the global mean
sea level (Fig. 8b). On the other hand, the entire Baltic Sea
is rising faster than the global mean sea level trend, esti-
mated to be 3.4 mm yr−1 over 1993–2023. Large areas of the
Iberia–Biscay–Irish regional seas and the Gulf Stream region
show sea level trends larger than the 4.3 mm yr−1 observed
at global level for the last 10 years (June 2013–June 2023;
Fig. 8b).

2.4 The Baltic Sea cryosphere

In addition to the polar seas, there are several marine regions
around the world where sea ice occurs, such as the Baltic
Sea. Sea ice occurs in a wide range of types and forms and
significantly and directly affects marine transport and navi-
gation. Specifically, the presence of sea ice cover sets special
requirements for navigation, both for the construction of the
ships and their behaviour in ice, as in many cases merchant
ships need icebreaker assistance (JCOMM Expert Team on
Sea Ice, 2017). Variations in sea ice conditions at different
timescales in the Baltic Sea can also have implications for re-
gional weather and climate as sea ice influences the way the
ocean and atmosphere interact via fluxes of heat, water, or

carbon. There is a tight link between surface air temperature
and sea ice loss in the Baltic Sea that makes sea ice moni-
toring a critical climate indicator for this region (Granskog
et al., 2006). Changes in sea ice are also known to affect the
ecosystem in the Baltic Sea (Pärn et al., 2022; Granskog et
al., 2006; Climate Change in the Baltic Sea, 2021; Meier et
al., 2022; Eilola et al., 2013). For example, extreme events
at the land–sea ice interface that adversely affect infrastruc-
ture at the coast happened several times between 2010 and
2019 (Girjatowicz and Łabuz, 2020). They are usually linked
to onshore riding up of sea ice from shore to land, i.e. ice
ridges, through a combination of specific sea ice conditions,
storms, currents, and sea level variations (Leppäranta, 2013).

The importance of sea ice is reflected in the fact that sea
ice variations have been monitored regularly in the Baltic Sea
since the late 19th century (Meier et al., 2022). Basin-wide
assessments have revealed that sea ice in the Baltic Sea un-
dergoes large seasonal and interannual variations, and a long-
term trend in sea ice loss has also been observed for this part
of the world ocean (Meier et al., 2022; The BACC II Author
Team, 2015). In the past, the entire Baltic Sea was covered
in ice, as it was in the 1940s (Vihma and Haapala, 2009),
whereas in most recent periods only the northern areas of the
Baltic Sea are mostly covered in ice (Raudsepp et al., 2020).
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Figure 6. (a) Area-averaged ocean heat content in the northeastern Atlantic Ocean and adjacent seas (area indicated in Fig. 5) integrated
over the upper 700 m depth based on an observation-based multi-product approach for ensemble 1 (product refs. OHC.1–4) and for the
reanalysis-based ensemble 2 (product ref. OHC.8). The shaded areas indicate the ensemble spread. (b–c) Ocean warming trends derived over
different periods (long-term: 1960–2023; mid-term: 1993–2023; recent decades: from 2005 onwards) and for different ocean layers (0–300,
0–700, 0–2000 m). Products for the northeastern Atlantic Ocean and adjacent seas area (NEA) include product refs. OHC.1–4; for the Baltic
Sea product ref. OHC.9 is used; for the Black Sea product ref. OHC.10 is used; for the Mediterranean Sea product ref. OHC.11 is used; and
for the Iberia–Biscay–Irish area product ref. OHC.12 is used. Trends of the global average (ensemble of product refs. OHC.1–2) are added
for comparison, and an ordinary least-squares regression is used.

Most recent Ocean State Report estimates of absolute
sea level recorded by altimeters onboard satellites show sea
level rise over all the European seas ranging from 1.04 to
4.11 mm yr−1 with uncertainties on the order of 0.8 mm yr−1.
However, space-based radar altimetry does not provide reli-
able sea level data within 20 km of the coast, and the amount
of valid data strongly decreases due to land contamination
within the radar echo in the vicinity of the coast (Cazenave
et al., 2022; The Climate Change Initiative Coastal Sea
Level Team, 2020; Vignudelli et al., 2019). The sea level
rise presents spatial variations with differences across basins,
with the Baltic Sea absolute sea level rising at a faster rate
and the Black Sea at a comparably slower pace (Fig. 7).

The northeastern Atlantic Ocean and adjacent seas area-
averaged sea level time series (Fig. 7a) presents dominant
interannual variability that in this region is dominated by
the North Atlantic Oscillation (NAO) (Calafat et al., 2022;
Chafik et al., 2019; Meli et al., 2023; Passaro et al., 2021;
Volkov and Landerer, 2015). Karimi et al. (2022) showed that
the NAO dominates the interannual variations of barystatic
sea level in the Baltic Sea, whereas steric sea level plays a key

role in decadal variations. Additionally, Chafik et al. (2019)
proposed that the decadal sea level changes are driven by
steric variability in the subpolar North Atlantic. Masina et
al. (2022) presented an anticorrelation between the Mediter-
ranean mean sea level and the upper branch of the Atlantic
Meridional Overturning Circulation at 26.5° N.

Over the January 1993–June 2023 period, the regional
rates of rise are positive across the northeastern Atlantic and
adjacent seas region, except for some eddy-scale areas in the
eastern Mediterranean Sea (Fig. 8a), where negative trends
are observed. The rate of sea level rise in the Mediterranean
Sea shows spatial variations that reflect changes at basin-
scale circulation. Based on data over the altimetry era, Meli
et al. (2023) showed that the mass component is the dominant
driver in this area, except for in the Levantine and Aegean
subbasins, where the steric component is the major contribu-
tor to the sea level trends.

In the Black Sea, the major drivers of change have been
attributed to steric variability, water mass changes related to
the Mediterranean inflow, and freshwater fluxes (precipita-
tion, evaporation, and river discharge) (Tsimplis et al., 2004;

State Planet, 4-osr8, 2, 2024 https://doi.org/10.5194/sp-4-osr8-2-2024

K. von Schuckmann et al.: The state of the ocean in the northeastern Atlantic and adjacent seas 9

Figure 7. (a) Global (product ref. SL.1, grey curve) and northeastern Atlantic Ocean and adjacent seas (blue curve) mean sea level time
series from January 1993 to June 2023. The shaded grey envelope shows the uncertainty of the global mean sea level time series. The time
series have been adjusted from the seasonal cycle, low-pass-filtered (175 d cut-off), and corrected for GIA (Spada and Melini, 2019) and
Topex-A drift (Ablain et al., 2017). The area average for the northeastern Atlantic Ocean and adjacent seas region (NEA) is indicated in
Fig. 5 (black box). (b) Linear trends (in mm yr−1) and associated uncertainties (black bars) for the global ocean, northeastern Atlantic Ocean
and adjacent seas (NEA), the Iberia–Biscay–Irish (IBI), the North West Shelf (NWS), Baltic Sea, Black Sea, and Mediterranean Sea, shown
as area-averaged sea level (product ref. SL.3-SL.7) time series from January 1993 to June 2023.

Volkov and Landerer, 2015). Most of the Mediterranean Sea
and Black Sea are rising a slower rate than the global mean
sea level (Fig. 8b). On the other hand, the entire Baltic Sea
is rising faster than the global mean sea level trend, esti-
mated to be 3.4 mm yr−1 over 1993–2023. Large areas of the
Iberia–Biscay–Irish regional seas and the Gulf Stream region
show sea level trends larger than the 4.3 mm yr−1 observed
at global level for the last 10 years (June 2013–June 2023;
Fig. 8b).

2.4 The Baltic Sea cryosphere

In addition to the polar seas, there are several marine regions
around the world where sea ice occurs, such as the Baltic
Sea. Sea ice occurs in a wide range of types and forms and
significantly and directly affects marine transport and navi-
gation. Specifically, the presence of sea ice cover sets special
requirements for navigation, both for the construction of the
ships and their behaviour in ice, as in many cases merchant
ships need icebreaker assistance (JCOMM Expert Team on
Sea Ice, 2017). Variations in sea ice conditions at different
timescales in the Baltic Sea can also have implications for re-
gional weather and climate as sea ice influences the way the
ocean and atmosphere interact via fluxes of heat, water, or

carbon. There is a tight link between surface air temperature
and sea ice loss in the Baltic Sea that makes sea ice moni-
toring a critical climate indicator for this region (Granskog
et al., 2006). Changes in sea ice are also known to affect the
ecosystem in the Baltic Sea (Pärn et al., 2022; Granskog et
al., 2006; Climate Change in the Baltic Sea, 2021; Meier et
al., 2022; Eilola et al., 2013). For example, extreme events
at the land–sea ice interface that adversely affect infrastruc-
ture at the coast happened several times between 2010 and
2019 (Girjatowicz and Łabuz, 2020). They are usually linked
to onshore riding up of sea ice from shore to land, i.e. ice
ridges, through a combination of specific sea ice conditions,
storms, currents, and sea level variations (Leppäranta, 2013).

The importance of sea ice is reflected in the fact that sea
ice variations have been monitored regularly in the Baltic Sea
since the late 19th century (Meier et al., 2022). Basin-wide
assessments have revealed that sea ice in the Baltic Sea un-
dergoes large seasonal and interannual variations, and a long-
term trend in sea ice loss has also been observed for this part
of the world ocean (Meier et al., 2022; The BACC II Author
Team, 2015). In the past, the entire Baltic Sea was covered
in ice, as it was in the 1940s (Vihma and Haapala, 2009),
whereas in most recent periods only the northern areas of the
Baltic Sea are mostly covered in ice (Raudsepp et al., 2020).
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Figure 8. (a) Northeastern Atlantic Ocean and adjacent seas sector
sea level trends from January 1993 to June 2023 (product ref. SL.2).
(b) Shading map indicating the magnitude of the sea level rise
rates: blue colour depicts regions with negative sea level trends,
green colour indicates areas where sea level is rising slower than
the altimetry era global mean sea level rate of rise of 3.4 mm yr−1,
yellow colour indicates locations where sea level is increasing at
a range between the global mean trend and 4.3 mm yr−1, and or-
ange colour indicates regions where sea level is rising at faster rate
than 4.3 mm yr−1, which is the global mean sea level trend estimate
over the last 10 years (June 2013–June 2023). The black box indi-
cates the northeastern Atlantic Ocean and adjacent seas zone used.
The data used are corrected for GIA (Spada and Melini, 2019) and
TOPEX-A drift (Ablain et al., 2017).

Sea ice coverage in the Baltic Sea is strongly seasonal, and
sea ice starts to form in October and may last until June of
the following year. The ice season 2022/23 had the moderate
maximum ice extent in the Baltic Sea and reached a maxi-
mum area of about 65 000 km2, which amounts to 15 % of
total Baltic Sea ice coverage. Usually, the maximum sea ice
extent is reached at the end of February, but in 2023 maxi-

Figure 9. (a) Time series of day-of-year averaged sea ice ex-
tent derived from remote sensing and in situ observations (product
ref. SI.7; Uiboupin et al., 2008; Havsis | SMHI, 2023). Long-term
mean (black line) and 1 standard deviation (blue shading) are cal-
culated over the period October 1992–September 2014. Daily sea
ice extent is for the 2022/2023 ice season (red line). (b) Time se-
ries of the area-integrated daily sea ice extent for the Baltic Sea in
1993–2023. Initial data that consist of remote sensing and in situ ob-
servations (product ref. SI.7; Uiboupin et al., 2008; Havsis | SMHI,
2023) are smoothed using 7 d window moving-average filter.

mum ice cover was recorded a couple of weeks later (Fig. 9).
Although results indicate a decrease in sea ice extent over the
period 1993–2023, the linear trend is not statistically signifi-
cant.

3 Ocean acidification

On average, ocean acidification in the northeastern Atlantic
Ocean and adjacent seas follows the same path as observed
at the global scale, showing a steady decrease in surface pH
since 1985 at an average rate on the order of the global mean
trend of −0.017 ± 0.001 pH units per decade (Fig. 10). At
a regional scale, the map of regional trends of sea surface
pH in the northeastern Atlantic Ocean and adjacent seas is
not homogeneous and presents geographically varying pat-
terns (Fig. 11). In the open ocean, the main driver of regional
ocean surface pH change is predominantly attributed to at-
mospheric CO2 concentrations (Gehlen et al., 2020). When
approaching the coast, additional stressors of industrial or
agricultural origin and natural fluctuations from ocean pro-
cesses (e.g. circulation, coastal upwelling) contribute to vari-
ations in ocean pH. For example, nutrient runoff by rivers
leads to eutrophication of coastal waters, which can enhance
pH variations, particularly in stratified coastal water systems
through CO2 uptake (primary production) and release (bac-
terial respiration) (Carstensen and Duarte, 2019).
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Figure 10. Annual mean sea surface water pH reported on a total scale averaged over the northeastern Atlantic Ocean and adjacent seas
(black polygon in Fig. 8). The regions of high uncertainty in the regional trend estimates have been excluded from the regional averaging
(areas shaded in grey in Fig. 11). The shaded area around the curve indicates the uncertainty envelope computed as a quadratic regional mean
of the monthly pH uncertainty estimates, which is then averaged over time to obtain yearly estimates. The northeastern Atlantic Ocean and
adjacent seas area-averaged time series is derived from product ref. OA.3.

In the northeastern Atlantic Ocean, regional patterns of
pH decrease range from about −0.020 to −0.012 pH units,
i.e. at comparable or higher rates than the global average
(Fig. 11). The North Atlantic Ocean is one of the most im-
portant anthropogenic CO2 sinks of the global ocean, storing
about 25 % of the global oceanic anthropogenic CO2 despite
it only covering 15 % of the global ocean surface (Sabine
et al., 2004). This is mainly due to the Atlantic Meridional
Overturning Circulation (AMOC) that transports ocean sur-
face waters laden with anthropogenic CO2 from the equa-
torial Atlantic Ocean to the subpolar North Atlantic Ocean,
which enters the deep ocean through deep-water mass forma-
tion and then flow equatorwards (Bopp et al., 2015; Gruber
et al., 2019; Khatiwala et al., 2013; Sabine et al., 2004).

In the Mediterranean Sea, reported rates of pH decrease
range from about −0.016 pH units in the northern parts of
the basin to more than 0.022 pH units in the southern parts
(Fig. 11). Available estimates of pH trend from local in situ
observations provide a sparse and quite heterogeneous range
of values (Luchetta et al., 2010; Marcellin Yao et al., 2016;
Kapsenberg et al., 2017; Merlivat et al., 2018; Hassoun et al.,
2019; Wimart-Rousseau et al., 2021; Hassoun et al., 2022),
while estimates based on the Copernicus Mediterranean Sea
Biogeochemistry Reanalysis (Cossarini et al., 2021) reports
a lower range (from −0.012 to −0.006 pH units per decade).
The Mediterranean Sea has a very rich and specific biodi-
versity, and changes in the pH and carbonate chemistry over
the long term may have significant impacts on calcifying or-
ganisms, such as plankton, corals, and shells, and the whole
dependent food web, as well as on aquaculture and fisheries
activities (e.g. Cramer et al., 2018; Bednarsek et al., 2023).

The Mediterranean Sea has a specifically large capacity to
absorb and buffer atmospheric CO2 due to the following fea-
tures.

1. The Mediterranean Sea has a higher alkalinity from
river discharges and Black Sea inflow combined with
evaporation, which in turn increases the capacity to neu-
tralize acid and favour dissolution of CO2 (e.g. Middel-
burg et al., 2020; Schneider et al., 2010; Cossarini et al.,
2015).

2. The Mediterranean Sea has a ventilation of deep waters
on shorter timescales from a fast overturning circulation
(i.e. a few decades to 200 years), which leads to fast
transfer of anthropogenic CO2 into deep ocean layers
(e.g. Schneider et al., 2010; Hassoun et al., 2015).

The highest alkalinity levels are reported in the eastern
Mediterranean Sea, such as in the Aegean and Levantine
basins, which are triggered by inflow from the Black Sea,
stronger evaporation, and larger salinity than in the western
basin (Schneider et al., 2007; Hassoun et al., 2015). Deep
water mass formation – generally evolving during winter
months – is located in the Gulf of Lion, the Adriatic Sea,
and the Aegean basin (Hassoun et al., 2015; Ingrosso et al.,
2017). These intermediate and deep-water masses then flow
westward until they enter the Atlantic Ocean through the
Strait of Gibraltar (Flecha et al., 2019).

In the Black Sea, uncertainties are too large to determine
estimates of ocean pH trends, which is predominantly ex-
plained by a lack of observations in this area (Fig. 11). In
addition, specific hydrographic conditions and dynamics pre-
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Figure 8. (a) Northeastern Atlantic Ocean and adjacent seas sector
sea level trends from January 1993 to June 2023 (product ref. SL.2).
(b) Shading map indicating the magnitude of the sea level rise
rates: blue colour depicts regions with negative sea level trends,
green colour indicates areas where sea level is rising slower than
the altimetry era global mean sea level rate of rise of 3.4 mm yr−1,
yellow colour indicates locations where sea level is increasing at
a range between the global mean trend and 4.3 mm yr−1, and or-
ange colour indicates regions where sea level is rising at faster rate
than 4.3 mm yr−1, which is the global mean sea level trend estimate
over the last 10 years (June 2013–June 2023). The black box indi-
cates the northeastern Atlantic Ocean and adjacent seas zone used.
The data used are corrected for GIA (Spada and Melini, 2019) and
TOPEX-A drift (Ablain et al., 2017).

Sea ice coverage in the Baltic Sea is strongly seasonal, and
sea ice starts to form in October and may last until June of
the following year. The ice season 2022/23 had the moderate
maximum ice extent in the Baltic Sea and reached a maxi-
mum area of about 65 000 km2, which amounts to 15 % of
total Baltic Sea ice coverage. Usually, the maximum sea ice
extent is reached at the end of February, but in 2023 maxi-

Figure 9. (a) Time series of day-of-year averaged sea ice ex-
tent derived from remote sensing and in situ observations (product
ref. SI.7; Uiboupin et al., 2008; Havsis | SMHI, 2023). Long-term
mean (black line) and 1 standard deviation (blue shading) are cal-
culated over the period October 1992–September 2014. Daily sea
ice extent is for the 2022/2023 ice season (red line). (b) Time se-
ries of the area-integrated daily sea ice extent for the Baltic Sea in
1993–2023. Initial data that consist of remote sensing and in situ ob-
servations (product ref. SI.7; Uiboupin et al., 2008; Havsis | SMHI,
2023) are smoothed using 7 d window moving-average filter.

mum ice cover was recorded a couple of weeks later (Fig. 9).
Although results indicate a decrease in sea ice extent over the
period 1993–2023, the linear trend is not statistically signifi-
cant.

3 Ocean acidification

On average, ocean acidification in the northeastern Atlantic
Ocean and adjacent seas follows the same path as observed
at the global scale, showing a steady decrease in surface pH
since 1985 at an average rate on the order of the global mean
trend of −0.017 ± 0.001 pH units per decade (Fig. 10). At
a regional scale, the map of regional trends of sea surface
pH in the northeastern Atlantic Ocean and adjacent seas is
not homogeneous and presents geographically varying pat-
terns (Fig. 11). In the open ocean, the main driver of regional
ocean surface pH change is predominantly attributed to at-
mospheric CO2 concentrations (Gehlen et al., 2020). When
approaching the coast, additional stressors of industrial or
agricultural origin and natural fluctuations from ocean pro-
cesses (e.g. circulation, coastal upwelling) contribute to vari-
ations in ocean pH. For example, nutrient runoff by rivers
leads to eutrophication of coastal waters, which can enhance
pH variations, particularly in stratified coastal water systems
through CO2 uptake (primary production) and release (bac-
terial respiration) (Carstensen and Duarte, 2019).
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Figure 10. Annual mean sea surface water pH reported on a total scale averaged over the northeastern Atlantic Ocean and adjacent seas
(black polygon in Fig. 8). The regions of high uncertainty in the regional trend estimates have been excluded from the regional averaging
(areas shaded in grey in Fig. 11). The shaded area around the curve indicates the uncertainty envelope computed as a quadratic regional mean
of the monthly pH uncertainty estimates, which is then averaged over time to obtain yearly estimates. The northeastern Atlantic Ocean and
adjacent seas area-averaged time series is derived from product ref. OA.3.

In the northeastern Atlantic Ocean, regional patterns of
pH decrease range from about −0.020 to −0.012 pH units,
i.e. at comparable or higher rates than the global average
(Fig. 11). The North Atlantic Ocean is one of the most im-
portant anthropogenic CO2 sinks of the global ocean, storing
about 25 % of the global oceanic anthropogenic CO2 despite
it only covering 15 % of the global ocean surface (Sabine
et al., 2004). This is mainly due to the Atlantic Meridional
Overturning Circulation (AMOC) that transports ocean sur-
face waters laden with anthropogenic CO2 from the equa-
torial Atlantic Ocean to the subpolar North Atlantic Ocean,
which enters the deep ocean through deep-water mass forma-
tion and then flow equatorwards (Bopp et al., 2015; Gruber
et al., 2019; Khatiwala et al., 2013; Sabine et al., 2004).

In the Mediterranean Sea, reported rates of pH decrease
range from about −0.016 pH units in the northern parts of
the basin to more than 0.022 pH units in the southern parts
(Fig. 11). Available estimates of pH trend from local in situ
observations provide a sparse and quite heterogeneous range
of values (Luchetta et al., 2010; Marcellin Yao et al., 2016;
Kapsenberg et al., 2017; Merlivat et al., 2018; Hassoun et al.,
2019; Wimart-Rousseau et al., 2021; Hassoun et al., 2022),
while estimates based on the Copernicus Mediterranean Sea
Biogeochemistry Reanalysis (Cossarini et al., 2021) reports
a lower range (from −0.012 to −0.006 pH units per decade).
The Mediterranean Sea has a very rich and specific biodi-
versity, and changes in the pH and carbonate chemistry over
the long term may have significant impacts on calcifying or-
ganisms, such as plankton, corals, and shells, and the whole
dependent food web, as well as on aquaculture and fisheries
activities (e.g. Cramer et al., 2018; Bednarsek et al., 2023).

The Mediterranean Sea has a specifically large capacity to
absorb and buffer atmospheric CO2 due to the following fea-
tures.

1. The Mediterranean Sea has a higher alkalinity from
river discharges and Black Sea inflow combined with
evaporation, which in turn increases the capacity to neu-
tralize acid and favour dissolution of CO2 (e.g. Middel-
burg et al., 2020; Schneider et al., 2010; Cossarini et al.,
2015).

2. The Mediterranean Sea has a ventilation of deep waters
on shorter timescales from a fast overturning circulation
(i.e. a few decades to 200 years), which leads to fast
transfer of anthropogenic CO2 into deep ocean layers
(e.g. Schneider et al., 2010; Hassoun et al., 2015).

The highest alkalinity levels are reported in the eastern
Mediterranean Sea, such as in the Aegean and Levantine
basins, which are triggered by inflow from the Black Sea,
stronger evaporation, and larger salinity than in the western
basin (Schneider et al., 2007; Hassoun et al., 2015). Deep
water mass formation – generally evolving during winter
months – is located in the Gulf of Lion, the Adriatic Sea,
and the Aegean basin (Hassoun et al., 2015; Ingrosso et al.,
2017). These intermediate and deep-water masses then flow
westward until they enter the Atlantic Ocean through the
Strait of Gibraltar (Flecha et al., 2019).

In the Black Sea, uncertainties are too large to determine
estimates of ocean pH trends, which is predominantly ex-
plained by a lack of observations in this area (Fig. 11). In
addition, specific hydrographic conditions and dynamics pre-
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Figure 11. (a) Regional trend of sea surface pH (in pH units per decade) over the period 1985–2022 from product ref. OA.1. The black
hatches represent areas where the noise exceeds the signal. (b) The same as panel (a) but representing areas where the regional pH is
decreasing slower than the global mean sea surface pH trend of −0.017 pH units per decade (green), at a rate between the global mean
sea surface pH trend and −0.02 pH units per decade (yellow), or at faster rate than −0.02 pH units per decade (orange). The grey shading
represents areas where the noise exceeds the signal. The black box indicates the northeastern Atlantic Ocean and adjacent seas zone used.
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vail, adding further complexity to the quantification of long-
term pH change in this area. For example, the Black Sea is
a very stratified system and is a semi-enclosed basin influ-
enced by water exchange with the Sea of Marmara and the
Mediterranean Sea (BSC, 2019). The Black Sea is also char-
acterized by a permanent anoxic layer below 100 to 150 m
with significant concentrations of hydrogen sulfide, which
prevents benthic life beyond the continental shelf. In addi-
tion, major inflows from rivers with high alkalinity such as
the Danube, the Dnipro, and the Dniester enter the Black Sea,
resulting in greater alkalinity as compared to the open-ocean
average (Hiscock and Millero, 2006), affecting acidification
(Middelburg et al., 2020). During the 1960–1990s, the Black
Sea has faced urban and industrial development along its
coasts, which brought major chemical and waste pollution,
together with overfishing of largest species and an introduc-
tion of invasive comb jelly, which strongly disrupted the food
web. In addition, large agricultural fertilizer runoff has led to
dramatic eutrophication events in the 1980–1990s (Kideys,
2002). In 1992, the Bucharest Convention for the Protection
of the Black Sea Against Pollution was signed with the aim,
amongst others, of controlling land-based sources of pollu-
tion (BSC, 2023). Since then, pollutants have been reduced
(BSC, 2019, 2008, 2002), and the Black Sea is now consid-
ered in a post-eutrophication state (Mee et al., 2005). The
Black Sea is also exposed to ocean warming (see Sect. 2), af-
fecting the atmospheric CO2 uptake in the Black Sea. How-
ever, today there is no clear scientific consensus regarding
long-term pH decrease (acidification) in the Black Sea, as ob-
servations and studies on the subject are rare, and the emer-
gence of a significant climate signal may be dampened by
seasonal and interannual pH variations due to the processes
and events mentioned above (Polonsky and Grebneva, 2019;
Elge, 2021; Polonsky, 2012).

Large uncertainties also hamper the study of ocean acidifi-
cation in the Baltic Sea (Fig. 11), which is particularly chal-
lenged by different terrestrial drivers of pH change (Duarte et
al., 2013; Carstensen and Duarte, 2019). In addition, specific
geographic and hydrographic conditions induce further com-
plexity. The Baltic Sea is a semi-enclosed sea where ocean
waters from the North Sea mix with riverine freshwaters.
Low-salinity waters are generally associated with low alka-
linity, which provides buffer capacity to ocean acidification
(Middelburg et al., 2020; Meier et al., 2022). The waters are
brackish with an average salinity of 7 psu in the surface lay-
ers and almost fresh waters (0–2 psu) in the northernmost
(Gulf of Bothnia) and easternmost (Gulf of Finland) parts
of the basin (HELCOM, 2023b). The alkalinity of the Baltic
Sea is also affected by river runoff, draining weathered car-
bonate minerals from rocks in river catchment areas (Müller
et al., 2016; Gustafsson and Gustafsson, 2020; Gustafsson
et al., 2023). Generally, alkalinity tends to increase on the
long-term in the Baltic Sea, due to several drivers that have
evolved over the last decades, such as through weathering in
the drainage basins, acidic rain, agricultural liming, increase

in precipitations, and ocean primary production (Müller et
al., 2016; Meier et al., 2022; Gustafsson et al., 2023). In ad-
dition to changes in alkalinity, the Baltic Sea also faces ocean
warming (Meier et al., 2022) and anthropogenic eutrophica-
tion (HELCOM, 2023b; Gustafsson et al., 2012; Andersen et
al., 2017; Murray et al., 2019; Gustafsson et al., 2023), af-
fecting regional patterns of ocean pH. Since the 1990s, ma-
jor efforts have been made by the countries bordering the
Baltic to reduce the nutrient inputs into the Baltic Sea and
hence to limit eutrophication. Still, there is no clear sign of
general recovery of the system (Andersen et al., 2017; HEL-
COM, 2023a, b), and models project that several decades
will be needed to reach good eutrophication status in most
of the Baltic Sea (Murray et al., 2019). Moreover, shorter
cold seasons, longer mild seasons driven by global warm-
ing, and resulting changes in primary production and associ-
ated carbonate cycle can in turn impact the evolution of the
pH conditions. Some areas alternate roles of CO2 sink and
source across the year, and seasonal variations can locally
reach more than 0.8 pH units (HELCOM, 2023b). Because
of the strong interannual and seasonal variations of these nat-
ural and human-induced interlinked processes and some as-
sociated mitigation or counteracting effects like the increase
in alkalinity, there is currently no significant signal of long-
term ocean acidification observed in the Baltic Sea, except in
a few regions, such as in the Danish Straits (Carstensen et al.,
2018).

4 Ocean variability

4.1 Mediterranean meridional overturning circulation

The Mediterranean Sea is a semi-enclosed basin charac-
terized by peculiar thermohaline circulations consisting of
a basin-scale zonal overturning connected to the Atlantic
through the Strait of Gibraltar and two internal meridional
cells, one for the west and another for the eastern basin,
driven by deep-water formation in the Gulf of Lion and
the Adriatic Sea, respectively (see Tsimplis et al., 2006;
Schroeder et al., 2012; Pinardi et al., 2023 for general in-
formation). The latter experienced a major shift in the early
1990s with deep-water formation temporarily occurring in
the southern Aegean Sea (the so-called Eastern Mediter-
ranean transient; Roether et al., 2014). A recent investigation
of the dynamics of intermediate and deep-water formation
can be found in Waldman et al. (2018).

Masina et al. (2022) presented changes in the Gibraltar
inflow transport from the Atlantic Ocean into the Mediter-
ranean Sea that trigger basin-mean sea surface height vari-
ability, which is anti-correlated with variations in the At-
lantic Meridional Overturning circulation (AMOC). They
show that during years of weaker (stronger) AMOC and
higher (lower) sea surface height in the Mediterranean
Sea, a stronger (weaker) Azores Current results in stronger
(weaker) Gibraltar inflow transport.
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Figure 11. (a) Regional trend of sea surface pH (in pH units per decade) over the period 1985–2022 from product ref. OA.1. The black
hatches represent areas where the noise exceeds the signal. (b) The same as panel (a) but representing areas where the regional pH is
decreasing slower than the global mean sea surface pH trend of −0.017 pH units per decade (green), at a rate between the global mean
sea surface pH trend and −0.02 pH units per decade (yellow), or at faster rate than −0.02 pH units per decade (orange). The grey shading
represents areas where the noise exceeds the signal. The black box indicates the northeastern Atlantic Ocean and adjacent seas zone used.
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vail, adding further complexity to the quantification of long-
term pH change in this area. For example, the Black Sea is
a very stratified system and is a semi-enclosed basin influ-
enced by water exchange with the Sea of Marmara and the
Mediterranean Sea (BSC, 2019). The Black Sea is also char-
acterized by a permanent anoxic layer below 100 to 150 m
with significant concentrations of hydrogen sulfide, which
prevents benthic life beyond the continental shelf. In addi-
tion, major inflows from rivers with high alkalinity such as
the Danube, the Dnipro, and the Dniester enter the Black Sea,
resulting in greater alkalinity as compared to the open-ocean
average (Hiscock and Millero, 2006), affecting acidification
(Middelburg et al., 2020). During the 1960–1990s, the Black
Sea has faced urban and industrial development along its
coasts, which brought major chemical and waste pollution,
together with overfishing of largest species and an introduc-
tion of invasive comb jelly, which strongly disrupted the food
web. In addition, large agricultural fertilizer runoff has led to
dramatic eutrophication events in the 1980–1990s (Kideys,
2002). In 1992, the Bucharest Convention for the Protection
of the Black Sea Against Pollution was signed with the aim,
amongst others, of controlling land-based sources of pollu-
tion (BSC, 2023). Since then, pollutants have been reduced
(BSC, 2019, 2008, 2002), and the Black Sea is now consid-
ered in a post-eutrophication state (Mee et al., 2005). The
Black Sea is also exposed to ocean warming (see Sect. 2), af-
fecting the atmospheric CO2 uptake in the Black Sea. How-
ever, today there is no clear scientific consensus regarding
long-term pH decrease (acidification) in the Black Sea, as ob-
servations and studies on the subject are rare, and the emer-
gence of a significant climate signal may be dampened by
seasonal and interannual pH variations due to the processes
and events mentioned above (Polonsky and Grebneva, 2019;
Elge, 2021; Polonsky, 2012).

Large uncertainties also hamper the study of ocean acidifi-
cation in the Baltic Sea (Fig. 11), which is particularly chal-
lenged by different terrestrial drivers of pH change (Duarte et
al., 2013; Carstensen and Duarte, 2019). In addition, specific
geographic and hydrographic conditions induce further com-
plexity. The Baltic Sea is a semi-enclosed sea where ocean
waters from the North Sea mix with riverine freshwaters.
Low-salinity waters are generally associated with low alka-
linity, which provides buffer capacity to ocean acidification
(Middelburg et al., 2020; Meier et al., 2022). The waters are
brackish with an average salinity of 7 psu in the surface lay-
ers and almost fresh waters (0–2 psu) in the northernmost
(Gulf of Bothnia) and easternmost (Gulf of Finland) parts
of the basin (HELCOM, 2023b). The alkalinity of the Baltic
Sea is also affected by river runoff, draining weathered car-
bonate minerals from rocks in river catchment areas (Müller
et al., 2016; Gustafsson and Gustafsson, 2020; Gustafsson
et al., 2023). Generally, alkalinity tends to increase on the
long-term in the Baltic Sea, due to several drivers that have
evolved over the last decades, such as through weathering in
the drainage basins, acidic rain, agricultural liming, increase

in precipitations, and ocean primary production (Müller et
al., 2016; Meier et al., 2022; Gustafsson et al., 2023). In ad-
dition to changes in alkalinity, the Baltic Sea also faces ocean
warming (Meier et al., 2022) and anthropogenic eutrophica-
tion (HELCOM, 2023b; Gustafsson et al., 2012; Andersen et
al., 2017; Murray et al., 2019; Gustafsson et al., 2023), af-
fecting regional patterns of ocean pH. Since the 1990s, ma-
jor efforts have been made by the countries bordering the
Baltic to reduce the nutrient inputs into the Baltic Sea and
hence to limit eutrophication. Still, there is no clear sign of
general recovery of the system (Andersen et al., 2017; HEL-
COM, 2023a, b), and models project that several decades
will be needed to reach good eutrophication status in most
of the Baltic Sea (Murray et al., 2019). Moreover, shorter
cold seasons, longer mild seasons driven by global warm-
ing, and resulting changes in primary production and associ-
ated carbonate cycle can in turn impact the evolution of the
pH conditions. Some areas alternate roles of CO2 sink and
source across the year, and seasonal variations can locally
reach more than 0.8 pH units (HELCOM, 2023b). Because
of the strong interannual and seasonal variations of these nat-
ural and human-induced interlinked processes and some as-
sociated mitigation or counteracting effects like the increase
in alkalinity, there is currently no significant signal of long-
term ocean acidification observed in the Baltic Sea, except in
a few regions, such as in the Danish Straits (Carstensen et al.,
2018).

4 Ocean variability

4.1 Mediterranean meridional overturning circulation

The Mediterranean Sea is a semi-enclosed basin charac-
terized by peculiar thermohaline circulations consisting of
a basin-scale zonal overturning connected to the Atlantic
through the Strait of Gibraltar and two internal meridional
cells, one for the west and another for the eastern basin,
driven by deep-water formation in the Gulf of Lion and
the Adriatic Sea, respectively (see Tsimplis et al., 2006;
Schroeder et al., 2012; Pinardi et al., 2023 for general in-
formation). The latter experienced a major shift in the early
1990s with deep-water formation temporarily occurring in
the southern Aegean Sea (the so-called Eastern Mediter-
ranean transient; Roether et al., 2014). A recent investigation
of the dynamics of intermediate and deep-water formation
can be found in Waldman et al. (2018).

Masina et al. (2022) presented changes in the Gibraltar
inflow transport from the Atlantic Ocean into the Mediter-
ranean Sea that trigger basin-mean sea surface height vari-
ability, which is anti-correlated with variations in the At-
lantic Meridional Overturning circulation (AMOC). They
show that during years of weaker (stronger) AMOC and
higher (lower) sea surface height in the Mediterranean
Sea, a stronger (weaker) Azores Current results in stronger
(weaker) Gibraltar inflow transport.
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The zonal overturning cell enables the connection between
the inflow transport at the Gibraltar Strait and remote areas
of the eastern Mediterranean basin. The wide and shallow
Strait of Sicily sill divides the western Mediterranean basin
from the eastern Mediterranean basin (Pinardi et al., 2019).
The western sub-basin clockwise meridional overturning cir-
culation is associated with the deep-water formation area of
the Gulf of Lion, while the eastern clockwise meridional
overturning circulation is composed of multiple cells asso-
ciated with different intermediate- and deep-water sources in
the Levantine, Aegean, and Adriatic seas (Lyubartsev et al.,
2020).

Based on these characteristics, the Mediterranean merid-
ional overturning circulation can be monitored by the west-
ern Mediterranean overturning index (WMOI) and eastern
Mediterranean overturning index (EMOI) (Lyubartsev et al.,
2020) (Fig. 12). These indices are useful for monitoring the
health of the Mediterranean Sea in terms of stratification and
deep-water formation, as these factors mediate the exchange
of oxygen and other tracers between the surface and the deep
ocean, fostering the establishment of early warming indices
for the Mediterranean Sea to support the Sustainable Devel-
opment Goal (SDG) 13 Target 13.3 (Lyubartsev et al., 2020).

Both the EMOI and the WMOI show no long-term trend,
and both records are characterized by large interannual- to
decadal-scale change (Fig. 12). Overall, the overturning cir-
culation in the eastern Mediterranean Sea is stronger as com-
pared to the western basin. This is demonstrated by the gener-
ally higher values of EMOI as compared to WMOI (Fig. 12).
The difference in both indices is most prominent during the
major climatic event in the circulation and water mass prop-
erties of the Mediterranean Sea in the last century, i.e. the
so-called Eastern Mediterranean Transient (EMT; Roether et
al., 2014; Incarbona et al., 2016). The pronounced peak in
EMOI in the year 1992 is driven by the EMT. In 1999, the
difference between EMOI and WMOI started to decrease be-
cause EMT water masses reached the Strait of Sicily flowing
into the western Mediterranean Sea (Lyubartsev et al., 2020).

During the past 2 decades, WMOI reached another maxi-
mum in the year 2006, potentially linked to anomalous deep-
water formation during the Western Mediterranean Transi-
tion (Lyubartsev et al., 2020). In 2019, the EMOI reached
another high value, which is discussed as being triggered by
subduction of the Levantine Intermediate Water along the
Cretan Sea and the Rhodes Cyclonic Gyre (Taillandier et
al., 2022). In 2022, the EMOI peaked again, possibly linked
to deep-water formation events that took place in the north-
ern and central Aegean Sea during the winter of 2021–2022
(Potiris et al., 2024).

4.2 Nordic Seas volume transport

The circulation of the water masses and distribution of heat
and salinity between the North Atlantic and the Arctic and in
the Arctic Ocean are governed by the northward flow of rel-

atively warm and saline Atlantic Water through the Nordic
Seas across the Iceland–Faroe–Scotland Ridge and into the
Arctic, balanced by outflow of cold Arctic Water masses
through the western Nordic Seas (Lien and Raj, 2018; Mau-
ritzen et al., 2011; Rudels, 2012). Moreover, the exchanges
between the North Atlantic and the Arctic have broad effects
on sea ice, ecology, biogeochemistry, and atmospheric cli-
mate (Smedsrud et al., 2013; Polyakov et al., 2023; Gerland
et al., 2023; Lundesgaard et al., 2022). Specifically, the At-
lantic Water flow plays an integral part in defining both the
physical and biological border between the boreal and Arc-
tic realms. Variability of Atlantic Water flow to the Barents
Sea has been found to move the position of the ice edge and
influences the sea ice cover in the Barents Sea (Onarheim et
al., 2015; Lien et al., 2017) and habitats of various species in
the Barents Sea ecosystem (Fossheim et al., 2015; Jørgensen
et al., 2022).

The northward flow of Atlantic water into the Arc-
tic through the Faroe–Shetland Channel amounts to 2.5 Sv
(1 Sv = 106 m3 s−1) over the period 1993–2022 (Fig. 13),
which is in within the uncertainty range of observation-based
estimates of 2.7 ± 0.5 Sv (1993–2015) (Berx et al., 2013). In
addition, a small but significant negative trend of −0.17 Sv
per decade is reported for the period 1993–2022 (Fig. 13).
This is in comparison to a reported non-significant trend
of −0.006 Sv yr−1 based on observations during the period
1993–2015 (Østerhus et al., 2019). The modelled transport in
the most recent year did not differ from the historical values.
The hydrographic properties of the inflowing Atlantic Water
affects the hydrographic properties in the downstream Nor-
wegian and Barents seas, and these areas are currently recov-
ering from record low salinity levels advected from the North
Atlantic (Holliday et al., 2020). Moreover, such changes may
also be a precursor for different water mass composition and
hence nutrients, phytoplankton, and zooplankton communi-
ties being advected into the Nordic Seas (Hátún et al., 2017).
However, the strength of the inflow itself has also been shown
to impact the hydrographic properties downstream in the
Norwegian and Barents seas, where stronger inflow causes
increased salinity and temperature (Sundby and Drinkwater,
2007) in addition to regional ocean–atmosphere interaction
(Segtnan et al., 2011; Mork et al., 2019).

In the Barents Sea Opening, the model indicates a long-
term average net Atlantic water inflow of 2.2 Sv compared
to an observation-based estimate of 1.8 Sv (Smedsrud et al.,
2013). Note the different time window used for averaging.
The model results indicate a small, non-significant negative
trend of −0.04 Sv per decade, which is in agreement with
observations indicating no trend over the 1998–2020 period
(ICES, 2022). According to Østerhus et al. (2019), a positive,
significant trend of 0.016 Sv yr−1 was found for the period
1998–2013. Note, however, the different time window used
for the calculation. The modelled transport in the most recent
year did not differ from historical values. In the Fram Strait,
the model data indicate a positive trend in the Atlantic Water
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Figure 12. Time series of Mediterranean overturning indices (Sverdrup) calculated from the annual average of the meridional stream function
based on product ref. OV.3., computed using the reanalysis dataset from January 1987 to July 2022 and the interim dataset August 2022 to
December 2024 of product ref. OV.4. Blue represents the eastern Mediterranean overturning index (< 36.5° N), and red represents the western
Mediterranean overturning index (≥ 40° N, z > 300 m).

transport to the Arctic of 0.45 Sv per decade for the period
1993–2022. This trend is partly explained by increased tem-
perature in the West Spitsbergen Current during the period
2005–2010 (e.g. Walczowski et al., 2012), which caused a
larger fraction of the water mass to be characterized as At-
lantic Water (T > 2 °C). Moreover, the strong recirculation
in the Fram Strait area further complicates the interpretation
of the results.

4.3 Major Baltic inflows

In the Baltic Sea, the salinity and its changes are key factors
in determining the overall stratification conditions, which
strongly influence different ecosystem processes and play an
important role in the energy and water cycles in this area
(Lehmann et al., 2022). The long-term change in water salin-
ity of the Baltic Sea is determined by the inflow of saline
water from the North Sea and its encounter with freshwa-
ter originating from numerous rivers across the Baltic coast
and from the net precipitation (Lehmann et al., 2022). A
major Baltic inflow (MBI) is an event that transports large
amounts of saline water into the Baltic Sea through the Dan-
ish Straits (Mohrholz, 2018), shaping the stratification and
oxygen conditions and hence influencing the marine ecol-
ogy of the Baltic Sea. MBIs occur sporadically, usually many
years apart, and are usually of barotropic origin, initiated by a
special sequence of large-scale meteorological events in win-
ter and spring. Since 1996, summer inflows of baroclinic ori-
gin have been observed. These summer inflows inject more
highly saline water with higher temperatures and low oxygen
content into the halocline of the Baltic Sea (Lehmann et al.,
2022).

MBI can be detected and monitored in the bottom-layer
salinity of the Arkona Basin and the Bornholm Basin and
through the vertical distribution of temperature, salinity, and
dissolved oxygen concentration in the Gotland Basin. Tem-

perature, salinity, and dissolved oxygen profiles in the Got-
land Basin enable the estimation of the amount of the major
Baltic inflow water that has reached the central Baltic, the
depth interval that has been the most affected, and how much
the oxygen conditions have been improved. Major Baltic in-
flows were identified in 1993, 2002, and 2014, showing salin-
ity peaks in the three basins (Figs. 14, 15) and displaying a
very clear signal in the Gotland Basin with water salinity,
temperature, and dissolved oxygen conditions up to 100 m
depth (Raudsepp et al., 2018). The bottom salinity has de-
creased since 2017 when the effect of the last MBI in 2014
has receded (Fig. 15). There was no MBI in winter 2022/23
and in 2023 salinity continued to decrease and oxygen was
completely consumed below the depth of 75 m in the Gotland
Basin.

5 Ocean extremes

5.1 Marine heatwaves

Marine heatwaves can have dramatic impacts on marine
ecosystems, such as reduction of primary production, migra-
tion or reduction of endemic species, emergence of species
coming from other regions, and mass mortality of organisms
(Smith et al., 2023; Oliver et al., 2019; Garrabou et al., 2022),
which in turn can have adverse impacts on human systems
like fisheries and aquaculture (Cheung and Frölicher, 2020;
IPCC, 2022; Wakelin et al., 2021). Like in the global ocean,
the frequency, intensity, and duration of MHW events have
increased in recent years in the northeastern Atlantic Ocean
and adjacent seas and are particularly increased in the semi-
enclosed seas like the Mediterranean and Black seas (Peal et
al., 2023; Yao et al., 2022; Oliver et al., 2018; IPCC, 2021b;
Darmaraki et al., 2019; Dayan et al., 2023; Juza et al., 2022).
These events are expected to continue to increase in the fu-
ture (Yao et al., 2022; Oliver et al., 2019).
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The zonal overturning cell enables the connection between
the inflow transport at the Gibraltar Strait and remote areas
of the eastern Mediterranean basin. The wide and shallow
Strait of Sicily sill divides the western Mediterranean basin
from the eastern Mediterranean basin (Pinardi et al., 2019).
The western sub-basin clockwise meridional overturning cir-
culation is associated with the deep-water formation area of
the Gulf of Lion, while the eastern clockwise meridional
overturning circulation is composed of multiple cells asso-
ciated with different intermediate- and deep-water sources in
the Levantine, Aegean, and Adriatic seas (Lyubartsev et al.,
2020).

Based on these characteristics, the Mediterranean merid-
ional overturning circulation can be monitored by the west-
ern Mediterranean overturning index (WMOI) and eastern
Mediterranean overturning index (EMOI) (Lyubartsev et al.,
2020) (Fig. 12). These indices are useful for monitoring the
health of the Mediterranean Sea in terms of stratification and
deep-water formation, as these factors mediate the exchange
of oxygen and other tracers between the surface and the deep
ocean, fostering the establishment of early warming indices
for the Mediterranean Sea to support the Sustainable Devel-
opment Goal (SDG) 13 Target 13.3 (Lyubartsev et al., 2020).

Both the EMOI and the WMOI show no long-term trend,
and both records are characterized by large interannual- to
decadal-scale change (Fig. 12). Overall, the overturning cir-
culation in the eastern Mediterranean Sea is stronger as com-
pared to the western basin. This is demonstrated by the gener-
ally higher values of EMOI as compared to WMOI (Fig. 12).
The difference in both indices is most prominent during the
major climatic event in the circulation and water mass prop-
erties of the Mediterranean Sea in the last century, i.e. the
so-called Eastern Mediterranean Transient (EMT; Roether et
al., 2014; Incarbona et al., 2016). The pronounced peak in
EMOI in the year 1992 is driven by the EMT. In 1999, the
difference between EMOI and WMOI started to decrease be-
cause EMT water masses reached the Strait of Sicily flowing
into the western Mediterranean Sea (Lyubartsev et al., 2020).

During the past 2 decades, WMOI reached another maxi-
mum in the year 2006, potentially linked to anomalous deep-
water formation during the Western Mediterranean Transi-
tion (Lyubartsev et al., 2020). In 2019, the EMOI reached
another high value, which is discussed as being triggered by
subduction of the Levantine Intermediate Water along the
Cretan Sea and the Rhodes Cyclonic Gyre (Taillandier et
al., 2022). In 2022, the EMOI peaked again, possibly linked
to deep-water formation events that took place in the north-
ern and central Aegean Sea during the winter of 2021–2022
(Potiris et al., 2024).

4.2 Nordic Seas volume transport

The circulation of the water masses and distribution of heat
and salinity between the North Atlantic and the Arctic and in
the Arctic Ocean are governed by the northward flow of rel-

atively warm and saline Atlantic Water through the Nordic
Seas across the Iceland–Faroe–Scotland Ridge and into the
Arctic, balanced by outflow of cold Arctic Water masses
through the western Nordic Seas (Lien and Raj, 2018; Mau-
ritzen et al., 2011; Rudels, 2012). Moreover, the exchanges
between the North Atlantic and the Arctic have broad effects
on sea ice, ecology, biogeochemistry, and atmospheric cli-
mate (Smedsrud et al., 2013; Polyakov et al., 2023; Gerland
et al., 2023; Lundesgaard et al., 2022). Specifically, the At-
lantic Water flow plays an integral part in defining both the
physical and biological border between the boreal and Arc-
tic realms. Variability of Atlantic Water flow to the Barents
Sea has been found to move the position of the ice edge and
influences the sea ice cover in the Barents Sea (Onarheim et
al., 2015; Lien et al., 2017) and habitats of various species in
the Barents Sea ecosystem (Fossheim et al., 2015; Jørgensen
et al., 2022).

The northward flow of Atlantic water into the Arc-
tic through the Faroe–Shetland Channel amounts to 2.5 Sv
(1 Sv = 106 m3 s−1) over the period 1993–2022 (Fig. 13),
which is in within the uncertainty range of observation-based
estimates of 2.7 ± 0.5 Sv (1993–2015) (Berx et al., 2013). In
addition, a small but significant negative trend of −0.17 Sv
per decade is reported for the period 1993–2022 (Fig. 13).
This is in comparison to a reported non-significant trend
of −0.006 Sv yr−1 based on observations during the period
1993–2015 (Østerhus et al., 2019). The modelled transport in
the most recent year did not differ from the historical values.
The hydrographic properties of the inflowing Atlantic Water
affects the hydrographic properties in the downstream Nor-
wegian and Barents seas, and these areas are currently recov-
ering from record low salinity levels advected from the North
Atlantic (Holliday et al., 2020). Moreover, such changes may
also be a precursor for different water mass composition and
hence nutrients, phytoplankton, and zooplankton communi-
ties being advected into the Nordic Seas (Hátún et al., 2017).
However, the strength of the inflow itself has also been shown
to impact the hydrographic properties downstream in the
Norwegian and Barents seas, where stronger inflow causes
increased salinity and temperature (Sundby and Drinkwater,
2007) in addition to regional ocean–atmosphere interaction
(Segtnan et al., 2011; Mork et al., 2019).

In the Barents Sea Opening, the model indicates a long-
term average net Atlantic water inflow of 2.2 Sv compared
to an observation-based estimate of 1.8 Sv (Smedsrud et al.,
2013). Note the different time window used for averaging.
The model results indicate a small, non-significant negative
trend of −0.04 Sv per decade, which is in agreement with
observations indicating no trend over the 1998–2020 period
(ICES, 2022). According to Østerhus et al. (2019), a positive,
significant trend of 0.016 Sv yr−1 was found for the period
1998–2013. Note, however, the different time window used
for the calculation. The modelled transport in the most recent
year did not differ from historical values. In the Fram Strait,
the model data indicate a positive trend in the Atlantic Water
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Figure 12. Time series of Mediterranean overturning indices (Sverdrup) calculated from the annual average of the meridional stream function
based on product ref. OV.3., computed using the reanalysis dataset from January 1987 to July 2022 and the interim dataset August 2022 to
December 2024 of product ref. OV.4. Blue represents the eastern Mediterranean overturning index (< 36.5° N), and red represents the western
Mediterranean overturning index (≥ 40° N, z > 300 m).

transport to the Arctic of 0.45 Sv per decade for the period
1993–2022. This trend is partly explained by increased tem-
perature in the West Spitsbergen Current during the period
2005–2010 (e.g. Walczowski et al., 2012), which caused a
larger fraction of the water mass to be characterized as At-
lantic Water (T > 2 °C). Moreover, the strong recirculation
in the Fram Strait area further complicates the interpretation
of the results.

4.3 Major Baltic inflows

In the Baltic Sea, the salinity and its changes are key factors
in determining the overall stratification conditions, which
strongly influence different ecosystem processes and play an
important role in the energy and water cycles in this area
(Lehmann et al., 2022). The long-term change in water salin-
ity of the Baltic Sea is determined by the inflow of saline
water from the North Sea and its encounter with freshwa-
ter originating from numerous rivers across the Baltic coast
and from the net precipitation (Lehmann et al., 2022). A
major Baltic inflow (MBI) is an event that transports large
amounts of saline water into the Baltic Sea through the Dan-
ish Straits (Mohrholz, 2018), shaping the stratification and
oxygen conditions and hence influencing the marine ecol-
ogy of the Baltic Sea. MBIs occur sporadically, usually many
years apart, and are usually of barotropic origin, initiated by a
special sequence of large-scale meteorological events in win-
ter and spring. Since 1996, summer inflows of baroclinic ori-
gin have been observed. These summer inflows inject more
highly saline water with higher temperatures and low oxygen
content into the halocline of the Baltic Sea (Lehmann et al.,
2022).

MBI can be detected and monitored in the bottom-layer
salinity of the Arkona Basin and the Bornholm Basin and
through the vertical distribution of temperature, salinity, and
dissolved oxygen concentration in the Gotland Basin. Tem-

perature, salinity, and dissolved oxygen profiles in the Got-
land Basin enable the estimation of the amount of the major
Baltic inflow water that has reached the central Baltic, the
depth interval that has been the most affected, and how much
the oxygen conditions have been improved. Major Baltic in-
flows were identified in 1993, 2002, and 2014, showing salin-
ity peaks in the three basins (Figs. 14, 15) and displaying a
very clear signal in the Gotland Basin with water salinity,
temperature, and dissolved oxygen conditions up to 100 m
depth (Raudsepp et al., 2018). The bottom salinity has de-
creased since 2017 when the effect of the last MBI in 2014
has receded (Fig. 15). There was no MBI in winter 2022/23
and in 2023 salinity continued to decrease and oxygen was
completely consumed below the depth of 75 m in the Gotland
Basin.

5 Ocean extremes

5.1 Marine heatwaves

Marine heatwaves can have dramatic impacts on marine
ecosystems, such as reduction of primary production, migra-
tion or reduction of endemic species, emergence of species
coming from other regions, and mass mortality of organisms
(Smith et al., 2023; Oliver et al., 2019; Garrabou et al., 2022),
which in turn can have adverse impacts on human systems
like fisheries and aquaculture (Cheung and Frölicher, 2020;
IPCC, 2022; Wakelin et al., 2021). Like in the global ocean,
the frequency, intensity, and duration of MHW events have
increased in recent years in the northeastern Atlantic Ocean
and adjacent seas and are particularly increased in the semi-
enclosed seas like the Mediterranean and Black seas (Peal et
al., 2023; Yao et al., 2022; Oliver et al., 2018; IPCC, 2021b;
Darmaraki et al., 2019; Dayan et al., 2023; Juza et al., 2022).
These events are expected to continue to increase in the fu-
ture (Yao et al., 2022; Oliver et al., 2019).
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Figure 13. The left panel shows schematic water pathways in the Nordic Seas showing the overturning circulation of northward-flowing
Atlantic Water (red) to southward-flowing transformed waters at depth (black). The two branches of the Norwegian Atlantic Current, the
Norwegian Atlantic slope current (NwASC), and Norwegian Atlantic front current (NwAFC) are represented by red arrows. The fresh
Norwegian Coastal Current (NCC) is indicated in green, while the Greenland Current is marked in blue; see Raj and Halo (2016) for details.
Grey isobaths are drawn at 600 m depth levels. The dashed lines provide the locations of the sections: Faroe Shetland Channel (FSC), Barents
Sea opening (BSO), Fram Strait (FS), and Denmark Strait (DS). The right-hand column shows product ref. OV.5 modelled volume transport
of Atlantic Water to the Arctic via the Fram Strait (a), to the Barents Sea via the Barents Sea Opening (b), and to the Nordic Seas via the
Faroe Shetland Channel (c). Positive values indicate northward flow. The shaded region indicates the error associated with the monthly mean
transport estimates.

Figure 14. Time series of bottom salinity in the Arkona (black line) and Bornholm basins (magenta line) for the period of 1993–2022
(product ref. OV.6 derived from regional Copernicus Marine Service reanalysis) (a). The locations of the Arkona and Bornholm basins are
shown in panel (b).
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Figure 15. Profiles of salinity (a), temperature (b), and dissolved
oxygen concentration (c) for the period 1993–2023 in the Gotland
Basin in the Baltic Sea (product ref. OV.7) based on in situ near-
real-time observations.

From 1982 to 2023, the fraction of the ocean surface that
did not experience any MHW event over the year in the
northeastern Atlantic Ocean and adjacent seas (black poly-
gon in Fig. 11) dramatically dropped, from more than 80 %
in 1982 to less than 10 % in 2023 (Fig. 11). The major drop
occurred between 1982 and the early 2000s. Since then, the
yearly fraction of ocean surface without any MHW event
has remained relatively stable at around 20 % ± 10 % (i.e.
80 % ± 10 % of the region is affected by MHW events ev-
ery year). The fraction of ocean surface that was affected by
moderate MHW events increased from about 10 % to about
45 % between 1982 and 2001. It remained relatively stable
between 2000 and 2010 and then started to drop in 2010
down to less than 20 % in 2023. The fraction of the ocean
surface experiencing strong MHW events has been continu-
ously increasing over the whole period, from less than 5 % in
1982 to more than 45 % in 2023. Severe and extreme MHW
events also show a positive trend over the last decade. How-
ever, the trend of extreme category events is strongly damp-
ened when excluding sea-ice-covered regions (Fig. 11), as is
the case for the global estimates. In addition, similar to the
global estimates, the impact is minor for the other categories
(not shown). Since 2013, the cumulative fraction of ocean

surface affected by strong, severe, and extreme MHW events
has been almost systematically larger than that affected by
moderate MHW events. As we consider a fixed baseline for
the climatology, these results are consistent with the fact that
this part of the ocean is one of those that have been warming
at the fastest rates due to global warming.

Regarding the marine heatwave durations (Fig. 16), the
yearly averaged maximum continuously increased from 1982
(less than 10 d) to 2023 (about 40 d). Until the mid-2010s,
most of the longest MHW events lasted less than 15 d. Since
then, the ocean surface fraction affected by short events at
most has dropped, down to about 12 % in 2023. The ocean
surface fraction affected by events lasting between 2 weeks
and 1 month has increased from 1982 (less than 5 %) to
the early 2000s, when it stabilized around 25 %. The ocean
surface fraction affected by events lasting between 1 and 2
months has continuously increased from almost no occur-
rence in 1982 to more than 30 % in 2023, and these events
now prevail on other MHW durations in the region. Simi-
larly, the ocean surface fraction experiencing MHW events
lasting between two and four months started to rise in the
1990s and reached more than 20 % in 2023. Events lasting
more than four months remain at a low level but have also
been more observed since 2015. Similar results are obtained
when excluding sea-ice covered regions from the computa-
tion (not shown).

In 2022 and 2023, 91 % and 93 %, respectively, of the
ocean surface in the northeastern Atlantic Ocean and adja-
cent seas were affected by at least one moderate marine heat-
wave (Table 2). These numbers rise to about 95 % when con-
sidering only the European shelf seas, i.e. regions at depths
between 0 and 200 m. In 2022, about 60 % of the northeast-
ern Atlantic Ocean and adjacent seas were affected by strong
(49 %) or even severe (7 %) and extreme (5 %, mostly in
the Arctic region) marine heatwaves. Some marine heatwave
events prevailed for a long period of about 4 to 5 months,
such as in the western Mediterranean Sea, the English Chan-
nel, and the southern Arctic. Other areas affected by strong
to extreme marine heatwaves and events lasting about 1 to 2
months include the central Mediterranean Sea, the North Sea,
and large parts of the Iberia–Biscay–Irish areas (Fig. 11).

In 2023, almost 80 % of the ocean surface in the northeast-
ern Atlantic Ocean and adjacent seas experienced MHW of
at least strong (45 %), severe (24 %), or extreme (8 %) cate-
gories (Table 2). Compared to 2022, the Bay of Biscay and
the northeastern Atlantic region off the Iberian coast were
particularly affected by marine heatwaves in 2023 (Fig. 17),
with events lasting more than 5 months (Fig. 17). This cor-
responds to the anomalously warm surface waters that have
been observed in the tropical North Atlantic Ocean since
March 2023. Other regions hit by MHW events lasting 2 to
3 months in 2023 include the English Channel and the Irish
Sea, the Alboran Sea, the Adriatic Sea, the Levantine basin,
and the western part of the Black Sea (Fig. 17). All of these
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Figure 13. The left panel shows schematic water pathways in the Nordic Seas showing the overturning circulation of northward-flowing
Atlantic Water (red) to southward-flowing transformed waters at depth (black). The two branches of the Norwegian Atlantic Current, the
Norwegian Atlantic slope current (NwASC), and Norwegian Atlantic front current (NwAFC) are represented by red arrows. The fresh
Norwegian Coastal Current (NCC) is indicated in green, while the Greenland Current is marked in blue; see Raj and Halo (2016) for details.
Grey isobaths are drawn at 600 m depth levels. The dashed lines provide the locations of the sections: Faroe Shetland Channel (FSC), Barents
Sea opening (BSO), Fram Strait (FS), and Denmark Strait (DS). The right-hand column shows product ref. OV.5 modelled volume transport
of Atlantic Water to the Arctic via the Fram Strait (a), to the Barents Sea via the Barents Sea Opening (b), and to the Nordic Seas via the
Faroe Shetland Channel (c). Positive values indicate northward flow. The shaded region indicates the error associated with the monthly mean
transport estimates.

Figure 14. Time series of bottom salinity in the Arkona (black line) and Bornholm basins (magenta line) for the period of 1993–2022
(product ref. OV.6 derived from regional Copernicus Marine Service reanalysis) (a). The locations of the Arkona and Bornholm basins are
shown in panel (b).
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Figure 15. Profiles of salinity (a), temperature (b), and dissolved
oxygen concentration (c) for the period 1993–2023 in the Gotland
Basin in the Baltic Sea (product ref. OV.7) based on in situ near-
real-time observations.

From 1982 to 2023, the fraction of the ocean surface that
did not experience any MHW event over the year in the
northeastern Atlantic Ocean and adjacent seas (black poly-
gon in Fig. 11) dramatically dropped, from more than 80 %
in 1982 to less than 10 % in 2023 (Fig. 11). The major drop
occurred between 1982 and the early 2000s. Since then, the
yearly fraction of ocean surface without any MHW event
has remained relatively stable at around 20 % ± 10 % (i.e.
80 % ± 10 % of the region is affected by MHW events ev-
ery year). The fraction of ocean surface that was affected by
moderate MHW events increased from about 10 % to about
45 % between 1982 and 2001. It remained relatively stable
between 2000 and 2010 and then started to drop in 2010
down to less than 20 % in 2023. The fraction of the ocean
surface experiencing strong MHW events has been continu-
ously increasing over the whole period, from less than 5 % in
1982 to more than 45 % in 2023. Severe and extreme MHW
events also show a positive trend over the last decade. How-
ever, the trend of extreme category events is strongly damp-
ened when excluding sea-ice-covered regions (Fig. 11), as is
the case for the global estimates. In addition, similar to the
global estimates, the impact is minor for the other categories
(not shown). Since 2013, the cumulative fraction of ocean

surface affected by strong, severe, and extreme MHW events
has been almost systematically larger than that affected by
moderate MHW events. As we consider a fixed baseline for
the climatology, these results are consistent with the fact that
this part of the ocean is one of those that have been warming
at the fastest rates due to global warming.

Regarding the marine heatwave durations (Fig. 16), the
yearly averaged maximum continuously increased from 1982
(less than 10 d) to 2023 (about 40 d). Until the mid-2010s,
most of the longest MHW events lasted less than 15 d. Since
then, the ocean surface fraction affected by short events at
most has dropped, down to about 12 % in 2023. The ocean
surface fraction affected by events lasting between 2 weeks
and 1 month has increased from 1982 (less than 5 %) to
the early 2000s, when it stabilized around 25 %. The ocean
surface fraction affected by events lasting between 1 and 2
months has continuously increased from almost no occur-
rence in 1982 to more than 30 % in 2023, and these events
now prevail on other MHW durations in the region. Simi-
larly, the ocean surface fraction experiencing MHW events
lasting between two and four months started to rise in the
1990s and reached more than 20 % in 2023. Events lasting
more than four months remain at a low level but have also
been more observed since 2015. Similar results are obtained
when excluding sea-ice covered regions from the computa-
tion (not shown).

In 2022 and 2023, 91 % and 93 %, respectively, of the
ocean surface in the northeastern Atlantic Ocean and adja-
cent seas were affected by at least one moderate marine heat-
wave (Table 2). These numbers rise to about 95 % when con-
sidering only the European shelf seas, i.e. regions at depths
between 0 and 200 m. In 2022, about 60 % of the northeast-
ern Atlantic Ocean and adjacent seas were affected by strong
(49 %) or even severe (7 %) and extreme (5 %, mostly in
the Arctic region) marine heatwaves. Some marine heatwave
events prevailed for a long period of about 4 to 5 months,
such as in the western Mediterranean Sea, the English Chan-
nel, and the southern Arctic. Other areas affected by strong
to extreme marine heatwaves and events lasting about 1 to 2
months include the central Mediterranean Sea, the North Sea,
and large parts of the Iberia–Biscay–Irish areas (Fig. 11).

In 2023, almost 80 % of the ocean surface in the northeast-
ern Atlantic Ocean and adjacent seas experienced MHW of
at least strong (45 %), severe (24 %), or extreme (8 %) cate-
gories (Table 2). Compared to 2022, the Bay of Biscay and
the northeastern Atlantic region off the Iberian coast were
particularly affected by marine heatwaves in 2023 (Fig. 17),
with events lasting more than 5 months (Fig. 17). This cor-
responds to the anomalously warm surface waters that have
been observed in the tropical North Atlantic Ocean since
March 2023. Other regions hit by MHW events lasting 2 to
3 months in 2023 include the English Channel and the Irish
Sea, the Alboran Sea, the Adriatic Sea, the Levantine basin,
and the western part of the Black Sea (Fig. 17). All of these
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Figure 16. (a) Percentage of ocean surface where the maximum marine heatwave category detected was moderate, strong, severe, extreme,
or no marine heatwave in the northeastern Atlantic Ocean and adjacent seas zone. The dashed black line shows the same information for
extreme categories when excluding sea ice regions from the computation (see Fig. 11 for the sea ice mask applied, with a minor impact for
the other categories). These ocean fraction estimates are done following the same method as Hobday et al. (2018). (b) Percentage of global
ocean surface where the maximum MHW duration was within a given period (lines) and the yearly mean of maximum MHW durations
(bars) in the northeastern Atlantic Ocean and adjacent seas zone (black polygon in Fig. 11). The evaluation of these MHW indicators is done
following the method of Hobday et al. (2016) and is derived from product refs. SST.1 and SST.2.

Table 2. Percentage of ocean surface affected by a MHW event in 2022 and 2023, depending on the category, in the northeastern Atlantic
Ocean and adjacent seas and when considering only the shallow waters (depth between 0 and 200 m) of the area. The information is also
provided when excluding the sea-ice-covered regions from the computation (see Fig. 17 for the sea ice mask applied). These ocean fraction
estimates are done following the same method as Hobday et al. (2018).

Percentage of ocean surface Northeastern Atlantic Ocean and Northeastern Atlantic Ocean and
hit by a MHW adjacent seas adjacent seas – shelf

(0–200 m deep)

Whole area Sea ice excluded Whole area Sea ice excluded

2022 2023 2022 2023 2022 2023 2022 2023

All categories 91 % 93 % 93 % 97 % 94 % 95 % 95 % 96 %
Max category 1 (moderate) 29 % 17 % 33 % 17 % 24 % 8 % 28 % 8 %
Max category 2 (strong) 49 % 45 % 53 % 49 % 49 % 53 % 58 % 62 %
Max category 3 (severe) 7 % 24 % 7 % 28 % 8 % 17 % 8 % 24 %
Max category 4 or higher (extreme) 5 % 8 % < 0.5 % 3 % 13 % 17 % < 0.5 % 2 %

regions also experienced strong to severe MHW events over
the year 2023 (Fig. 17).

The Mediterranean Sea is an area where also a multi-
decadal increase in the frequency and intensity of marine
heatwaves has been reported (Juza et al., 2022; Dayan et al.,

2022). This basin experienced an exceptionally long-lasting
and intense series of marine heatwave events between 2022
and 2023 (Fig. 17), as MHWs have been continuously de-
tected since June 2022 until the end of 2023, particularly
in the western basin (Marullo et al., 2023). In 2022, the
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Figure 17. Maximum category of marine heatwave reached in 2022 (a) and 2023 (b) in the northeastern Atlantic Ocean and adjacent seas, as
derived from product refs. SST.1 and SST.2. The thin black line shows the 200 m isobath for product ref. MHW.1. The black polygon shows
the northeastern Atlantic Ocean and adjacent seas region considered in this marine heatwave section. Maximum duration of marine heatwave
events in 2022 (c) and 2023 (d) in the northeastern Atlantic Ocean and adjacent seas, as derived from the same sea surface temperature
products. The areas shaded in grey correspond to regions where there was at least 1 d of sea ice (sea ice concentration larger than 0.15 in the
product ref. SST.1) during the climatological reference period (1993–2016), implying potentially less accurate marine heatwave detections.

Table 3. Beaufort wind scale (ignoring calm conditions from 0 to 3), other commonly used wind speed units, associated probable wave
heights in the open ocean, and descriptive terms for wind and waves conditions (WMO, 2019).

Beaufort Wind descriptive Average wind speed Probable wave Sea state descriptive

number terms [knots] [m s−1] [km h−1] height [m] terms

4 Moderate breeze 11–16 5.5–7.9 20–28 1.0–1.5 Slight–moderate
5 Fresh breeze 17–21 8.0–10.7 29–38 2.0–2.5 Moderate
6 Strong breeze 22–27 10.8–13.8 39–49 3.0–4.0 Rough
7 Near gale 28–33 13.9–17.1 50–61 4.0–5.5 Rough–very rough
8 Gale 34–40 17.2–20.7 62–74 5.5–7.5 Very rough–high
9 Strong gale 41–47 20.8–24.4 75–88 7.0–10.0 High
10 Storm 48–55 24.5–28.4 89–102 9.0–12.5 Very high
11 Violent storm 56–63 28.5–32.6 103–117 11.5–16.0 Exceptionally high
12 Hurricane > 63 > 32.6 > 117 > 14.0 Phenomenal
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Figure 16. (a) Percentage of ocean surface where the maximum marine heatwave category detected was moderate, strong, severe, extreme,
or no marine heatwave in the northeastern Atlantic Ocean and adjacent seas zone. The dashed black line shows the same information for
extreme categories when excluding sea ice regions from the computation (see Fig. 11 for the sea ice mask applied, with a minor impact for
the other categories). These ocean fraction estimates are done following the same method as Hobday et al. (2018). (b) Percentage of global
ocean surface where the maximum MHW duration was within a given period (lines) and the yearly mean of maximum MHW durations
(bars) in the northeastern Atlantic Ocean and adjacent seas zone (black polygon in Fig. 11). The evaluation of these MHW indicators is done
following the method of Hobday et al. (2016) and is derived from product refs. SST.1 and SST.2.

Table 2. Percentage of ocean surface affected by a MHW event in 2022 and 2023, depending on the category, in the northeastern Atlantic
Ocean and adjacent seas and when considering only the shallow waters (depth between 0 and 200 m) of the area. The information is also
provided when excluding the sea-ice-covered regions from the computation (see Fig. 17 for the sea ice mask applied). These ocean fraction
estimates are done following the same method as Hobday et al. (2018).

Percentage of ocean surface Northeastern Atlantic Ocean and Northeastern Atlantic Ocean and
hit by a MHW adjacent seas adjacent seas – shelf

(0–200 m deep)

Whole area Sea ice excluded Whole area Sea ice excluded

2022 2023 2022 2023 2022 2023 2022 2023

All categories 91 % 93 % 93 % 97 % 94 % 95 % 95 % 96 %
Max category 1 (moderate) 29 % 17 % 33 % 17 % 24 % 8 % 28 % 8 %
Max category 2 (strong) 49 % 45 % 53 % 49 % 49 % 53 % 58 % 62 %
Max category 3 (severe) 7 % 24 % 7 % 28 % 8 % 17 % 8 % 24 %
Max category 4 or higher (extreme) 5 % 8 % < 0.5 % 3 % 13 % 17 % < 0.5 % 2 %

regions also experienced strong to severe MHW events over
the year 2023 (Fig. 17).

The Mediterranean Sea is an area where also a multi-
decadal increase in the frequency and intensity of marine
heatwaves has been reported (Juza et al., 2022; Dayan et al.,

2022). This basin experienced an exceptionally long-lasting
and intense series of marine heatwave events between 2022
and 2023 (Fig. 17), as MHWs have been continuously de-
tected since June 2022 until the end of 2023, particularly
in the western basin (Marullo et al., 2023). In 2022, the
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Figure 17. Maximum category of marine heatwave reached in 2022 (a) and 2023 (b) in the northeastern Atlantic Ocean and adjacent seas, as
derived from product refs. SST.1 and SST.2. The thin black line shows the 200 m isobath for product ref. MHW.1. The black polygon shows
the northeastern Atlantic Ocean and adjacent seas region considered in this marine heatwave section. Maximum duration of marine heatwave
events in 2022 (c) and 2023 (d) in the northeastern Atlantic Ocean and adjacent seas, as derived from the same sea surface temperature
products. The areas shaded in grey correspond to regions where there was at least 1 d of sea ice (sea ice concentration larger than 0.15 in the
product ref. SST.1) during the climatological reference period (1993–2016), implying potentially less accurate marine heatwave detections.

Table 3. Beaufort wind scale (ignoring calm conditions from 0 to 3), other commonly used wind speed units, associated probable wave
heights in the open ocean, and descriptive terms for wind and waves conditions (WMO, 2019).

Beaufort Wind descriptive Average wind speed Probable wave Sea state descriptive

number terms [knots] [m s−1] [km h−1] height [m] terms

4 Moderate breeze 11–16 5.5–7.9 20–28 1.0–1.5 Slight–moderate
5 Fresh breeze 17–21 8.0–10.7 29–38 2.0–2.5 Moderate
6 Strong breeze 22–27 10.8–13.8 39–49 3.0–4.0 Rough
7 Near gale 28–33 13.9–17.1 50–61 4.0–5.5 Rough–very rough
8 Gale 34–40 17.2–20.7 62–74 5.5–7.5 Very rough–high
9 Strong gale 41–47 20.8–24.4 75–88 7.0–10.0 High
10 Storm 48–55 24.5–28.4 89–102 9.0–12.5 Very high
11 Violent storm 56–63 28.5–32.6 103–117 11.5–16.0 Exceptionally high
12 Hurricane > 63 > 32.6 > 117 > 14.0 Phenomenal
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Figure 18. (a, b) Aquaculture sites of production in Europe for marine finfish (a) from product ref. MHW.2 and shellfish (b) from product
ref. MHW.3. The thin grey line shows the 200 m isobath for product ref. MHW.1. (c) Percentage of ocean surface where the maximum
MHW category detected was moderate, strong, severe, extreme, or no showed MHW on the continental shelves of the northeastern Atlantic
Ocean and adjacent seas zone (areas within the black polygon in Fig. 17a, with a depth between 0 and 200 m) and excluding sea-ice covered
regions (see Fig. 17a for the sea ice mask). These ocean fraction estimates are done following the same method as Hobday et al. (2018).
(d) Percentage of global ocean surface where the maximum MHW duration was within a given period (lines) and the yearly mean of
maximum MHW durations (bars) for the same continental shelf areas, excluding sea-ice-covered regions (see Fig. 17a for the sea ice mask).
The evaluation of the MHW indicators is done following the method of Hobday et al. (2016) and is derived from product refs. SST.1 and
SST.2.

State Planet, 4-osr8, 2, 2024 https://doi.org/10.5194/sp-4-osr8-2-2024

K. von Schuckmann et al.: The state of the ocean in the northeastern Atlantic and adjacent seas 21

Figure 19. The 99th wind speed percentile (a) climatology (2007–2022) and (b) annual trend (2007–2023). Areas with trends significant
above the 90 % confidence level are outlined in black. Computation at 0.125° resolution from product ref. Wind.1 (ASCAT-A) following
the method of Giesen and Stoffelen (2022). (c, d) Seasonal storm track density climatology over the period 2007–2023, for spring–summer
(April to September c) and autumn–winter (October to March, d), in units of number density per season per unit area, where the unit area
is a 5° radius spherical cap (i.e. about 106 km2), based on the storm tracks detected from product ref. Wind.2 with a threshold of 10−5 s−1

for the 850 hPa relative vorticity at T63 resolution, considering systems that last longer than 1 d and travel more than 500 km, following
Hodges (1999, 1995) and Hoskins and Hodges (2002).

heatwave intensity was highest in the northern parts of the
western Mediterranean, decreasing to the south and to the
east. In 2023, almost the entire Mediterranean Sea experi-
enced at least one marine heatwave of strong category, and
the strongest events happened in the Ionian Sea basin (severe
category) (Fig. 17).

Thermal stress on marine organisms can lead to a decrease
in production (Islam et al., 2022; Smith et al., 2023), and
in the worst cases unusual warming of the waters can lead
to lower seawater dissolved oxygen quantities, which can
cause asphyxia (Keeling et al., 2009; Roman et al., 2019)
and/or foster the development of toxic algae or parasites that
can prevent the consumption of farmed shellfish and finfish
(Cavole et al., 2016; Boudouresque et al., 2024). Some re-

gions of high production of shellfish and/or finfish (Fig. 12)
were affected by strong to severe marine heatwaves in 2022
and 2023 (Baltic Sea, Irish Sea, English Channel, northwest-
ern Mediterranean Sea, Adriatic Sea) or by marine heatwave
events that sometimes lasted more than 2 or 3 months in a
row (English Channel, Irish Sea, Balearic Sea, Adriatic Sea)
(Fig. 17).

In 2022, more than 66 % of the shelf ocean surface (re-
gions with depth between 0 and 200 m) in the northeastern
Atlantic Ocean and adjacent seas experienced strong (58 %)
and severe or extreme (8 %) marine heatwave events. Here
we exclude sea-ice-covered regions as they represent 40 %
of the considered shelf area and the marine heatwave detec-
tions may be less accurate there; see Table 2 and Fig. 17. In

https://doi.org/10.5194/sp-4-osr8-2-2024 State Planet, 4-osr8, 2, 2024



CHAPTER1.2

20 K. von Schuckmann et al.: The state of the ocean in the northeastern Atlantic and adjacent seas

Figure 18. (a, b) Aquaculture sites of production in Europe for marine finfish (a) from product ref. MHW.2 and shellfish (b) from product
ref. MHW.3. The thin grey line shows the 200 m isobath for product ref. MHW.1. (c) Percentage of ocean surface where the maximum
MHW category detected was moderate, strong, severe, extreme, or no showed MHW on the continental shelves of the northeastern Atlantic
Ocean and adjacent seas zone (areas within the black polygon in Fig. 17a, with a depth between 0 and 200 m) and excluding sea-ice covered
regions (see Fig. 17a for the sea ice mask). These ocean fraction estimates are done following the same method as Hobday et al. (2018).
(d) Percentage of global ocean surface where the maximum MHW duration was within a given period (lines) and the yearly mean of
maximum MHW durations (bars) for the same continental shelf areas, excluding sea-ice-covered regions (see Fig. 17a for the sea ice mask).
The evaluation of the MHW indicators is done following the method of Hobday et al. (2016) and is derived from product refs. SST.1 and
SST.2.
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Figure 19. The 99th wind speed percentile (a) climatology (2007–2022) and (b) annual trend (2007–2023). Areas with trends significant
above the 90 % confidence level are outlined in black. Computation at 0.125° resolution from product ref. Wind.1 (ASCAT-A) following
the method of Giesen and Stoffelen (2022). (c, d) Seasonal storm track density climatology over the period 2007–2023, for spring–summer
(April to September c) and autumn–winter (October to March, d), in units of number density per season per unit area, where the unit area
is a 5° radius spherical cap (i.e. about 106 km2), based on the storm tracks detected from product ref. Wind.2 with a threshold of 10−5 s−1

for the 850 hPa relative vorticity at T63 resolution, considering systems that last longer than 1 d and travel more than 500 km, following
Hodges (1999, 1995) and Hoskins and Hodges (2002).

heatwave intensity was highest in the northern parts of the
western Mediterranean, decreasing to the south and to the
east. In 2023, almost the entire Mediterranean Sea experi-
enced at least one marine heatwave of strong category, and
the strongest events happened in the Ionian Sea basin (severe
category) (Fig. 17).

Thermal stress on marine organisms can lead to a decrease
in production (Islam et al., 2022; Smith et al., 2023), and
in the worst cases unusual warming of the waters can lead
to lower seawater dissolved oxygen quantities, which can
cause asphyxia (Keeling et al., 2009; Roman et al., 2019)
and/or foster the development of toxic algae or parasites that
can prevent the consumption of farmed shellfish and finfish
(Cavole et al., 2016; Boudouresque et al., 2024). Some re-

gions of high production of shellfish and/or finfish (Fig. 12)
were affected by strong to severe marine heatwaves in 2022
and 2023 (Baltic Sea, Irish Sea, English Channel, northwest-
ern Mediterranean Sea, Adriatic Sea) or by marine heatwave
events that sometimes lasted more than 2 or 3 months in a
row (English Channel, Irish Sea, Balearic Sea, Adriatic Sea)
(Fig. 17).

In 2022, more than 66 % of the shelf ocean surface (re-
gions with depth between 0 and 200 m) in the northeastern
Atlantic Ocean and adjacent seas experienced strong (58 %)
and severe or extreme (8 %) marine heatwave events. Here
we exclude sea-ice-covered regions as they represent 40 %
of the considered shelf area and the marine heatwave detec-
tions may be less accurate there; see Table 2 and Fig. 17. In
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2023, 88 % of these shelf regions were affected by strong
(62 %), severe (24 %), or extreme (2 %) marine heatwave
events. There is a clear ascending trend in the ocean surface
fraction affected by marine heatwave events in these shelf
regions over the last 40 years, with about 20 % of the area
experiencing MHW events in the 1980s and more than 90 %
in 2023 (Fig. 18). The areas affected by strong and severe
events have increased over the whole period, while the ex-
treme events are relatively stable and rare. The annual mean
maximum duration of the marine heatwave events has also
increased, from about 10 d in 1982 to about 40 d in the most
recent years, with larger fractions of the ocean surface af-
fected by longer events, in particular those lasting between 2
weeks and 4 months. In general, more interannual variability
can be noted in these shelf estimates than when considering
the whole northeastern Atlantic Ocean and adjacent seas re-
gion (Fig. 16), as the shelf regions are more sensitive to local
oceanic and atmospheric dynamics and drivers.

5.2 Wind extremes

Monitoring extreme ocean surface winds, including their
evolution and change over time, is of particular importance to
ensure accurate representation of all linked ocean parameters
(e.g. waves, storm surges, sea surface temperature, currents;
Alvarez-Fanjul et al., 2019, 2022; de Alfonso et al., 2020;
Staneva et al., 2020; Berta et al., 2020; Raudsepp et al., 2021;
Mourre et al., 2023) in order to better understand the associ-
ated disaster risks (e.g. coastal flooding and impacts on off-
shore and coastal infrastructure, activities, and ecosystems),
design marine infrastructures, and feed early warning sys-
tems and risk prevention and adaptation plans (de Alfonso et
al., 2020; Drago et al., 2021), in line with the priorities iden-
tified in the United Nations Sendai Framework for Disaster
Risk Reduction 2015–2030 (UNDRR, 2024).

When considering the northeastern Atlantic Ocean and ad-
jacent seas, the regions that show the highest extreme ocean
surface winds over the 2007–2022 period are the central
and northern parts of the North Atlantic Ocean (more than
22 m s−1), especially between Greenland and Iceland and
along the southern coast of Greenland (more than 26 m s−1,
which corresponds to storms in the Beaufort wind scale; see
Table 3) (Fig. 19a). The tropical North Atlantic Ocean (0 and
30° N) is characterized by lower extreme winds in the 99th
percentile climatology, ranging between 12 and 14 m s−1.

Another area with strong extreme winds (about 20 m s−1)
is the Gulf of Lion in the northwestern Mediterranean Sea,
which is a region of strong cyclogenesis known to experience
the most severe winds in the entire Mediterranean Sea (e.g.
Zecchetto and De Biasio, 2007) and the highest extreme wind
waves (Barbariol et al., 2021). In the Mediterranean Sea, a
sub-group of cyclonic storms is called Medicanes (Mediter-
ranean hurricanes). Although there is no official physical def-
inition for the meteorological term Medicane, it is generally
associated with systems that, despite being smaller in size

and intensity (wind speed), share similarities with tropical
cyclones, such as a circular shape with a warm core and low
wind at the centre, surrounded by strong winds (MedECC,
2020a; Flaounas et al., 2022). As their definition may vary
depending on the studies, there is still uncertainty on the
statistics of the number or intensity of Medicanes, but they
seem to generally occur one to three times per year (Cavic-
chia et al., 2014; Gaertner et al., 2018; Zhang et al., 2021).

In early September 2023, Storm Daniel was identified as
the deadliest Medicane in recent history, hitting the coast of
Libya with massive rainfall that led to the destruction of two
dams, flooding the coastal city of Darna and causing more
than 12 350 deaths in the area (EM-DAT, 2024). In compari-
son, for the whole year 2022, 43 deaths were reported by this
dataset due to storm events in Europe. According to IPCC
AR6, the number of Medicane events is likely to decrease,
but their intensity is likely to increase under global warm-
ing (Seneviratne et al., 2021) as atmospheric convection and
moisture are expected to be enhanced by higher sea surface
temperatures (Flaounas et al., 2022).

At the regional scale, the detection of long-term changes
also remains a challenge due to high variability and the lim-
ited length of the time series. Over the past 16 years (2007–
2023), increasing extreme wind speeds are observed in sev-
eral areas over the northeastern Atlantic Ocean and adja-
cent seas (Fig. 19). These include the central North Atlantic
Ocean Gulf Stream region (30–35° N, 30–50° W), the sub-
polar Atlantic region between Greenland and south of Ice-
land, the Norwegian Sea, the Baltic Sea, and the eastern
Mediterranean Sea (Ionian Sea and Levantine Sea). Such
changes in extreme wind intensity in the North Atlantic
Ocean may be associated with the poleward migration of
tropical and extra-tropical cyclone tracks that is observed as
the tropics expand with global warming (Seneviratne et al.,
2021). However, further analysis, specific detection, and at-
tribution studies, as well as longer time series, are needed
in the future for the identification of long-term trends in ob-
served extreme wind speeds (Gentile et al., 2023).

Another approach to spatially diagnose extreme ocean sur-
face winds is to evaluate the storm track density (Fig. 19)
(Hodges, 1999, 1995; Hoskins and Hodges, 2002). During
the spring to summer season (i.e. April to September), the
average storm density exceeds 140 south of Greenland and
around 40° N at the Canadian coast (Fig. 19c). Areas where
the storm density exceeds 100 include the North Sea, the
Baltic Sea, the Barents Sea, the Kara Sea, and the northern
Mediterranean Sea (Fig. 19c). During the autumn to winter
season (i.e. October to March), these patterns intensify and
increase in size, spanning the entire Atlantic Ocean across
40° N from the Canadian coast up to the coast of Europe, and
the average storm density increases to more than 120 in the
adjacent seas (Fig. 19d).
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2023, 88 % of these shelf regions were affected by strong
(62 %), severe (24 %), or extreme (2 %) marine heatwave
events. There is a clear ascending trend in the ocean surface
fraction affected by marine heatwave events in these shelf
regions over the last 40 years, with about 20 % of the area
experiencing MHW events in the 1980s and more than 90 %
in 2023 (Fig. 18). The areas affected by strong and severe
events have increased over the whole period, while the ex-
treme events are relatively stable and rare. The annual mean
maximum duration of the marine heatwave events has also
increased, from about 10 d in 1982 to about 40 d in the most
recent years, with larger fractions of the ocean surface af-
fected by longer events, in particular those lasting between 2
weeks and 4 months. In general, more interannual variability
can be noted in these shelf estimates than when considering
the whole northeastern Atlantic Ocean and adjacent seas re-
gion (Fig. 16), as the shelf regions are more sensitive to local
oceanic and atmospheric dynamics and drivers.

5.2 Wind extremes

Monitoring extreme ocean surface winds, including their
evolution and change over time, is of particular importance to
ensure accurate representation of all linked ocean parameters
(e.g. waves, storm surges, sea surface temperature, currents;
Alvarez-Fanjul et al., 2019, 2022; de Alfonso et al., 2020;
Staneva et al., 2020; Berta et al., 2020; Raudsepp et al., 2021;
Mourre et al., 2023) in order to better understand the associ-
ated disaster risks (e.g. coastal flooding and impacts on off-
shore and coastal infrastructure, activities, and ecosystems),
design marine infrastructures, and feed early warning sys-
tems and risk prevention and adaptation plans (de Alfonso et
al., 2020; Drago et al., 2021), in line with the priorities iden-
tified in the United Nations Sendai Framework for Disaster
Risk Reduction 2015–2030 (UNDRR, 2024).

When considering the northeastern Atlantic Ocean and ad-
jacent seas, the regions that show the highest extreme ocean
surface winds over the 2007–2022 period are the central
and northern parts of the North Atlantic Ocean (more than
22 m s−1), especially between Greenland and Iceland and
along the southern coast of Greenland (more than 26 m s−1,
which corresponds to storms in the Beaufort wind scale; see
Table 3) (Fig. 19a). The tropical North Atlantic Ocean (0 and
30° N) is characterized by lower extreme winds in the 99th
percentile climatology, ranging between 12 and 14 m s−1.

Another area with strong extreme winds (about 20 m s−1)
is the Gulf of Lion in the northwestern Mediterranean Sea,
which is a region of strong cyclogenesis known to experience
the most severe winds in the entire Mediterranean Sea (e.g.
Zecchetto and De Biasio, 2007) and the highest extreme wind
waves (Barbariol et al., 2021). In the Mediterranean Sea, a
sub-group of cyclonic storms is called Medicanes (Mediter-
ranean hurricanes). Although there is no official physical def-
inition for the meteorological term Medicane, it is generally
associated with systems that, despite being smaller in size

and intensity (wind speed), share similarities with tropical
cyclones, such as a circular shape with a warm core and low
wind at the centre, surrounded by strong winds (MedECC,
2020a; Flaounas et al., 2022). As their definition may vary
depending on the studies, there is still uncertainty on the
statistics of the number or intensity of Medicanes, but they
seem to generally occur one to three times per year (Cavic-
chia et al., 2014; Gaertner et al., 2018; Zhang et al., 2021).

In early September 2023, Storm Daniel was identified as
the deadliest Medicane in recent history, hitting the coast of
Libya with massive rainfall that led to the destruction of two
dams, flooding the coastal city of Darna and causing more
than 12 350 deaths in the area (EM-DAT, 2024). In compari-
son, for the whole year 2022, 43 deaths were reported by this
dataset due to storm events in Europe. According to IPCC
AR6, the number of Medicane events is likely to decrease,
but their intensity is likely to increase under global warm-
ing (Seneviratne et al., 2021) as atmospheric convection and
moisture are expected to be enhanced by higher sea surface
temperatures (Flaounas et al., 2022).

At the regional scale, the detection of long-term changes
also remains a challenge due to high variability and the lim-
ited length of the time series. Over the past 16 years (2007–
2023), increasing extreme wind speeds are observed in sev-
eral areas over the northeastern Atlantic Ocean and adja-
cent seas (Fig. 19). These include the central North Atlantic
Ocean Gulf Stream region (30–35° N, 30–50° W), the sub-
polar Atlantic region between Greenland and south of Ice-
land, the Norwegian Sea, the Baltic Sea, and the eastern
Mediterranean Sea (Ionian Sea and Levantine Sea). Such
changes in extreme wind intensity in the North Atlantic
Ocean may be associated with the poleward migration of
tropical and extra-tropical cyclone tracks that is observed as
the tropics expand with global warming (Seneviratne et al.,
2021). However, further analysis, specific detection, and at-
tribution studies, as well as longer time series, are needed
in the future for the identification of long-term trends in ob-
served extreme wind speeds (Gentile et al., 2023).

Another approach to spatially diagnose extreme ocean sur-
face winds is to evaluate the storm track density (Fig. 19)
(Hodges, 1999, 1995; Hoskins and Hodges, 2002). During
the spring to summer season (i.e. April to September), the
average storm density exceeds 140 south of Greenland and
around 40° N at the Canadian coast (Fig. 19c). Areas where
the storm density exceeds 100 include the North Sea, the
Baltic Sea, the Barents Sea, the Kara Sea, and the northern
Mediterranean Sea (Fig. 19c). During the autumn to winter
season (i.e. October to March), these patterns intensify and
increase in size, spanning the entire Atlantic Ocean across
40° N from the Canadian coast up to the coast of Europe, and
the average storm density increases to more than 120 in the
adjacent seas (Fig. 19d).
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Abstract. This study presents an improved space geodetic approach to estimate the global ocean heat content
(GOHC) change and the Earth energy imbalance (EEI) over 1993–2022. The EEI exhibits a positive trend of
0.29 W m−2 per decade, significant at the 90 % confidence level, indicating accelerated ocean warming in line
with independent Clouds and the Earth’s Radiant Energy System (CERES) data. The study highlights the im-
portance of comparing various estimates (e.g. in-situ-based GOHC) and their uncertainties to reliably assess EEI
changes.

1 Introduction

The ocean absorbs almost all the excess energy stored by
the Earth system that results from the anthropogenic green-
house gas emission in the form of heat (∼ 91 %; von Schuck-
mann et al., 2023; Foster et al., 2021). As the ocean acts as
a huge heat reservoir, the global ocean heat content (GOHC)
is therefore a key component in the Earth’s energy budget.
An accurate knowledge of the GOHC change allows us to
assess the Earth energy imbalance (EEI), which refers to the
difference between the amount of energy the Earth receives
from the Sun and the amount of energy it radiates and re-
flects back into space. A community effort (Meyssignac et
al., 2019) depicted the various methodologies to estimate EEI
from the GOHC, including the use of the ocean in situ tem-
perature and salinity profiles (von Schuckmann et al., 2023),
the measurement of the ocean thermal expansion from space
geodesy (Marti et al., 2022; Hakuba et al., 2021), ocean re-
analysis (Stammer et al., 2016), and surface net flux mea-
surements (Kato et al., 2018; L’Ecuyer et al., 2015). Among
these approaches, the space geodetic approach, detailed in
Marti et al. (2022), leverages the maturity of satellite al-
timetry and gravimetry measurements to enable precise, ex-

tensive spatiotemporal coverage and full-depth estimates of
ocean thermal expansion. As the EEI magnitude is small
(0.5–1.0 W m−2; von Schuckmann et al., 2023) compared to
the amount of energy entering and leaving the climate system
(∼ 340 W m−2; L’Ecuyer et al., 2015), a high level of pre-
cision and accuracy are required to estimate the EEI mean
(<0.3 W m−2) and its time variations at the decadal scale
(<0.1 W m−2; Meyssignac et al., 2019). In this regard, the
space geodetic approach emerges as a promising candidate
capable of meeting the stringent EEI precision and accuracy
requirements (Meyssignac et al., 2019; Marti et al., 2022).

In this study, our primary objective is to present the up-
dated space geodetic GOHC and EEI estimates and the im-
provement since Marti et al. (2022), including several ma-
jor evolutions in the input data, algorithms, and a temporal
extension into the past since 1993. The secondary objective
is to compare this updated space geodetic monthly GOHC
product with GOHC time series derived from in situ obser-
vations. To ensure a consistent and homogeneous treatment,
we apply the same processing method to estimate the EEI
from the different yearly GOHC time series considered. The
obtained EEI estimates are then compared to the net flux at
the top of atmosphere (TOA) derived from the Clouds and
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Abstract. This study presents an improved space geodetic approach to estimate the global ocean heat content
(GOHC) change and the Earth energy imbalance (EEI) over 1993–2022. The EEI exhibits a positive trend of
0.29 W m−2 per decade, significant at the 90 % confidence level, indicating accelerated ocean warming in line
with independent Clouds and the Earth’s Radiant Energy System (CERES) data. The study highlights the im-
portance of comparing various estimates (e.g. in-situ-based GOHC) and their uncertainties to reliably assess EEI
changes.

1 Introduction

The ocean absorbs almost all the excess energy stored by
the Earth system that results from the anthropogenic green-
house gas emission in the form of heat (∼ 91 %; von Schuck-
mann et al., 2023; Foster et al., 2021). As the ocean acts as
a huge heat reservoir, the global ocean heat content (GOHC)
is therefore a key component in the Earth’s energy budget.
An accurate knowledge of the GOHC change allows us to
assess the Earth energy imbalance (EEI), which refers to the
difference between the amount of energy the Earth receives
from the Sun and the amount of energy it radiates and re-
flects back into space. A community effort (Meyssignac et
al., 2019) depicted the various methodologies to estimate EEI
from the GOHC, including the use of the ocean in situ tem-
perature and salinity profiles (von Schuckmann et al., 2023),
the measurement of the ocean thermal expansion from space
geodesy (Marti et al., 2022; Hakuba et al., 2021), ocean re-
analysis (Stammer et al., 2016), and surface net flux mea-
surements (Kato et al., 2018; L’Ecuyer et al., 2015). Among
these approaches, the space geodetic approach, detailed in
Marti et al. (2022), leverages the maturity of satellite al-
timetry and gravimetry measurements to enable precise, ex-

tensive spatiotemporal coverage and full-depth estimates of
ocean thermal expansion. As the EEI magnitude is small
(0.5–1.0 W m−2; von Schuckmann et al., 2023) compared to
the amount of energy entering and leaving the climate system
(∼ 340 W m−2; L’Ecuyer et al., 2015), a high level of pre-
cision and accuracy are required to estimate the EEI mean
(<0.3 W m−2) and its time variations at the decadal scale
(<0.1 W m−2; Meyssignac et al., 2019). In this regard, the
space geodetic approach emerges as a promising candidate
capable of meeting the stringent EEI precision and accuracy
requirements (Meyssignac et al., 2019; Marti et al., 2022).

In this study, our primary objective is to present the up-
dated space geodetic GOHC and EEI estimates and the im-
provement since Marti et al. (2022), including several ma-
jor evolutions in the input data, algorithms, and a temporal
extension into the past since 1993. The secondary objective
is to compare this updated space geodetic monthly GOHC
product with GOHC time series derived from in situ obser-
vations. To ensure a consistent and homogeneous treatment,
we apply the same processing method to estimate the EEI
from the different yearly GOHC time series considered. The
obtained EEI estimates are then compared to the net flux at
the top of atmosphere (TOA) derived from the Clouds and
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Table 1. Data used to calculate the space geodetic ocean heat content change and Earth energy imbalance and to perform comparisons.

Product
ref no.

Product ID and type Data access Reference

1 Sea level gridded data from satellite observations for the
global ocean from 1993 to present

EU Copernicus Climate Change Service (2018) Publication:
Legeais et al. (2021)

2 LEGOS gravimetric (GRACE, GRACE-FO) ensemble of
manometric sea level solutions

LEGOS FTP site: http://ftp.legos.obs-mip.fr/
pub/soa/gravimetrie/grace_legos/V1.6/∗

Update of Blazquez et al.
(2018)

3 Estimating the Circulation and the Climate of the Ocean –
Central Production Version 4 Release 4 (ECCOv4r4)

NASA ECCO group website Dataset: ECCO Consortium et
al. (2023).
Publication: Forget et al.
(2015); ECCO Consortium et
al. (2021)

4 Mass contributions to global mean sea level – dataset of the
European Space Agency Sea Level Budget Closure Climate
Change Initiative (SLBC_cci)

CEDA archive Dataset: Horwath et al. (2021).
Publication: Horwath et al.
(2022)

5 LEGOS–Magellium GOHC change/EEI dataset, v5.0 Centre National d’Etudes Spatiales (CNES)
AVISO website

Dataset: Magellium/LEGOS
(2020)
Documentation: algorithm
theoretical basis document
and product user manual

6 Scripps Institution of Oceanography (SIO) – Roemmich–
Gilson Argo Climatology

University of California San Diego SIO
Argo website: https://sio-argo.ucsd.edu/RG_
Climatology.html∗

Publication: Roemmich and
Gilson (2009)

7 JAMSTEC Argo product – Grid Point Value of the Monthly
Objective Analysis using the Argo data (MOAA GPV), ver-
sion 2021

Japan Agency for Marine-Earth Sci-
ence and Technology website: https:
//www.jamstec.go.jp/argo_research/dataset/
moaagpv/moaa_en.html∗

Publication: Hosoda et al.
(2010)

8 ISAS20 temperature and salinity gridded fields SEANOE – Sea Scientific Open Data Publica-
tion

Dataset: Kolodziejczyk et al.
(2021)
Publication: Gaillard et al.
(2016)

9 Met Office Hadley Centre observations datasets: EN4.2.2
(c14)

Met Office website: https://www.metoffice.gov.
uk/hadobs/en4/download-en4-2-2.html∗

Publications: Good et al.
(2013); Cheng et al. (2014);
Gouretski and Cheng (2020)

10 NOAA (National Oceanic and Atmospheric Administra-
tion) – NCEI (National Centers for Environmental Infor-
mation) product

NCEI–NOAA website: https://www.ncei.noaa.
gov/access/global-ocean-heat-content/∗

Publication: Levitus et al.
(2012); Garcia et al. (2019)

11 GLOBAL_OMI_OHC_area_averaged_anomalies_0_2000;
numerical models, in situ observations, satellite observa-
tions

E.U. Copernicus Marine Service (2023) Quality information document
(QUID): von Schuckmann et al.
(2021)
Product user manual (PUM):
Monier et al. (2021)

12 GCOS EHI experiment 1960–2020 World Data Center for Climate at Ger-
man Climate Computing Centre (DKRZ)
https://www.wdc-climate.de/ui/entry?
acronym=GCOS_EHI_1960-2020∗

Dataset: von Schuckmann et al.
(2022)
Publication: von Schuckmann
et al. (2023)

13 Jet Propulsion Laboratory (JPL) GOHC change dataset
from space data

https://zenodo.org/records/5104970∗ Dataset: thomasfrederikse
(2021)
Publication: Hakuba et al.
(2021)

14 Clouds and the Earth’s Radiant Energy System (CERES)
Energy Balanced and Filled (EBAF) TOA and surface
monthly means data in netCDF edition 4.2

NASA Atmospheric Science Data Center Dataset: Doelling (2023)
Publications: Loeb et al.
(2018); Kato et al. (2018)

15 Met Office Hadley Centre observations datasets: EN4.2.2
(l09)

Met Office website: https://www.metoffice.gov.
uk/hadobs/en4/download-en4-2-2.html∗

Publications: Good et al.
(2013); Levitus et al. (2009)

∗ Last access: 14 July 2023.
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the Earth’s Radiant Energy System (CERES) mission which
serves as a reference for EEI time variations.

2 Data and method

The space geodetic approach consists of deriving the ocean
heat content change from the steric sea level change (i.e. the
ocean expansion) inferred by satellite observations. We
present here an update of the technique for estimating the
GOHC change and the EEI which relies on existing work
(Marti et al., 2022) and also benefits from the progress made
at regional scales.

The GOHC change is obtained as the sum of regional
ocean heat content (OHC) estimated on a 1° × 1° grid. How-
ever, the uncertainties, their characterisation, and their prop-
agation from the input data until the GOHC change and EEI
are made at global scale in a similar manner to Marti et
al. (2022).

Space geodetic observations are consistent with those used
in Marti et al. (2022). The total sea level change is de-
rived from altimetry sea level gridded products data from the
Copernicus Change Climate Change service (C3S) [1] (note
that all values in square brackets refer to datasets in Table 1).
A correction for TOPEX-A drift is applied (Ablain et al.,
2017), as well as a correction for the Jason-3 radiometer drift
(Barnoud et al., 2023). The manometric sea level change is
estimated from an update of the Blazquez et al. (2018) gravi-
metric solution ensemble (V1.6) [2]. We identified a sub-
sample of this ensemble which relies on a single geocenter
correction based on Sun et al. (2016) and whose mean is used
as our best estimate of the manometric sea level change.

The space geodetic approach builds on the sea level bud-
get to estimate the steric sea level (SSL) change. As we
eventually focus on the GOHC change, we neglect the ef-
fect of the halosteric sea level change because the impact
of salinity changes on SSL is very small at a global scale
(see the appendix in Lowe and Gregory, 2006). The OHC
change is obtained from the ratio of the SSL change and the
integrated expansion efficiency of heat (IEEH) coefficient.
Knowledge of the warming pattern is a prerequisite to es-
timate the IEEH. This knowledge relies on in situ observa-
tions. In previous versions, the IEEH was computed from in
situ temperature/salinity profiles (mainly Argo floats). Here
the IEEH is computed at a regional scale (1° × 1°) from tem-
perature/salinity data from the ECCO ocean reanalysis [3].
Using ECCO to estimate the IEEH has an advantage as it al-
lows for the expansion of the spatial area used to compute it.
It enables the inclusion of coastal regions up to 100 km from
the coastline and deep-ocean areas down to 6000 m. We have
made the approximation that the IEEH is constant over time
and equals its mean value over 2005–2015. This is justified at
the global scale because the heat pattern of the ocean does not
change significantly on decadal timescales (Kuhlbrodt and
Gregory, 2012).

In-situ-derived global IEEH ranges from
1.36 × 10−1 m YJ−1 for a depth down to 2000 m to
1.57 × 10−1 m YJ−1 for a depth down to 6000 m. Using
the ECCO ocean reanalysis [3] instead of in situ data
yields very similar global IEEH values (see Table 2). Over
a larger area, the ECCO reanalysis indicates an IEEH
of 1.50 × 10−1 m YJ−1. The global IEEH uncertainty of
1 × 10−3 m YJ−1 ([5 %, 95 %] confidence interval level) is
from Marti et al. (2022). It does not account for the IEEH
variability due to the spatial domain.

In this study, we propose a temporal extension of the space
geodetic estimate of GOHC and EEI into the past from Jan-
uary 1993 – the start of precise satellite altimetry. As space
gravimetry observations are not available before 2002 (the
GRACE mission was launched in March 2002), the mano-
metric sea level component is extended into the past with the
sum of its individual contributions from Greenland, Antarc-
tica, glaciers, and from terrestrial water storage. These are
derived from the ESA climate change initiative assessment
of the sea level budget since 1993 [4].

After calculating the GOHC, the EEI is then obtained from
the time derivative of the GOHC – by applying a central fi-
nite difference scheme – and accounting for the heat fraction
that is entering the ocean (91 %), with the remaining 9 %
of the energy being captured by the atmosphere, land, and
cryosphere (IPCC, 2021). As described in Marti et al. (2022),
the OHC change needs to be filtered out beforehand by ap-
plying a Lanczos low-pass filter at 3 years to remove signals
related to ocean–atmosphere exchanges which do not corre-
spond to any response to the top of the atmosphere radiation
imbalance (Palmer and McNeall, 2014) and must therefore
be removed to infer EEI variations. The following equation
summarises how the EEI is derived from GOHC:

EEI(t) =
dGOHCfiltered,adjusted (t)

dt
×

1
α

with α = 0.91. (1)

In order to assess the GOHC and EEI estimates, the es-
timation of their uncertainties is a key point. The method
(described in Marti et al., 2022) consists of calculating the
error variance–covariance matrices of the global mean sea
level (GMSL) change data record and of the barystatic sea
level data record and then propagating these error variance–
covariance matrices to the GOHC and the EEI estimates.
The characterisation of uncertainties is similar to that used
by Marti et al. (2022). For the GMSL uncertainties, we use
an updated altimetry uncertainty budget provided by Guérou
et al. (2023), mainly extended over the Jason-3 period (until
2021). For the barystatic sea level uncertainties, we calcu-
late the dispersion of the gravimetry ensemble [2]. This un-
certainty is not centred on the barystatic best estimate (see
Fig. 1). Besides, an uncertainty in the heat fraction enter-
ing the ocean is introduced ([89 %, 93 %]) as defined from
the different estimates in the literature (e.g. Church et al.,
2011; Levitus et al., 2012; IPCC, 2021; von Schuckmann et
al., 2023). The uncertainty associated with the IEEH once
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Table 1. Data used to calculate the space geodetic ocean heat content change and Earth energy imbalance and to perform comparisons.

Product
ref no.

Product ID and type Data access Reference

1 Sea level gridded data from satellite observations for the
global ocean from 1993 to present

EU Copernicus Climate Change Service (2018) Publication:
Legeais et al. (2021)

2 LEGOS gravimetric (GRACE, GRACE-FO) ensemble of
manometric sea level solutions

LEGOS FTP site: http://ftp.legos.obs-mip.fr/
pub/soa/gravimetrie/grace_legos/V1.6/∗

Update of Blazquez et al.
(2018)

3 Estimating the Circulation and the Climate of the Ocean –
Central Production Version 4 Release 4 (ECCOv4r4)

NASA ECCO group website Dataset: ECCO Consortium et
al. (2023).
Publication: Forget et al.
(2015); ECCO Consortium et
al. (2021)

4 Mass contributions to global mean sea level – dataset of the
European Space Agency Sea Level Budget Closure Climate
Change Initiative (SLBC_cci)

CEDA archive Dataset: Horwath et al. (2021).
Publication: Horwath et al.
(2022)

5 LEGOS–Magellium GOHC change/EEI dataset, v5.0 Centre National d’Etudes Spatiales (CNES)
AVISO website

Dataset: Magellium/LEGOS
(2020)
Documentation: algorithm
theoretical basis document
and product user manual

6 Scripps Institution of Oceanography (SIO) – Roemmich–
Gilson Argo Climatology

University of California San Diego SIO
Argo website: https://sio-argo.ucsd.edu/RG_
Climatology.html∗

Publication: Roemmich and
Gilson (2009)

7 JAMSTEC Argo product – Grid Point Value of the Monthly
Objective Analysis using the Argo data (MOAA GPV), ver-
sion 2021

Japan Agency for Marine-Earth Sci-
ence and Technology website: https:
//www.jamstec.go.jp/argo_research/dataset/
moaagpv/moaa_en.html∗

Publication: Hosoda et al.
(2010)

8 ISAS20 temperature and salinity gridded fields SEANOE – Sea Scientific Open Data Publica-
tion

Dataset: Kolodziejczyk et al.
(2021)
Publication: Gaillard et al.
(2016)

9 Met Office Hadley Centre observations datasets: EN4.2.2
(c14)

Met Office website: https://www.metoffice.gov.
uk/hadobs/en4/download-en4-2-2.html∗

Publications: Good et al.
(2013); Cheng et al. (2014);
Gouretski and Cheng (2020)

10 NOAA (National Oceanic and Atmospheric Administra-
tion) – NCEI (National Centers for Environmental Infor-
mation) product

NCEI–NOAA website: https://www.ncei.noaa.
gov/access/global-ocean-heat-content/∗

Publication: Levitus et al.
(2012); Garcia et al. (2019)

11 GLOBAL_OMI_OHC_area_averaged_anomalies_0_2000;
numerical models, in situ observations, satellite observa-
tions

E.U. Copernicus Marine Service (2023) Quality information document
(QUID): von Schuckmann et al.
(2021)
Product user manual (PUM):
Monier et al. (2021)

12 GCOS EHI experiment 1960–2020 World Data Center for Climate at Ger-
man Climate Computing Centre (DKRZ)
https://www.wdc-climate.de/ui/entry?
acronym=GCOS_EHI_1960-2020∗

Dataset: von Schuckmann et al.
(2022)
Publication: von Schuckmann
et al. (2023)

13 Jet Propulsion Laboratory (JPL) GOHC change dataset
from space data

https://zenodo.org/records/5104970∗ Dataset: thomasfrederikse
(2021)
Publication: Hakuba et al.
(2021)

14 Clouds and the Earth’s Radiant Energy System (CERES)
Energy Balanced and Filled (EBAF) TOA and surface
monthly means data in netCDF edition 4.2

NASA Atmospheric Science Data Center Dataset: Doelling (2023)
Publications: Loeb et al.
(2018); Kato et al. (2018)

15 Met Office Hadley Centre observations datasets: EN4.2.2
(l09)

Met Office website: https://www.metoffice.gov.
uk/hadobs/en4/download-en4-2-2.html∗

Publications: Good et al.
(2013); Levitus et al. (2009)

∗ Last access: 14 July 2023.
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the Earth’s Radiant Energy System (CERES) mission which
serves as a reference for EEI time variations.

2 Data and method

The space geodetic approach consists of deriving the ocean
heat content change from the steric sea level change (i.e. the
ocean expansion) inferred by satellite observations. We
present here an update of the technique for estimating the
GOHC change and the EEI which relies on existing work
(Marti et al., 2022) and also benefits from the progress made
at regional scales.

The GOHC change is obtained as the sum of regional
ocean heat content (OHC) estimated on a 1° × 1° grid. How-
ever, the uncertainties, their characterisation, and their prop-
agation from the input data until the GOHC change and EEI
are made at global scale in a similar manner to Marti et
al. (2022).

Space geodetic observations are consistent with those used
in Marti et al. (2022). The total sea level change is de-
rived from altimetry sea level gridded products data from the
Copernicus Change Climate Change service (C3S) [1] (note
that all values in square brackets refer to datasets in Table 1).
A correction for TOPEX-A drift is applied (Ablain et al.,
2017), as well as a correction for the Jason-3 radiometer drift
(Barnoud et al., 2023). The manometric sea level change is
estimated from an update of the Blazquez et al. (2018) gravi-
metric solution ensemble (V1.6) [2]. We identified a sub-
sample of this ensemble which relies on a single geocenter
correction based on Sun et al. (2016) and whose mean is used
as our best estimate of the manometric sea level change.

The space geodetic approach builds on the sea level bud-
get to estimate the steric sea level (SSL) change. As we
eventually focus on the GOHC change, we neglect the ef-
fect of the halosteric sea level change because the impact
of salinity changes on SSL is very small at a global scale
(see the appendix in Lowe and Gregory, 2006). The OHC
change is obtained from the ratio of the SSL change and the
integrated expansion efficiency of heat (IEEH) coefficient.
Knowledge of the warming pattern is a prerequisite to es-
timate the IEEH. This knowledge relies on in situ observa-
tions. In previous versions, the IEEH was computed from in
situ temperature/salinity profiles (mainly Argo floats). Here
the IEEH is computed at a regional scale (1° × 1°) from tem-
perature/salinity data from the ECCO ocean reanalysis [3].
Using ECCO to estimate the IEEH has an advantage as it al-
lows for the expansion of the spatial area used to compute it.
It enables the inclusion of coastal regions up to 100 km from
the coastline and deep-ocean areas down to 6000 m. We have
made the approximation that the IEEH is constant over time
and equals its mean value over 2005–2015. This is justified at
the global scale because the heat pattern of the ocean does not
change significantly on decadal timescales (Kuhlbrodt and
Gregory, 2012).

In-situ-derived global IEEH ranges from
1.36 × 10−1 m YJ−1 for a depth down to 2000 m to
1.57 × 10−1 m YJ−1 for a depth down to 6000 m. Using
the ECCO ocean reanalysis [3] instead of in situ data
yields very similar global IEEH values (see Table 2). Over
a larger area, the ECCO reanalysis indicates an IEEH
of 1.50 × 10−1 m YJ−1. The global IEEH uncertainty of
1 × 10−3 m YJ−1 ([5 %, 95 %] confidence interval level) is
from Marti et al. (2022). It does not account for the IEEH
variability due to the spatial domain.

In this study, we propose a temporal extension of the space
geodetic estimate of GOHC and EEI into the past from Jan-
uary 1993 – the start of precise satellite altimetry. As space
gravimetry observations are not available before 2002 (the
GRACE mission was launched in March 2002), the mano-
metric sea level component is extended into the past with the
sum of its individual contributions from Greenland, Antarc-
tica, glaciers, and from terrestrial water storage. These are
derived from the ESA climate change initiative assessment
of the sea level budget since 1993 [4].

After calculating the GOHC, the EEI is then obtained from
the time derivative of the GOHC – by applying a central fi-
nite difference scheme – and accounting for the heat fraction
that is entering the ocean (91 %), with the remaining 9 %
of the energy being captured by the atmosphere, land, and
cryosphere (IPCC, 2021). As described in Marti et al. (2022),
the OHC change needs to be filtered out beforehand by ap-
plying a Lanczos low-pass filter at 3 years to remove signals
related to ocean–atmosphere exchanges which do not corre-
spond to any response to the top of the atmosphere radiation
imbalance (Palmer and McNeall, 2014) and must therefore
be removed to infer EEI variations. The following equation
summarises how the EEI is derived from GOHC:

EEI(t) =
dGOHCfiltered,adjusted (t)

dt
×

1
α

with α = 0.91. (1)

In order to assess the GOHC and EEI estimates, the es-
timation of their uncertainties is a key point. The method
(described in Marti et al., 2022) consists of calculating the
error variance–covariance matrices of the global mean sea
level (GMSL) change data record and of the barystatic sea
level data record and then propagating these error variance–
covariance matrices to the GOHC and the EEI estimates.
The characterisation of uncertainties is similar to that used
by Marti et al. (2022). For the GMSL uncertainties, we use
an updated altimetry uncertainty budget provided by Guérou
et al. (2023), mainly extended over the Jason-3 period (until
2021). For the barystatic sea level uncertainties, we calcu-
late the dispersion of the gravimetry ensemble [2]. This un-
certainty is not centred on the barystatic best estimate (see
Fig. 1). Besides, an uncertainty in the heat fraction enter-
ing the ocean is introduced ([89 %, 93 %]) as defined from
the different estimates in the literature (e.g. Church et al.,
2011; Levitus et al., 2012; IPCC, 2021; von Schuckmann et
al., 2023). The uncertainty associated with the IEEH once

https://doi.org/10.5194/sp-4-osr8-3-2024 State Planet, 4-osr8, 3, 2024



CHAPTER2.1

4 F. Marti et al.: Monitoring global ocean heat content from space

Table 2. Impact of the depth and the geographical extent considered for the global-integrated expansion efficiency of heat (IEEH) coefficient
derived from ECCO reanalysis and in situ data (ISAS20 [8] over 0–2000 m and EN4.2.2.l09 [15] for the 2000–6000 m layer). The term
“GCOS” in this context refers to the domain on which the Global Climate Observing System ensemble [12] described in von Schuckmann et
al. (2023) is estimated. The table presents IEEH values estimated over a comparable extent, with the notable difference being the exclusion
of the Mediterranean.

Geographical area and depth Value of the IEEH coefficient at global scale
over the 2005–2015 period (unit: m YJ−1)

In situ ECCO

Spatial extent comparable to GCOS,
2000 m

0.136 0.135

Spatial extent comparable to GCOS,
6000 m

0.157 0.156

Spatial extension near coasts –
LEGOS–Magellium dataset V5.0,
6000 m

Not available 0.150

propagated is negligible compared with other sources of un-
certainty in the mean EEI (<0.1 %). From the covariance ma-
trices, we are able to obtain the uncertainty associated with
the means, trends, or accelerations in GOHC at any timescale
based on an ordinary least squares regression.

The space geodetic GOHC and EEI estimates [5] are then
compared to other estimates mostly based on in situ data.
First, we introduce GOHC estimates based on gridded fields
of temperature and salinity derived from in situ measure-
ments provided by five centres: SIO (Scripps Institution of
Oceanography) [6], the Japan Agency for Marine-Earth Sci-
ence and Technology (JAMSTEC) version 2021 [7], and
ISAS20 (In Situ Analysis System 20) – IFREMER (French
National Institute for Ocean Science and Technology) [8],
with all three relying on Argo network data; EN4, using two
sets of corrections (Cheng et al., 2014; Gouretski and Cheng,
2020) [9], and NOAA (National Oceanic and Atmospheric
Administration) [10]. We analyse two ocean monitoring in-
dicators (OMIs) delivered by Copernicus Marine Environ-
ment Monitoring Service (CMEMS) [11], hereafter “CORA”
and “CORA-2011”. They are also based on in situ obser-
vations from the Coriolis Ocean database for ReAnalysis.
CORA-2011 refers to the GOHC dataset processed by von
Schuckmann and Le Traon (2011). It is delivered together
with an uncertainty envelope. In addition, we compare the
space geodetic estimate of the GOHC to the recent Global
Climate Observing System (GCOS) ensemble estimate [12]
composed of 16 time series based on subsurface temperature
measurements and representative of the full water column.
For the GCOS GOHC ensemble trend, we use the uncer-
tainty indicated in von Schuckmann et al. (2023) for the pe-
riod 2006–2020. Last, we introduce an alternative full-depth
GOHC estimate derived from the space geodetic approach
(Hakuba et al., 2021) [13] (hereafter “JPL” for the Jet Propul-

sion Laboratory), whose uncertainty is obtained from an en-
semble approach.

Apart from GCOS ensemble and the space geodetic es-
timates, the different GOHC change estimates are extended
with a deep-ocean warming estimate of +0.068 W m−2 from
Purkey and Johnson (2010) to encompass the entire water
column and account for the deep ocean’s substantial thermal
influence below 2000 m. In this way, all different GOHC es-
timates cover the whole water column down to the bottom
and are thus comparable with each other.

Both the GCOS ensemble and OMIs are made up of yearly
time series, while other estimates are available on a monthly
basis, which restricts comparisons to interannual timescales.
Comparisons are thus led on the basis of annual time se-
ries both for the GOHC trend and EEI variability study. The
GOHC change estimates are turned into EEI using the same
method described above, with the only difference being that
annual time series are linearly interpolated on a monthly
timescale beforehand.

The CERES Energy Balanced and Filled (EBAF) product
[14] is used as a reference for the EEI variability assessment
because it is totally independent, and it is known to reproduce
precisely the EEI variations with uncertainties of the order of
a few tenths of W m−2. Its mean value is anchored with an in
situ product (Lyman and Johnson, 2014).

Datasets used for this study are described in Table 1 both
for the calculation of GOHC and EEI estimates and for their
intercomparison. All uncertainties are reported in the text
with a 5 %–95 % confidence level interval.

3 Results

The monthly space geodetic GOHC change from LEGOS–
Magellium over January 1993–May 2022 highlights the ac-
cumulation of heat in the ocean (86 % of the total ocean
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Figure 1. Global ocean heat content change over 1993–2022 depicted by the LEGOS–Magellium space geodetic dataset (red curve) and
the GCOS dataset available until 2020 (purple curve). The LEGOS–Magellium dataset is characterised by its standard uncertainty envelope
(68 % confidence level). The ocean surface considered for the LEGOS–Magellium dataset is comparable to that of the GCOS ensemble (von
Schuckmann et al., 2023). Trends are estimated at 5 %–95 % confidence interval level and refer to the top-of-atmosphere surface.

surface, excluding the Mediterranean sea). The trend of
+0.75 W m−2 provides an estimate of the global ocean heat
uptake (GOHU), and the uncertainty range for this accumu-
lation rate is [0.61; 1.04] W m−2, meaning that the GOHU is
significantly positive over 1993–2022.

A comparison is made with the annual GOHC change time
series from GCOS (Fig. 1). The heat content is an exten-
sive variable, and the GOHC is therefore highly sensitive to
spatial coverage. To ensure more consistency in comparison
with GCOS, we constrained the LEGOS–Magellium dataset
to an ocean surface comparable to GCOS (up to 60° lati-
tude and for areas more than 300 m deep). The impact was
found to be low with a trend of 0.73 W m−2 over 1993–
2022. Despite a higher value for the LEGOS–Magellium
dataset, the trend results for 1993–2020 are in agreement
within their confidence intervals with the GCOS trend of
0.60 [0.39; 0.82] W m−2 and the LEGOS–Magellium trend
of 0.71 [0.58, 0.99] W m−2.

When the GOHC trends are calculated over a shorter pe-
riod (2005–2019) on their respective available ocean surface
(Fig. 2), the conclusions are similar to those in Fig. 1. GOHC
trend results from other estimates are also shown. Note that
the GCOS ensemble encompasses CORA and CORA-2011
datasets, as well as solutions based on the same in situ tem-
perature and salinity grids that are used and mentioned in
Sect. 2. In general, GOHC estimates exclusively based on in
situ measurements are in agreement within their uncertainty
ranges. These estimates are constructed using the same at-
las of temperature and salinity profiles. Specifically, the data
used to calculate the five GOHC from gridded fields covers
the same ocean surface. Despite this, their trends show some

discrepancies that are due to the data processing, such as the
selection of valid profiles and the gridding algorithm. The
comparisons confirm that the LEGOS–Magellium dataset
shows a stronger trend in GOHC than datasets relying on in
situ measurements but still agrees within the 90 % confidence
level. The JPL space geodetic estimate supports these results
and increases our confidence in our method.

Temporal variations in the EEI derived from the monthly
LEGOS–Magellium space geodetic dataset agree well with
the direct EEI measurements provided by CERES but less
so with the EEI derived from the GCOS yearly ensemble
(Fig. 3). Correlated signals are observed, particularly after
2006. These interannual variations are related to the main
coupled ocean–atmosphere climate modes such as El Niño–
Southern Oscillation or the Pacific Decadal Oscillation (Loeb
et al., 2018; Meyssignac et al., 2023) or the atmospheric
aerosol content resulting from volcanic eruptions and anthro-
pogenic emissions. The three EEI solutions show a trend over
their respective periods: 0.29 [0.04; 0.56] W m−2 per decade
for LEGOS–Magellium over 1993–2022, 0.17 W m−2 per
decade [−0.25; 0.60] for GCOS over 1993–2020, and 0.44
[0.34; 0.55] W m−2 per decade for CERES over 2000–
2022. Over the common period of 2000–2020, the LEGOS–
Magellium dataset shows a positive trend of 0.37 W m−2 per
decade, which is in agreement with CERES EEI trend of
0.44 W m−2 per decade, and both trends are significant at the
90 % confidence level. Given the confidence intervals and
good agreement between these independent datasets, these
results have provided confidence in the observed trend in
EEI since 2000, indicating a very likely acceleration in global
ocean warming over 2000–2020.
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Table 2. Impact of the depth and the geographical extent considered for the global-integrated expansion efficiency of heat (IEEH) coefficient
derived from ECCO reanalysis and in situ data (ISAS20 [8] over 0–2000 m and EN4.2.2.l09 [15] for the 2000–6000 m layer). The term
“GCOS” in this context refers to the domain on which the Global Climate Observing System ensemble [12] described in von Schuckmann et
al. (2023) is estimated. The table presents IEEH values estimated over a comparable extent, with the notable difference being the exclusion
of the Mediterranean.

Geographical area and depth Value of the IEEH coefficient at global scale
over the 2005–2015 period (unit: m YJ−1)

In situ ECCO

Spatial extent comparable to GCOS,
2000 m

0.136 0.135

Spatial extent comparable to GCOS,
6000 m

0.157 0.156

Spatial extension near coasts –
LEGOS–Magellium dataset V5.0,
6000 m

Not available 0.150

propagated is negligible compared with other sources of un-
certainty in the mean EEI (<0.1 %). From the covariance ma-
trices, we are able to obtain the uncertainty associated with
the means, trends, or accelerations in GOHC at any timescale
based on an ordinary least squares regression.

The space geodetic GOHC and EEI estimates [5] are then
compared to other estimates mostly based on in situ data.
First, we introduce GOHC estimates based on gridded fields
of temperature and salinity derived from in situ measure-
ments provided by five centres: SIO (Scripps Institution of
Oceanography) [6], the Japan Agency for Marine-Earth Sci-
ence and Technology (JAMSTEC) version 2021 [7], and
ISAS20 (In Situ Analysis System 20) – IFREMER (French
National Institute for Ocean Science and Technology) [8],
with all three relying on Argo network data; EN4, using two
sets of corrections (Cheng et al., 2014; Gouretski and Cheng,
2020) [9], and NOAA (National Oceanic and Atmospheric
Administration) [10]. We analyse two ocean monitoring in-
dicators (OMIs) delivered by Copernicus Marine Environ-
ment Monitoring Service (CMEMS) [11], hereafter “CORA”
and “CORA-2011”. They are also based on in situ obser-
vations from the Coriolis Ocean database for ReAnalysis.
CORA-2011 refers to the GOHC dataset processed by von
Schuckmann and Le Traon (2011). It is delivered together
with an uncertainty envelope. In addition, we compare the
space geodetic estimate of the GOHC to the recent Global
Climate Observing System (GCOS) ensemble estimate [12]
composed of 16 time series based on subsurface temperature
measurements and representative of the full water column.
For the GCOS GOHC ensemble trend, we use the uncer-
tainty indicated in von Schuckmann et al. (2023) for the pe-
riod 2006–2020. Last, we introduce an alternative full-depth
GOHC estimate derived from the space geodetic approach
(Hakuba et al., 2021) [13] (hereafter “JPL” for the Jet Propul-

sion Laboratory), whose uncertainty is obtained from an en-
semble approach.

Apart from GCOS ensemble and the space geodetic es-
timates, the different GOHC change estimates are extended
with a deep-ocean warming estimate of +0.068 W m−2 from
Purkey and Johnson (2010) to encompass the entire water
column and account for the deep ocean’s substantial thermal
influence below 2000 m. In this way, all different GOHC es-
timates cover the whole water column down to the bottom
and are thus comparable with each other.

Both the GCOS ensemble and OMIs are made up of yearly
time series, while other estimates are available on a monthly
basis, which restricts comparisons to interannual timescales.
Comparisons are thus led on the basis of annual time se-
ries both for the GOHC trend and EEI variability study. The
GOHC change estimates are turned into EEI using the same
method described above, with the only difference being that
annual time series are linearly interpolated on a monthly
timescale beforehand.

The CERES Energy Balanced and Filled (EBAF) product
[14] is used as a reference for the EEI variability assessment
because it is totally independent, and it is known to reproduce
precisely the EEI variations with uncertainties of the order of
a few tenths of W m−2. Its mean value is anchored with an in
situ product (Lyman and Johnson, 2014).

Datasets used for this study are described in Table 1 both
for the calculation of GOHC and EEI estimates and for their
intercomparison. All uncertainties are reported in the text
with a 5 %–95 % confidence level interval.

3 Results

The monthly space geodetic GOHC change from LEGOS–
Magellium over January 1993–May 2022 highlights the ac-
cumulation of heat in the ocean (86 % of the total ocean
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Figure 1. Global ocean heat content change over 1993–2022 depicted by the LEGOS–Magellium space geodetic dataset (red curve) and
the GCOS dataset available until 2020 (purple curve). The LEGOS–Magellium dataset is characterised by its standard uncertainty envelope
(68 % confidence level). The ocean surface considered for the LEGOS–Magellium dataset is comparable to that of the GCOS ensemble (von
Schuckmann et al., 2023). Trends are estimated at 5 %–95 % confidence interval level and refer to the top-of-atmosphere surface.

surface, excluding the Mediterranean sea). The trend of
+0.75 W m−2 provides an estimate of the global ocean heat
uptake (GOHU), and the uncertainty range for this accumu-
lation rate is [0.61; 1.04] W m−2, meaning that the GOHU is
significantly positive over 1993–2022.

A comparison is made with the annual GOHC change time
series from GCOS (Fig. 1). The heat content is an exten-
sive variable, and the GOHC is therefore highly sensitive to
spatial coverage. To ensure more consistency in comparison
with GCOS, we constrained the LEGOS–Magellium dataset
to an ocean surface comparable to GCOS (up to 60° lati-
tude and for areas more than 300 m deep). The impact was
found to be low with a trend of 0.73 W m−2 over 1993–
2022. Despite a higher value for the LEGOS–Magellium
dataset, the trend results for 1993–2020 are in agreement
within their confidence intervals with the GCOS trend of
0.60 [0.39; 0.82] W m−2 and the LEGOS–Magellium trend
of 0.71 [0.58, 0.99] W m−2.

When the GOHC trends are calculated over a shorter pe-
riod (2005–2019) on their respective available ocean surface
(Fig. 2), the conclusions are similar to those in Fig. 1. GOHC
trend results from other estimates are also shown. Note that
the GCOS ensemble encompasses CORA and CORA-2011
datasets, as well as solutions based on the same in situ tem-
perature and salinity grids that are used and mentioned in
Sect. 2. In general, GOHC estimates exclusively based on in
situ measurements are in agreement within their uncertainty
ranges. These estimates are constructed using the same at-
las of temperature and salinity profiles. Specifically, the data
used to calculate the five GOHC from gridded fields covers
the same ocean surface. Despite this, their trends show some

discrepancies that are due to the data processing, such as the
selection of valid profiles and the gridding algorithm. The
comparisons confirm that the LEGOS–Magellium dataset
shows a stronger trend in GOHC than datasets relying on in
situ measurements but still agrees within the 90 % confidence
level. The JPL space geodetic estimate supports these results
and increases our confidence in our method.

Temporal variations in the EEI derived from the monthly
LEGOS–Magellium space geodetic dataset agree well with
the direct EEI measurements provided by CERES but less
so with the EEI derived from the GCOS yearly ensemble
(Fig. 3). Correlated signals are observed, particularly after
2006. These interannual variations are related to the main
coupled ocean–atmosphere climate modes such as El Niño–
Southern Oscillation or the Pacific Decadal Oscillation (Loeb
et al., 2018; Meyssignac et al., 2023) or the atmospheric
aerosol content resulting from volcanic eruptions and anthro-
pogenic emissions. The three EEI solutions show a trend over
their respective periods: 0.29 [0.04; 0.56] W m−2 per decade
for LEGOS–Magellium over 1993–2022, 0.17 W m−2 per
decade [−0.25; 0.60] for GCOS over 1993–2020, and 0.44
[0.34; 0.55] W m−2 per decade for CERES over 2000–
2022. Over the common period of 2000–2020, the LEGOS–
Magellium dataset shows a positive trend of 0.37 W m−2 per
decade, which is in agreement with CERES EEI trend of
0.44 W m−2 per decade, and both trends are significant at the
90 % confidence level. Given the confidence intervals and
good agreement between these independent datasets, these
results have provided confidence in the observed trend in
EEI since 2000, indicating a very likely acceleration in global
ocean warming over 2000–2020.
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Figure 2. Global ocean heat content (GOHC) trends over the period 2005–2019 from the LEGOS–Magellium (red) and JPL (blue) space
geodetic datasets, the GCOS ensemble (purple), in-situ-based GOHC change time series (brown tones), and the two CMEMS indicators
(green tones). Trends are computed from annual time series and refer to the top-of-atmosphere surface, and the indicated trend intervals
correspond to the [5 %–95 %] confidence interval level.

Figure 3. Earth energy imbalance (EEI) time series derived from the LEGOS–Magellium space geodetic approach (red curve), GCOS
dataset (purple curve), and from satellite CERES measurements (black curve) over 1993–2022. A 3-year filter is applied to the space geodetic
GOHC before derivation into EEI. The CERES time series is also filtered at 3 years for comparison. The standard uncertainty envelope (68 %
confidence level) is shown for the space geodetic dataset in light red. EEI trends are given for each dataset on their common availability
period 2000–2020 and refer to the top-of-atmosphere surface. Uncertainties are estimated with a [5 %–95 %] confidence interval level.

The Taylor diagram in Fig. 4 indicates the similarity in
terms of temporal variability between all OHC-based EEI
and the CERES reference. The dataset’s proximity to the
blue star determines the degree of agreement and how well it
matches CERES estimate of the EEI variability. The GCOS
and LEGOS–Magellium products exhibit similar time varia-
tions with a correlation of approximately 0.7, which is com-
parable to the results of Loeb et al. (2021). The JPL EEI has
the highest correlation with CERES data (0.9) but too much
variability. In-situ-based products have a correlation range
of 0.25 to 0.8, indicating different levels of agreement with
CERES.

4 Discussion and conclusions

This study proposes an extended estimate of the GOHC
change and the EEI from 1993 onwards using the space
geodetic approach. We compare this estimate with various
estimates based on in situ measurements, as well as with the
CERES EBAF estimate of the EEI.

Apart from the global measurement by CERES, the stud-
ied methods do not yet cover the entire ocean. However,
the major advantage of the space geodetic approach is the
large and homogeneous sampling of the ocean surface that
has taken place since August 2002 and the integration of the
whole water column. The space geodetic GOHC shows a sig-
nificant trend of +0.75 [0.61; 1.04] W m−2 and an EEI trend
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Figure 4. Comparison of Earth energy imbalance (EEI) interannual variations with respect to the CERES dataset (black star) for the 2005–
2019 period. Taylor diagram gathering the correlation Pearson coefficient, with the centred root mean square (W m−2) and the standard
deviation (W m−2) for the LEGOS–Magellium (red), JPL (blue), GCOS (purple), in-situ-based EEI (brown tones), and CMEMS indicators
(green tones). Results refer to the top-of-atmosphere surface.

of 0.29 [0.04; 0.56] W m−2 per decade over the period 1993–
2022.

Considering the current knowledge of the uncertainties
associated with satellite gravimetry and altimetry data, the
comparison of our results with other datasets allows us to
cross-check the consistency of the different estimates of the
ocean warming rate within a [5 %-95 %] confidence level
interval. However, the higher GOHC trends observed with
the space geodetic approach (LEGOS–Magellium and JPL
datasets) compared to all in situ datasets could reveal limita-
tions in the observing systems, such as the unobserved deep
ocean with in situ data or systematic errors in space geodetic
data, which need to be further investigated.

In addition, the comparison of our space geodetic EEI es-
timate with the direct EEI estimates provided by the CERES
EBAF dataset provides complementary assessment informa-
tion on the variability in EEI. On the one hand, we find a good
temporal correlation of the EEI derived from space geodetic
and CERES EBAF estimates. On the other hand, a significant

EEI trend has been detected in both CERES and the space
geodetic approach, suggesting a very likely acceleration in
the global ocean warming over the last 20 years.

Data availability. The space geodetic GOHC change and EEI
dataset (v5.0) is available online at https://doi.org/10.24400/
527896/A01-2020.003 (Magellium/LEGOS, 2020), together with
the complete associated documentation (product user manual and
algorithm theoretical basis document).

Author contributions. FM and MA led and designed the paper,
which was edited by BM, VR, and RF. VR, RF, and FM developed
the processing tools and performed the computations with support
from SF. AB focused on the part related to gravimetric observations.
BM and MA managed and designed the study. All authors discussed
the results and commented on the paper.
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Figure 2. Global ocean heat content (GOHC) trends over the period 2005–2019 from the LEGOS–Magellium (red) and JPL (blue) space
geodetic datasets, the GCOS ensemble (purple), in-situ-based GOHC change time series (brown tones), and the two CMEMS indicators
(green tones). Trends are computed from annual time series and refer to the top-of-atmosphere surface, and the indicated trend intervals
correspond to the [5 %–95 %] confidence interval level.

Figure 3. Earth energy imbalance (EEI) time series derived from the LEGOS–Magellium space geodetic approach (red curve), GCOS
dataset (purple curve), and from satellite CERES measurements (black curve) over 1993–2022. A 3-year filter is applied to the space geodetic
GOHC before derivation into EEI. The CERES time series is also filtered at 3 years for comparison. The standard uncertainty envelope (68 %
confidence level) is shown for the space geodetic dataset in light red. EEI trends are given for each dataset on their common availability
period 2000–2020 and refer to the top-of-atmosphere surface. Uncertainties are estimated with a [5 %–95 %] confidence interval level.

The Taylor diagram in Fig. 4 indicates the similarity in
terms of temporal variability between all OHC-based EEI
and the CERES reference. The dataset’s proximity to the
blue star determines the degree of agreement and how well it
matches CERES estimate of the EEI variability. The GCOS
and LEGOS–Magellium products exhibit similar time varia-
tions with a correlation of approximately 0.7, which is com-
parable to the results of Loeb et al. (2021). The JPL EEI has
the highest correlation with CERES data (0.9) but too much
variability. In-situ-based products have a correlation range
of 0.25 to 0.8, indicating different levels of agreement with
CERES.

4 Discussion and conclusions

This study proposes an extended estimate of the GOHC
change and the EEI from 1993 onwards using the space
geodetic approach. We compare this estimate with various
estimates based on in situ measurements, as well as with the
CERES EBAF estimate of the EEI.

Apart from the global measurement by CERES, the stud-
ied methods do not yet cover the entire ocean. However,
the major advantage of the space geodetic approach is the
large and homogeneous sampling of the ocean surface that
has taken place since August 2002 and the integration of the
whole water column. The space geodetic GOHC shows a sig-
nificant trend of +0.75 [0.61; 1.04] W m−2 and an EEI trend
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Figure 4. Comparison of Earth energy imbalance (EEI) interannual variations with respect to the CERES dataset (black star) for the 2005–
2019 period. Taylor diagram gathering the correlation Pearson coefficient, with the centred root mean square (W m−2) and the standard
deviation (W m−2) for the LEGOS–Magellium (red), JPL (blue), GCOS (purple), in-situ-based EEI (brown tones), and CMEMS indicators
(green tones). Results refer to the top-of-atmosphere surface.

of 0.29 [0.04; 0.56] W m−2 per decade over the period 1993–
2022.

Considering the current knowledge of the uncertainties
associated with satellite gravimetry and altimetry data, the
comparison of our results with other datasets allows us to
cross-check the consistency of the different estimates of the
ocean warming rate within a [5 %-95 %] confidence level
interval. However, the higher GOHC trends observed with
the space geodetic approach (LEGOS–Magellium and JPL
datasets) compared to all in situ datasets could reveal limita-
tions in the observing systems, such as the unobserved deep
ocean with in situ data or systematic errors in space geodetic
data, which need to be further investigated.

In addition, the comparison of our space geodetic EEI es-
timate with the direct EEI estimates provided by the CERES
EBAF dataset provides complementary assessment informa-
tion on the variability in EEI. On the one hand, we find a good
temporal correlation of the EEI derived from space geodetic
and CERES EBAF estimates. On the other hand, a significant

EEI trend has been detected in both CERES and the space
geodetic approach, suggesting a very likely acceleration in
the global ocean warming over the last 20 years.
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Abstract. The Gulf Stream transports warm waters from low to high latitudes in the North Atlantic Ocean, im-
pacting Europe’s climate. This study investigates the changing pattern of the Gulf Stream over the last 3 decades
as observed in the altimetric record (1993–2022) using monthly averaged altimetry maps together with the out-
puts from an ocean reanalysis product. The seasonal and yearly evolution of the coordinates (destabilization
point) where the Gulf Stream starts to meander and convert from a stable to an unstable detached jet is inves-
tigated. At the seasonal scale, the location of this destabilization point presents zonal shifts displacing the Gulf
Stream path to the north in summer and fall and to the south in winter and spring. In addition, it presents varia-
tions at interannual scale and has varied by more than 1400 km in longitude, showing meridional shifts of 300 km
over the altimetric era: it exhibits a low-frequency remarkable shift westward and southward between 1995 and
2012. From that year, the destabilization point displacement inverses, exhibiting a previously unreported migra-
tion eastward and northward that translates into a larger fraction of the stable detached jet to the detriment of
the unstable meandering jet. Changes in the Gulf Stream path impact both associated mesoscale eddy kinetic en-
ergy and waters transported towards the subpolar North Atlantic. The observed shifts of the path destabilization
point seem to be linked to North Atlantic Oscillation variability during winter that may play an important role:
it presents a negative trend associated with a shift from a positive to a negative phase between 1995 and 2011
and an opposite behavior from a negative to a positive phase from that year until 2020 in agreement with the
associated southwestward and northeastward observed migration of the destabilization point.

1 Introduction

The Gulf Stream is part of the western boundary current sys-
tem. It originates in the Gulf of Mexico and flows poleward
close to the North American coast from the Straits of Florida
to Cape Hatteras (Fig. 1). It then leaves the continental mar-
gin and becomes a detached western boundary current flow-
ing eastward as the Gulf Stream Extension (e.g., Joyce et al.,
2009; Greatbatch et al., 2010). The Gulf Stream Extension
carries near-surface warm waters from the subtropical to the

subpolar North Atlantic (Guo et al., 2023) marking a tran-
sition from warm subtropical to cold subpolar waters (Joyce
and Zhang, 2010; McCarthy et al., 2018) known as the Gulf
Stream North Wall (GSNW). The GSNW is a sharp temper-
ature front located to the north of the Gulf Stream that does
not necessarily follows its path (Chi et al., 2019). The balance
between these northward-flowing warm and shallow waters
as part of the Gulf Stream and a southward cold and deep re-
turn water path describes the Atlantic Meridional Overturn-
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Abstract. The Gulf Stream transports warm waters from low to high latitudes in the North Atlantic Ocean, im-
pacting Europe’s climate. This study investigates the changing pattern of the Gulf Stream over the last 3 decades
as observed in the altimetric record (1993–2022) using monthly averaged altimetry maps together with the out-
puts from an ocean reanalysis product. The seasonal and yearly evolution of the coordinates (destabilization
point) where the Gulf Stream starts to meander and convert from a stable to an unstable detached jet is inves-
tigated. At the seasonal scale, the location of this destabilization point presents zonal shifts displacing the Gulf
Stream path to the north in summer and fall and to the south in winter and spring. In addition, it presents varia-
tions at interannual scale and has varied by more than 1400 km in longitude, showing meridional shifts of 300 km
over the altimetric era: it exhibits a low-frequency remarkable shift westward and southward between 1995 and
2012. From that year, the destabilization point displacement inverses, exhibiting a previously unreported migra-
tion eastward and northward that translates into a larger fraction of the stable detached jet to the detriment of
the unstable meandering jet. Changes in the Gulf Stream path impact both associated mesoscale eddy kinetic en-
ergy and waters transported towards the subpolar North Atlantic. The observed shifts of the path destabilization
point seem to be linked to North Atlantic Oscillation variability during winter that may play an important role:
it presents a negative trend associated with a shift from a positive to a negative phase between 1995 and 2011
and an opposite behavior from a negative to a positive phase from that year until 2020 in agreement with the
associated southwestward and northeastward observed migration of the destabilization point.

1 Introduction

The Gulf Stream is part of the western boundary current sys-
tem. It originates in the Gulf of Mexico and flows poleward
close to the North American coast from the Straits of Florida
to Cape Hatteras (Fig. 1). It then leaves the continental mar-
gin and becomes a detached western boundary current flow-
ing eastward as the Gulf Stream Extension (e.g., Joyce et al.,
2009; Greatbatch et al., 2010). The Gulf Stream Extension
carries near-surface warm waters from the subtropical to the

subpolar North Atlantic (Guo et al., 2023) marking a tran-
sition from warm subtropical to cold subpolar waters (Joyce
and Zhang, 2010; McCarthy et al., 2018) known as the Gulf
Stream North Wall (GSNW). The GSNW is a sharp temper-
ature front located to the north of the Gulf Stream that does
not necessarily follows its path (Chi et al., 2019). The balance
between these northward-flowing warm and shallow waters
as part of the Gulf Stream and a southward cold and deep re-
turn water path describes the Atlantic Meridional Overturn-
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Table 1. Data products used.

Product Product ID & type Data access Documentation
ref. no.

1 SEALEVEL_GLO_PHY_L4_MY_008_047;
satellite observations

EU Copernicus Marine
Service Product (2023a)

Quality information Document (QUID):
Pujol et al. (2023)
Product User Manual (PUM):
Pujol (2023)

2 GLOBAL_MULTIYEAR_PHY_001_030;
numerical models

EU Copernicus Marine
Service Product (2023b)

QUID:
Drévillon et al. (2023a)
PUM:
Drévillon et al. (2023b)

ing Circulation (AMOC; e.g., Buckley and Marshall, 2016;
Lozier et al., 2019; Swingedouw et al., 2022). The AMOC
accounts for nearly 90 % of the total heat transport at 26.5° N
in the North Atlantic (Johns et al., 2011). Thus, it is a ma-
jor driver of subpolar heat content changes (McCarthy et al.,
2018). This makes the Gulf Stream play a paramount role in
North Atlantic climate variability and change (Frankignoul
et al., 2001; Joyce and Zhang, 2010; Srokosz et al., 2012;
McCarthy et al., 2015; Lozier et al., 2019). Direct estimates
of the GSNW are available from 1955 (Joyce et al., 2000)
and 1966 (Taylor and Stephens, 1980) onwards, allowing
the analysis of the North Atlantic ocean circulation variabil-
ity from decadal and multidecadal scales (McCarthy et al.,
2018).

The Atlantic multidecadal variability is mainly due to in-
ternal ocean-driven variability associated with global and re-
gional variations in precipitation and temperature, sea level
fluctuations, and hurricane activity (Delworth and Mann,
2000). However, it could be also generated as a response
to natural atmospheric variability (Clement et al., 2015),
which is mainly associated with the North Atlantic Oscil-
lation (NAO). The NAO is the first mode of Atlantic at-
mospheric forcing and describes surface sea level pressure
differences between the Azores high and the subpolar low
and varies at quasi-decadal and multidecadal timescales (Da
Costa and Colin de Verdiere, 2002; Gray et al., 2016; Årthun
et al., 2017), impacting North Atlantic sea surface tempera-
ture patterns via air–sea heat exchanges (Hurrell et al., 2003;
McCarthy et al., 2018; Osman et al., 2021).

The time-varying location of the Gulf Stream can be iden-
tified using a constant sea surface height (SSH) contour from
mapped absolute dynamic topography (ADT) from satellite
altimetry to find snapshots of the current’s path (Andres,
2016). The 25 cm SSH contour is commonly used (e.g., Lil-
libridge and Mariano, 2013; Rossby et al., 2014; Andres,
2016; Chi et al., 2021; Guo et al., 2023). Other methods to
identify the path of the Gulf Stream are based on the location
of an isotherm at a given depth. Joyce et al. (2000, 2009) used
the 15 °C isotherm at 200 m depth to define the region just to
the north of strong flow of the Gulf Stream that corresponds

Figure 1. Panel (a) displays the Gulf Stream paths based on the
25 cm SSH contour from altimetry (product ref. no. 1) showing
monthly mean (pale blue) and a 1993–2022 overall mean (blue).
The inset displays the variance in latitudinal position of the monthly
mean Gulf Stream paths (1993–2022) as a function of downstream
longitude. Panel (b) displays the 1993–2022 overall mean EKE in
the Gulf Stream region and the 1993–2022 overall Gulf Stream
mean path (blue). The inset shows the aggregated EKE associated
with the Gulf Stream. The red dot in panels (a) and (b) indicates
the mean destabilization point (see text for more details). The confi-
dence interval (at 95 % confidence level) of the destabilization point
in both longitude and latitude is also displayed.
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to the GSNW. This approach was followed by Frankignoul
et al. (2001) and Seidov et al. (2019, 2021) to identify the
latitude of Gulf Stream paths.

The variations in the Gulf Stream path exhibit two main
modes: (i) wavelike fluctuations linked to the Gulf Stream
meandering and instability and (ii) large-scale lateral shifts
exhibiting seasonal and interannual changes (Frankignoul et
al., 2001). In reality, western boundary currents are identified
as eddy-rich regions where mean kinetic energy and avail-
able potential energy from the mean flow are converted into
mesoscale eddy kinetic energy (EKE) from baroclinic and
barotropic instabilities. The low-frequency interannual vari-
ability of the lateral shifts in the Gulf Stream position im-
pacts the global climate system as a whole (Guo et al., 2023)
and can be linked to changes in climate-related oceanic phe-
nomena such as the El Niño–Southern Oscillation (Taylor et
al., 1998), the AMOC (Joyce and Zhang, 2010), or the afore-
mentioned atmospheric forcing (Wolfe et al., 2019). Taylor
et al. (1998) found that the Gulf Stream shifts were corre-
lated with the wintertime NAO during the time period span-
ning from 1966 to 1996, with high values of the NAO in-
dex (stronger westerlies) favoring a northerly path 2–3 years
later. Joyce et al. (2000) observed northward shifts of the
Gulf Stream during positive phases of the NAO with lags
of 1 year between 1954 and 1990. More recently, McCarthy
et al. (2018) reported shifts in the Gulf Stream path coinci-
dent with NAO variations over both quasi-decadal and multi-
decadal timescales, having implications for linking the Gulf
Stream path and AMOC.

The Gulf Stream path variability can be seen in grid-
ded satellite altimetry and also in derived surface veloci-
ties as meridional shifts in the path of the Gulf Stream af-
ter Cape Hatteras (McCarthy et al., 2018). In this study, al-
timetry maps are used together with the outputs from an
ocean reanalysis to assess the changing pattern of the Gulf
Stream path over the last 3 decades, impacting both associ-
ated mesoscale EKE and waters transported towards the sub-
polar North Atlantic. To do that, the time-varying position of
the path destabilization point where the Gulf Stream Exten-
sion converts from a stable, detached jet to an unstable, me-
andering detached jet is investigated following the methodol-
ogy described in Andres (2016). Furthermore, seasonal and
interannual variability of the Gulf Stream path is assessed
to investigate possible causes and consequences of observed
Gulf Stream changes.

2 Methods

Daily maps of both ADT from satellite altimetry (product
ref. no. 1, Table 1) and SSH from an ocean reanalysis prod-
uct (product ref. no. 2, Table 1) were averaged to produce
monthly maps from January 1993 to December 2022. These
maps have a spatial resolution of 1/4 and 1/12°, respec-
tively. Following this, the Gulf Stream path was identified

with the 25 cm SSH contour according to, e.g., Lillibridge
and Mariano (2013), Rossby et al. (2014), Andres (2016),
Chi et al. (2021), and Guo et al. (2023), from detrended ADT
and SSH time series (Fig. 1a). The annual and semiannual
cycles were kept in the time series to allow the analysis of
the seasonal signal. Also, monthly averaged geostrophic ve-
locity fields derived from both ADT and sea level anomaly
(SLA) maps (product ref. no. 1, Table 1) were used to es-
timate the surface velocity associated with the Gulf Stream
paths. Geostrophic velocity anomalies derived from SLA
maps were then used to compute the Gulf Stream surface
EKE. EKE presents greater values in the vicinity of the
main jets and currents such as the western boundary cur-
rents, whereas it rapidly decreases elsewhere (von Schuck-
mann et al., 2016). Satellite-gridded products miss part of the
mesoscale variability due to coarser effective dynamical res-
olutions (Ballarotta et al., 2019). However, the interannual
variations in EKE can still be captured (Guo et al., 2022,
2023).

Variability in Gulf Stream paths was assessed on both a
seasonal and yearly basis. Following Andres (2016), the 12
monthly mean paths for a given year were separated into 0.5°
longitude bins and the variance of Gulf Stream position (lat-
itude) in each bin was calculated. It can happen that the path
in a given longitude bin describes a twisted route providing
two or more latitudes. To overcome this, the most northerly
latitude of the 25 cm SSH contour was used in the variance
calculation (Andres, 2016). This computation was also done
for the Gulf Stream mean paths computed for 1993–2022
as a group (Fig. 1). The downstream distance (longitude)
where the latitude’s variance first reaches 0.42(°)2 (half of
the maximum variance obtained for the aggregate) was de-
fined as that year’s path destabilization point. This is where
the Gulf Stream converts from a stable, detached jet to an un-
stable, meandering detached jet (Fig. 1a). The confidence in-
terval (at 95 % confidence level) of the mean destabilization
point was computed from the yearly destabilization point lo-
cations. A similar analysis was conducted for the seasonal
assessment. Furthermore, the aforementioned computation
was repeated from daily altimetry maps to compute the confi-
dence interval (at 95 % confidence level) of the yearly desta-
bilization point location. To do that, the 30 daily paths for a
given month were used to identify the month’s path desta-
bilization point. The 12 monthly destabilization points of a
given year were then used to provide an estimation of the
confidence interval for that year. Finally, a 5-year running
mean filter was applied to time series of the position of the
destabilization point in the yearly assessment to avoid spuri-
ous signals due to changes in higher-frequency Gulf Stream
variability.

In addition, the 12 °C isotherm (iso12) at 450 m depth was
identified from the product ref. no. 2 (Table 1) and used to
track the path of the Gulf Stream in the water column. This
isotherm was chosen because it makes it possible to both
limit short-term surface variations and follow the trajectory
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Table 1. Data products used.

Product Product ID & type Data access Documentation
ref. no.

1 SEALEVEL_GLO_PHY_L4_MY_008_047;
satellite observations

EU Copernicus Marine
Service Product (2023a)

Quality information Document (QUID):
Pujol et al. (2023)
Product User Manual (PUM):
Pujol (2023)

2 GLOBAL_MULTIYEAR_PHY_001_030;
numerical models

EU Copernicus Marine
Service Product (2023b)

QUID:
Drévillon et al. (2023a)
PUM:
Drévillon et al. (2023b)

ing Circulation (AMOC; e.g., Buckley and Marshall, 2016;
Lozier et al., 2019; Swingedouw et al., 2022). The AMOC
accounts for nearly 90 % of the total heat transport at 26.5° N
in the North Atlantic (Johns et al., 2011). Thus, it is a ma-
jor driver of subpolar heat content changes (McCarthy et al.,
2018). This makes the Gulf Stream play a paramount role in
North Atlantic climate variability and change (Frankignoul
et al., 2001; Joyce and Zhang, 2010; Srokosz et al., 2012;
McCarthy et al., 2015; Lozier et al., 2019). Direct estimates
of the GSNW are available from 1955 (Joyce et al., 2000)
and 1966 (Taylor and Stephens, 1980) onwards, allowing
the analysis of the North Atlantic ocean circulation variabil-
ity from decadal and multidecadal scales (McCarthy et al.,
2018).

The Atlantic multidecadal variability is mainly due to in-
ternal ocean-driven variability associated with global and re-
gional variations in precipitation and temperature, sea level
fluctuations, and hurricane activity (Delworth and Mann,
2000). However, it could be also generated as a response
to natural atmospheric variability (Clement et al., 2015),
which is mainly associated with the North Atlantic Oscil-
lation (NAO). The NAO is the first mode of Atlantic at-
mospheric forcing and describes surface sea level pressure
differences between the Azores high and the subpolar low
and varies at quasi-decadal and multidecadal timescales (Da
Costa and Colin de Verdiere, 2002; Gray et al., 2016; Årthun
et al., 2017), impacting North Atlantic sea surface tempera-
ture patterns via air–sea heat exchanges (Hurrell et al., 2003;
McCarthy et al., 2018; Osman et al., 2021).

The time-varying location of the Gulf Stream can be iden-
tified using a constant sea surface height (SSH) contour from
mapped absolute dynamic topography (ADT) from satellite
altimetry to find snapshots of the current’s path (Andres,
2016). The 25 cm SSH contour is commonly used (e.g., Lil-
libridge and Mariano, 2013; Rossby et al., 2014; Andres,
2016; Chi et al., 2021; Guo et al., 2023). Other methods to
identify the path of the Gulf Stream are based on the location
of an isotherm at a given depth. Joyce et al. (2000, 2009) used
the 15 °C isotherm at 200 m depth to define the region just to
the north of strong flow of the Gulf Stream that corresponds

Figure 1. Panel (a) displays the Gulf Stream paths based on the
25 cm SSH contour from altimetry (product ref. no. 1) showing
monthly mean (pale blue) and a 1993–2022 overall mean (blue).
The inset displays the variance in latitudinal position of the monthly
mean Gulf Stream paths (1993–2022) as a function of downstream
longitude. Panel (b) displays the 1993–2022 overall mean EKE in
the Gulf Stream region and the 1993–2022 overall Gulf Stream
mean path (blue). The inset shows the aggregated EKE associated
with the Gulf Stream. The red dot in panels (a) and (b) indicates
the mean destabilization point (see text for more details). The confi-
dence interval (at 95 % confidence level) of the destabilization point
in both longitude and latitude is also displayed.
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to the GSNW. This approach was followed by Frankignoul
et al. (2001) and Seidov et al. (2019, 2021) to identify the
latitude of Gulf Stream paths.

The variations in the Gulf Stream path exhibit two main
modes: (i) wavelike fluctuations linked to the Gulf Stream
meandering and instability and (ii) large-scale lateral shifts
exhibiting seasonal and interannual changes (Frankignoul et
al., 2001). In reality, western boundary currents are identified
as eddy-rich regions where mean kinetic energy and avail-
able potential energy from the mean flow are converted into
mesoscale eddy kinetic energy (EKE) from baroclinic and
barotropic instabilities. The low-frequency interannual vari-
ability of the lateral shifts in the Gulf Stream position im-
pacts the global climate system as a whole (Guo et al., 2023)
and can be linked to changes in climate-related oceanic phe-
nomena such as the El Niño–Southern Oscillation (Taylor et
al., 1998), the AMOC (Joyce and Zhang, 2010), or the afore-
mentioned atmospheric forcing (Wolfe et al., 2019). Taylor
et al. (1998) found that the Gulf Stream shifts were corre-
lated with the wintertime NAO during the time period span-
ning from 1966 to 1996, with high values of the NAO in-
dex (stronger westerlies) favoring a northerly path 2–3 years
later. Joyce et al. (2000) observed northward shifts of the
Gulf Stream during positive phases of the NAO with lags
of 1 year between 1954 and 1990. More recently, McCarthy
et al. (2018) reported shifts in the Gulf Stream path coinci-
dent with NAO variations over both quasi-decadal and multi-
decadal timescales, having implications for linking the Gulf
Stream path and AMOC.

The Gulf Stream path variability can be seen in grid-
ded satellite altimetry and also in derived surface veloci-
ties as meridional shifts in the path of the Gulf Stream af-
ter Cape Hatteras (McCarthy et al., 2018). In this study, al-
timetry maps are used together with the outputs from an
ocean reanalysis to assess the changing pattern of the Gulf
Stream path over the last 3 decades, impacting both associ-
ated mesoscale EKE and waters transported towards the sub-
polar North Atlantic. To do that, the time-varying position of
the path destabilization point where the Gulf Stream Exten-
sion converts from a stable, detached jet to an unstable, me-
andering detached jet is investigated following the methodol-
ogy described in Andres (2016). Furthermore, seasonal and
interannual variability of the Gulf Stream path is assessed
to investigate possible causes and consequences of observed
Gulf Stream changes.

2 Methods

Daily maps of both ADT from satellite altimetry (product
ref. no. 1, Table 1) and SSH from an ocean reanalysis prod-
uct (product ref. no. 2, Table 1) were averaged to produce
monthly maps from January 1993 to December 2022. These
maps have a spatial resolution of 1/4 and 1/12°, respec-
tively. Following this, the Gulf Stream path was identified

with the 25 cm SSH contour according to, e.g., Lillibridge
and Mariano (2013), Rossby et al. (2014), Andres (2016),
Chi et al. (2021), and Guo et al. (2023), from detrended ADT
and SSH time series (Fig. 1a). The annual and semiannual
cycles were kept in the time series to allow the analysis of
the seasonal signal. Also, monthly averaged geostrophic ve-
locity fields derived from both ADT and sea level anomaly
(SLA) maps (product ref. no. 1, Table 1) were used to es-
timate the surface velocity associated with the Gulf Stream
paths. Geostrophic velocity anomalies derived from SLA
maps were then used to compute the Gulf Stream surface
EKE. EKE presents greater values in the vicinity of the
main jets and currents such as the western boundary cur-
rents, whereas it rapidly decreases elsewhere (von Schuck-
mann et al., 2016). Satellite-gridded products miss part of the
mesoscale variability due to coarser effective dynamical res-
olutions (Ballarotta et al., 2019). However, the interannual
variations in EKE can still be captured (Guo et al., 2022,
2023).

Variability in Gulf Stream paths was assessed on both a
seasonal and yearly basis. Following Andres (2016), the 12
monthly mean paths for a given year were separated into 0.5°
longitude bins and the variance of Gulf Stream position (lat-
itude) in each bin was calculated. It can happen that the path
in a given longitude bin describes a twisted route providing
two or more latitudes. To overcome this, the most northerly
latitude of the 25 cm SSH contour was used in the variance
calculation (Andres, 2016). This computation was also done
for the Gulf Stream mean paths computed for 1993–2022
as a group (Fig. 1). The downstream distance (longitude)
where the latitude’s variance first reaches 0.42(°)2 (half of
the maximum variance obtained for the aggregate) was de-
fined as that year’s path destabilization point. This is where
the Gulf Stream converts from a stable, detached jet to an un-
stable, meandering detached jet (Fig. 1a). The confidence in-
terval (at 95 % confidence level) of the mean destabilization
point was computed from the yearly destabilization point lo-
cations. A similar analysis was conducted for the seasonal
assessment. Furthermore, the aforementioned computation
was repeated from daily altimetry maps to compute the confi-
dence interval (at 95 % confidence level) of the yearly desta-
bilization point location. To do that, the 30 daily paths for a
given month were used to identify the month’s path desta-
bilization point. The 12 monthly destabilization points of a
given year were then used to provide an estimation of the
confidence interval for that year. Finally, a 5-year running
mean filter was applied to time series of the position of the
destabilization point in the yearly assessment to avoid spuri-
ous signals due to changes in higher-frequency Gulf Stream
variability.

In addition, the 12 °C isotherm (iso12) at 450 m depth was
identified from the product ref. no. 2 (Table 1) and used to
track the path of the Gulf Stream in the water column. This
isotherm was chosen because it makes it possible to both
limit short-term surface variations and follow the trajectory
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of the Gulf Stream more at depth than previous studies based
on the temperature at 200 m depth (e.g., Joyce et al., 2000,
2009).

3 Results

3.1 Transition of the Gulf Stream path to an unstable jet

The datasets and methods described above were used to char-
acterize the mean and time-varying Gulf Stream path, and
identify its transition to an unstable detached jet. Variance in
Gulf Stream latitude increases abruptly around 65° W (inset
in Fig. 1a) and spreads around 1600 km out along the de-
tached jet. In addition, a local minimum in variance is found
to the west at around 70° W close to a node reported by, e.g.,
Joyce et al. (2000).

The mean destabilization point of the monthly mean Gulf
Stream paths (1993–2022) is located at coordinates close to
38° N and 66° W (Fig. 1a). West of this location (i.e., near
Cape Hatteras), the path is stable, exhibiting a relatively
straight, detached jet and thus low variance (inset in Fig. 1a).
Downstream from the destabilization point the path becomes
unstable, showing meanders that translate into high variance
and associated mesoscale EKE.

The Gulf Stream is one of the regions with the strongest
mesoscale energy in the global ocean (Chelton et al.,
2011; Guo et al., 2023). It presents mean values larger
than 2000 cm2 s−2 downstream from 75° W where the Gulf
Stream separates from the continental margin and becomes
the Gulf Stream Extension (Fig. 1b). This area has an en-
ergetic mesoscale activity exhibiting strong eddy-mean flow
interaction with significant along-stream variability (Kang
and Curchitser, 2015; Guo et al., 2023). The mean EKE
(1993–2022) core, with values larger than 3000 cm2 s−2, is
observed in the surroundings of the Gulf Stream mean path.
In addition, the zonally maximum mean EKE exhibiting val-
ues larger than 4000 cm2 s−2 is located close to the desta-
bilization point where the Gulf Stream becomes unstable.
These features are consistent with previous observations both
in the upstream and downstream parts of the flow (e.g., Kang
and Curchitser, 2015).

The aggregated (zonally and meridionally averaged) 1-
year low-pass-filtered surface geostrophic velocity associ-
ated with the Gulf Stream paths (figure not show) presents
an overall negative linear trend over the period 1993–2012
with reduced speed exhibiting strong interannual variability
at decadal and sub-decadal scale. This agrees with results
reported by Dong et al. (2019) and Chi et al. (2021) from
altimetry data for the same period. This fact translates into
a recurring EKE decrease with values ranging from around
3000 cm2 s−2 at the beginning of the altimetric era to close
to 2200 cm2 s−2 in 2012 (inset in Fig. 1b). From 2013 there
is an inversion in the temporal evolution of the surface ve-
locity linked to the Gulf Stream with an increasing speed

until 2022 that promotes aggregated EKE values larger than
3500 cm2 s−2 also showing interannual variability.

Similar results were obtained from a computation using
the climatological satellite product based on a steady num-
ber (two) of satellite missions (e.g., Sánchez-Román et al.,
2023). Thus, this increasing EKE is not an artifact due to
larger energy promoted by a larger number of satellite mis-
sions used in the all-satellite product to generate the time se-
ries.

3.2 Interannual displacement of Gulf Stream

Figure 2 shows the yearly evolution of the destabilization
point in latitude (Fig. 2a) and longitude (Fig. 2b). Over the
last 3 decades, the location of this destabilization point (red
dots) has varied by more than 1400 km in longitude (i.e., be-
tween 57 and 70° W) showing strong interannual variability
(Fig. 2b). There has been an overall evolution of the destabi-
lization point of the Gulf Stream towards western longitudes
particularly from 1995 to 2014, which agrees with the find-
ings of Andres (2016) over the same period. However, from
2014 until 2022 an inversion in the temporal evolution of
the destabilization point occurs showing a previously unre-
ported displacement towards eastern longitudes. In addition,
a meridional shift in the location of the destabilization point
(Fig. 2a) of 300 km (i.e., between 37.7 and 40.6° N) is ob-
served promoting its displacement towards southern latitudes
until 2014 and towards northern latitudes from that year until
2022. These new findings expand the results reported in An-
dres (2016) and might have an impact on the physical proper-
ties of waters transported towards the subpolar eastern North
Atlantic.

However, these results might be affected by spurious sig-
nals due to changes in higher-frequency Gulf Stream vari-
ability. To avoid this, the 5-year running mean of the posi-
tion of the destabilization point was investigated (grey line
in Fig. 2a and b). The low-frequency variability of the Gulf
Stream path indicates a westward and southward shift of the
destabilization point from 1995 to 2012 that reverses towards
northward and eastward shift from that year until 2020. This
pattern agrees with the temporal evolution of the standard-
ized 5-year running mean of the annually averaged winter-
time (January–March) NAO index (Fig. 2c), that shows a
Pearson linear correlation with the time-varying longitude
(latitude) of the destabilization point of 0.70 (0.73) signifi-
cant at 95 %. In addition, the time-varying longitude of the
low-frequency zonally maximum EKE associated with the
Gulf Stream path presents a linear correlation with the loca-
tion of the destabilization point (not shown) of 0.88, exhibit-
ing overall differences in longitude lower than 3°. Thus, this
temporal variability also matches the aforementioned time-
varying surface velocities and derived mesoscale EKE asso-
ciated with the Gulf Stream path, giving support to the as-
sessment of the low-frequency variability of the Gulf Stream.
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Figure 2. Yearly evolution of the destabilization point computed from altimetry data (product ref. no. 1) showing the latitude (a) and
longitude (b) where the Gulf Stream becomes unstable. The solid grey line indicates the 5-year running mean of the destabilization point. The
confidence interval (at 95 % confidence level) of the yearly position of the destabilization point in both longitude and latitude is also displayed.
Panel (c) shows the standardized 5-year running mean of the position (longitude – red line; latitude – orange line) of the destabilization point
and the standardized 5-year running mean of the seasonal mean NAO index during the cold season (blue line).

3.3 Temperature signature of Gulf Stream pathway

Figure 3a shows the mean Gulf Stream pathways estimated
using the iso12 at 450 m depth for two representative 2-
year periods before (2008–2010) and after (2014–2016) the
change in trend of the destabilization point, together with
Gulf Stream trajectories estimated with the method based on
SSH data for the same periods. The iso12 estimate of the
Gulf Stream pathway is located north of the sea level esti-
mate because the iso12 is a signature of the GSNW rather
than of the center of the pathway (Chi et al., 2019; Seidov
et al., 2021). The good correspondence between mean path-
ways estimated with the altimeter data and with the temper-
ature data (Fig. 3a) indicates that the signal detected at the
surface is also present in the subsurface. On both diagnostics
a separation of the average Gulf Stream pathway between
the two periods occurs near 66° W, which corresponds to the
detected mean destabilization point. Downstream the mean
pathways for the two periods converge. However, in the sub-
surface near 450 m, this convergence seems to occur further
upstream (near 62° W, purple box) on the Gulf Stream path
than at the surface (east of 57° W, black box).

The meridional variability in monthly mean pathways es-
timated using the iso12 at 450 m depth for the 2-year peri-
ods before and after the change in the destabilization point’s
trend (Fig. 3b) also reflects the variation observed at the sur-

face with the method based on SSH (Fig. 1a). The spread in
latitude of the monthly mean pathways estimated for the two
periods decreases in the surroundings of the mean location
of the destabilization point. This signature of a more stable
pathway at this longitude thus confirms that the change in
the destabilization point diagnosed from altimetry also has a
signature in the subsurface on the temperature field.

Furthermore, the time evolution of the temperature in the
upper part of the water column (Fig. 3c) in the surroundings
(downstream) of the Gulf Stream’s destabilization point (pur-
ple box in Fig. 3a) exhibits a constant pattern over the first
1000 m and down to 2000 m. In addition, a strong negative
hiatus was found in 2010, followed by a significant increase
in temperature to become a positive anomaly in 2014. This
increase may be due to both a long-term climate change and
a change in the characteristics of the water masses. Thus,
the analysis of the destabilization point of the Gulf Stream
from SSH data could be a good indicator of the subsurface
conditions (in the upper 1000 m of the water column) in the
northeastern part south of the Grand Banks.
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of the Gulf Stream more at depth than previous studies based
on the temperature at 200 m depth (e.g., Joyce et al., 2000,
2009).

3 Results

3.1 Transition of the Gulf Stream path to an unstable jet

The datasets and methods described above were used to char-
acterize the mean and time-varying Gulf Stream path, and
identify its transition to an unstable detached jet. Variance in
Gulf Stream latitude increases abruptly around 65° W (inset
in Fig. 1a) and spreads around 1600 km out along the de-
tached jet. In addition, a local minimum in variance is found
to the west at around 70° W close to a node reported by, e.g.,
Joyce et al. (2000).

The mean destabilization point of the monthly mean Gulf
Stream paths (1993–2022) is located at coordinates close to
38° N and 66° W (Fig. 1a). West of this location (i.e., near
Cape Hatteras), the path is stable, exhibiting a relatively
straight, detached jet and thus low variance (inset in Fig. 1a).
Downstream from the destabilization point the path becomes
unstable, showing meanders that translate into high variance
and associated mesoscale EKE.

The Gulf Stream is one of the regions with the strongest
mesoscale energy in the global ocean (Chelton et al.,
2011; Guo et al., 2023). It presents mean values larger
than 2000 cm2 s−2 downstream from 75° W where the Gulf
Stream separates from the continental margin and becomes
the Gulf Stream Extension (Fig. 1b). This area has an en-
ergetic mesoscale activity exhibiting strong eddy-mean flow
interaction with significant along-stream variability (Kang
and Curchitser, 2015; Guo et al., 2023). The mean EKE
(1993–2022) core, with values larger than 3000 cm2 s−2, is
observed in the surroundings of the Gulf Stream mean path.
In addition, the zonally maximum mean EKE exhibiting val-
ues larger than 4000 cm2 s−2 is located close to the desta-
bilization point where the Gulf Stream becomes unstable.
These features are consistent with previous observations both
in the upstream and downstream parts of the flow (e.g., Kang
and Curchitser, 2015).

The aggregated (zonally and meridionally averaged) 1-
year low-pass-filtered surface geostrophic velocity associ-
ated with the Gulf Stream paths (figure not show) presents
an overall negative linear trend over the period 1993–2012
with reduced speed exhibiting strong interannual variability
at decadal and sub-decadal scale. This agrees with results
reported by Dong et al. (2019) and Chi et al. (2021) from
altimetry data for the same period. This fact translates into
a recurring EKE decrease with values ranging from around
3000 cm2 s−2 at the beginning of the altimetric era to close
to 2200 cm2 s−2 in 2012 (inset in Fig. 1b). From 2013 there
is an inversion in the temporal evolution of the surface ve-
locity linked to the Gulf Stream with an increasing speed

until 2022 that promotes aggregated EKE values larger than
3500 cm2 s−2 also showing interannual variability.

Similar results were obtained from a computation using
the climatological satellite product based on a steady num-
ber (two) of satellite missions (e.g., Sánchez-Román et al.,
2023). Thus, this increasing EKE is not an artifact due to
larger energy promoted by a larger number of satellite mis-
sions used in the all-satellite product to generate the time se-
ries.

3.2 Interannual displacement of Gulf Stream

Figure 2 shows the yearly evolution of the destabilization
point in latitude (Fig. 2a) and longitude (Fig. 2b). Over the
last 3 decades, the location of this destabilization point (red
dots) has varied by more than 1400 km in longitude (i.e., be-
tween 57 and 70° W) showing strong interannual variability
(Fig. 2b). There has been an overall evolution of the destabi-
lization point of the Gulf Stream towards western longitudes
particularly from 1995 to 2014, which agrees with the find-
ings of Andres (2016) over the same period. However, from
2014 until 2022 an inversion in the temporal evolution of
the destabilization point occurs showing a previously unre-
ported displacement towards eastern longitudes. In addition,
a meridional shift in the location of the destabilization point
(Fig. 2a) of 300 km (i.e., between 37.7 and 40.6° N) is ob-
served promoting its displacement towards southern latitudes
until 2014 and towards northern latitudes from that year until
2022. These new findings expand the results reported in An-
dres (2016) and might have an impact on the physical proper-
ties of waters transported towards the subpolar eastern North
Atlantic.

However, these results might be affected by spurious sig-
nals due to changes in higher-frequency Gulf Stream vari-
ability. To avoid this, the 5-year running mean of the posi-
tion of the destabilization point was investigated (grey line
in Fig. 2a and b). The low-frequency variability of the Gulf
Stream path indicates a westward and southward shift of the
destabilization point from 1995 to 2012 that reverses towards
northward and eastward shift from that year until 2020. This
pattern agrees with the temporal evolution of the standard-
ized 5-year running mean of the annually averaged winter-
time (January–March) NAO index (Fig. 2c), that shows a
Pearson linear correlation with the time-varying longitude
(latitude) of the destabilization point of 0.70 (0.73) signifi-
cant at 95 %. In addition, the time-varying longitude of the
low-frequency zonally maximum EKE associated with the
Gulf Stream path presents a linear correlation with the loca-
tion of the destabilization point (not shown) of 0.88, exhibit-
ing overall differences in longitude lower than 3°. Thus, this
temporal variability also matches the aforementioned time-
varying surface velocities and derived mesoscale EKE asso-
ciated with the Gulf Stream path, giving support to the as-
sessment of the low-frequency variability of the Gulf Stream.
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Figure 2. Yearly evolution of the destabilization point computed from altimetry data (product ref. no. 1) showing the latitude (a) and
longitude (b) where the Gulf Stream becomes unstable. The solid grey line indicates the 5-year running mean of the destabilization point. The
confidence interval (at 95 % confidence level) of the yearly position of the destabilization point in both longitude and latitude is also displayed.
Panel (c) shows the standardized 5-year running mean of the position (longitude – red line; latitude – orange line) of the destabilization point
and the standardized 5-year running mean of the seasonal mean NAO index during the cold season (blue line).

3.3 Temperature signature of Gulf Stream pathway

Figure 3a shows the mean Gulf Stream pathways estimated
using the iso12 at 450 m depth for two representative 2-
year periods before (2008–2010) and after (2014–2016) the
change in trend of the destabilization point, together with
Gulf Stream trajectories estimated with the method based on
SSH data for the same periods. The iso12 estimate of the
Gulf Stream pathway is located north of the sea level esti-
mate because the iso12 is a signature of the GSNW rather
than of the center of the pathway (Chi et al., 2019; Seidov
et al., 2021). The good correspondence between mean path-
ways estimated with the altimeter data and with the temper-
ature data (Fig. 3a) indicates that the signal detected at the
surface is also present in the subsurface. On both diagnostics
a separation of the average Gulf Stream pathway between
the two periods occurs near 66° W, which corresponds to the
detected mean destabilization point. Downstream the mean
pathways for the two periods converge. However, in the sub-
surface near 450 m, this convergence seems to occur further
upstream (near 62° W, purple box) on the Gulf Stream path
than at the surface (east of 57° W, black box).

The meridional variability in monthly mean pathways es-
timated using the iso12 at 450 m depth for the 2-year peri-
ods before and after the change in the destabilization point’s
trend (Fig. 3b) also reflects the variation observed at the sur-

face with the method based on SSH (Fig. 1a). The spread in
latitude of the monthly mean pathways estimated for the two
periods decreases in the surroundings of the mean location
of the destabilization point. This signature of a more stable
pathway at this longitude thus confirms that the change in
the destabilization point diagnosed from altimetry also has a
signature in the subsurface on the temperature field.

Furthermore, the time evolution of the temperature in the
upper part of the water column (Fig. 3c) in the surroundings
(downstream) of the Gulf Stream’s destabilization point (pur-
ple box in Fig. 3a) exhibits a constant pattern over the first
1000 m and down to 2000 m. In addition, a strong negative
hiatus was found in 2010, followed by a significant increase
in temperature to become a positive anomaly in 2014. This
increase may be due to both a long-term climate change and
a change in the characteristics of the water masses. Thus,
the analysis of the destabilization point of the Gulf Stream
from SSH data could be a good indicator of the subsurface
conditions (in the upper 1000 m of the water column) in the
northeastern part south of the Grand Banks.
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Figure 3. (a) The mean 12 °C isotherm (iso12) for 2008–2010 (orange) and 2014–2016 (red) computed from ocean reanalysis data (product
ref. no. 2) superimposed to the SSH derived Gulf Stream pathway computed from altimetry data (product ref. no. 1) for the same periods (blue
and green, respectively). (b) The mean and standard deviation (2σ ) of monthly pathways estimated using the iso12 at 450 m depth computed
from ocean reanalysis data (product ref. no. 2) for the periods 2008–2010 (orange) and 2014–2016 (red). Panel (c) displays the temporal
evolution of temperature anomalies in the water column (°C) in the surroundings (downstream) of the mean Gulf Stream’s destabilization
point (purple box) computed for the reference period 1993–2020.

4 Discussion and conclusions

4.1 Seasonal and interannual variability of Gulf Stream
paths

The Gulf Stream Extension displaces to the north in fall
(exhibiting a relatively low baroclinic transport) and to the
south in spring (Tracey and Watts, 1986) reaching its maxi-
mum baroclinic transport in early summer (Sato and Rossby,
1995). This seasonal pattern (Fig. 4b, d, e; product ref. no. 1
in Table 1) is extended to summer (Fig. 4a and e) and winter-
time (Fig. 4c and e), respectively. This is a novelty with re-
spect to previous estimations (e.g., Lillibridge and Mariano,
2013) having an impact on the location of the destabiliza-
tion point (inset in Fig. 4e): it shifts eastwards until 65° W in
winter and 65.7° W in spring, the unstable meandering de-
tached jet being shortened and located more to the south,
whereas it remains close to 66° W in summer and fall, with
the unstable jet being enlarged and located more to the north.
The seasonal meridional shifts of the destabilization point
are negligible with values ranging from 38.1° N in spring to
38.3° N in summer. On the contrary, this seasonal displace-
ment of the path is not observed upstream of 70° W. Thus,
the seasonal meridional shifts of the detached jet are accom-
panied by longitudinal seasonal variability of the destabiliza-
tion point. This fact has an impact on the mesoscale EKE
monitored in the Gulf Stream region that shows a clear sea-
sonal variability (von Schuckmann et al., 2016) with maxi-
mum levels in the summer period (May to September), asso-
ciated with a larger unstable meandering jet located more to
the north and also more mesoscale-to-sub-mesoscale activity

(Ajayi et al., 2020), and minimum levels in winter (January),
when the unstable jet is shorter and placed more to the south.
These seasonal meridional fluctuations in the Gulf Stream
path position have important consequences for regional cli-
mate because the Gulf Stream transports considerable heat
from the ocean at low latitudes to the atmosphere at high lat-
itudes (Johns et al., 2011) and contributes to the distribution
of biogeochemical properties in the North Atlantic Ocean
(von Schuckmann et al., 2016).

In addition to the seasonal variability of Gulf Stream paths,
the destabilization point of the detached jet exhibits a re-
markable low-frequency shift westward between 1995 and
2012 accompanied by a southward shift of the jet. This pro-
motes a shorter stable detached jet with time and thus ed-
dying flows closer to the western boundary and the Mid-
Atlantic Bight (MAB) shelf that are widespread along a
larger region of the North Atlantic. This proximity increases
the probability of Gulf Stream–MAB interactions and has
important consequences beyond a local increase in the EKE
associated with the Gulf Stream (Andres, 2016). Warm core
rings can spin off from the jet and bring salty and nutrient-
rich deep waters to the euphotic zone at the shelf break
front in the MAB, leading to enhanced primary productiv-
ity (Zhang et al., 2013; Hoarfrost et al., 2019) and ecosystem
changes (Gawarkiewicz et al., 2018). Monim (2017) reported
an increase of 50 % in the frequency of warm core rings
formed annually in the years 2000–2016 (overall in agree-
ment with the observed westward shift of the destabilization
point) compared to 1977–1999 in the slope region south of
New England, which has an important effect on biogeochem-
ical cycling (Hoarfrost et al., 2019).
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Figure 4. Gulf Stream paths based on the 25 cm SSH contour from altimetry (product ref. no. 1) showing monthly and a 1993–2022 overall
seasonal mean for (a) summer (red, JAS), (b) fall (orange, OND), (c) winter (pale blue, JFM), and (d) spring (green, AMJ). Panel (e) displays
the 1993–2022 overall seasonal means with the mean location of the seasonal destabilization point. The inset displays a zoomed-in view of
the region inside the black box. The confidence interval (at 95 % confidence level) of the destabilization point in both longitude and latitude
is also displayed.

In 2012, the destabilization point displacement reversal
exhibits a previously unreported low-frequency migration
eastward accompanied by a northward shift of the jet until
2020. This translates into a larger fraction of the stable de-
tached jet to the detriment of the unstable meandering jet that
is likely to promote the depletion of the frequency of warm
core ring intrusions onto the continental shelf and the proba-
bility of Gulf Stream–MAB interactions, in contrast with the
increased interactions from the westward displacement ob-
served in the recent past.

4.2 Impact of varying Gulf Stream stability on
associated EKE

Guo et al. (2023) found a dominant component in mesoscale
EKE associated with the Gulf Stream that co-varies with the
meridional shift of the jet. Thus, migration of the destabiliza-
tion point may have an impact on both the Gulf Stream’s sur-
face velocity and associated EKE. The low-frequency south-
westward shift of the destabilization point observed between
1995 and 2012 is accompanied by a weakening of the jet
(not shown) and associated mesoscale surface EKE (Fig. 1b).
Dong et al. (2019) attributed this velocity decrease to an in-
crease in SSH to the north of the Gulf Stream that is mainly
due to ocean warming.

The observed weakening of the jet over this period was
explained by Renault et al. (2016b) in terms of energy trans-
fers from the ocean to the atmosphere over the Gulf Stream
induced by the current feedback. It attenuates the wind sur-
face stress, inducing a positive surface stress curl opposite
to the current vorticity that deflects energy from the Gulf
Stream into the atmosphere and dampens eddies. It causes
a mean pathway of energy from the ocean to the atmosphere
(Renault et al., 2016a). Consequently, the current feedback
promotes a slowdown of the jet and a drastic weakening of

the EKE limiting the propagation of eddies. This mechanism
could be fostered by the observed southwestward shift of the
destabilization point.

On the other hand, the previously unreported low-
frequency northeastward shift observed from 2013 until 2020
promotes an increasing velocity with larger associated EKE
(see Fig. 1). Guo et al. (2023), based on empirical orthogonal
function (EOF) analysis, found a mode that suggests an en-
hancement in EKE when the Gulf Stream shifts to the north.
Thus, the current feedback is likely to weaken in this period,
allowing energy transfers from the atmosphere to the ocean
and the propagation of eddies. This would suggest a connec-
tion of the current feedback and net energy transfers between
the atmosphere and the ocean with the observed meridional
shifts of the jet and associated velocity rather than the vari-
ations in SSH linked to the ocean warming pointed out by
Dong et al. (2019). However, the aforementioned increasing
frequency of warm core ring intrusions onto the continental
shelf observed during the low-frequency southwestward shift
of the destabilization point can contribute to sea level rise
through a steric effect (Gawarkiewicz et al., 2018) reflecting
a decreased sea level difference across the Gulf Stream (Sal-
lenger et al., 2012) and a slowdown jet. The opposite is likely
to appear during the northeastward displacement of the desta-
bilization point when a larger fraction of the stable detached
jet is observed to the detriment of the unstable meandering
jet. Thus, the processes related to the Gulf Stream could have
an impact on sea level variability in the coastal region.

Furthermore, the global long-term change in surface
mesoscale EKE found by Martinez-Moreno et al. (2021)
might show that the ocean EKE has experienced an increase.
These changes in EKE also show that surface mesoscale dif-
fusivities vary on climate timescales due to a coupling be-
tween large-scale climate variability and eddy-mixing rates
as a result of small amplitude changes in the large-scale flow

https://doi.org/10.5194/sp-4-osr8-4-2024 State Planet, 4-osr8, 4, 2024



CHAPTER2.2

6 A. Sánchez-Román et al.: Changes in the Gulf Stream path over the last 3 decades

Figure 3. (a) The mean 12 °C isotherm (iso12) for 2008–2010 (orange) and 2014–2016 (red) computed from ocean reanalysis data (product
ref. no. 2) superimposed to the SSH derived Gulf Stream pathway computed from altimetry data (product ref. no. 1) for the same periods (blue
and green, respectively). (b) The mean and standard deviation (2σ ) of monthly pathways estimated using the iso12 at 450 m depth computed
from ocean reanalysis data (product ref. no. 2) for the periods 2008–2010 (orange) and 2014–2016 (red). Panel (c) displays the temporal
evolution of temperature anomalies in the water column (°C) in the surroundings (downstream) of the mean Gulf Stream’s destabilization
point (purple box) computed for the reference period 1993–2020.

4 Discussion and conclusions

4.1 Seasonal and interannual variability of Gulf Stream
paths

The Gulf Stream Extension displaces to the north in fall
(exhibiting a relatively low baroclinic transport) and to the
south in spring (Tracey and Watts, 1986) reaching its maxi-
mum baroclinic transport in early summer (Sato and Rossby,
1995). This seasonal pattern (Fig. 4b, d, e; product ref. no. 1
in Table 1) is extended to summer (Fig. 4a and e) and winter-
time (Fig. 4c and e), respectively. This is a novelty with re-
spect to previous estimations (e.g., Lillibridge and Mariano,
2013) having an impact on the location of the destabiliza-
tion point (inset in Fig. 4e): it shifts eastwards until 65° W in
winter and 65.7° W in spring, the unstable meandering de-
tached jet being shortened and located more to the south,
whereas it remains close to 66° W in summer and fall, with
the unstable jet being enlarged and located more to the north.
The seasonal meridional shifts of the destabilization point
are negligible with values ranging from 38.1° N in spring to
38.3° N in summer. On the contrary, this seasonal displace-
ment of the path is not observed upstream of 70° W. Thus,
the seasonal meridional shifts of the detached jet are accom-
panied by longitudinal seasonal variability of the destabiliza-
tion point. This fact has an impact on the mesoscale EKE
monitored in the Gulf Stream region that shows a clear sea-
sonal variability (von Schuckmann et al., 2016) with maxi-
mum levels in the summer period (May to September), asso-
ciated with a larger unstable meandering jet located more to
the north and also more mesoscale-to-sub-mesoscale activity

(Ajayi et al., 2020), and minimum levels in winter (January),
when the unstable jet is shorter and placed more to the south.
These seasonal meridional fluctuations in the Gulf Stream
path position have important consequences for regional cli-
mate because the Gulf Stream transports considerable heat
from the ocean at low latitudes to the atmosphere at high lat-
itudes (Johns et al., 2011) and contributes to the distribution
of biogeochemical properties in the North Atlantic Ocean
(von Schuckmann et al., 2016).

In addition to the seasonal variability of Gulf Stream paths,
the destabilization point of the detached jet exhibits a re-
markable low-frequency shift westward between 1995 and
2012 accompanied by a southward shift of the jet. This pro-
motes a shorter stable detached jet with time and thus ed-
dying flows closer to the western boundary and the Mid-
Atlantic Bight (MAB) shelf that are widespread along a
larger region of the North Atlantic. This proximity increases
the probability of Gulf Stream–MAB interactions and has
important consequences beyond a local increase in the EKE
associated with the Gulf Stream (Andres, 2016). Warm core
rings can spin off from the jet and bring salty and nutrient-
rich deep waters to the euphotic zone at the shelf break
front in the MAB, leading to enhanced primary productiv-
ity (Zhang et al., 2013; Hoarfrost et al., 2019) and ecosystem
changes (Gawarkiewicz et al., 2018). Monim (2017) reported
an increase of 50 % in the frequency of warm core rings
formed annually in the years 2000–2016 (overall in agree-
ment with the observed westward shift of the destabilization
point) compared to 1977–1999 in the slope region south of
New England, which has an important effect on biogeochem-
ical cycling (Hoarfrost et al., 2019).
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Figure 4. Gulf Stream paths based on the 25 cm SSH contour from altimetry (product ref. no. 1) showing monthly and a 1993–2022 overall
seasonal mean for (a) summer (red, JAS), (b) fall (orange, OND), (c) winter (pale blue, JFM), and (d) spring (green, AMJ). Panel (e) displays
the 1993–2022 overall seasonal means with the mean location of the seasonal destabilization point. The inset displays a zoomed-in view of
the region inside the black box. The confidence interval (at 95 % confidence level) of the destabilization point in both longitude and latitude
is also displayed.

In 2012, the destabilization point displacement reversal
exhibits a previously unreported low-frequency migration
eastward accompanied by a northward shift of the jet until
2020. This translates into a larger fraction of the stable de-
tached jet to the detriment of the unstable meandering jet that
is likely to promote the depletion of the frequency of warm
core ring intrusions onto the continental shelf and the proba-
bility of Gulf Stream–MAB interactions, in contrast with the
increased interactions from the westward displacement ob-
served in the recent past.

4.2 Impact of varying Gulf Stream stability on
associated EKE

Guo et al. (2023) found a dominant component in mesoscale
EKE associated with the Gulf Stream that co-varies with the
meridional shift of the jet. Thus, migration of the destabiliza-
tion point may have an impact on both the Gulf Stream’s sur-
face velocity and associated EKE. The low-frequency south-
westward shift of the destabilization point observed between
1995 and 2012 is accompanied by a weakening of the jet
(not shown) and associated mesoscale surface EKE (Fig. 1b).
Dong et al. (2019) attributed this velocity decrease to an in-
crease in SSH to the north of the Gulf Stream that is mainly
due to ocean warming.

The observed weakening of the jet over this period was
explained by Renault et al. (2016b) in terms of energy trans-
fers from the ocean to the atmosphere over the Gulf Stream
induced by the current feedback. It attenuates the wind sur-
face stress, inducing a positive surface stress curl opposite
to the current vorticity that deflects energy from the Gulf
Stream into the atmosphere and dampens eddies. It causes
a mean pathway of energy from the ocean to the atmosphere
(Renault et al., 2016a). Consequently, the current feedback
promotes a slowdown of the jet and a drastic weakening of

the EKE limiting the propagation of eddies. This mechanism
could be fostered by the observed southwestward shift of the
destabilization point.

On the other hand, the previously unreported low-
frequency northeastward shift observed from 2013 until 2020
promotes an increasing velocity with larger associated EKE
(see Fig. 1). Guo et al. (2023), based on empirical orthogonal
function (EOF) analysis, found a mode that suggests an en-
hancement in EKE when the Gulf Stream shifts to the north.
Thus, the current feedback is likely to weaken in this period,
allowing energy transfers from the atmosphere to the ocean
and the propagation of eddies. This would suggest a connec-
tion of the current feedback and net energy transfers between
the atmosphere and the ocean with the observed meridional
shifts of the jet and associated velocity rather than the vari-
ations in SSH linked to the ocean warming pointed out by
Dong et al. (2019). However, the aforementioned increasing
frequency of warm core ring intrusions onto the continental
shelf observed during the low-frequency southwestward shift
of the destabilization point can contribute to sea level rise
through a steric effect (Gawarkiewicz et al., 2018) reflecting
a decreased sea level difference across the Gulf Stream (Sal-
lenger et al., 2012) and a slowdown jet. The opposite is likely
to appear during the northeastward displacement of the desta-
bilization point when a larger fraction of the stable detached
jet is observed to the detriment of the unstable meandering
jet. Thus, the processes related to the Gulf Stream could have
an impact on sea level variability in the coastal region.

Furthermore, the global long-term change in surface
mesoscale EKE found by Martinez-Moreno et al. (2021)
might show that the ocean EKE has experienced an increase.
These changes in EKE also show that surface mesoscale dif-
fusivities vary on climate timescales due to a coupling be-
tween large-scale climate variability and eddy-mixing rates
as a result of small amplitude changes in the large-scale flow
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(Busecke and Abernathey, 2019). These authors suggested
that temporal variability in mesoscale mixing could be an im-
portant climate feedback mechanism due to the relevance of
lateral mesoscale mixing for the ocean uptake of heat and
carbon and the distribution of oxygen and nutrients in the
ocean (among other factors).

However, the underlying dynamics for the changes in the
North Atlantic are not well understood, and the mecha-
nism behind correlations between EKE variability and Gulf
Stream shifts are still unclear (Guo et al., 2022; 2023), mean-
ing that further investigation is needed.

4.3 External forcing of the Gulf Stream path
destabilization

There are many factors, due to external forcing or reflecting
internal variability, shaping the Gulf Stream system (Seidov
et al., 2019) and thus the observed shifts of the path desta-
bilization point. The regimes of the Gulf Stream paths de-
scribed above seem to be linked to NAO variability during
winter (external forcing) that may play an important role.
However, the relationships found between the Gulf Stream
and the NAO depend on the analysis domain, the time period
considered and the index used to define the Gulf Stream path
position (Lillibridge and Mariano, 2013). Andres (2016) for
instance found that the NAO index was uncorrelated at zero
lag with the destabilization point of the detached Gulf Stream
stating that the large- and regional-scale winds may not be
directly responsible for the stability of the Gulf Stream jet.
However, a maximum linear correlation of 0.80 (0.76) was
found here between the NAO during winter and the time-
varying longitude (latitude) of the destabilization point lag-
ging by 1 year (not shown). Thus, the Gulf Stream path seems
to respond passively to the variability of the NAO during
winter with a delay of a year at low frequencies. Frankig-
noul et al. (2001) stated that this delay is much shorter than
expected from linear adjustment to wind stress changes and
baroclinic Rossby wave propagation, whereas it seems con-
sistent with the assumption that the latitude of separation of
the stable Gulf Stream is controlled by the potential vorticity
of the recirculation gyres in the region. In reality, the wind
stress curl (WSC) is responsible for the development and
maintenance (via Ekman pumping) of the dipole of the two
water gyres of the Gulf Stream system (Seidov et al., 2019)
and is thus coupled to the Gulf Stream dynamics (Renault
et al., 2016b). WSC together with the NAO stand out as the
strongest external factors impacting the low-frequency Gulf
Stream path variability at the sea surface on long timescales.

The northward shift of the Gulf Stream path observed in
the latest decade is likely to continue in the near future. It
will probably impact the zonal displacements of the destabi-
lization point and may promote its migration to the east, and
thus there may be a larger fraction of the stable detached jet
to the detriment the unstable meandering jet. Such changes
in the position of the destabilization point seem to be being

accompanied by a shift in the NAO index for winter. The
observed time-varying Gulf Stream stability and associated
ring dynamics may impact the frequency of warm core rings
in the slope region south of New England and thus the up-
per ocean through changing events that drive the exchange
of heat, nutrients, and biogeochemical properties between the
continental slope and outer shelf in the coming years.
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(Busecke and Abernathey, 2019). These authors suggested
that temporal variability in mesoscale mixing could be an im-
portant climate feedback mechanism due to the relevance of
lateral mesoscale mixing for the ocean uptake of heat and
carbon and the distribution of oxygen and nutrients in the
ocean (among other factors).

However, the underlying dynamics for the changes in the
North Atlantic are not well understood, and the mecha-
nism behind correlations between EKE variability and Gulf
Stream shifts are still unclear (Guo et al., 2022; 2023), mean-
ing that further investigation is needed.

4.3 External forcing of the Gulf Stream path
destabilization

There are many factors, due to external forcing or reflecting
internal variability, shaping the Gulf Stream system (Seidov
et al., 2019) and thus the observed shifts of the path desta-
bilization point. The regimes of the Gulf Stream paths de-
scribed above seem to be linked to NAO variability during
winter (external forcing) that may play an important role.
However, the relationships found between the Gulf Stream
and the NAO depend on the analysis domain, the time period
considered and the index used to define the Gulf Stream path
position (Lillibridge and Mariano, 2013). Andres (2016) for
instance found that the NAO index was uncorrelated at zero
lag with the destabilization point of the detached Gulf Stream
stating that the large- and regional-scale winds may not be
directly responsible for the stability of the Gulf Stream jet.
However, a maximum linear correlation of 0.80 (0.76) was
found here between the NAO during winter and the time-
varying longitude (latitude) of the destabilization point lag-
ging by 1 year (not shown). Thus, the Gulf Stream path seems
to respond passively to the variability of the NAO during
winter with a delay of a year at low frequencies. Frankig-
noul et al. (2001) stated that this delay is much shorter than
expected from linear adjustment to wind stress changes and
baroclinic Rossby wave propagation, whereas it seems con-
sistent with the assumption that the latitude of separation of
the stable Gulf Stream is controlled by the potential vorticity
of the recirculation gyres in the region. In reality, the wind
stress curl (WSC) is responsible for the development and
maintenance (via Ekman pumping) of the dipole of the two
water gyres of the Gulf Stream system (Seidov et al., 2019)
and is thus coupled to the Gulf Stream dynamics (Renault
et al., 2016b). WSC together with the NAO stand out as the
strongest external factors impacting the low-frequency Gulf
Stream path variability at the sea surface on long timescales.

The northward shift of the Gulf Stream path observed in
the latest decade is likely to continue in the near future. It
will probably impact the zonal displacements of the destabi-
lization point and may promote its migration to the east, and
thus there may be a larger fraction of the stable detached jet
to the detriment the unstable meandering jet. Such changes
in the position of the destabilization point seem to be being

accompanied by a shift in the NAO index for winter. The
observed time-varying Gulf Stream stability and associated
ring dynamics may impact the frequency of warm core rings
in the slope region south of New England and thus the up-
per ocean through changing events that drive the exchange
of heat, nutrients, and biogeochemical properties between the
continental slope and outer shelf in the coming years.

Data availability. Satellite observations and the ocean reanalysis
product are available from the Copernicus Marine Service web
portal (https://doi.org/10.48670/moi-00148, EU Copernicus Marine
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Abstract. The Iberia–Biscay–Ireland (IBI) region is located on the eastern margin of the North Atlantic. This
geographical position results in a diverse array of currents, primarily including southward surface currents (asso-
ciated with the North Atlantic subtropical gyre) and poleward slope currents at intermediate depths following the
continental margins of Africa and Europe. Ocean currents have significant climatic, environmental, economic,
and social implications, making them a crucial parameter whose variability needs to be monitored to anticipate
diagnosis and support decision-making in the face of changing scenarios.

The present study proposes a methodology that allows for systematic monitoring of ocean currents. This
methodology is based on calculating volume transports within monitoring windows defined using (i) present
knowledge of the ocean and (ii) delineation of the water mass to be monitored based on its density range. The
proposed indicator is computed using various sources of observational and modeling data, resulting in a multi-
product output. This approach provides not only an ocean monitoring indicator (OMI) of transport anomalies
but also an analysis of uncertainties.

The calculation of this OMI on the currents in the IBI region shows that, despite the high uncertainties, the
index is capable of detecting events of high and low transport intensity as well as significant transport trends
superimposed on the interannual variability of some of the analyzed currents.

1 Introduction

The IBI (Iberia–Biscay–Ireland) region encompasses the
northeastern Atlantic Ocean from the Canary Islands (lati-
tude 28° N) to the coasts of Ireland and Great Britain (lati-
tude 60° N). This zone is defined as one of the Marine Fore-
casting Centers of the Copernicus Marine Service (Fig. 1).
The IBI area is a very complex region characterized by a re-
markable variety of ocean processes and scales (Sotillo et
al., 2015). The western, and deeper, side of the IBI domain
is affected by large-scale currents, mainly the closure of the
North Atlantic Drift, where it splits into two branches, the
major one continuing north along the northwestern Euro-
pean shelves (Bower et al., 2002; Holliday et al., 2008) and
the other going eastward to form the eastern boundary cur-
rent of the North Atlantic subtropical gyre. This boundary

current is composed of the Azores Current (Jia, 2000; Peliz
et al., 2007), the Portugal equatorward current (Pérez et al.,
2001), and the Canary Current (Knoll et al., 2002; Mason
et al., 2011) along the European continental slope, a subsur-
face current flow northward following the coasts of Portugal,
Spain (Mazé et al., 1997), and the Celtic–Armorican Slope
(Fricourt et al., 2007). The signature of this current can be
observed as far north as Porcupine Bank (52° N) (White and
Bowyer, 1997; Friocourt et al., 2007; Pascual et al., 2018; de
Pascual-Collar et al., 2019). The intermediate levels of the
Canary basin are affected by the northward-flowing Antarc-
tic Intermediate Water. The flow of this globally important
water mass has been described in the Lanzarote Passage,
located between the Canary Islands and the African coast
(Knoll et al., 2002; Machín et al., 2010). The Alboran Sea,
located in the western Mediterranean, is part of the IBI do-
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Table 1. List of Copernicus Marine products used for the computation of currents in the Iberia–Biscay–Ireland (IBI) region.

Product
ref. no.

Product ID
Acronym
Type

Data access Documentation:
QUID: Quality Information Document.
PUM: Product User Manual.

1 GLOBAL_MULTIYEAR_PHY_001_030
(GLO-REA)
Numerical models (reanalysis)

EU Copernicus Marine Service
Product (2023a)

QUID: Drévillon et al. (2023a)
PUM: Drévillon et al. (2023b)

2 IBI_MULTIYEAR_PHY_005_002
(IBI-REA)
Numerical models (reanalysis)

EU Copernicus Marine Service
Product (2022a)

QUID: Levier et al. (2022)
PUM: Amo-Baladrón et al. (2022)

3 MULTIOBS_GLO_PHY_TSUV_3D_MYNRT_015_012
(GLO-ARM)
Reprocessed observations

EU Copernicus Marine Service
Product (2023b)

QUID: Greiner et al. (2023)
PUM: Verbrugge(2023)

4 NWSHELF_MULTIYEAR_PHY_004_009
(NWS-REA)
Numerical models (reanalysis)

EU Copernicus Marine Service
Product (2021)

QUID: Renshaw et al. (2021)
PUM: Tonani et al. (2022)

5 MEDSEA_MULTIYEAR_PHY_006_004
(MED-REA)
Numerical models (reanalysis)

EU Copernicus Marine Service
Product (2022b)

QUID: Escudier et al. (2022)
PUM: Lecci et al. (2022)

main. There, the Atlantic surface inflow through the Strait of
Gibraltar causes an eastward flow of modified Atlantic Water,
forming Western Mediterranean Water. This eastward flow is
constrained near the African coast after passing the Almería–
Oran front (Tintoré et al., 1988; Benzohra and Millot, 1995;
Font et al., 1998), creating the Algerian Current (Font et al.,
1998; Sotillo et al., 2016).

The variability of ocean currents in the IBI domain is rel-
evant to the global thermohaline circulation and other cli-
matic and environmental issues. For example, as discussed
by Fasullo and Trenberth (2008), subtropical gyres play a
crucial role in the meridional energy balance. The pole-
ward salt transport of Mediterranean Water, driven by sub-
surface slope currents, has significant implications for salin-
ity anomalies in the Rockall Trough and the Nordic Seas, as
studied by Holliday (2003), Holliday et al. (2008), and Bozec
et al. (2011). The Algerian current serves as the sole pathway
for Atlantic Water to reach the western Mediterranean. Fur-
thermore, the mixing processes between the Antarctic Inter-
mediate Water and the Mediterranean Water in the African
continental slope influences the salinity and nutrient con-
centration of the Mediterranean Water as it spreads into the
North Atlantic (van Aken, 2000; Machín et al., 2010; de
Pascual-Collar, 2019). Additionally, ocean currents also in-
fluence the spreading of biological populations (Daewel et
al., 2008)

Since the main portion of oceanic transports occurs be-
neath the surface, one of the primary challenges in mon-
itoring ocean currents is the scarcity of observational data
for subsurface transport. In this context, modeling data offer
a valuable alternative by providing physically consistent re-
sults in regions with sparse observations. Additionally, due to
modeling data being provided in static grids, the operational

computation of oceanic water mass transport is simplified.
However, it is worth noting that modeling results at these in-
termediate and deep levels have a limited level of validation.
To address this issue, ensemble approaches can be employed
to estimate the uncertainties of the results, thereby improving
the reliability of the findings.

In addition to climate-related regional applications, such
long-term monitoring of currents in the IBI region can be
of great interest for ocean-related activities for which infor-
mation on regional current variability can enhance decision-
making processes in the blue economy sectors (Rayner et
al., 2019). This is particularly useful for maritime navigation
and safety (Rayner et al., 2019), the fight against pollution,
fisheries, aquaculture, marine renewable energy (Cavagnaro
et al., 2020), and scientific research. By understanding the
dynamics of ocean currents, stakeholders in these sectors
would be able to optimize their operations, improving safety
as well as planning and developing more sustainable prac-
tices. The availability of accurate and up-to-date information
on regional ocean currents would contribute to the overall
efficiency and effectiveness of ocean-related activities in the
IBI region.

The aim of this work is to provide a pool of multi-product
OMIs (ocean monitoring indicators) focused on monitoring
the activity of the main currents described in the Iberia–
Biscay–Ireland regional seas. To this aim, several monitoring
vertical sections are proposed, and anomalies of transverse
water transports are computed, providing information on the
variability and trends of the monitored regional currents.
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Figure 1. Bathymetry of the IBI domain. Dotted red lines indicate the location and acronyms of the sections used to calculate the mean
transverse velocity: RT (Rockall Trough), 48N (48° N), CAS (Celtic–Armorican Slope), WIP (West Iberian Peninsula), ABB (Algerian–
Balearic Basin), AS (African Slope), MA (Madeira), and LP (Lanzarote Passage). Arrows represent the currents monitored in each section,
categorized by an arbitrary color scheme: blue arrows indicate upper levels (0–500 m), green arrows indicate intermediate depths (500–
1500 m), and red arrows indicate deep levels (>1500 m).

2 Data and methods

The present study proposes a methodology to monitor the
main ocean currents in the IBI region. This is achieved by
analyzing the velocity field in the region and proposing rep-
resentative monitoring windows where the volume transport
is monitored. Since the proposed monitoring windows are
defined to follow specific water masses, they are defined not
only according to the spatial representativeness of the region
but also defining a range of specific densities representative
of the targeted water mass.

In order to provide an ensemble-based final result, five
Copernicus products listed and referenced in Table 1 have
been used. Among these products, there are four reanaly-
sis products (GLO-REA, IBI-REA, NWS-REA, and MED-
REA) and one product obtained from reprocessed observa-
tions (GLO-ARM).

To perform monitoring of the currents described in the In-
troduction, some vertical sections have been defined (see ge-
ographical locations in Fig. 1 and further details in Table 2).
These sections have been proposed based on the existing bib-
liographic description of the main currents occurring in the
IBI region. Therefore, the RT (Rockall Trough) section has
been defined to monitor zonal transports of Mediterranean-
origin water towards the North Sea (Holliday et al., 2008;
Lozier and Stewart, 2008). The N48 section has been in-
cluded to monitor total transports along the parallel 48° N;
this section corresponds to another OMI operationally deliv-
ered by the Copernicus Marine Service (EU Copernicus Ma-
rine Service Product, 2019) but computed in the IBI domain.
The CAS (Celtic–Armorican Slope) section has been defined
to monitor northward flows along the European continental
shelf (Fricourt et al., 2007). The WIP (West Iberian Penin-
sula) section aims to study both the northwards flow of inter-
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Table 1. List of Copernicus Marine products used for the computation of currents in the Iberia–Biscay–Ireland (IBI) region.

Product
ref. no.

Product ID
Acronym
Type

Data access Documentation:
QUID: Quality Information Document.
PUM: Product User Manual.

1 GLOBAL_MULTIYEAR_PHY_001_030
(GLO-REA)
Numerical models (reanalysis)

EU Copernicus Marine Service
Product (2023a)

QUID: Drévillon et al. (2023a)
PUM: Drévillon et al. (2023b)

2 IBI_MULTIYEAR_PHY_005_002
(IBI-REA)
Numerical models (reanalysis)

EU Copernicus Marine Service
Product (2022a)

QUID: Levier et al. (2022)
PUM: Amo-Baladrón et al. (2022)

3 MULTIOBS_GLO_PHY_TSUV_3D_MYNRT_015_012
(GLO-ARM)
Reprocessed observations

EU Copernicus Marine Service
Product (2023b)

QUID: Greiner et al. (2023)
PUM: Verbrugge(2023)

4 NWSHELF_MULTIYEAR_PHY_004_009
(NWS-REA)
Numerical models (reanalysis)

EU Copernicus Marine Service
Product (2021)

QUID: Renshaw et al. (2021)
PUM: Tonani et al. (2022)

5 MEDSEA_MULTIYEAR_PHY_006_004
(MED-REA)
Numerical models (reanalysis)

EU Copernicus Marine Service
Product (2022b)

QUID: Escudier et al. (2022)
PUM: Lecci et al. (2022)

main. There, the Atlantic surface inflow through the Strait of
Gibraltar causes an eastward flow of modified Atlantic Water,
forming Western Mediterranean Water. This eastward flow is
constrained near the African coast after passing the Almería–
Oran front (Tintoré et al., 1988; Benzohra and Millot, 1995;
Font et al., 1998), creating the Algerian Current (Font et al.,
1998; Sotillo et al., 2016).

The variability of ocean currents in the IBI domain is rel-
evant to the global thermohaline circulation and other cli-
matic and environmental issues. For example, as discussed
by Fasullo and Trenberth (2008), subtropical gyres play a
crucial role in the meridional energy balance. The pole-
ward salt transport of Mediterranean Water, driven by sub-
surface slope currents, has significant implications for salin-
ity anomalies in the Rockall Trough and the Nordic Seas, as
studied by Holliday (2003), Holliday et al. (2008), and Bozec
et al. (2011). The Algerian current serves as the sole pathway
for Atlantic Water to reach the western Mediterranean. Fur-
thermore, the mixing processes between the Antarctic Inter-
mediate Water and the Mediterranean Water in the African
continental slope influences the salinity and nutrient con-
centration of the Mediterranean Water as it spreads into the
North Atlantic (van Aken, 2000; Machín et al., 2010; de
Pascual-Collar, 2019). Additionally, ocean currents also in-
fluence the spreading of biological populations (Daewel et
al., 2008)

Since the main portion of oceanic transports occurs be-
neath the surface, one of the primary challenges in mon-
itoring ocean currents is the scarcity of observational data
for subsurface transport. In this context, modeling data offer
a valuable alternative by providing physically consistent re-
sults in regions with sparse observations. Additionally, due to
modeling data being provided in static grids, the operational

computation of oceanic water mass transport is simplified.
However, it is worth noting that modeling results at these in-
termediate and deep levels have a limited level of validation.
To address this issue, ensemble approaches can be employed
to estimate the uncertainties of the results, thereby improving
the reliability of the findings.

In addition to climate-related regional applications, such
long-term monitoring of currents in the IBI region can be
of great interest for ocean-related activities for which infor-
mation on regional current variability can enhance decision-
making processes in the blue economy sectors (Rayner et
al., 2019). This is particularly useful for maritime navigation
and safety (Rayner et al., 2019), the fight against pollution,
fisheries, aquaculture, marine renewable energy (Cavagnaro
et al., 2020), and scientific research. By understanding the
dynamics of ocean currents, stakeholders in these sectors
would be able to optimize their operations, improving safety
as well as planning and developing more sustainable prac-
tices. The availability of accurate and up-to-date information
on regional ocean currents would contribute to the overall
efficiency and effectiveness of ocean-related activities in the
IBI region.

The aim of this work is to provide a pool of multi-product
OMIs (ocean monitoring indicators) focused on monitoring
the activity of the main currents described in the Iberia–
Biscay–Ireland regional seas. To this aim, several monitoring
vertical sections are proposed, and anomalies of transverse
water transports are computed, providing information on the
variability and trends of the monitored regional currents.
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Figure 1. Bathymetry of the IBI domain. Dotted red lines indicate the location and acronyms of the sections used to calculate the mean
transverse velocity: RT (Rockall Trough), 48N (48° N), CAS (Celtic–Armorican Slope), WIP (West Iberian Peninsula), ABB (Algerian–
Balearic Basin), AS (African Slope), MA (Madeira), and LP (Lanzarote Passage). Arrows represent the currents monitored in each section,
categorized by an arbitrary color scheme: blue arrows indicate upper levels (0–500 m), green arrows indicate intermediate depths (500–
1500 m), and red arrows indicate deep levels (>1500 m).

2 Data and methods

The present study proposes a methodology to monitor the
main ocean currents in the IBI region. This is achieved by
analyzing the velocity field in the region and proposing rep-
resentative monitoring windows where the volume transport
is monitored. Since the proposed monitoring windows are
defined to follow specific water masses, they are defined not
only according to the spatial representativeness of the region
but also defining a range of specific densities representative
of the targeted water mass.

In order to provide an ensemble-based final result, five
Copernicus products listed and referenced in Table 1 have
been used. Among these products, there are four reanaly-
sis products (GLO-REA, IBI-REA, NWS-REA, and MED-
REA) and one product obtained from reprocessed observa-
tions (GLO-ARM).

To perform monitoring of the currents described in the In-
troduction, some vertical sections have been defined (see ge-
ographical locations in Fig. 1 and further details in Table 2).
These sections have been proposed based on the existing bib-
liographic description of the main currents occurring in the
IBI region. Therefore, the RT (Rockall Trough) section has
been defined to monitor zonal transports of Mediterranean-
origin water towards the North Sea (Holliday et al., 2008;
Lozier and Stewart, 2008). The N48 section has been in-
cluded to monitor total transports along the parallel 48° N;
this section corresponds to another OMI operationally deliv-
ered by the Copernicus Marine Service (EU Copernicus Ma-
rine Service Product, 2019) but computed in the IBI domain.
The CAS (Celtic–Armorican Slope) section has been defined
to monitor northward flows along the European continental
shelf (Fricourt et al., 2007). The WIP (West Iberian Penin-
sula) section aims to study both the northwards flow of inter-
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mediate Mediterranean Water known as the Iberian Poleward
Current (Daniault et al., 1994; Mazé et al., 1997; Fricourt
et al., 2007) and the southwards wind-induced surface flows
along the Portuguese coast also known as the Portugal Cur-
rent (Pérez et al., 2001). The ABB (Algerian–Balearic Basin)
section has been defined to analyze the behavior of the Alge-
rian Current (Tintoré et al, 1988; Benzohra and Millot, 1995;
Font et al., 1998). The AS (African Slope) section has been
defined to monitor surface transports induced by the trade
winds along the coasts of the African continent, commonly
known as the Canary Current (Knoll et al., 2002; Mason et
al., 2011). Similarly, the MA (Madeira) section is intended
to monitor westward zonal surface flows near the island of
Madeira, commonly referred to as the Azores Current (Ma-
son et al., 2011). Finally, the LP (Lanzarote Passage) section
has been defined to monitor the flow of deep Antarctic Water
between the African continental shelf and the Canary Islands
(Knoll et al., 2002; Machín et al., 2010).

The OMI defined in this study aims to monitor currents
by calculating volume transport anomalies in specific lay-
ers inside the previously described vertical sections. Since all
the products used are in a gridded format, the vector field of
transports is computed by multiplying the velocity field com-
ponents by the cross-sectional area of the calculation grid
cells for each product. As each product is provided on a par-
ticular grid with a specific resolution, this step is performed
using the grid mesh of each product.

Within each section (i.e., RT, 48N, CAS, WIP, AAB, MA,
AS, MA, and LP), the signal of each flow associated with
specific water masses to be monitored has been identified.
This identification is based on the oceanographic description
of the region obtained from the literature. Figure 2 presents
the results of transverse velocity obtained in the vertical sec-
tions defined in Fig. 1. The meridional section defined in
Rockall Trough (RT) reveals two regions exhibiting intense
and opposing zonal transports: the southern area (situated
between approximately 53 and 54° N), characterized by the
eastward transport of modified Mediterranean Water into the
Nordic Seas, and the northern side, located between latitudes
approximately 55.5 and 56° N, displaying subsurface west-
ward transport emanating from Rockall Trough. This ob-
served pattern aligns with the cyclonic circulation previously
described in the trough by New and Smythe-Wright (2001).
The section defined along parallel 48° N (48N) has been in-
cluded to compute the same results as other OMIs computed
by the Copernicus Marine Service (EU Copernicus Marine
Service Product, 2019). This section has not been defined to
compute the transport of a specific current but to compute the
total southward transport along this latitude. The zonal sec-
tion defined in the Celtic–Armorican Slope (CAS) depicts a
subsurface poleward flow attached to the continental slope,
with maximum intensity of the current located at 1000 m
depth. The northward flow affects the complete water col-
umn, from a few hundred meters to the bottom. The zonal
section proposed in the western Iberian Peninsula (WIP) dis-

plays a subsurface poleward flow with maximum speed close
to the continental slope and a surface equatorward current
affecting waters over the continental platform of Portugal.
The meridional section between Algeria and the Balearic
Islands (Algerian–Balearic Basin; ABB) shows two well-
defined currents: the eastward (positive values) current at-
tached to the Algerian coast and westward transport along the
Spanish Mediterranean coast. The meridional section north
of Madeira (MA) has been defined to monitor the so-called
Azores Current. This current is reflected as an eastward trans-
port seen in upper layers (up to 600 m depth), with the center
part of the current being influenced (and almost split) by the
presence of a sea mountain north of the Azores; below 600 m
depth transports are strongly influenced by bathymetry. The
zonal section defined in the African Slope (AS) displays a
similar structure as the section in the western Iberian Penin-
sula, marked by an equatorward surface flow over the conti-
nental shelf, corresponding to the so-called Canary Current,
and an opposite subsurface northward flow attached to the
continental slope. The zonal section defined in the Lanzarote
Passage (LP) exhibits a clear poleward transport close to the
continental slope, and this transport is split into two levels;
the upper–intermediate level comprises from 200 up to 550 m
depth and corresponds to the slope poleward current seen in
other sections (such as the African Slope, western Iberian
Peninsula and Celtic–Armorican Slope). The intermediate–
deeper level of the poleward current seen in the Lanzarote
Passage section comprises the waters from 550 m depth up
to the bottom and is associated with the flows of Antarctic
Intermediate Water.

The consistency of the mean transverse velocity in vertical
sections found in Fig. 1 and the described currents in the liter-
ature provide the support for proposing the lateral boundaries
of the monitoring windows defined in Table 2 and marked
with vertical dashed green lines in Fig. 2: Rockall Trough
Eastward (RTE), Rockall Trough Westward (RTW), Armor-
ican Slope Poleward (ASP), Iberian slope Poleward (IBP),
Portugal Current (PC), Algerian Current (ALC), Azores Cur-
rent (AC), Canary Current (CC), and Antarctic Water (AW).
It is worth mentioning that no monitoring windows have been
included in the N48 section since the generated OMI will
compute the total transport along the 48° N parallel.

Since the tracked currents involve specific water masses,
that the vertical boundaries of the monitoring windows are
considered to exhibit vertical variability. Thus, the vertical
boundaries of the monitoring windows have been defined
based on the upper and lower density layers characterizing
each monitored water mass. Given that the density field ex-
hibits temporal variability within each product, the vertical
boundaries of each window are dynamic, adapting to the os-
cillations in the ocean’s density field. To find these vertical
limits, T –S diagrams have been calculated for each moni-
toring window, temporally averaged over the period 1993–
2021. Figure 3 shows the calculated T –S diagrams for each
monitoring window using the IBI-REA product. The solid
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Figure 2. Mean vertical sections of transverse velocity along the transects defined in Fig. 1 computed from IBI-REA over the period 1993–
2021. Green dashed lines correspond to the monitoring windows defined to describe the variability of the currents defined. RTW: Rockall
Trough Westward, RTE: Rockall Trough Eastward, ASP: Armorican Slope Poleward, IBP: Iberian Poleward, PC: Portugal Current, ALC:
Algerian Current, CC: Canary Current, AC: Azores Current, and AW: Antarctic Water.
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mediate Mediterranean Water known as the Iberian Poleward
Current (Daniault et al., 1994; Mazé et al., 1997; Fricourt
et al., 2007) and the southwards wind-induced surface flows
along the Portuguese coast also known as the Portugal Cur-
rent (Pérez et al., 2001). The ABB (Algerian–Balearic Basin)
section has been defined to analyze the behavior of the Alge-
rian Current (Tintoré et al, 1988; Benzohra and Millot, 1995;
Font et al., 1998). The AS (African Slope) section has been
defined to monitor surface transports induced by the trade
winds along the coasts of the African continent, commonly
known as the Canary Current (Knoll et al., 2002; Mason et
al., 2011). Similarly, the MA (Madeira) section is intended
to monitor westward zonal surface flows near the island of
Madeira, commonly referred to as the Azores Current (Ma-
son et al., 2011). Finally, the LP (Lanzarote Passage) section
has been defined to monitor the flow of deep Antarctic Water
between the African continental shelf and the Canary Islands
(Knoll et al., 2002; Machín et al., 2010).

The OMI defined in this study aims to monitor currents
by calculating volume transport anomalies in specific lay-
ers inside the previously described vertical sections. Since all
the products used are in a gridded format, the vector field of
transports is computed by multiplying the velocity field com-
ponents by the cross-sectional area of the calculation grid
cells for each product. As each product is provided on a par-
ticular grid with a specific resolution, this step is performed
using the grid mesh of each product.

Within each section (i.e., RT, 48N, CAS, WIP, AAB, MA,
AS, MA, and LP), the signal of each flow associated with
specific water masses to be monitored has been identified.
This identification is based on the oceanographic description
of the region obtained from the literature. Figure 2 presents
the results of transverse velocity obtained in the vertical sec-
tions defined in Fig. 1. The meridional section defined in
Rockall Trough (RT) reveals two regions exhibiting intense
and opposing zonal transports: the southern area (situated
between approximately 53 and 54° N), characterized by the
eastward transport of modified Mediterranean Water into the
Nordic Seas, and the northern side, located between latitudes
approximately 55.5 and 56° N, displaying subsurface west-
ward transport emanating from Rockall Trough. This ob-
served pattern aligns with the cyclonic circulation previously
described in the trough by New and Smythe-Wright (2001).
The section defined along parallel 48° N (48N) has been in-
cluded to compute the same results as other OMIs computed
by the Copernicus Marine Service (EU Copernicus Marine
Service Product, 2019). This section has not been defined to
compute the transport of a specific current but to compute the
total southward transport along this latitude. The zonal sec-
tion defined in the Celtic–Armorican Slope (CAS) depicts a
subsurface poleward flow attached to the continental slope,
with maximum intensity of the current located at 1000 m
depth. The northward flow affects the complete water col-
umn, from a few hundred meters to the bottom. The zonal
section proposed in the western Iberian Peninsula (WIP) dis-

plays a subsurface poleward flow with maximum speed close
to the continental slope and a surface equatorward current
affecting waters over the continental platform of Portugal.
The meridional section between Algeria and the Balearic
Islands (Algerian–Balearic Basin; ABB) shows two well-
defined currents: the eastward (positive values) current at-
tached to the Algerian coast and westward transport along the
Spanish Mediterranean coast. The meridional section north
of Madeira (MA) has been defined to monitor the so-called
Azores Current. This current is reflected as an eastward trans-
port seen in upper layers (up to 600 m depth), with the center
part of the current being influenced (and almost split) by the
presence of a sea mountain north of the Azores; below 600 m
depth transports are strongly influenced by bathymetry. The
zonal section defined in the African Slope (AS) displays a
similar structure as the section in the western Iberian Penin-
sula, marked by an equatorward surface flow over the conti-
nental shelf, corresponding to the so-called Canary Current,
and an opposite subsurface northward flow attached to the
continental slope. The zonal section defined in the Lanzarote
Passage (LP) exhibits a clear poleward transport close to the
continental slope, and this transport is split into two levels;
the upper–intermediate level comprises from 200 up to 550 m
depth and corresponds to the slope poleward current seen in
other sections (such as the African Slope, western Iberian
Peninsula and Celtic–Armorican Slope). The intermediate–
deeper level of the poleward current seen in the Lanzarote
Passage section comprises the waters from 550 m depth up
to the bottom and is associated with the flows of Antarctic
Intermediate Water.

The consistency of the mean transverse velocity in vertical
sections found in Fig. 1 and the described currents in the liter-
ature provide the support for proposing the lateral boundaries
of the monitoring windows defined in Table 2 and marked
with vertical dashed green lines in Fig. 2: Rockall Trough
Eastward (RTE), Rockall Trough Westward (RTW), Armor-
ican Slope Poleward (ASP), Iberian slope Poleward (IBP),
Portugal Current (PC), Algerian Current (ALC), Azores Cur-
rent (AC), Canary Current (CC), and Antarctic Water (AW).
It is worth mentioning that no monitoring windows have been
included in the N48 section since the generated OMI will
compute the total transport along the 48° N parallel.

Since the tracked currents involve specific water masses,
that the vertical boundaries of the monitoring windows are
considered to exhibit vertical variability. Thus, the vertical
boundaries of the monitoring windows have been defined
based on the upper and lower density layers characterizing
each monitored water mass. Given that the density field ex-
hibits temporal variability within each product, the vertical
boundaries of each window are dynamic, adapting to the os-
cillations in the ocean’s density field. To find these vertical
limits, T –S diagrams have been calculated for each moni-
toring window, temporally averaged over the period 1993–
2021. Figure 3 shows the calculated T –S diagrams for each
monitoring window using the IBI-REA product. The solid
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Figure 2. Mean vertical sections of transverse velocity along the transects defined in Fig. 1 computed from IBI-REA over the period 1993–
2021. Green dashed lines correspond to the monitoring windows defined to describe the variability of the currents defined. RTW: Rockall
Trough Westward, RTE: Rockall Trough Eastward, ASP: Armorican Slope Poleward, IBP: Iberian Poleward, PC: Portugal Current, ALC:
Algerian Current, CC: Canary Current, AC: Azores Current, and AW: Antarctic Water.
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Table 2. Description of the monitoring windows used to compute the ocean current OMI. Min and max values of latitude, longitude, and
density anomaly are detailed (sfc used for surface, sfl for seafloor).

Section
(Fig. 1)

Monitoring window
(Fig. 2)

Latitude Longitude Density (g m−3) CMEMS
products

Rockall Trough (RT) Rockall Trough Westward (RTW) 55.5/56.0 −14.7 27.32/27.7
GLO-REA
IBI-REA
GLO-ARM
NWS-REA

Rockall Trough Eastward (RTE) 52.7/53.8 −14.7 27.25/27.65

Celtic–Armorican Slope (CAS) Armorican Slope Poleward (ASP) 46.0 −5.0/−4.1 27.25/27.8

West Iberian Peninsula (WIP) Iberian Poleward (IBP) 42.7 −10.35/−9.6 27.1/27.75
Portugal Current (PC) 42.7 −9.6/−9.0 Sfc/26.9

Algerian–Balearic Basin
(ABB)

Algerian Current (ALC) 36.6/37.3 1.5 Sfc/28.50 GLO-REA
IBI-REA
GLO-ARM
MED-REA

Madeira (MA) Azores Current (AC) 32.9/36.5 −16.9 Sfc/27.25 GLO-REA
IBI-REA
GLO-ARMAfrican Slope (AS) Canary Current (CC) 33.0 −9.5/−8.8 Sfc/26.7

Lanzarote Passage (LP) Antarctic Water (AW) 29.0 −13/−12.4 27.1/Sfl

density lines marked on each diagram indicate the bound-
aries that have been selected to define the water mass char-
acterizing each current. Additionally, these density bound-
aries are also represented in Fig. 2 as horizontal dashed lines
in green. Since there are some monitoring windows whose
vertical boundaries may be defined by the surface (PC, CC,
AC, and ALC windows) or the seafloor (AW window), some
panels in Fig. 3 show a single density line. Table 2 presents
the density-defined vertical boundaries used for each win-
dow, including windows with the surface or seafloor as their
vertical limit.

Subsequently, the transport estimates are integrated within
each defined monitoring window on a monthly basis. As
explained earlier, the vertical boundaries of the monitoring
windows are dynamic and defined based on specific den-
sity layers. The UNESCO equations (Fofonoff and Millard,
1983) are used to estimate the density field from the salin-
ity and potential temperature fields of each product. Thus,
each monitoring window is defined at each time step with
fixed lateral boundaries (defined as static latitude–longitude
locations) and variable vertical boundaries that may vary in
time according to vertical oscillations of the density field (Ta-
ble 2).

After spatial integration, an estimated transport time series
is obtained for each product and each monitoring window.
Since the proposed OMI aims to focus on interannual and
longer timescales, seasonal variability is filtered out, with the
data being processed as anomalies by removing the monthly
mean from each value, using the climatological average of
the time series in the period 1993–2021 as a reference.

Finally, outcomes from the different products are com-
bined to produce an ensemble showing the mean of all prod-
ucts and the standard deviation. Since not all Copernicus

products used in this study cover the entire IBI region, some
products cannot be used for current monitoring in certain
monitoring windows (Table 2 provides a list of the products
used to monitor transports in each section).

3 Results and discussion

The anomaly of volume transports in specific monitoring
windows (relative to the monthly mean transport between
1993 and 2021) is proposed as an OMI for each regional
current (Fig. 4). The uncertainty is assessed by the estima-
tion of indicators with several different Copernicus Marine
products (OMIs are estimated with the more complete set of
products available in each monitoring window; see Table 2);
the higher the agreement of results provided by diverse sys-
tems, the higher the statistical robustness.

The interpretation of the OMI results presented in Fig. 4
should be done considering that the calculated average trans-
ports include the sign of the current velocity vector (posi-
tive for northward and eastward transports, and vice versa).
Therefore, the anomalies shown in the OMI should be in-
terpreted following the same sign convention. Thus, a pos-
itive anomaly can indicate an intensification, weakening, or
even a reversal of the current. These options can be deduced
from the dashed red line included in each plot. It represents
the mean value of transport (with the sign reversed); thus,
it aligns with the anomaly value that nullifies the transport
across the monitoring window. Beyond this line, the trans-
port reverses, indicating a transport in the opposite direction.
Among the proposed monitoring windows, RTE, ASP, IBP,
AW, and ALC exhibit a positive mean velocity, so positive
transport anomalies imply an intensification of the current.
On the other hand, the RTW, PC, CC, AC, and N48 moni-
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Figure 3. Averaged θ/S diagrams computed on the monitoring sections using IBI-REA product data over the period 1993–2021. Traces
correspond to each vertical profile included on the corresponding monitoring window. The diagrams include the anomaly of potential density
field (shown as dotted gray lines), with the vertical boundaries of each monitoring section being represented by the continuous black lines.
The diagrams that have a single continuous line correspond to monitoring windows where one of the vertical levels is defined as the surface
or seafloor (see Table 2).

toring windows show negative mean transport values, where
intensification of the current is represented by negative trans-
port anomalies.

Analyzing the uncertainties of the time series, it can be ob-
served that differences among the products sometimes hinder
the detection of significant anomalies. This is the case for the

ASP, IBP, PC, and AW currents, for which anomalies exceed-
ing the data dispersion are scarce. Conversely, there are other
monitoring windows where a lower data dispersion allows
for a more precise estimation of the overall variability. This
is the case for the CC and ALC currents, where, due to be-
ing more stable and shallower currents, the uncertainties are
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Table 2. Description of the monitoring windows used to compute the ocean current OMI. Min and max values of latitude, longitude, and
density anomaly are detailed (sfc used for surface, sfl for seafloor).

Section
(Fig. 1)

Monitoring window
(Fig. 2)

Latitude Longitude Density (g m−3) CMEMS
products

Rockall Trough (RT) Rockall Trough Westward (RTW) 55.5/56.0 −14.7 27.32/27.7
GLO-REA
IBI-REA
GLO-ARM
NWS-REA

Rockall Trough Eastward (RTE) 52.7/53.8 −14.7 27.25/27.65

Celtic–Armorican Slope (CAS) Armorican Slope Poleward (ASP) 46.0 −5.0/−4.1 27.25/27.8

West Iberian Peninsula (WIP) Iberian Poleward (IBP) 42.7 −10.35/−9.6 27.1/27.75
Portugal Current (PC) 42.7 −9.6/−9.0 Sfc/26.9

Algerian–Balearic Basin
(ABB)

Algerian Current (ALC) 36.6/37.3 1.5 Sfc/28.50 GLO-REA
IBI-REA
GLO-ARM
MED-REA

Madeira (MA) Azores Current (AC) 32.9/36.5 −16.9 Sfc/27.25 GLO-REA
IBI-REA
GLO-ARMAfrican Slope (AS) Canary Current (CC) 33.0 −9.5/−8.8 Sfc/26.7

Lanzarote Passage (LP) Antarctic Water (AW) 29.0 −13/−12.4 27.1/Sfl

density lines marked on each diagram indicate the bound-
aries that have been selected to define the water mass char-
acterizing each current. Additionally, these density bound-
aries are also represented in Fig. 2 as horizontal dashed lines
in green. Since there are some monitoring windows whose
vertical boundaries may be defined by the surface (PC, CC,
AC, and ALC windows) or the seafloor (AW window), some
panels in Fig. 3 show a single density line. Table 2 presents
the density-defined vertical boundaries used for each win-
dow, including windows with the surface or seafloor as their
vertical limit.

Subsequently, the transport estimates are integrated within
each defined monitoring window on a monthly basis. As
explained earlier, the vertical boundaries of the monitoring
windows are dynamic and defined based on specific den-
sity layers. The UNESCO equations (Fofonoff and Millard,
1983) are used to estimate the density field from the salin-
ity and potential temperature fields of each product. Thus,
each monitoring window is defined at each time step with
fixed lateral boundaries (defined as static latitude–longitude
locations) and variable vertical boundaries that may vary in
time according to vertical oscillations of the density field (Ta-
ble 2).

After spatial integration, an estimated transport time series
is obtained for each product and each monitoring window.
Since the proposed OMI aims to focus on interannual and
longer timescales, seasonal variability is filtered out, with the
data being processed as anomalies by removing the monthly
mean from each value, using the climatological average of
the time series in the period 1993–2021 as a reference.

Finally, outcomes from the different products are com-
bined to produce an ensemble showing the mean of all prod-
ucts and the standard deviation. Since not all Copernicus

products used in this study cover the entire IBI region, some
products cannot be used for current monitoring in certain
monitoring windows (Table 2 provides a list of the products
used to monitor transports in each section).

3 Results and discussion

The anomaly of volume transports in specific monitoring
windows (relative to the monthly mean transport between
1993 and 2021) is proposed as an OMI for each regional
current (Fig. 4). The uncertainty is assessed by the estima-
tion of indicators with several different Copernicus Marine
products (OMIs are estimated with the more complete set of
products available in each monitoring window; see Table 2);
the higher the agreement of results provided by diverse sys-
tems, the higher the statistical robustness.

The interpretation of the OMI results presented in Fig. 4
should be done considering that the calculated average trans-
ports include the sign of the current velocity vector (posi-
tive for northward and eastward transports, and vice versa).
Therefore, the anomalies shown in the OMI should be in-
terpreted following the same sign convention. Thus, a pos-
itive anomaly can indicate an intensification, weakening, or
even a reversal of the current. These options can be deduced
from the dashed red line included in each plot. It represents
the mean value of transport (with the sign reversed); thus,
it aligns with the anomaly value that nullifies the transport
across the monitoring window. Beyond this line, the trans-
port reverses, indicating a transport in the opposite direction.
Among the proposed monitoring windows, RTE, ASP, IBP,
AW, and ALC exhibit a positive mean velocity, so positive
transport anomalies imply an intensification of the current.
On the other hand, the RTW, PC, CC, AC, and N48 moni-
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Figure 3. Averaged θ/S diagrams computed on the monitoring sections using IBI-REA product data over the period 1993–2021. Traces
correspond to each vertical profile included on the corresponding monitoring window. The diagrams include the anomaly of potential density
field (shown as dotted gray lines), with the vertical boundaries of each monitoring section being represented by the continuous black lines.
The diagrams that have a single continuous line correspond to monitoring windows where one of the vertical levels is defined as the surface
or seafloor (see Table 2).

toring windows show negative mean transport values, where
intensification of the current is represented by negative trans-
port anomalies.

Analyzing the uncertainties of the time series, it can be ob-
served that differences among the products sometimes hinder
the detection of significant anomalies. This is the case for the

ASP, IBP, PC, and AW currents, for which anomalies exceed-
ing the data dispersion are scarce. Conversely, there are other
monitoring windows where a lower data dispersion allows
for a more precise estimation of the overall variability. This
is the case for the CC and ALC currents, where, due to be-
ing more stable and shallower currents, the uncertainties are
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Figure 4. Annual anomalies of cross-section volume transport averaged in monitoring windows RTE, RTW, N48, ASP, IBP, PC, AC, ALC,
CC, and AW. Time series are computed and averaged from different Copernicus Marine products for each window (see Table 2), providing
a multi-product result. The blue line represents the ensemble mean, and shaded gray areas represent the standard deviation of the ensemble.
Blue boxes include the direction of the current and mean transport computed in the period 1993–2021. Dashed red lines depict the velocity
value at which the direction of the current reverses. This aligns with the average transport value (with sign reversed) and the point where
absolute transport becomes zero. The analysis of trends (at 95 % confidence interval) computed in the period 1993–2021 is included (bottom
right box). Trend lines (dashed gray line) are only included in the figures when a significant trend is obtained.
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generally smaller than the magnitude of the anomalies. In the
remaining monitoring windows (RTE, RTW, AC, and 48N),
uncertainties are considerable but sufficiently low, allowing
identification of specific events with pronounced variabil-
ity. In this regard, examples of events of negative anomalies
(1995–1996, 1999) and positive anomalies (2010 and 2014)
in the RTE section, as well as the positive anomaly of the
Azores Current (AC) in 2006 and the anomalous transports
along the N48 section in 2003 and 2012, can be highlighted.

The uncertainty of the results also enables the detection
of periods during which it can be assumed that the transport
within a monitoring window is nonsignificant or null. These
are periods in which the uncertainty of the data includes the
threshold for null transport. Similarly, it is possible to iden-
tify periods in which the current reverses, leading to a sig-
nificant reverse transport. These periods are characterized by
both the ensemble mean and the range of uncertainties being
greater than the zero-transport threshold. With this type of
analysis, it is possible to detect currents that (i) exhibit occa-
sional halts in transport, as seen in the cases of RTW, ASP,
ALC, or AW, where there are years when the net transport is
not significant; (ii) display levels of uncertainty sufficiently
high to conceal the presence of the current for the majority of
the study period (N48 or PC); or (iii) demonstrate significant
reversals of the current in specific years, such as the case of
CC in 1996 and 2010.

Analyzing the trends in the OMIs, Fig. 4 shows the ab-
sence of statistically significant trends in most of the moni-
toring sections. However, the sections related to the Mediter-
ranean Water flow along the continental shelf do exhibit op-
posite trends, where the ASP window indicates a decrease of
0.02 Sv yr−1 in northward flow along the Celtic–Armorican
Slope and an intensification of transport towards the Scandi-
navian seas of 0.01 Sv yr−1.

4 Conclusions

This study proposes a methodology for defining OMIs to
monitor variability of the main ocean currents in the IBI re-
gion. The objective is to describe the strengths and weak-
nesses of the associated transports through the proposed in-
dicator. The methodology used to define the OMI involves
utilizing various Copernicus Marine products, which allows
for an ensemble analysis that not only provides information
on the currents, but also yields an assessment of associated
uncertainties.

The proposed indicator is based on the definition of mon-
itoring spatial windows that are representative of the overall
transport of the current. These spatial windows are defined
based on two criteria. Firstly, horizontal boundaries are deter-
mined using initially bibliographic criteria and by detection
of the targeted currents in the averaged velocity fields. Sec-
ondly, vertical limits are defined based on the observed den-
sity of water masses. With this methodology, vertical limits

of the monitoring window are not statically defined but are
adaptive to the inherent vertical variability of water masses.

The results have demonstrated that the OMI is capable of
monitoring the targeted regional currents with varying de-
grees of uncertainty. The different products used show higher
agreement in shallower and more persistent currents, while
the indicator exhibits more uncertainties when monitoring
deep currents or those with higher temporal variability. Nev-
ertheless, and despite the magnitude of the uncertainties, the
OMI is able to detect periods of high or low activity in six
of the proposed monitoring windows (RTE, RTW, CC, AC,
ALC, and N48). Outstanding events, including periods of
low activity in the Canary Current (in 1996 and 2010) and
in the Azores Current in 2006, as well as a significant inten-
sification of transports associated with the Azores Current in
2021, have been observed.

The OMI also allows detection of statistically significant
trends in some of the monitoring spatial windows. Specif-
ically, the RTE and ASP windows show opposite trends
in water transports, while there is a transport increase to-
wards the Nordic Seas in the Rockall Trough and a decrease
in Mediterranean Water transported northward through the
Celtic–Armorican continental slope.

Finally, this study highlights the utility of model data prod-
ucts for monitoring ocean currents. This methodology is par-
ticularly relevant for tracking deep currents where observa-
tional data availability is limited. The proposed methodology
may have a further application in a variety of contexts, such
as maritime navigation, fishing, aquaculture, marine renew-
able energy, and general scientific research. Indeed, the next
steps in these fields will involve expanding the methodology
to monitor not only water transports, but also the transports
of other properties, such as ocean heat transport, freshwater
and salt transports, or other biogeochemical properties, en-
hancing the interest in such OMIs for specific fields, such as
the study of planetary climate variability.

Code availability. The software used for this work is the property
of NOW Systems S.L. The methodology strictly describes all the
steps followed to develop this code. Anyone interested in accessing
this software should contact the corresponding author.

Data availability. The data used in this work have been obtained
from the Copernicus Marine Service. All the mentioned databases
are accessible through the Copernicus Marine Service. Their refer-
ences can be found in the product tables (Table 1).

Author contributions. All authors have contributed to the com-
pletion of this work. MGS and RA participated in the conceptu-
alization, methodology, and writing (review and editing) phases.
BL contributed to the conceptualization, methodology, validation,
and writing (review and editing) stages. Finally, ÁdPC coordinated
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Figure 4. Annual anomalies of cross-section volume transport averaged in monitoring windows RTE, RTW, N48, ASP, IBP, PC, AC, ALC,
CC, and AW. Time series are computed and averaged from different Copernicus Marine products for each window (see Table 2), providing
a multi-product result. The blue line represents the ensemble mean, and shaded gray areas represent the standard deviation of the ensemble.
Blue boxes include the direction of the current and mean transport computed in the period 1993–2021. Dashed red lines depict the velocity
value at which the direction of the current reverses. This aligns with the average transport value (with sign reversed) and the point where
absolute transport becomes zero. The analysis of trends (at 95 % confidence interval) computed in the period 1993–2021 is included (bottom
right box). Trend lines (dashed gray line) are only included in the figures when a significant trend is obtained.
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generally smaller than the magnitude of the anomalies. In the
remaining monitoring windows (RTE, RTW, AC, and 48N),
uncertainties are considerable but sufficiently low, allowing
identification of specific events with pronounced variabil-
ity. In this regard, examples of events of negative anomalies
(1995–1996, 1999) and positive anomalies (2010 and 2014)
in the RTE section, as well as the positive anomaly of the
Azores Current (AC) in 2006 and the anomalous transports
along the N48 section in 2003 and 2012, can be highlighted.

The uncertainty of the results also enables the detection
of periods during which it can be assumed that the transport
within a monitoring window is nonsignificant or null. These
are periods in which the uncertainty of the data includes the
threshold for null transport. Similarly, it is possible to iden-
tify periods in which the current reverses, leading to a sig-
nificant reverse transport. These periods are characterized by
both the ensemble mean and the range of uncertainties being
greater than the zero-transport threshold. With this type of
analysis, it is possible to detect currents that (i) exhibit occa-
sional halts in transport, as seen in the cases of RTW, ASP,
ALC, or AW, where there are years when the net transport is
not significant; (ii) display levels of uncertainty sufficiently
high to conceal the presence of the current for the majority of
the study period (N48 or PC); or (iii) demonstrate significant
reversals of the current in specific years, such as the case of
CC in 1996 and 2010.

Analyzing the trends in the OMIs, Fig. 4 shows the ab-
sence of statistically significant trends in most of the moni-
toring sections. However, the sections related to the Mediter-
ranean Water flow along the continental shelf do exhibit op-
posite trends, where the ASP window indicates a decrease of
0.02 Sv yr−1 in northward flow along the Celtic–Armorican
Slope and an intensification of transport towards the Scandi-
navian seas of 0.01 Sv yr−1.

4 Conclusions

This study proposes a methodology for defining OMIs to
monitor variability of the main ocean currents in the IBI re-
gion. The objective is to describe the strengths and weak-
nesses of the associated transports through the proposed in-
dicator. The methodology used to define the OMI involves
utilizing various Copernicus Marine products, which allows
for an ensemble analysis that not only provides information
on the currents, but also yields an assessment of associated
uncertainties.

The proposed indicator is based on the definition of mon-
itoring spatial windows that are representative of the overall
transport of the current. These spatial windows are defined
based on two criteria. Firstly, horizontal boundaries are deter-
mined using initially bibliographic criteria and by detection
of the targeted currents in the averaged velocity fields. Sec-
ondly, vertical limits are defined based on the observed den-
sity of water masses. With this methodology, vertical limits

of the monitoring window are not statically defined but are
adaptive to the inherent vertical variability of water masses.

The results have demonstrated that the OMI is capable of
monitoring the targeted regional currents with varying de-
grees of uncertainty. The different products used show higher
agreement in shallower and more persistent currents, while
the indicator exhibits more uncertainties when monitoring
deep currents or those with higher temporal variability. Nev-
ertheless, and despite the magnitude of the uncertainties, the
OMI is able to detect periods of high or low activity in six
of the proposed monitoring windows (RTE, RTW, CC, AC,
ALC, and N48). Outstanding events, including periods of
low activity in the Canary Current (in 1996 and 2010) and
in the Azores Current in 2006, as well as a significant inten-
sification of transports associated with the Azores Current in
2021, have been observed.

The OMI also allows detection of statistically significant
trends in some of the monitoring spatial windows. Specif-
ically, the RTE and ASP windows show opposite trends
in water transports, while there is a transport increase to-
wards the Nordic Seas in the Rockall Trough and a decrease
in Mediterranean Water transported northward through the
Celtic–Armorican continental slope.

Finally, this study highlights the utility of model data prod-
ucts for monitoring ocean currents. This methodology is par-
ticularly relevant for tracking deep currents where observa-
tional data availability is limited. The proposed methodology
may have a further application in a variety of contexts, such
as maritime navigation, fishing, aquaculture, marine renew-
able energy, and general scientific research. Indeed, the next
steps in these fields will involve expanding the methodology
to monitor not only water transports, but also the transports
of other properties, such as ocean heat transport, freshwater
and salt transports, or other biogeochemical properties, en-
hancing the interest in such OMIs for specific fields, such as
the study of planetary climate variability.
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Abstract. The analysis of global ocean surface waves and of long-term changes requires accurate time series of
waves over several decades. Such time series have previously only been available from model reanalyses or from
in situ observations. Now, altimetry provides a long series of observations of significant wave heights (SWHs)
in the global ocean. The aim of this study is to analyse the climatology of significant wave heights and extreme
significant wave heights derived from remote sensing in the global ocean and their long-term trends from 2002
to 2020 using different statistical approaches as the mean, the 95th percentile, and the 100-year return level
of SWH. The mean SWH and the 95th percentile of SWH are calculated for two seasons: January, February,
and March as well as July, August, and September and for each year. A trend is then estimated using linear
regression for each cell in the overall grid. The 100-year return levels are determined by fitting a generalized
Pareto distribution to all exceedances over a high threshold. The trend in 100-year return level is estimated using
the transformed stationary approach, which, to our knowledge, is used for the first time to draw a global map
based on altimetry. Predominantly large positive trends over 2002–2020 for both SWH and extreme SWH are
mostly found in the Southern Hemisphere, including the South Atlantic, the Southern Ocean, and the southern
Indian Ocean, which is consistent with previous studies. In the North Atlantic, SWH has increased poleward of
45° N, corroborating what was concluded in the Fifth IPCC Assessment Report; however, SWH has also largely
decreased equatorward of 45° N in wintertime. The 100-year return levels of SWH have significantly increased
in the North Atlantic and in the eastern tropical Pacific, where the cyclone tracks are located. Finally, in this study
we find trends of SWH and 95th percentile of SWH over 2002–2020 to be much higher than those indicated in
the literature for the period 1985–2018.

1 Introduction

Increasing our understanding of global ocean surface waves,
their variability, and their long-term interannual changes is
important to climate research and to ocean and coastal appli-
cations. As mentioned in the Sixth IPCC Assessment Report,
waves contribute to extreme sea level events (Mentaschi et
al., 2017), flooding (Storlazzi et al., 2018), and coastal ero-
sion (Barnard et al., 2017). They modify the ocean circula-
tion and mediate air–sea (Donelan et al., 1997) and sea–ice
interactions (Thomas et al., 2019).

The analysis of long-term and interannual changes in
ocean surface waves requires accurate time series of waves
spanning several decades. Thus far these records have only
been available in global model reanalyses or from in situ ob-
servations. Unfortunately, observations from buoys can only
provide local analyses and in situ wave observations are es-
pecially lacking in the Southern Hemisphere. Altimeters of-
fer global and high-quality measurements of significant wave
heights (SWHs) (Gommenginger et al., 2002). The growing
satellite record of SWH now makes global and long-term
analyses more accessible than ever before.

Published by Copernicus Publications.
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in the North Atlantic and in the eastern tropical Pacific, where the cyclone tracks are located. Finally, in this study
we find trends of SWH and 95th percentile of SWH over 2002–2020 to be much higher than those indicated in
the literature for the period 1985–2018.

1 Introduction

Increasing our understanding of global ocean surface waves,
their variability, and their long-term interannual changes is
important to climate research and to ocean and coastal appli-
cations. As mentioned in the Sixth IPCC Assessment Report,
waves contribute to extreme sea level events (Mentaschi et
al., 2017), flooding (Storlazzi et al., 2018), and coastal ero-
sion (Barnard et al., 2017). They modify the ocean circula-
tion and mediate air–sea (Donelan et al., 1997) and sea–ice
interactions (Thomas et al., 2019).

The analysis of long-term and interannual changes in
ocean surface waves requires accurate time series of waves
spanning several decades. Thus far these records have only
been available in global model reanalyses or from in situ ob-
servations. Unfortunately, observations from buoys can only
provide local analyses and in situ wave observations are es-
pecially lacking in the Southern Hemisphere. Altimeters of-
fer global and high-quality measurements of significant wave
heights (SWHs) (Gommenginger et al., 2002). The growing
satellite record of SWH now makes global and long-term
analyses more accessible than ever before.
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Table 1. Product table.

Product ref.
no.

Product ID and type Data access Documentation

1 WAVE_GLO_PHY_SWH_L4_MY_014_007;
Satellite observations

EU Copernicus Marine Service
Product (2021)

Quality Information Document
(QUID): Charles (2021)
Product User Manual (PUM):
Husson and Charles (2021)

2 WAVE_GLO_PHY_SWH_L4_NRT_014_003;
Satellite observations

EU Copernicus Marine Service
Product (2023)

Quality Information Document
(QUID): Charles et al. (2023)
Product User Manual (PUM):
Mertz et al. (2022)

We use SWH observations from a multi-mission altimet-
ric product over the period 2002–2020 to calculate global
SWH and extreme SWH climatologies. Furthermore, trends
in SWH and in extreme SWH are assessed. An identical anal-
ysis was performed with ERA5 (Hersbach et al., 2020) and
WAVERYS (Law-Chune et al., 2021) reanalyses to compare
with the literature. The multi-mission nature of our altimet-
ric data, and their potential for bias, is then discussed in the
context of long-term statistics.

2 Sea state datasets and methods

The level 4 (L4) altimetric time series of waves in the Coper-
nicus Marine catalogue (Table 1, product reference 1) cov-
ers 19 years (2002–2020). It is based on Copernicus Marine
Service multi-year L3 datasets and merges along-track mea-
surements from seven different altimetric missions – Jason-1,
Envisat, Jason-2, Cryosat-2, Saral/AltiKa, and CFOSat – and
from up to four missions at the same time. Calibrated and fil-
tered along-track measurements are then projected onto a 2°
grid. Daily statistics (mean, maximum) are finally estimated
for each grid cell.

We use this time series to calculate mean and extreme
SWH climatologies and to assess long-term trends over the
period 2002–2020. Meanwhile, the annual anomaly for 2022
is calculated as the difference between the climatology and
the near-real-time time series (Table 1, product reference 2).
The first part of our analysis is based on daily mean SWHs
and 95th percentile (P95) daily maximum SWHs over the
globe. The 95th percentile is the value where only 5 % of
the values in the time series are over it. Data are resam-
pled in monthly mean and percentiles of SWH for each grid
cell. The climatological mean SWH and P95 are calculated
for both January–February–March (JFM) and July–August–
September (JAS) separately to take seasonal variability of
waves into account.

Trends in daily mean SWH and in P95 daily maximum
SWH were determined for each grid cell. We then focused
on certain regions with significant trends. Trends were as-
sessed using linear regressions, applied separately to the

two seasonal datasets (JFM and JAS) as in Timmermans et
al. (2020), and the significance of the resulting slopes was
then tested at the 5 % level using a Wald test with a t distri-
bution of the test statistic.

The second part of the analysis is focused on determin-
ing 100-year return levels that are likely to be exceeded, on
average, once every hundred years (Goda, 2000) using the
non-seasonal transformed stationary approach (Mentaschi et
al., 2016) and on assessing their trends. Extreme value anal-
ysis (EVA) consists of modelling the SWH with a statisti-
cal distribution and estimating return levels associated with
long return periods and small probabilities of occurrence.
The EVA allowed us to study 100-year SWH with only a
19-year-long altimetric time series. All the values of SWH
exceeding the 95th percentile and separated by at least 72 h
were selected according to the peaks-over-threshold method.
A generalized Pareto distribution (GPD) could then be fitted
to the exceedances (see equation below). The return levels as-
sociated with the 100-year return period were estimated from
this GPD.

F (x) = 1 −

[
1 +

ξ (x − µ)
σ

]−
1
ξ

,

with µ, ξ , and σ , which are the location, shape, and scale
parameters.

The EVA has a major disadvantage in that it usually re-
quires the time series to be stationary. The transformed sta-
tionary approach overcomes this issue by transforming the
nonstationary altimetric time series y (t) into a stationary one
x (t) through standardization (Eq. 1). The EVA is then ap-
plied to x (t), and the location µx and scale σx parameters of
the GPD are estimated by maximizing the likelihood func-
tion. The reverse transformation (Eqs. 2, 3) is finally used
to recover the time-varying parameters µy (t) and σy(t) as-
sociated with y (t), enabling us to obtain the nonstationary
extreme SWH distribution and to assess its trend. The trans-
formation from y(t) to x(t) and the reverse transformation of
the shape, location, and scale parameters associated with the
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nonstationary series are given by

x (t) =
y (t) − Ty (t)

Sy (t)
, (1)

µy (t) = Sy (t)µx + Ty (t) , (2)
σy (t) = Sy (t)σx, (3)
ξy = ξx, (4)

where Ty(t) and Sy (t) are the trend and the standard devia-
tion of y (t), and µx , ξx , and σx are the parameters associated
with the stationary series which are not dependent on time.
To our knowledge, while this method has already been ap-
plied to ERA5 reanalysis (Takbash and Young, 2020), it has
not been applied to altimetry at a global scale before. Thus,
only results obtained using ERA5 can be compared with the
literature. Finally, the same study was conducted for SWH
from the ERA5 (Hersbach et al., 2020) and WAVERYS re-
analyses (Law-Chune et al., 2021), as they allow for compar-
ison with the literature (Timmermans et al., 2020) and the L4
altimetric time series.

3 Results

Climatologies of SWH and of high SWH are shown in
Figs. 1a and 2a, respectively. Energetic conditions in the
Northern Hemisphere, driven by extratropical storms, occur
predominantly in the midlatitudes, reaching up to 4.5–5.0 m
on average in the North Atlantic and 4.0–4.5 m in the North
Pacific during the JFM seasonal average. This contrasts with
the seasonal average during JAS that reveals corresponding
energetic conditions in the Indian Ocean and in the South-
ern Ocean up to 5.0–5.5 m, along with seasonal events such
as the Asian monsoon, demonstrating higher wave height
in the Arabian Sea and in the Bay of Bengal. The spatial
structure of the P95 of SWH is consistent and shares similar
patterns to those seen in Fig. 1, with greater magnitude. In-
deed, the highest SWHs can locally reach up to 9.0–10.0 m
in the North Atlantic, up to 8.0–9.0 m in the North Pacific
(both in JFM), and up to 8.0–10.0 m in the Indian Ocean
in JAS. Other energetic conditions associated with typhoons
are also revealed in the Philippine Sea, leading to high SWH
of up to 6.0 m in JAS. Smaller regional processes are also
observed despite the poor spatial resolution of altimeters,
such as waves of 4.0–5.0 m in the eastern Pacific driven by
Tehuantepecer events in JFM.

Trends of SWH and of P95 of SWH are displayed Figs. 1c
and 2c, respectively. Some of these trend patterns have al-
ready been described in previous studies (Young and Ribal
2019; Shimura et al., 2016). Overall, large and significant
trends mostly appear in the Southern Hemisphere: in the
Southern Ocean, in the sector south of Africa, and in the In-
dian Ocean south of Australia. Young and Ribal (2019) al-
ready highlighted the existence of a broad region of positive
and significant trend in the 90th percentile of SWH across the

Southern Ocean with altimetric data spanning 1985–2018.
Patterns associated with positive trends in SWH and in the
P95 of SWH south of Africa, south of Australia, and in the
South Pacific seem to mostly coincide with this broad region,
as well as the decreasing SWH in the Indian Ocean around
45° S. However, in contrast to Young and Ribal (2019), our
trend in P95 of SWH in the North Atlantic is not as signif-
icant and positive. Moreover, significant trends are found in
wintertime in forms of complex spatial patterns of increasing
and decreasing wave heights in the North Atlantic and North
Pacific. In agreement with Young and Ribal (2019), SWH in
the North Pacific shows a distinct negative trend that is espe-
cially true in our case during wintertime. The negative trend
of SWH in JFM in the western North Pacific also agrees with
the decreasing winter wave heights in global climate models
(Shimura et al., 2016). As in Timmermans et al. (2020), sig-
nificant positive trends are also found in the North Atlantic
and in the Gulf Stream region. Finally, the results depicted in
Figs. 1 and 2 suggest that significant upper percentile trends
are changing orders of magnitude faster than trends of mean
SWH.

Anomalies of SWH and of P95 of SWH for 2022 are
shown Figs. 1b and 2b, respectively. The average interan-
nual variability of wintertime SWH is of the order of 0.13 m
at tropical and subtropical latitudes and 0.30–0.40 m at mid-
latitudes, with regional excursions exceeding 0.40 m, while
the interannual variability of extreme wave heights averages
0.33 m at tropical and subtropical latitudes and 0.70–0.80 m
at midlatitudes, with regional excursions exceeding 0.85 m
in summer in the typhoon region and 0.90 m in the South-
ern Ocean. Despite this high interannual variability, some
SWH anomalies for 2022 are found to exceed it and seem
consistent with long-term changes in SWH (Figs. 1c and 2c).
Strong positive anomalies found in the North Atlantic and
North Pacific around 60° N in winter and for both SWH and
P95 of SWH mostly coincide with increasing SWH and P95
of SWH. While the negative anomalies in the North Atlantic
and in the North Pacific may not exceed the interannual vari-
ability, they still partly coincide with corresponding trends.

The most energetic conditions on the map of 100-year re-
turn levels (see Fig. 3) can be found on a large scale in the
North Atlantic and western North Pacific, driven by extrat-
ropical storms and typhoons, and on a smaller scale in the
tropical eastern Pacific and Indian Ocean driven by hurri-
canes and tropical cyclones. As expected, the strongly pos-
itive trend patterns found in the Southern Hemisphere are
consistent with those highlighted by the SWH and the P95 of
SWH. However, while both SWH and P95 of SWH show de-
creasing trends in the North Atlantic in winter, the 100-year
return level trends are largely positive. Certain regions also
stand out with a very significant trend, in contrast to that ob-
served in the P95 of SWH, such as the western North Pacific,
the Gulf of Mexico, and the Caribbean Sea, which demon-
strate strong negative trends contrary to what Takbash and
Young (2020) found. On the other hand, as shown by Tak-
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Product ref.
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Product ID and type Data access Documentation

1 WAVE_GLO_PHY_SWH_L4_MY_014_007;
Satellite observations

EU Copernicus Marine Service
Product (2021)

Quality Information Document
(QUID): Charles (2021)
Product User Manual (PUM):
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Satellite observations
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Product (2023)

Quality Information Document
(QUID): Charles et al. (2023)
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We use SWH observations from a multi-mission altimet-
ric product over the period 2002–2020 to calculate global
SWH and extreme SWH climatologies. Furthermore, trends
in SWH and in extreme SWH are assessed. An identical anal-
ysis was performed with ERA5 (Hersbach et al., 2020) and
WAVERYS (Law-Chune et al., 2021) reanalyses to compare
with the literature. The multi-mission nature of our altimet-
ric data, and their potential for bias, is then discussed in the
context of long-term statistics.

2 Sea state datasets and methods

The level 4 (L4) altimetric time series of waves in the Coper-
nicus Marine catalogue (Table 1, product reference 1) cov-
ers 19 years (2002–2020). It is based on Copernicus Marine
Service multi-year L3 datasets and merges along-track mea-
surements from seven different altimetric missions – Jason-1,
Envisat, Jason-2, Cryosat-2, Saral/AltiKa, and CFOSat – and
from up to four missions at the same time. Calibrated and fil-
tered along-track measurements are then projected onto a 2°
grid. Daily statistics (mean, maximum) are finally estimated
for each grid cell.

We use this time series to calculate mean and extreme
SWH climatologies and to assess long-term trends over the
period 2002–2020. Meanwhile, the annual anomaly for 2022
is calculated as the difference between the climatology and
the near-real-time time series (Table 1, product reference 2).
The first part of our analysis is based on daily mean SWHs
and 95th percentile (P95) daily maximum SWHs over the
globe. The 95th percentile is the value where only 5 % of
the values in the time series are over it. Data are resam-
pled in monthly mean and percentiles of SWH for each grid
cell. The climatological mean SWH and P95 are calculated
for both January–February–March (JFM) and July–August–
September (JAS) separately to take seasonal variability of
waves into account.

Trends in daily mean SWH and in P95 daily maximum
SWH were determined for each grid cell. We then focused
on certain regions with significant trends. Trends were as-
sessed using linear regressions, applied separately to the

two seasonal datasets (JFM and JAS) as in Timmermans et
al. (2020), and the significance of the resulting slopes was
then tested at the 5 % level using a Wald test with a t distri-
bution of the test statistic.

The second part of the analysis is focused on determin-
ing 100-year return levels that are likely to be exceeded, on
average, once every hundred years (Goda, 2000) using the
non-seasonal transformed stationary approach (Mentaschi et
al., 2016) and on assessing their trends. Extreme value anal-
ysis (EVA) consists of modelling the SWH with a statisti-
cal distribution and estimating return levels associated with
long return periods and small probabilities of occurrence.
The EVA allowed us to study 100-year SWH with only a
19-year-long altimetric time series. All the values of SWH
exceeding the 95th percentile and separated by at least 72 h
were selected according to the peaks-over-threshold method.
A generalized Pareto distribution (GPD) could then be fitted
to the exceedances (see equation below). The return levels as-
sociated with the 100-year return period were estimated from
this GPD.

F (x) = 1 −

[
1 +

ξ (x − µ)
σ

]−
1
ξ

,

with µ, ξ , and σ , which are the location, shape, and scale
parameters.

The EVA has a major disadvantage in that it usually re-
quires the time series to be stationary. The transformed sta-
tionary approach overcomes this issue by transforming the
nonstationary altimetric time series y (t) into a stationary one
x (t) through standardization (Eq. 1). The EVA is then ap-
plied to x (t), and the location µx and scale σx parameters of
the GPD are estimated by maximizing the likelihood func-
tion. The reverse transformation (Eqs. 2, 3) is finally used
to recover the time-varying parameters µy (t) and σy(t) as-
sociated with y (t), enabling us to obtain the nonstationary
extreme SWH distribution and to assess its trend. The trans-
formation from y(t) to x(t) and the reverse transformation of
the shape, location, and scale parameters associated with the
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nonstationary series are given by

x (t) =
y (t) − Ty (t)

Sy (t)
, (1)

µy (t) = Sy (t)µx + Ty (t) , (2)
σy (t) = Sy (t)σx, (3)
ξy = ξx, (4)

where Ty(t) and Sy (t) are the trend and the standard devia-
tion of y (t), and µx , ξx , and σx are the parameters associated
with the stationary series which are not dependent on time.
To our knowledge, while this method has already been ap-
plied to ERA5 reanalysis (Takbash and Young, 2020), it has
not been applied to altimetry at a global scale before. Thus,
only results obtained using ERA5 can be compared with the
literature. Finally, the same study was conducted for SWH
from the ERA5 (Hersbach et al., 2020) and WAVERYS re-
analyses (Law-Chune et al., 2021), as they allow for compar-
ison with the literature (Timmermans et al., 2020) and the L4
altimetric time series.

3 Results

Climatologies of SWH and of high SWH are shown in
Figs. 1a and 2a, respectively. Energetic conditions in the
Northern Hemisphere, driven by extratropical storms, occur
predominantly in the midlatitudes, reaching up to 4.5–5.0 m
on average in the North Atlantic and 4.0–4.5 m in the North
Pacific during the JFM seasonal average. This contrasts with
the seasonal average during JAS that reveals corresponding
energetic conditions in the Indian Ocean and in the South-
ern Ocean up to 5.0–5.5 m, along with seasonal events such
as the Asian monsoon, demonstrating higher wave height
in the Arabian Sea and in the Bay of Bengal. The spatial
structure of the P95 of SWH is consistent and shares similar
patterns to those seen in Fig. 1, with greater magnitude. In-
deed, the highest SWHs can locally reach up to 9.0–10.0 m
in the North Atlantic, up to 8.0–9.0 m in the North Pacific
(both in JFM), and up to 8.0–10.0 m in the Indian Ocean
in JAS. Other energetic conditions associated with typhoons
are also revealed in the Philippine Sea, leading to high SWH
of up to 6.0 m in JAS. Smaller regional processes are also
observed despite the poor spatial resolution of altimeters,
such as waves of 4.0–5.0 m in the eastern Pacific driven by
Tehuantepecer events in JFM.

Trends of SWH and of P95 of SWH are displayed Figs. 1c
and 2c, respectively. Some of these trend patterns have al-
ready been described in previous studies (Young and Ribal
2019; Shimura et al., 2016). Overall, large and significant
trends mostly appear in the Southern Hemisphere: in the
Southern Ocean, in the sector south of Africa, and in the In-
dian Ocean south of Australia. Young and Ribal (2019) al-
ready highlighted the existence of a broad region of positive
and significant trend in the 90th percentile of SWH across the

Southern Ocean with altimetric data spanning 1985–2018.
Patterns associated with positive trends in SWH and in the
P95 of SWH south of Africa, south of Australia, and in the
South Pacific seem to mostly coincide with this broad region,
as well as the decreasing SWH in the Indian Ocean around
45° S. However, in contrast to Young and Ribal (2019), our
trend in P95 of SWH in the North Atlantic is not as signif-
icant and positive. Moreover, significant trends are found in
wintertime in forms of complex spatial patterns of increasing
and decreasing wave heights in the North Atlantic and North
Pacific. In agreement with Young and Ribal (2019), SWH in
the North Pacific shows a distinct negative trend that is espe-
cially true in our case during wintertime. The negative trend
of SWH in JFM in the western North Pacific also agrees with
the decreasing winter wave heights in global climate models
(Shimura et al., 2016). As in Timmermans et al. (2020), sig-
nificant positive trends are also found in the North Atlantic
and in the Gulf Stream region. Finally, the results depicted in
Figs. 1 and 2 suggest that significant upper percentile trends
are changing orders of magnitude faster than trends of mean
SWH.

Anomalies of SWH and of P95 of SWH for 2022 are
shown Figs. 1b and 2b, respectively. The average interan-
nual variability of wintertime SWH is of the order of 0.13 m
at tropical and subtropical latitudes and 0.30–0.40 m at mid-
latitudes, with regional excursions exceeding 0.40 m, while
the interannual variability of extreme wave heights averages
0.33 m at tropical and subtropical latitudes and 0.70–0.80 m
at midlatitudes, with regional excursions exceeding 0.85 m
in summer in the typhoon region and 0.90 m in the South-
ern Ocean. Despite this high interannual variability, some
SWH anomalies for 2022 are found to exceed it and seem
consistent with long-term changes in SWH (Figs. 1c and 2c).
Strong positive anomalies found in the North Atlantic and
North Pacific around 60° N in winter and for both SWH and
P95 of SWH mostly coincide with increasing SWH and P95
of SWH. While the negative anomalies in the North Atlantic
and in the North Pacific may not exceed the interannual vari-
ability, they still partly coincide with corresponding trends.

The most energetic conditions on the map of 100-year re-
turn levels (see Fig. 3) can be found on a large scale in the
North Atlantic and western North Pacific, driven by extrat-
ropical storms and typhoons, and on a smaller scale in the
tropical eastern Pacific and Indian Ocean driven by hurri-
canes and tropical cyclones. As expected, the strongly pos-
itive trend patterns found in the Southern Hemisphere are
consistent with those highlighted by the SWH and the P95 of
SWH. However, while both SWH and P95 of SWH show de-
creasing trends in the North Atlantic in winter, the 100-year
return level trends are largely positive. Certain regions also
stand out with a very significant trend, in contrast to that ob-
served in the P95 of SWH, such as the western North Pacific,
the Gulf of Mexico, and the Caribbean Sea, which demon-
strate strong negative trends contrary to what Takbash and
Young (2020) found. On the other hand, as shown by Tak-
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Figure 1. SWH (a) climatology (2002–2020), (b) annual anomaly for 2022, and (c) annual trend (2002–2020) for both JFM (left column)
and JAS (right column) from the L4 altimetric time series of daily mean SWH (product reference 1). Areas with an anomaly above 1.5 times
the interannual variability are outlined in black. Areas with a trend statistically significant at the 95 % level are outlined in black.

bash and Young (2020), localized positive trends can also be
found in the hurricane regions in the eastern tropical Pacific
and in the typhoon regions; these increases were not visible
in the trends in SWH and P95 of SWH.

For comparison, the same figures were produced using
ERA5 and WAVERYS data. Spatial patterns are mostly con-
sistent among all three datasets. However, ERA5 and WA-
VERYS slightly underestimate the mean SWHs and their
trends. ERA5 and WAVERYS overestimate the highest ex-
treme waves and trends of P95 of SWH, especially in the
Southern Hemisphere, but they underestimate 100-year re-
turn levels compared with altimetry as noted by Takbash and
Young (2020).

4 Discussion

In this study, we found large positive trends over 2002–2020
for both SWH and extreme SWH, mostly in the Southern
Hemisphere, which are consistent with findings by Young
and Ribal (2019). In the North Atlantic, SWH has increased
north of 45° N, corroborating what was concluded in the
Fifth IPCC Assessment Report (AR5), and in 2022, a large
positive anomaly of SWH and extreme SWH was found in
the same region. However, SWH has also largely decreased
south of 45° N in JFM, contrary to Young and Ribal’s (2019)
findings. The 100-year return levels have significantly in-
creased in the North Atlantic and in the eastern North Pa-
cific, where the cyclone tracks are located. Finally, we found
trends of SWH and P95 of SWH for JFM and JAS over 2002–
2020 to be much higher than those indicated by Young and
Ribal (2019) for the period 1985–2018.
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Figure 2. 95th SWH percentile (a) climatology (2002–2020), (b) annual anomaly for 2022, and (c) annual trend (2002–2020) for both JFM
(left column) and JAS (right column) from the L4 altimetric time series (product reference 1). Areas with an anomaly above 1.5 times the
interannual variability are outlined in black. Areas with a trend statistically significant at the 95 % level are outlined in black.

The mean trends of SWH and P95 of SWH were estimated
for regions where the trend in the grid cells was predomi-
nantly statistically significant in the multi-mission product
(Fig. 4), such as in the North Atlantic (box 1), in the South
Atlantic Ocean and Southern Ocean (box 2), and in the south-
ern Indian Ocean (box 3). In JFM, the SWH increases by
1.8 ± 1.1 cm each year poleward of 45° N and decreases by
2.1 ± 0.76 cm each year equatorward of 45° N in the North
Atlantic. In box 2, the SWH increases by 1.8 ± 0.41 cm each
year in JFM and 1.2 ± 0.61 cm each year in JAS, and the P95
of SWH increases by 3.5 ± 1.9 cm each year in JFM. Finally,
the P95 of SWH increases by 3.1 ± 1.7 cm per year in JFM
in box 3.

Unfortunately, no uncertainty is provided for the SWH
data from the multi-mission product, so only an uncer-
tainty in the trend adjustment and annual statistics could

be calculated. The major concern regarding the estimates
of the trends of daily mean SWH and P95 daily maximum
SWH is the fact that the number of satellites combined in
the multi-mission product has increased over time (Charles,
2021). This concern was previously addressed by Young and
Ribal (2019) in relation to their own multi-mission altimet-
ric product. With more satellites, the number of along-track
measurements available from which daily statistics are es-
timated and the number of days available increase. Conse-
quently, daily statistics are more frequent and precise at the
end of the period than at the beginning. For example, it is
likely that more storms or extreme waves were sampled by
the altimeters in the latter years of the period than in the for-
mer. The distribution of SWH is not Gaussian and is largely
affected by extreme events, hence producing a spurious pos-
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Figure 1. SWH (a) climatology (2002–2020), (b) annual anomaly for 2022, and (c) annual trend (2002–2020) for both JFM (left column)
and JAS (right column) from the L4 altimetric time series of daily mean SWH (product reference 1). Areas with an anomaly above 1.5 times
the interannual variability are outlined in black. Areas with a trend statistically significant at the 95 % level are outlined in black.

bash and Young (2020), localized positive trends can also be
found in the hurricane regions in the eastern tropical Pacific
and in the typhoon regions; these increases were not visible
in the trends in SWH and P95 of SWH.

For comparison, the same figures were produced using
ERA5 and WAVERYS data. Spatial patterns are mostly con-
sistent among all three datasets. However, ERA5 and WA-
VERYS slightly underestimate the mean SWHs and their
trends. ERA5 and WAVERYS overestimate the highest ex-
treme waves and trends of P95 of SWH, especially in the
Southern Hemisphere, but they underestimate 100-year re-
turn levels compared with altimetry as noted by Takbash and
Young (2020).

4 Discussion

In this study, we found large positive trends over 2002–2020
for both SWH and extreme SWH, mostly in the Southern
Hemisphere, which are consistent with findings by Young
and Ribal (2019). In the North Atlantic, SWH has increased
north of 45° N, corroborating what was concluded in the
Fifth IPCC Assessment Report (AR5), and in 2022, a large
positive anomaly of SWH and extreme SWH was found in
the same region. However, SWH has also largely decreased
south of 45° N in JFM, contrary to Young and Ribal’s (2019)
findings. The 100-year return levels have significantly in-
creased in the North Atlantic and in the eastern North Pa-
cific, where the cyclone tracks are located. Finally, we found
trends of SWH and P95 of SWH for JFM and JAS over 2002–
2020 to be much higher than those indicated by Young and
Ribal (2019) for the period 1985–2018.
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Figure 2. 95th SWH percentile (a) climatology (2002–2020), (b) annual anomaly for 2022, and (c) annual trend (2002–2020) for both JFM
(left column) and JAS (right column) from the L4 altimetric time series (product reference 1). Areas with an anomaly above 1.5 times the
interannual variability are outlined in black. Areas with a trend statistically significant at the 95 % level are outlined in black.

The mean trends of SWH and P95 of SWH were estimated
for regions where the trend in the grid cells was predomi-
nantly statistically significant in the multi-mission product
(Fig. 4), such as in the North Atlantic (box 1), in the South
Atlantic Ocean and Southern Ocean (box 2), and in the south-
ern Indian Ocean (box 3). In JFM, the SWH increases by
1.8 ± 1.1 cm each year poleward of 45° N and decreases by
2.1 ± 0.76 cm each year equatorward of 45° N in the North
Atlantic. In box 2, the SWH increases by 1.8 ± 0.41 cm each
year in JFM and 1.2 ± 0.61 cm each year in JAS, and the P95
of SWH increases by 3.5 ± 1.9 cm each year in JFM. Finally,
the P95 of SWH increases by 3.1 ± 1.7 cm per year in JFM
in box 3.

Unfortunately, no uncertainty is provided for the SWH
data from the multi-mission product, so only an uncer-
tainty in the trend adjustment and annual statistics could

be calculated. The major concern regarding the estimates
of the trends of daily mean SWH and P95 daily maximum
SWH is the fact that the number of satellites combined in
the multi-mission product has increased over time (Charles,
2021). This concern was previously addressed by Young and
Ribal (2019) in relation to their own multi-mission altimet-
ric product. With more satellites, the number of along-track
measurements available from which daily statistics are es-
timated and the number of days available increase. Conse-
quently, daily statistics are more frequent and precise at the
end of the period than at the beginning. For example, it is
likely that more storms or extreme waves were sampled by
the altimeters in the latter years of the period than in the for-
mer. The distribution of SWH is not Gaussian and is largely
affected by extreme events, hence producing a spurious pos-
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Figure 3. (a) Average 100-year return levels and (b) their trends over 2005–2018 from the L4 altimetric time series (product reference 1)
using the non-seasonal transformed stationary approach. Areas with a trend statistically significant at the 95 % level are indicated by grey
dots. White pixels correspond to grid cells that do not meet the requirements for calculating return levels, such as the minimum number of
points selected with the peaks-over-threshold method. (c, d) Difference between the 100-year return level and the lower and upper bounds of
the 95 % confidence interval.

itive trend in SWH. In addition, due to the polar altimeter
orbits, the number of observations also varies with latitude.

A series of tests were performed to evaluate the effect of
the increasing number of satellites on the trends. A new L4
altimetric time series was created by combining only two
satellites at a time to serve as a means of comparison for
the L4 multi-mission product. This new product only extends
to 2019, so the two products were compared over the pe-
riod 2002–2019. The SWH trends that are statistically sig-
nificant for both products are plotted in Fig. 4. The time se-
ries differ from each other starting from 2008 with the in-
troduction of more satellites in the multi-mission product,
whereupon the number of observations doubles (Fig. 3b, c,
d). The mean SWH is not greatly affected by the number
of satellites and the trends of mean SWH are almost iden-
tical. On the other hand, the P95 daily maximum SWH is
sensitive to the increase in the number of observations and
the multi-mission product overestimates its trends compared
with the two-satellite product. More importantly, the sign of
the trend does not change, the spatial patterns of the trend
are mostly consistent between the products, and trends in the
two-satellite product are contained within the uncertainty of
trends in the multi-mission product. However, as the two-

satellite product is more consistent over time, the long-term
trends measured with it may be more accurate than those
measured with the multi-mission product.

There is a strong positive trend in the Southern Hemi-
sphere which has also been observed in other studies and
in reanalyses. However, the altimeter observations have been
calibrated and validated using in situ observations almost en-
tirely located in the Northern Hemisphere and near coastlines
(Charles and Ollivier, 2021), potentially biasing the altime-
try record. Although the trends should themselves be robust,
caution should nevertheless be exercised in interpreting this
result until more Southern Hemisphere and open-ocean in
situ observations can be included in the calibration.

Finally, the EVA gave us a good initial estimate of SWH
extremes based on altimetry measurements, in line with the
literature. However, these results must be treated with cau-
tion, as the altimeter series is very short (less than 20 years),
so few measurements could be selected to estimate the GPD
parameters. Similarly, the measurement period is not neces-
sarily representative of a longer time series. This ultimately
leads to large confidence intervals for the extreme values esti-
mated. In addition, the transformed stationary approach used
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Figure 4. Effects of the number of satellites on the long-term trends in L4 altimetric time series. (a) Boxes in which regional trends were
computed. Box 1: 30–43° N, 52–18° W; box 2: 66–47° S, 38° W–42° E; box 3: 60–35° S, 110–155° E. (b–d) Time series of daily mean SWH,
of P95 daily maximum SWH, and of the daily number of observations in JFM averaged on a yearly basis, associated with each box. The
bootstrap 95 % confidence interval is represented with error bars. In red: the L4 multi-mission product (product reference 1); in black: L4
two-satellite product. Trends are represented by dashed lines when statistically significant for both products. Finally, the number of satellites
combined in the multi-mission product is represented by coloured blocks as a function of time as in Charles (2021).

assumes that the GPD shape parameter is constant, which is
valid in most cases but may prove false in some.

5 Conclusion

We have derived global ocean wave and extreme wave height
climatologies and their trends for the period 2002–2020

based on the mean, the 95th percentile, and the 100-year re-
turn level of SWH from an L4 altimetric time series. To our
knowledge, this is the first time that a global 100-year re-
turn level trend map has been drawn from an altimeter series
using the transformed stationary method. The climatologies
and trends computed from satellite altimetry were very simi-
lar to ERA5 and WAVERYS.
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Figure 3. (a) Average 100-year return levels and (b) their trends over 2005–2018 from the L4 altimetric time series (product reference 1)
using the non-seasonal transformed stationary approach. Areas with a trend statistically significant at the 95 % level are indicated by grey
dots. White pixels correspond to grid cells that do not meet the requirements for calculating return levels, such as the minimum number of
points selected with the peaks-over-threshold method. (c, d) Difference between the 100-year return level and the lower and upper bounds of
the 95 % confidence interval.

itive trend in SWH. In addition, due to the polar altimeter
orbits, the number of observations also varies with latitude.

A series of tests were performed to evaluate the effect of
the increasing number of satellites on the trends. A new L4
altimetric time series was created by combining only two
satellites at a time to serve as a means of comparison for
the L4 multi-mission product. This new product only extends
to 2019, so the two products were compared over the pe-
riod 2002–2019. The SWH trends that are statistically sig-
nificant for both products are plotted in Fig. 4. The time se-
ries differ from each other starting from 2008 with the in-
troduction of more satellites in the multi-mission product,
whereupon the number of observations doubles (Fig. 3b, c,
d). The mean SWH is not greatly affected by the number
of satellites and the trends of mean SWH are almost iden-
tical. On the other hand, the P95 daily maximum SWH is
sensitive to the increase in the number of observations and
the multi-mission product overestimates its trends compared
with the two-satellite product. More importantly, the sign of
the trend does not change, the spatial patterns of the trend
are mostly consistent between the products, and trends in the
two-satellite product are contained within the uncertainty of
trends in the multi-mission product. However, as the two-

satellite product is more consistent over time, the long-term
trends measured with it may be more accurate than those
measured with the multi-mission product.

There is a strong positive trend in the Southern Hemi-
sphere which has also been observed in other studies and
in reanalyses. However, the altimeter observations have been
calibrated and validated using in situ observations almost en-
tirely located in the Northern Hemisphere and near coastlines
(Charles and Ollivier, 2021), potentially biasing the altime-
try record. Although the trends should themselves be robust,
caution should nevertheless be exercised in interpreting this
result until more Southern Hemisphere and open-ocean in
situ observations can be included in the calibration.

Finally, the EVA gave us a good initial estimate of SWH
extremes based on altimetry measurements, in line with the
literature. However, these results must be treated with cau-
tion, as the altimeter series is very short (less than 20 years),
so few measurements could be selected to estimate the GPD
parameters. Similarly, the measurement period is not neces-
sarily representative of a longer time series. This ultimately
leads to large confidence intervals for the extreme values esti-
mated. In addition, the transformed stationary approach used
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Figure 4. Effects of the number of satellites on the long-term trends in L4 altimetric time series. (a) Boxes in which regional trends were
computed. Box 1: 30–43° N, 52–18° W; box 2: 66–47° S, 38° W–42° E; box 3: 60–35° S, 110–155° E. (b–d) Time series of daily mean SWH,
of P95 daily maximum SWH, and of the daily number of observations in JFM averaged on a yearly basis, associated with each box. The
bootstrap 95 % confidence interval is represented with error bars. In red: the L4 multi-mission product (product reference 1); in black: L4
two-satellite product. Trends are represented by dashed lines when statistically significant for both products. Finally, the number of satellites
combined in the multi-mission product is represented by coloured blocks as a function of time as in Charles (2021).

assumes that the GPD shape parameter is constant, which is
valid in most cases but may prove false in some.

5 Conclusion

We have derived global ocean wave and extreme wave height
climatologies and their trends for the period 2002–2020

based on the mean, the 95th percentile, and the 100-year re-
turn level of SWH from an L4 altimetric time series. To our
knowledge, this is the first time that a global 100-year re-
turn level trend map has been drawn from an altimeter series
using the transformed stationary method. The climatologies
and trends computed from satellite altimetry were very simi-
lar to ERA5 and WAVERYS.
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Over the last 2 decades, predominantly large positive 2022
anomalies of SWH and significant 2002–2020 trends are
mostly found in the Southern Hemisphere. Large significant
positive trends in mean SWH and P95 of SWH are found
in the South Atlantic, the Southern Ocean, and the south-
ern Indian Ocean (up to 1.2 ± 0.61 cm yr−1 for the SWH,
up to 3.5 ± 1.9 cm yr−1 for the P95 of SWH). According to
the AR5, as winds are likely to strengthen in the South-
ern Hemisphere, this trend could be confirmed in the fu-
ture. SWH has increased above 45° N in the North Atlantic
(1.76 ± 1.14 cm yr−1), corroborating what was concluded in
the AR5 from ship observations and reanalysis-forced wave
model hindcasts. In particular, a strong positive anomaly of
SWH and P95 of SWH was found in this region in JFM 2022.
However, contrary to Young and Ribal (2019), a strong de-
crease in SWH of nearly −2.1 ± 0.76 cm yr−1 has also been
observed in the altimetric record over the last 19 years in
JFM in the North Atlantic below 45° N. Moreover, all the
trends of SWH and P95 of SWH calculated in this study for
JFM and JAS over 2002–2020 are much greater than those
indicated by Young and Ribal (2019) over the period 1985–
2018. The global maps of SWH extremes highlight the re-
gions heavily affected by storms, such as the western North
Pacific, the North Atlantic, and the eastern tropical Pacific.
Trends in 100-year return levels seem to indicate an increase
in wave levels linked to this energetic activity.

The L4 altimetric time series merges between one and four
missions at a time. While the number of satellites does not
impact the sign of the trends, it can affect their magnitudes,
indicating that there is a need for a long, global, and more
homogeneous altimetric time series. Additionally, this study
reveals the need for knowledge of uncertainties. A new prod-
uct was generated as part of this study to assess the effect of
the number of satellites on the results. The conclusions given
above nevertheless remain unchanged.
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Over the last 2 decades, predominantly large positive 2022
anomalies of SWH and significant 2002–2020 trends are
mostly found in the Southern Hemisphere. Large significant
positive trends in mean SWH and P95 of SWH are found
in the South Atlantic, the Southern Ocean, and the south-
ern Indian Ocean (up to 1.2 ± 0.61 cm yr−1 for the SWH,
up to 3.5 ± 1.9 cm yr−1 for the P95 of SWH). According to
the AR5, as winds are likely to strengthen in the South-
ern Hemisphere, this trend could be confirmed in the fu-
ture. SWH has increased above 45° N in the North Atlantic
(1.76 ± 1.14 cm yr−1), corroborating what was concluded in
the AR5 from ship observations and reanalysis-forced wave
model hindcasts. In particular, a strong positive anomaly of
SWH and P95 of SWH was found in this region in JFM 2022.
However, contrary to Young and Ribal (2019), a strong de-
crease in SWH of nearly −2.1 ± 0.76 cm yr−1 has also been
observed in the altimetric record over the last 19 years in
JFM in the North Atlantic below 45° N. Moreover, all the
trends of SWH and P95 of SWH calculated in this study for
JFM and JAS over 2002–2020 are much greater than those
indicated by Young and Ribal (2019) over the period 1985–
2018. The global maps of SWH extremes highlight the re-
gions heavily affected by storms, such as the western North
Pacific, the North Atlantic, and the eastern tropical Pacific.
Trends in 100-year return levels seem to indicate an increase
in wave levels linked to this energetic activity.

The L4 altimetric time series merges between one and four
missions at a time. While the number of satellites does not
impact the sign of the trends, it can affect their magnitudes,
indicating that there is a need for a long, global, and more
homogeneous altimetric time series. Additionally, this study
reveals the need for knowledge of uncertainties. A new prod-
uct was generated as part of this study to assess the effect of
the number of satellites on the results. The conclusions given
above nevertheless remain unchanged.
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Abstract. Marine heatwaves (MHWs) are characterized by anomalous and prolonged increases in sea surface
temperatures driven by atmospheric and oceanic factors. The intensification of MHWs is an evident consequence
of ongoing global climate change. The question of whether the northwest European Shelf (NWES) is experienc-
ing increased stratification in recent decades is of significant interest with respect to understanding the impacts
of these extreme events. In this study, we leverage ocean physics reanalysis data obtained from the Copernicus
Marine Environment Monitoring Service (CMEMS) covering the temporal span from 1993 to 2023 to conduct
a rigorous examination of the NWES domain. The focus centers on the assessment of potential energy anomaly
(PEA) and its role in shaping stratification dynamics.

Our findings reveal an increase in both the frequency and duration of MHWs in the NWES area, especially
in coastal areas, where the duration of MHWs is increasing the fastest, generally by more than 2 d yr−1 over the
study period. However, despite the intensified MHWs, thermal stratification in the NWES is weakening, particu-
larly in the middle and northern North Sea. This suggests that the warming effect due to MHWs is insufficient to
counteract the overall decline in thermal stratification caused by global warming. Additionally, our study high-
lights the significance of seawater salinity in driving the trend of density stratification. Specifically, the discharge
from the Baltic Sea plays a crucial role in influencing the stratification patterns in the North Sea region.

1 Introduction

Marine heatwaves (MHWs) are extreme oceanic events
characterized by unusually warm sea surface temperatures
(SSTs) that exceed the local 90th percentile for at least 5 con-
secutive days (Hobday et al., 2016). These events are charac-
terized by their intensity, duration, and spatial extent, often
leading to ecological disturbances and significant shifts in
species distribution patterns (Frölicher et al., 2018). MHWs
can occur in various oceanic regions, including coastal areas,
and the occurrence of MHW events has shown an increas-
ing trend globally over the past century (Oliver et al., 2018;
IPCC, 2021).

Climate models project a continued upward trend in the
occurrence of MHWs in the coming decades that is driven by

anthropogenic climate change (Frölicher et al., 2018; Oliver
et al., 2019, 2020; IPCC, 2021). The northwest European
Shelf (NWES), which is a large area of shallow temper-
ate sea located between 47–61° N latitude and 12° W–10° E
(Fig. 1), is expected to experience a similar trend of increas-
ing MHW events (IPCC, 2021). Understanding the dynam-
ics of MHWs and their consequences is crucial for effective
ecosystem management and conservation efforts (Smale et
al., 2019).

Elevated SSTs can lead to widespread and severe ecologi-
cal disturbances, including shifts in species distributions, al-
terations in community structure, and increased vulnerability
to invasive species (Oliver et al., 2018; Smale et al., 2019).
These events can disrupt important ecological processes,
such as nutrient cycling, primary production, and trophic in-
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Table 1. CMEMS products used in this study.

Product Product ID and type Data access Documentation
ref. no.

1 NWSHELF_MULTIYEAR_PHY_004_009,
numerical models

EU Copernicus Marine
Service Product (2021)

Quality information document (QUID):
Renshaw et al. (2021)
Product user manual (PUM):
Tonani et al. (2022)

Figure 1. (a) Map of the northwest European Shelf Sea with sub-regional division (data from Table 1, ref. 1). Dashed curve indicates 200 m
isobath. (b) Detection of MHW events and their characteristics in 2022 (data from Table 1, ref. 1) near the Dogger Bank region in the southern
North Sea (region 1 in panel (a)). (c–f) Variations in the MHW characteristics between 1993 and 2022, with the bold solid curve indicating
the mean of total subdomains of the NWES (daily SST data from Table 1, ref. 1).

teractions, with cascading effects on the entire marine food
web (Wernberg et al., 2013, 2016; Oliver et al., 2020). In the
NWES region, the increasing frequency of MHW occurrence
is anticipated to have significant consequences for both the
socioeconomic system and natural processes. For instance,
Borges et al. (2019) observed a 3-fold increase in dissolved
methane concentration in surface waters along the Belgian
coast during the summer of 2018 compared to a typical year.
Additionally, MHWs have been implicated in the occurrence
and persistence of thermal stratification, leading to changes
in vertical mixing and nutrient availability in the water col-
umn (Chen et al., 2022). Such alterations in thermal strati-
fication can have profound implications for the functioning
of marine ecosystems and their resilience to climate change
(Herring et al., 2015). The recently published Copernicus
Marine Service Ocean State Report, Issue 5 (Wakelin et al.,
2021), documented the identification of extreme temperature
events and their potential impacts on important fish and shell-
fish stocks. However, a lack of systematic studies to elucidate
the long-term relationship between the vertical stratification

and MHWs hampers our understanding of the impacts of ex-
treme temperature events on ecosystem stability.

Given the potential consequences of increased MHW fre-
quency on the NWES region, it is essential to address the
following research question: is the NWES becoming more
stratified due to the increased frequency of marine heat-
wave occurrence? Addressing this question requires a com-
prehensive assessment of long-term observational data, cli-
mate model simulations, and advanced analytical techniques
to examine the relationships between MHW events, thermal
stratification, and their ecological implications. This research
will provide valuable insights into the potential impacts of
MHWs on the NWES ecosystem and contribute to our under-
standing of the broader effects of climate change on marine
environments.

2 Material and methods

The three-dimensional water temperature and salinity data
from the Copernicus Marine Environment Monitoring Ser-
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vice (CMEMS) ocean physics reanalysis data (Table 1, prod-
uct ref. 1) is applied in this study. These data cover the NWES
with the assimilation model at 7 km horizontal resolution for
the period 1993 to 2022. The modeled temperature and salin-
ity are validated through comparisons with in situ observa-
tions from the World Ocean Database, mooring data, and the
multimodel ensemble of multiyear products, which is an in-
ternal CMEMS product. More details of the CMEMS prod-
ucts are given in Table 1.

Moreover, the CMEMS SST reanalysis is extended by
the European Space Agency Sea Surface Temperature Cli-
mate Change Initiative (ESA SST CCI; Table 1, product
ref. 1) Level 3 product for the period 1982–1992 (Merchant
et al., 2019). This product has a spatial resolution of 0.05°
by 0.05° for the northwest Atlantic Shelf region. The ESA
dataset is also employed as observational data for assimi-
lating CMEMS data (see the quality information document
(QUID) and product user manual (PUM) of the product; Ta-
ble 1). All SST data are interpolated on the same spatial grid
as the CMEMS product ref. 1 (Table 1), such that the 40-year
period provides the baseline climatology reference period for
computing the seasonally varying 90th percentile threshold,
as defined in Hobday et al. (2016). The MATLAB toolbox by
Zhao and Marin (2019) is applied for detecting MHW events
and to properly computing means and trends of MHW prop-
erties.

The potential energy anomaly is used as a measure of the
degree of density stratification as follows (Simpson, 1981):

∅ =
1
D

µ∫

−H

gz (ρ − ρ)dz, (1)

in which

ρ =
1
D

µ∫

−H

ρdz (2)

is the vertical mean water density, and g = 9.8 m s−2 is
the gravitational acceleration. The instantaneous total water
depth is given by D = η+H , with η and H being the sea sur-
face elevation and the time mean water depth, respectively.
The potential energy anomaly measures the amount of me-
chanical energy (per m3) required to instantaneously homog-
enize the water column with given density stratification. The
water density ρ was calculated (at 1 atm), following Millero
and Poisso (1981):

ρ (S,T ) = ρr + AS + BS1.5
+ CS2. (3)

In Eq. (3), S is the salinity of seawater in pptv (parts per
thousand by volume). The reference density ρr and the co-
efficients A, B, and C are also functions of temperature T

in degrees Celsius, with expressions given by Millero and

Poisso (1981):

ρr =999.842594 + 6.793952 × 10−2T

− 9.095290 × 10−3T 2
+ 1.001685 × 10−4T 3

− 1.120083 × 10−6T 4
+ 6.536332 × 10−9T 5

;

A =8.24493 × 10−1
− 4.0899 × 10−3T

+ 7.6438 × 10−5T 2
− 8.2467 × 10−7T 3

+ 5.3875 × 10−9T 4
;

B = − 5.72466 × 10−3
+ 1.0227 × 10−4T

− 1.6546 × 10−6T 2
;

C = 4.8314 × 10−4.

Here, S and T , as well as the sea surface elevation η and
water depth H (see Eqs. 1 and 2), are obtained from the
CMEMS products.

Furthermore, the sensitivity of density stratification to the
occurrence of MHWs is quantified with the ratio between
the varying heatwave days and varying water-stratified days
(Chen et al., 2022):

r =

n∑
i

∣∣Ni − Nn

∣∣
n∑
i

∣∣Mi − Mn

∣∣
. (4)

Here, the number of MHW days (M) and the number of days
that the water column was stratified (N ) are counted in each
year (i). The parameter n = 30 (i.e., 1993–2022) indicates
the length of the computing period. The overline denotes the
multiyear mean.

3 Results

A MHW in each year is characterized by the number of
events and the duration and intensity of each event. As an ex-
ample, Fig. 1b illustrates the detection of MHW events near
the Dogger Bank region (region 1 in Fig. 1a), in the middle
of the North Sea in 2022. The MHW occurs multiple times
throughout the whole year, even during winter. The duration
of each event varies from 5 d (e.g., events 4 and 5) to 40 d
(events 6 and 7). The intensity, which measures the deviation
of SST from the threshold, reaches its maximum of 2 °C in
late September.

MHWs are exceptionally active in the year 2022. The total
number of days of MHWs reaches 140 d on average (Fig. 1c),
with the maximum exceeding 200 d in the English Channel.
The lowest number of MHW days, 60 d, is found in the Nor-
wegian Trench. Throughout this year, the Celtic Sea experi-
enced more than seven MHW events. Apart from the events
in 2022, MHWs were also active in the years 1995, 1997,
2003, 2007, and 2014, during which three or more MHW
events were observed (Fig. 1d).
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Table 1. CMEMS products used in this study.

Product Product ID and type Data access Documentation
ref. no.

1 NWSHELF_MULTIYEAR_PHY_004_009,
numerical models

EU Copernicus Marine
Service Product (2021)

Quality information document (QUID):
Renshaw et al. (2021)
Product user manual (PUM):
Tonani et al. (2022)

Figure 1. (a) Map of the northwest European Shelf Sea with sub-regional division (data from Table 1, ref. 1). Dashed curve indicates 200 m
isobath. (b) Detection of MHW events and their characteristics in 2022 (data from Table 1, ref. 1) near the Dogger Bank region in the southern
North Sea (region 1 in panel (a)). (c–f) Variations in the MHW characteristics between 1993 and 2022, with the bold solid curve indicating
the mean of total subdomains of the NWES (daily SST data from Table 1, ref. 1).

teractions, with cascading effects on the entire marine food
web (Wernberg et al., 2013, 2016; Oliver et al., 2020). In the
NWES region, the increasing frequency of MHW occurrence
is anticipated to have significant consequences for both the
socioeconomic system and natural processes. For instance,
Borges et al. (2019) observed a 3-fold increase in dissolved
methane concentration in surface waters along the Belgian
coast during the summer of 2018 compared to a typical year.
Additionally, MHWs have been implicated in the occurrence
and persistence of thermal stratification, leading to changes
in vertical mixing and nutrient availability in the water col-
umn (Chen et al., 2022). Such alterations in thermal strati-
fication can have profound implications for the functioning
of marine ecosystems and their resilience to climate change
(Herring et al., 2015). The recently published Copernicus
Marine Service Ocean State Report, Issue 5 (Wakelin et al.,
2021), documented the identification of extreme temperature
events and their potential impacts on important fish and shell-
fish stocks. However, a lack of systematic studies to elucidate
the long-term relationship between the vertical stratification

and MHWs hampers our understanding of the impacts of ex-
treme temperature events on ecosystem stability.

Given the potential consequences of increased MHW fre-
quency on the NWES region, it is essential to address the
following research question: is the NWES becoming more
stratified due to the increased frequency of marine heat-
wave occurrence? Addressing this question requires a com-
prehensive assessment of long-term observational data, cli-
mate model simulations, and advanced analytical techniques
to examine the relationships between MHW events, thermal
stratification, and their ecological implications. This research
will provide valuable insights into the potential impacts of
MHWs on the NWES ecosystem and contribute to our under-
standing of the broader effects of climate change on marine
environments.

2 Material and methods

The three-dimensional water temperature and salinity data
from the Copernicus Marine Environment Monitoring Ser-
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vice (CMEMS) ocean physics reanalysis data (Table 1, prod-
uct ref. 1) is applied in this study. These data cover the NWES
with the assimilation model at 7 km horizontal resolution for
the period 1993 to 2022. The modeled temperature and salin-
ity are validated through comparisons with in situ observa-
tions from the World Ocean Database, mooring data, and the
multimodel ensemble of multiyear products, which is an in-
ternal CMEMS product. More details of the CMEMS prod-
ucts are given in Table 1.

Moreover, the CMEMS SST reanalysis is extended by
the European Space Agency Sea Surface Temperature Cli-
mate Change Initiative (ESA SST CCI; Table 1, product
ref. 1) Level 3 product for the period 1982–1992 (Merchant
et al., 2019). This product has a spatial resolution of 0.05°
by 0.05° for the northwest Atlantic Shelf region. The ESA
dataset is also employed as observational data for assimi-
lating CMEMS data (see the quality information document
(QUID) and product user manual (PUM) of the product; Ta-
ble 1). All SST data are interpolated on the same spatial grid
as the CMEMS product ref. 1 (Table 1), such that the 40-year
period provides the baseline climatology reference period for
computing the seasonally varying 90th percentile threshold,
as defined in Hobday et al. (2016). The MATLAB toolbox by
Zhao and Marin (2019) is applied for detecting MHW events
and to properly computing means and trends of MHW prop-
erties.

The potential energy anomaly is used as a measure of the
degree of density stratification as follows (Simpson, 1981):

∅ =
1
D

µ∫

−H

gz (ρ − ρ)dz, (1)

in which

ρ =
1
D

µ∫

−H

ρdz (2)

is the vertical mean water density, and g = 9.8 m s−2 is
the gravitational acceleration. The instantaneous total water
depth is given by D = η+H , with η and H being the sea sur-
face elevation and the time mean water depth, respectively.
The potential energy anomaly measures the amount of me-
chanical energy (per m3) required to instantaneously homog-
enize the water column with given density stratification. The
water density ρ was calculated (at 1 atm), following Millero
and Poisso (1981):

ρ (S,T ) = ρr + AS + BS1.5
+ CS2. (3)

In Eq. (3), S is the salinity of seawater in pptv (parts per
thousand by volume). The reference density ρr and the co-
efficients A, B, and C are also functions of temperature T

in degrees Celsius, with expressions given by Millero and

Poisso (1981):

ρr =999.842594 + 6.793952 × 10−2T

− 9.095290 × 10−3T 2
+ 1.001685 × 10−4T 3

− 1.120083 × 10−6T 4
+ 6.536332 × 10−9T 5

;

A =8.24493 × 10−1
− 4.0899 × 10−3T

+ 7.6438 × 10−5T 2
− 8.2467 × 10−7T 3

+ 5.3875 × 10−9T 4
;

B = − 5.72466 × 10−3
+ 1.0227 × 10−4T

− 1.6546 × 10−6T 2
;

C = 4.8314 × 10−4.

Here, S and T , as well as the sea surface elevation η and
water depth H (see Eqs. 1 and 2), are obtained from the
CMEMS products.

Furthermore, the sensitivity of density stratification to the
occurrence of MHWs is quantified with the ratio between
the varying heatwave days and varying water-stratified days
(Chen et al., 2022):

r =

n∑
i

∣∣Ni − Nn

∣∣
n∑
i

∣∣Mi − Mn

∣∣
. (4)

Here, the number of MHW days (M) and the number of days
that the water column was stratified (N ) are counted in each
year (i). The parameter n = 30 (i.e., 1993–2022) indicates
the length of the computing period. The overline denotes the
multiyear mean.

3 Results

A MHW in each year is characterized by the number of
events and the duration and intensity of each event. As an ex-
ample, Fig. 1b illustrates the detection of MHW events near
the Dogger Bank region (region 1 in Fig. 1a), in the middle
of the North Sea in 2022. The MHW occurs multiple times
throughout the whole year, even during winter. The duration
of each event varies from 5 d (e.g., events 4 and 5) to 40 d
(events 6 and 7). The intensity, which measures the deviation
of SST from the threshold, reaches its maximum of 2 °C in
late September.

MHWs are exceptionally active in the year 2022. The total
number of days of MHWs reaches 140 d on average (Fig. 1c),
with the maximum exceeding 200 d in the English Channel.
The lowest number of MHW days, 60 d, is found in the Nor-
wegian Trench. Throughout this year, the Celtic Sea experi-
enced more than seven MHW events. Apart from the events
in 2022, MHWs were also active in the years 1995, 1997,
2003, 2007, and 2014, during which three or more MHW
events were observed (Fig. 1d).
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The occurrence of MHWs undergoes large temporal vari-
ations between the years 1993 and 2022, when MHW days
appear much longer than during other years. During 1993–
2022, the general duration of a MHW event is around 10 to
20 d (Fig. 1e). Longer durations are also observed. For ex-
ample, in 2007, a duration with more than 40 d duration was
observed in the English Channel and the Celtic Sea (region 8;
Fig. 1a). The annual mean intensity of MHWs ranges on av-
erage between 1 and 2 °C and shows insignificant differences
with the occurrences of MHW, the number of days, or the
length of the duration (Fig. 1f). However, regional depen-
dence can be observed. For example, in the Shetland–Irish
Shelf (region 6; Fig. 1a), the mean intensity varies between
1 and 1.5 °C over the period 1993 to 2022. It also becomes
stronger in the Irish Sea (region 7; Fig. 1a) and the North Sea
(regions 1–3; Fig. 1a) over these periods. In general, the an-
nual mean intensity of MHWs occurring in the Norwegian
Trench (region 4; Fig. 1a) can reach values of up to 2 to 3 °C
(Fig. 1f), which is more intense than in the other regions.

The mean and trend values of MHWs over the past
30 years are shown in Fig. 2. The lowest frequency of the
occurrence of MHWs is found at the southern North Sea
and the English Channel, where on average only one to two
MHW events occurred every year (Fig. 2a). The Shetland–
Irish Shelf and the Celtic Sea experienced two to three MHW
events. Concurrently, all these regions had longer MHW pe-
riods (approximately 40–50 d) than the middle and north-
ern North Sea (Fig. 2b). Furthermore, it is found that MHW
events last longer further to the south. The longest duration,
30–40 d, occurred near the coast of the North Sea and the En-
glish Channel (Fig. 2c). This indicates that the MHWs that
appear in the southern part of the NWES are mostly con-
tinuous and long term, while the MHWs that appear in the
northern part of the NWES and the shelf edge are mostly in-
termittent and short term.

The occurrence of MHWs can be primarily attributed to
the following two drivers: local air–sea heat exchange result-
ing from abnormally high air temperatures and nonlocal heat
transport via ocean advection (Gupta et al., 2020; Schlegel
et al., 2021). The atmospheric factor emerges as the predom-
inant driver of MHWs in the southern to middle North Sea
(Chen et al., 2022; Mohamed et al., 2023). Nonlocal heat
fluxes, such as the influx of warm Atlantic water into NWES,
may be responsible for the development of MHWs.

Compared to the long-term average, higher seawater tem-
peratures will result in more heat fluxes into the NWES
by the North Atlantic shelf current, particularly in the En-
glish Channel and the Shetland–Irish Shelf (zones 4 and 6
in Fig. 1a). The heightened seawater levels make these areas
more prone to experiencing MHWs compared to regions less
affected by the North Atlantic current, such as the Norwe-
gian Trench (zone 5; Fig. 1a). This may explain why these
regions have more days with MHWs. Furthermore, the mean
intensity of MHWs in these two regions is notably lower than
in the Norwegian Trench (Fig. 2d), which supports the asser-

tion. The lowest mean intensity is observed in the Irish Sea
and the English Channel. The MHW intensifies towards the
east coast of the NWES. Along the coast of Denmark and
Norway, the mean intensity reaches approximately 2.5–3 °C.
However, compared to the southern NWES, the shorter du-
rations and higher frequencies of MHWs in its northern re-
gion may be attributed to the distinct characteristics of cli-
mate drivers in their respective areas. This is because atmo-
spheric influences, in contrast to oceanic influences, exhibit
larger variability in affecting SST (Tinker and Howes, 2020).
Other drivers, such as local wind (Mohamed et al., 2023),
may introduce further uncertainties to the occurrence and
persistence of MHWs. Identifying the dominant drivers of
MHW features in NWES requires a systematic investigation
of the relationship between air and sea temperature in vari-
ous regions. However, this detailed analysis is not elaborated
on in this paper due to space constraints.

Over the past 3 decades, the frequency of MHWs in-
creased at a rate of 0.1–0.15 yr−1 (Fig. 2e). Correspondingly,
the number of days experiencing MHWs increased by 1 to
4 d yr−1 (Fig. 2f). Coastal areas are where the number of days
increases the fastest, with generally more than 2 d yr−1 over
the study period. The fastest-increasing region is the English
Channel, reaching or even exceeding 4 d yr−1. The duration
of the MHW events shows no significant trend in the NWES,
except for the English Channel, where each MHW event
was 1 to 2 d longer, corresponding to increasing MHW days
(Fig. 2g). The mean intensity (Fig. 2h) shows a completely
different trend in the North Sea and the rest of the regions. In
the North Sea, MHWs tend to be less intense, whereas in the
Shetland–Irish Shelf and the Celtic Sea, MHWs intensified
at a rate of 0.02–0.04 °C yr−1. In the English Channel and
the western part of the southern North Sea, the annual mean
intensity remained the same from 1993 to 2023.

The degree of density stratification, quantified by the po-
tential energy anomaly (PEA) ∅, is shown in Fig. 3. In
this study, only the annual mean and summer period (June
to September) mean stratification are considered. Following
Chen et al. (2022), the water column is considered strat-
ified when ∅≥ 50 J m−3. The NWES is weakly stratified
with ∅≈ 70 J m−3. During summer, higher SST enhances
the density stratification, leading to ∅ in summer being ap-
proximately twice as high as the annual mean. The PEA is
low in the southern part of the North Sea, the Irish Sea, where
the depth is shallower. Due to strong tides, the water column
is generally well mixed in the English Channel (Pohlmann,
1996). In the middle North Sea and the Shetland–Irish Shelf,
∅≥ 50 J m−3 during the summertime and ∅< 50 J m−3 for
the annual mean presents an obvious seasonal summer strati-
fication. The Celtic Sea also exhibits seasonal cycles in PEA,
with ∅ being 110–120 J m−3 during the summer and around
50 J m−3 over the entire year. The large annual mean PEA is
mainly attributed to the extended warming period and strati-
fication during autumn. The northern North Sea shows a sea-
sonal cycle similar to that of the middle North Sea but with a
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Figure 2. Mean and trend values of MHW over the past 30 years (1993–2022). Dashed lines indicate 200 m isobath (daily SST data from
Table 1, ref. 1).

Figure 3. Potential energy anomaly (∅; J m−3) between 1993 and 2022. The solid curves denote the spatial mean PEA of the entire NWES
domain. The red curves represent the summer period (June–September) mean in red, and the blue curves show the annual mean. The spatial
mean PEA of different subdomains of the NWES (see Fig. 1a) is indicated by dashed curves, with green and black for the annual mean and
summer mean, respectively.
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ern North Sea (Fig. 2b). Furthermore, it is found that MHW
events last longer further to the south. The longest duration,
30–40 d, occurred near the coast of the North Sea and the En-
glish Channel (Fig. 2c). This indicates that the MHWs that
appear in the southern part of the NWES are mostly con-
tinuous and long term, while the MHWs that appear in the
northern part of the NWES and the shelf edge are mostly in-
termittent and short term.

The occurrence of MHWs can be primarily attributed to
the following two drivers: local air–sea heat exchange result-
ing from abnormally high air temperatures and nonlocal heat
transport via ocean advection (Gupta et al., 2020; Schlegel
et al., 2021). The atmospheric factor emerges as the predom-
inant driver of MHWs in the southern to middle North Sea
(Chen et al., 2022; Mohamed et al., 2023). Nonlocal heat
fluxes, such as the influx of warm Atlantic water into NWES,
may be responsible for the development of MHWs.

Compared to the long-term average, higher seawater tem-
peratures will result in more heat fluxes into the NWES
by the North Atlantic shelf current, particularly in the En-
glish Channel and the Shetland–Irish Shelf (zones 4 and 6
in Fig. 1a). The heightened seawater levels make these areas
more prone to experiencing MHWs compared to regions less
affected by the North Atlantic current, such as the Norwe-
gian Trench (zone 5; Fig. 1a). This may explain why these
regions have more days with MHWs. Furthermore, the mean
intensity of MHWs in these two regions is notably lower than
in the Norwegian Trench (Fig. 2d), which supports the asser-

tion. The lowest mean intensity is observed in the Irish Sea
and the English Channel. The MHW intensifies towards the
east coast of the NWES. Along the coast of Denmark and
Norway, the mean intensity reaches approximately 2.5–3 °C.
However, compared to the southern NWES, the shorter du-
rations and higher frequencies of MHWs in its northern re-
gion may be attributed to the distinct characteristics of cli-
mate drivers in their respective areas. This is because atmo-
spheric influences, in contrast to oceanic influences, exhibit
larger variability in affecting SST (Tinker and Howes, 2020).
Other drivers, such as local wind (Mohamed et al., 2023),
may introduce further uncertainties to the occurrence and
persistence of MHWs. Identifying the dominant drivers of
MHW features in NWES requires a systematic investigation
of the relationship between air and sea temperature in vari-
ous regions. However, this detailed analysis is not elaborated
on in this paper due to space constraints.

Over the past 3 decades, the frequency of MHWs in-
creased at a rate of 0.1–0.15 yr−1 (Fig. 2e). Correspondingly,
the number of days experiencing MHWs increased by 1 to
4 d yr−1 (Fig. 2f). Coastal areas are where the number of days
increases the fastest, with generally more than 2 d yr−1 over
the study period. The fastest-increasing region is the English
Channel, reaching or even exceeding 4 d yr−1. The duration
of the MHW events shows no significant trend in the NWES,
except for the English Channel, where each MHW event
was 1 to 2 d longer, corresponding to increasing MHW days
(Fig. 2g). The mean intensity (Fig. 2h) shows a completely
different trend in the North Sea and the rest of the regions. In
the North Sea, MHWs tend to be less intense, whereas in the
Shetland–Irish Shelf and the Celtic Sea, MHWs intensified
at a rate of 0.02–0.04 °C yr−1. In the English Channel and
the western part of the southern North Sea, the annual mean
intensity remained the same from 1993 to 2023.

The degree of density stratification, quantified by the po-
tential energy anomaly (PEA) ∅, is shown in Fig. 3. In
this study, only the annual mean and summer period (June
to September) mean stratification are considered. Following
Chen et al. (2022), the water column is considered strat-
ified when ∅≥ 50 J m−3. The NWES is weakly stratified
with ∅≈ 70 J m−3. During summer, higher SST enhances
the density stratification, leading to ∅ in summer being ap-
proximately twice as high as the annual mean. The PEA is
low in the southern part of the North Sea, the Irish Sea, where
the depth is shallower. Due to strong tides, the water column
is generally well mixed in the English Channel (Pohlmann,
1996). In the middle North Sea and the Shetland–Irish Shelf,
∅≥ 50 J m−3 during the summertime and ∅< 50 J m−3 for
the annual mean presents an obvious seasonal summer strati-
fication. The Celtic Sea also exhibits seasonal cycles in PEA,
with ∅ being 110–120 J m−3 during the summer and around
50 J m−3 over the entire year. The large annual mean PEA is
mainly attributed to the extended warming period and strati-
fication during autumn. The northern North Sea shows a sea-
sonal cycle similar to that of the middle North Sea but with a
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Figure 2. Mean and trend values of MHW over the past 30 years (1993–2022). Dashed lines indicate 200 m isobath (daily SST data from
Table 1, ref. 1).

Figure 3. Potential energy anomaly (∅; J m−3) between 1993 and 2022. The solid curves denote the spatial mean PEA of the entire NWES
domain. The red curves represent the summer period (June–September) mean in red, and the blue curves show the annual mean. The spatial
mean PEA of different subdomains of the NWES (see Fig. 1a) is indicated by dashed curves, with green and black for the annual mean and
summer mean, respectively.
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larger ∅, both in the summer period and in the annual mean,
due to larger depth. The potential energy anomaly in the Nor-
wegian Trench is ∼ 400 J m−3. This is much larger than what
is observed for the NWES region as a whole.

The density stratification has exhibited a trend opposite to
that of MHWs over the past 30 years. Figure 4 illustrates
the 10-year-averaged PEA across 3 decades, spanning from
1993 to 2022. Evident shifts in stratification are discernible.
An obvious transformation of stratification is observed. Be-
tween 1993 and 2022, there was a decrease at a rate of −1
to −2 J m−3 yr−1 only in the eastern part of the southern and
middle North Sea, as well as in the Celtic Sea. Conversely, in
the eastern part of the middle North Sea, the northern North
Sea, and the Shetland–Irish Shelf, ∅ increased by approxi-
mately 1–1.5 J m−3 yr−1. During the second decade, the re-
gion where stratification grows was greatly reduced. Only
parts of the northern North Sea near the Norwegian Trench
and some areas of the Shetland–Irish Shelf still maintained
a growth rate of 1 to 2 J m−3 yr−1. In the third decade, the
entire North Sea tended to be less stratified, especially in the
middle and northern parts of the North Sea, where the poten-
tial energy anomaly decreased by −2 to −3 J m−3 yr−1. The
transformation in the Norwegian Trench is consistent with
that in the NWES (i.e., from an increased stratification from
1993 to 2012 to a decreased stratification in the most recent
decade), although at a relatively higher rate (6–8 J m−3 yr−1).

The PEA trend is further decomposed to that due to the
seawater temperature (T only; Fig. 4 second row) and salin-
ity (S only; Fig. 4 third row). The former is related to the
meteorological conditions, while the latter is related to the
regional salt and freshwater changes. A positive PEA trend
due to T or S implies a reduced vertical gradient in tem-
perature or salinity, respectively. The decomposition reveals
that in the North Sea region, both the water temperature and
the salinity cause the weakening of the stratification. The
changes in the trend in the Norwegian Trench results from
the changing salinity trend (via freshwater inflow variability
in the Baltic) (Tinker et al., 2016).

The sensitivity of stratification to the occurrence of marine
heatwaves (MHWs), as quantified using Eq. (4), is demon-
strated in Fig. 5. The illustration unequivocally indicates a
profound linkage between summer stratification and MHWs,
i.e., the seawater temperature T , particularly from June to
September, within the southern North Sea expanse, notably
in the eastern sector extending up to a longitude of 4.5° E
(German Bight). This observation is consistent with the con-
clusions drawn by Chen et al. (2022). Another geographic
area exhibiting a significant correlation between the presence
of summer stratification and MHW events is the Shetland–
Irish Shelf, which corresponds to region 6 in Fig. 1a. How-
ever, upon extending the temporal analysis window to en-
compass the entire year (i.e., all 12 months), it becomes ev-
ident that the northern North Sea (region 3; Fig. 1a), the
Celtic Sea (region 8; Fig. 1a), and the Norwegian Trench (re-
gion 5; Fig. 1a) also reveal correlations with MHWs. This

suggests that the manifestation of MHWs, especially those
occurring during the winter season (see, e.g., Fig. 1b), in-
stigate temperature disparities between the sea surface and
its deeper layers, consequently giving rise to thermal stratifi-
cation. Consequently, the escalating trend in MHW occur-
rences exerts an influence not only on the density stratifi-
cation within the southern North Sea but also across other
locales within the NWES, primarily due to the mounting in-
cidence of MHWs during winter periods. However, in the
English Channel (region 4; Fig. 1a) and the western portion
of the southern North Sea (region 31; Fig. 1a) lying west-
ward to the 4.5° E longitude, the water experiences annual
thorough mixing attributed to tidal forces, thereby mitigating
the impact of MHWs on density stratification.

4 Discussion

MHW events have become more frequent and prolonged
over the period 1993–2022. The total number of days ex-
periencing MHWs showed an upward trend, particularly in
the English Channel with the rate of 2–4 d yr−1. These find-
ings align with previous studies, which reported increasing
MHW occurrences globally (e.g., Oliver et al., 2018; Smale
et al., 2019) and in coastal regions (Marin et al., 2021). Dur-
ing the past 30 years, the most prolonged MHW found in the
nearshore areas is mainly attributed to the long-term changes
in mean SST, which increased fastest at the coastal oceans
(Marin et al., 2021). Moreover, we observed an increase in
MHW duration, indicating the potential for prolonged im-
pacts on marine ecosystems (Frölicher and Laufkötter, 2018;
Suryan et al., 2021). However, the results also show that the
increase in MHW frequency and length may unnecessarily
coincide with the heightening of SST. In the middle North
Sea and near the Danish coast, the trend of mean MHW in-
tensity is −2 to −6 J m−3 yr−1, which appears contradictory
to the increase in the MHW frequency and duration.

One possible explanation for the decrease in mean MHW
intensity in the North Sea is the influence of large-scale
climate patterns, such as atmospheric circulation changes.
Woollings et al. (2018) demonstrated a weakening of the
North Atlantic Jet Stream and an increase in atmospheric
blocking events over the North Atlantic region. These
changes can lead to stagnant atmospheric conditions and
the trapping of warm air masses over the NWES, resulting
in prolonged periods of high SST and MHW events. The
increase in MHW frequency and duration may be a con-
sequence of these altered atmospheric circulation patterns
rather than a direct result of SST heightening. Furthermore,
internal variability in the regional ocean, especially local pro-
cesses that affect SST, play an important role (Marin et al.,
2021). This includes variations in the fresh water–salt ex-
change and stratification (Mathis et al., 2015). Changes in
these processes, particularly the Baltic Sea inflow, can af-
fect the stability of the water column and result in a local-
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Figure 4. Trend of potential energy anomaly (∅; J m−3 yr−1) over the last 30 years. The first row (total) shows ∅ computed with Eq. (1),
where density depends on both temperature (T ) and salinity (S) in the water column. The second and third rows are similar to the first row,
but the density depends only on either T or S, respectively.

Figure 5. Ratio of the number of water stratification days to the number of MHW days for (a) June to September (summer period) and
the whole year. The ratio is computed with Eq. (4), using the multiyear water temperature and salinity at different depths for 1992 to 2022
(details in Table 1, ref. 1). The thin dashed line indicates the 200 m isobaths.

https://doi.org/10.5194/sp-4-osr8-7-2024 State Planet, 4-osr8, 7, 2024



CHAPTER2.5

6 W. Chen and J. Staneva: Characteristics, trends, and impacts of MHWs in the NWES

larger ∅, both in the summer period and in the annual mean,
due to larger depth. The potential energy anomaly in the Nor-
wegian Trench is ∼ 400 J m−3. This is much larger than what
is observed for the NWES region as a whole.

The density stratification has exhibited a trend opposite to
that of MHWs over the past 30 years. Figure 4 illustrates
the 10-year-averaged PEA across 3 decades, spanning from
1993 to 2022. Evident shifts in stratification are discernible.
An obvious transformation of stratification is observed. Be-
tween 1993 and 2022, there was a decrease at a rate of −1
to −2 J m−3 yr−1 only in the eastern part of the southern and
middle North Sea, as well as in the Celtic Sea. Conversely, in
the eastern part of the middle North Sea, the northern North
Sea, and the Shetland–Irish Shelf, ∅ increased by approxi-
mately 1–1.5 J m−3 yr−1. During the second decade, the re-
gion where stratification grows was greatly reduced. Only
parts of the northern North Sea near the Norwegian Trench
and some areas of the Shetland–Irish Shelf still maintained
a growth rate of 1 to 2 J m−3 yr−1. In the third decade, the
entire North Sea tended to be less stratified, especially in the
middle and northern parts of the North Sea, where the poten-
tial energy anomaly decreased by −2 to −3 J m−3 yr−1. The
transformation in the Norwegian Trench is consistent with
that in the NWES (i.e., from an increased stratification from
1993 to 2012 to a decreased stratification in the most recent
decade), although at a relatively higher rate (6–8 J m−3 yr−1).

The PEA trend is further decomposed to that due to the
seawater temperature (T only; Fig. 4 second row) and salin-
ity (S only; Fig. 4 third row). The former is related to the
meteorological conditions, while the latter is related to the
regional salt and freshwater changes. A positive PEA trend
due to T or S implies a reduced vertical gradient in tem-
perature or salinity, respectively. The decomposition reveals
that in the North Sea region, both the water temperature and
the salinity cause the weakening of the stratification. The
changes in the trend in the Norwegian Trench results from
the changing salinity trend (via freshwater inflow variability
in the Baltic) (Tinker et al., 2016).

The sensitivity of stratification to the occurrence of marine
heatwaves (MHWs), as quantified using Eq. (4), is demon-
strated in Fig. 5. The illustration unequivocally indicates a
profound linkage between summer stratification and MHWs,
i.e., the seawater temperature T , particularly from June to
September, within the southern North Sea expanse, notably
in the eastern sector extending up to a longitude of 4.5° E
(German Bight). This observation is consistent with the con-
clusions drawn by Chen et al. (2022). Another geographic
area exhibiting a significant correlation between the presence
of summer stratification and MHW events is the Shetland–
Irish Shelf, which corresponds to region 6 in Fig. 1a. How-
ever, upon extending the temporal analysis window to en-
compass the entire year (i.e., all 12 months), it becomes ev-
ident that the northern North Sea (region 3; Fig. 1a), the
Celtic Sea (region 8; Fig. 1a), and the Norwegian Trench (re-
gion 5; Fig. 1a) also reveal correlations with MHWs. This

suggests that the manifestation of MHWs, especially those
occurring during the winter season (see, e.g., Fig. 1b), in-
stigate temperature disparities between the sea surface and
its deeper layers, consequently giving rise to thermal stratifi-
cation. Consequently, the escalating trend in MHW occur-
rences exerts an influence not only on the density stratifi-
cation within the southern North Sea but also across other
locales within the NWES, primarily due to the mounting in-
cidence of MHWs during winter periods. However, in the
English Channel (region 4; Fig. 1a) and the western portion
of the southern North Sea (region 31; Fig. 1a) lying west-
ward to the 4.5° E longitude, the water experiences annual
thorough mixing attributed to tidal forces, thereby mitigating
the impact of MHWs on density stratification.

4 Discussion

MHW events have become more frequent and prolonged
over the period 1993–2022. The total number of days ex-
periencing MHWs showed an upward trend, particularly in
the English Channel with the rate of 2–4 d yr−1. These find-
ings align with previous studies, which reported increasing
MHW occurrences globally (e.g., Oliver et al., 2018; Smale
et al., 2019) and in coastal regions (Marin et al., 2021). Dur-
ing the past 30 years, the most prolonged MHW found in the
nearshore areas is mainly attributed to the long-term changes
in mean SST, which increased fastest at the coastal oceans
(Marin et al., 2021). Moreover, we observed an increase in
MHW duration, indicating the potential for prolonged im-
pacts on marine ecosystems (Frölicher and Laufkötter, 2018;
Suryan et al., 2021). However, the results also show that the
increase in MHW frequency and length may unnecessarily
coincide with the heightening of SST. In the middle North
Sea and near the Danish coast, the trend of mean MHW in-
tensity is −2 to −6 J m−3 yr−1, which appears contradictory
to the increase in the MHW frequency and duration.

One possible explanation for the decrease in mean MHW
intensity in the North Sea is the influence of large-scale
climate patterns, such as atmospheric circulation changes.
Woollings et al. (2018) demonstrated a weakening of the
North Atlantic Jet Stream and an increase in atmospheric
blocking events over the North Atlantic region. These
changes can lead to stagnant atmospheric conditions and
the trapping of warm air masses over the NWES, resulting
in prolonged periods of high SST and MHW events. The
increase in MHW frequency and duration may be a con-
sequence of these altered atmospheric circulation patterns
rather than a direct result of SST heightening. Furthermore,
internal variability in the regional ocean, especially local pro-
cesses that affect SST, play an important role (Marin et al.,
2021). This includes variations in the fresh water–salt ex-
change and stratification (Mathis et al., 2015). Changes in
these processes, particularly the Baltic Sea inflow, can af-
fect the stability of the water column and result in a local-
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Figure 4. Trend of potential energy anomaly (∅; J m−3 yr−1) over the last 30 years. The first row (total) shows ∅ computed with Eq. (1),
where density depends on both temperature (T ) and salinity (S) in the water column. The second and third rows are similar to the first row,
but the density depends only on either T or S, respectively.

Figure 5. Ratio of the number of water stratification days to the number of MHW days for (a) June to September (summer period) and
the whole year. The ratio is computed with Eq. (4), using the multiyear water temperature and salinity at different depths for 1992 to 2022
(details in Table 1, ref. 1). The thin dashed line indicates the 200 m isobaths.
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ized decrease in mean MHW intensity, while outside the
North Sea region, the intensity of MHWs increases due to
different oceanic processes and heat transport mechanisms
in the North Atlantic Ocean (Plecha et al., 2021). In addi-
tion, it is important to note that the observed decrease in
mean MHW intensity in certain areas does not negate the
overall increase in MHW frequency and duration. Climate
change, with its warming trends and interactions with atmo-
spheric and oceanic conditions, is a key driver of the inten-
sification and increased occurrence of extreme events like
MHWs. While localized decreases in mean intensity may be
present, the number and duration of MHW events are sur-
passing these reductions. These findings highlight the com-
plex interactions between climate change, atmospheric cir-
culation patterns, and regional oceanic processes in shaping
MHW characteristics.

Despite the more frequent and prolonged MHW leading
to a more stable water column, the potential energy anomaly
(∅), a measure of stratification, showed a decreasing trend in
the North Sea. This suggests that the MHW events and den-
sity stratification in the NWES region are not directly related.
One notable piece of evidence is that the region where mean
MHW intensity shows a downward trend overlaps with the
area of reducing density stratification.

In general, MHW events lead to a significant increase
in SST, resulting in intensified thermal stratification during
these events (Chen et al., 2022). The analysis of annual mean
SST trends in the NWES over the past 3 decades reveals a
positive trend with a rate of change of 0.03–0.05 °C yr−1 (EU
Copernicus Marine Service Product, 2023). Interestingly, the
PEA due to seawater temperatures shows an opposite trend,
particularly from 2003 to 2022 (Fig. 4). As this parameter
quantifies the temperature heterogeneity of the water column,
the decrease in PEA suggests a reduction in the temperature
difference between the surface and the subsurface. With the
observed increasing trend of NWES SST in response to a
warming climate, the decline in PEA due to temperature can
be solely attributed to the warming of the subsurface water.
This warming is primarily driven by strong winter warming,
leading to a weakening of the thermal stratification (Mathis
and Pohlmann, 2014). This phenomenon is evident in the
northern North Sea and the Celtic Sea, where the emergence
of thermal stratification exhibits strong correlations with the
occurrence of MHWs during winter seasons (Fig. 5). Ad-
ditionally, the lower water column retains the memory of
winter warming for a longer duration compared to the sur-
face (Chen et al., 2022). Therefore, the rise in SST caused
by increased MHW events is insufficient to counterbalance
the overall weakening of thermal stratification due to seawa-
ter warming. Additionally, other factors and processes, such
as oceanic circulation patterns and mixing mechanisms, may
contribute to the observed changes in stratification (Guihou
et al., 2017). Increased river runoff can lead to stronger salin-
ity decreases at the sea surface compared to deeper layers,
intensifying the stratification in terms of an increasing verti-

cal salinity gradient (Lehmann et al., 2022). This can be seen
at the estuarine zones, exemplified by the German Bight in
the southern North Sea (Chegini et al., 2020). The analysis
of PEA trends due to salinity also highlights the significant
impact of variation in the Baltic discharge on stratification in
the Norwegian Trench of the North Sea (Tinker et al., 2016).

It is notable that, within the NWES, the variability in
salinity exerts a more pronounced influence on stratification
compared to temperature variability. However, it is essen-
tial to recognize that climatic factors also potentially impact
salinity fluctuations in the NWES. Schrum et al. (2016) re-
ported a freshening trend in the North Sea attributed to in-
creased river runoff and Baltic discharge, both intricately
linked to an intensified water cycle and amplified net pre-
cipitation in mid- to high-latitude regions (Collins et al.,
2013; Levang and Schmitt, 2015). Moreover, atmospheric
heatwave events, known as significant contributors to MHW
occurrences (Hobday et al., 2016), can notably affect pre-
cipitation and evaporation dynamics (Miralles et al., 2019),
thereby further influencing river runoff and Baltic discharge
(Lehmann et al., 2022). As a prospective avenue of research,
delving into the NWES and Baltic as an integrated sys-
tem would yield intriguing insights. Exploring the interplay
between European continent-wide precipitation, evaporation
patterns, and the evolving stratification trend in the NWES
presents an intriguing prospect. Gaining comprehension of
these intricate interactions would offer valuable revelations
about the multifaceted mechanisms steering shifts in strat-
ification and their intricate connections to regional climate
dynamics.

5 Conclusion

Leveraging the wealth of high-resolution data furnished by
the Copernicus Marine Environment Monitoring Service, we
have analyzed the occurrence of MHW events and their un-
derlying characteristics spanning the last 3 decades within
the NWES region.

Our analysis revealed multiple MHW events throughout
the year, including during the winter season. We find that de-
spite showing spatial variations, MHWs have tended to be-
come more frequent and prolonged over the past 3 decades
in the NWES. The temporal dynamics of MHWs reveal
a noteworthy trajectory, augmenting at a rate of 0.1 to
0.15 events yr−1 on average, contributing to a rise in annual
occurrence by a range of 1 to 4 d. It is evident that coastal ar-
eas are the epicenters of this phenomenon, experiencing the
swiftest augmentation in MHW duration when juxtaposed
against other regions within the NWES. However, the NWES
did not show a trend toward stronger stratification due to
MHW occurring more frequently and lasting longer. On the
contrary, it becomes less stratified, especially in the middle
and northern North Sea region.
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A closer examination of seawater temperature trends re-
veals that the rise in SST caused by increased MHW events is
insufficient to offset the overall weakening of thermal stratifi-
cation due to seawater warming. This is evident in the north-
ern North Sea, where the emergence of thermal stratification
exhibits a strong correlation with the occurrence of MHWs
during winter seasons. However, the intricate dynamics ex-
tend beyond temperature alone. The variation in the salin-
ity has a significant impact on the trend of change in den-
sity stratification. In particular, the influence of Baltic dis-
charge, a veritable fulcrum of internal variability, emerges as
a paramount process dictating the trajectory of changes in
density stratification within the North Sea. The intricate in-
terplay of freshwater influx from the Baltic Sea, influenced
by climatic factors such as intensified water cycles and aug-
mented net precipitation, intricately shapes the spatial dis-
tribution of salinity patterns within the North Sea realm. It
is imperative to treat the NWES and Baltic as integral com-
ponents of a larger, interconnected system. The interdepen-
dency between these domains necessitates a comprehensive
approach that transcends arbitrary boundaries and delves into
the subtle threads linking various climatic, oceanographic,
and hydrological factors.

In summary, the interplay between temperature, salinity,
and their intricate interactions with MHWs, Baltic discharge,
and broader climatic phenomena collectively weave an intri-
cate tapestry of density stratification trends within the North
Sea region. This multifaceted narrative underscores the ne-
cessity of adopting a unified perspective that considers the
complex interdependencies and feedback loops that charac-
terize the intricate dance of nature’s forces in this vital marine
expanse. The outcomes of this research transcend theoretical
confines, bearing practical significance for diverse sectors.

By unraveling the intricate interplay between MHWs,
thermal stratification, and salinity dynamics, our study con-
tributes to a more comprehensive understanding of climate
change impacts on regional oceanic systems. The implica-
tions extend to domains such as ecosystem dynamics, fish-
eries, and related sectors, which are poised to be influenced
by the enduring alterations in the thermal stratification pat-
terns. These changes have far-reaching implications for the
ecological and socioeconomic fabric of the NWES region.
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cal salinity gradient (Lehmann et al., 2022). This can be seen
at the estuarine zones, exemplified by the German Bight in
the southern North Sea (Chegini et al., 2020). The analysis
of PEA trends due to salinity also highlights the significant
impact of variation in the Baltic discharge on stratification in
the Norwegian Trench of the North Sea (Tinker et al., 2016).

It is notable that, within the NWES, the variability in
salinity exerts a more pronounced influence on stratification
compared to temperature variability. However, it is essen-
tial to recognize that climatic factors also potentially impact
salinity fluctuations in the NWES. Schrum et al. (2016) re-
ported a freshening trend in the North Sea attributed to in-
creased river runoff and Baltic discharge, both intricately
linked to an intensified water cycle and amplified net pre-
cipitation in mid- to high-latitude regions (Collins et al.,
2013; Levang and Schmitt, 2015). Moreover, atmospheric
heatwave events, known as significant contributors to MHW
occurrences (Hobday et al., 2016), can notably affect pre-
cipitation and evaporation dynamics (Miralles et al., 2019),
thereby further influencing river runoff and Baltic discharge
(Lehmann et al., 2022). As a prospective avenue of research,
delving into the NWES and Baltic as an integrated sys-
tem would yield intriguing insights. Exploring the interplay
between European continent-wide precipitation, evaporation
patterns, and the evolving stratification trend in the NWES
presents an intriguing prospect. Gaining comprehension of
these intricate interactions would offer valuable revelations
about the multifaceted mechanisms steering shifts in strat-
ification and their intricate connections to regional climate
dynamics.

5 Conclusion

Leveraging the wealth of high-resolution data furnished by
the Copernicus Marine Environment Monitoring Service, we
have analyzed the occurrence of MHW events and their un-
derlying characteristics spanning the last 3 decades within
the NWES region.

Our analysis revealed multiple MHW events throughout
the year, including during the winter season. We find that de-
spite showing spatial variations, MHWs have tended to be-
come more frequent and prolonged over the past 3 decades
in the NWES. The temporal dynamics of MHWs reveal
a noteworthy trajectory, augmenting at a rate of 0.1 to
0.15 events yr−1 on average, contributing to a rise in annual
occurrence by a range of 1 to 4 d. It is evident that coastal ar-
eas are the epicenters of this phenomenon, experiencing the
swiftest augmentation in MHW duration when juxtaposed
against other regions within the NWES. However, the NWES
did not show a trend toward stronger stratification due to
MHW occurring more frequently and lasting longer. On the
contrary, it becomes less stratified, especially in the middle
and northern North Sea region.
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A closer examination of seawater temperature trends re-
veals that the rise in SST caused by increased MHW events is
insufficient to offset the overall weakening of thermal stratifi-
cation due to seawater warming. This is evident in the north-
ern North Sea, where the emergence of thermal stratification
exhibits a strong correlation with the occurrence of MHWs
during winter seasons. However, the intricate dynamics ex-
tend beyond temperature alone. The variation in the salin-
ity has a significant impact on the trend of change in den-
sity stratification. In particular, the influence of Baltic dis-
charge, a veritable fulcrum of internal variability, emerges as
a paramount process dictating the trajectory of changes in
density stratification within the North Sea. The intricate in-
terplay of freshwater influx from the Baltic Sea, influenced
by climatic factors such as intensified water cycles and aug-
mented net precipitation, intricately shapes the spatial dis-
tribution of salinity patterns within the North Sea realm. It
is imperative to treat the NWES and Baltic as integral com-
ponents of a larger, interconnected system. The interdepen-
dency between these domains necessitates a comprehensive
approach that transcends arbitrary boundaries and delves into
the subtle threads linking various climatic, oceanographic,
and hydrological factors.

In summary, the interplay between temperature, salinity,
and their intricate interactions with MHWs, Baltic discharge,
and broader climatic phenomena collectively weave an intri-
cate tapestry of density stratification trends within the North
Sea region. This multifaceted narrative underscores the ne-
cessity of adopting a unified perspective that considers the
complex interdependencies and feedback loops that charac-
terize the intricate dance of nature’s forces in this vital marine
expanse. The outcomes of this research transcend theoretical
confines, bearing practical significance for diverse sectors.

By unraveling the intricate interplay between MHWs,
thermal stratification, and salinity dynamics, our study con-
tributes to a more comprehensive understanding of climate
change impacts on regional oceanic systems. The implica-
tions extend to domains such as ecosystem dynamics, fish-
eries, and related sectors, which are poised to be influenced
by the enduring alterations in the thermal stratification pat-
terns. These changes have far-reaching implications for the
ecological and socioeconomic fabric of the NWES region.
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Abstract. Anomalously warm oceanic events, often termed marine heatwaves (MHWs), can potentially im-
pact the ecosystem in the affected region and have therefore become a hot topic for research in recent years.
Determining the intensity and spatial extent of marine heatwaves, however, depends on the definition and cli-
matological average used. Moreover, the stress applied by the heatwave to the marine ecosystem will depend on
which component of the ecosystem is considered. Here, we utilize a model reanalysis (1991–2022) to explore
the frequency, intensity, and duration of marine heatwaves in the Barents Sea, as well as regional heterogeneities.
We find that major marine heatwaves are rather coherent throughout the region, but surface marine heatwaves
occur more frequently while heatwaves on the ocean floor have a longer duration. Moreover, we investigate the
sensitivity to the choice of climatological average length when calculating marine heatwave statistics. Our results
indicate that severe marine heatwaves may become more frequent in a future Barents Sea due to ongoing climate
change.

1 Introduction

A marine heatwave (MHW) is a period of a warm spell in
an ocean region and is usually defined as a period when the
temperature exceeds a given threshold relative to a clima-
tological average (e.g., Marbá et al., 2015; Hobday et al.,
2016; Scannell et al., 2016; Hu et al., 2020; Huang et al.,
2021). Due to the potentially profound impact on marine life
(e.g., Smale et al., 2019; Husson et al., 2022) and, hence,
also socioeconomic impacts (Smith et al., 2021), MHWs
have received increasing attention in recent years (see Oliver
et al. (2021) for a comprehensive review of recent litera-
ture). While the criteria to define MHWs seem to converge
to those proposed by Hobday et al. (2016), i.e., the temper-
ature exceeding the 90th percentile of the moving climato-
logical average, little attention has been given to the impact
of the choice of climatological average on the MHW charac-
teristics and statistics such as frequency, intensity, and dura-

tion (Chiswell, 2022). The underlying trends of global ocean
warming (e.g., Cheng et al., 2022) and regional climate vari-
ability (e.g., Smedsrud et al., 2022) both impact the MHW
statistics, and some regions may eventually enter a state of
permanent MHW, depending on the climatological average
chosen. As an example, while Fröhlicher et al. (2018) found
a doubling of MHW days between 1982 and 2016 globally,
Chiswell (2022) showed that accounting for climate change
by removing the linear trend resulted in weaker MHWs in
the tropics and stronger MHWs in the northern Pacific and
Atlantic oceans.

When MHWs are calculated as a time series for a whole
region, possible regional heterogeneities may be masked,
thereby reducing the applicability of using the time series as
an MHW index. The Barents Sea is a complex shelf sea that
mainly consists of a relatively warm and ice-free Atlantic-
Water-dominated part in the south and a cold, seasonally ice-
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Table 1. Products used and their documentation.

Product Product ID & type Data access Documentation
ref. no.

1 ARCTIC_MULTIYEAR_PHY_002_003;
numerical models

EU Copernicus Marine
Service Product (2023)

Quality Information Document (QUID):
Xie and Bertino (2023)
Product User Manual (PUM):
Hackett et al. (2023)

2 Conductivity–Temperature–Depth data
obtained in the Barents Sea

IMR database TINDOR (data
accessible upon request)

3 ERA5 gridded reanalysis (0.25° × 0.25°);
monthly average on single level

Hersbach et al. (2023) Hersbach et al. (2023)

covered Arctic-Water-dominated part in the north. The south-
ern part is kept ice-free by relatively warm and saline Atlantic
Water entering to the southwest. The Atlantic Water gives up
most of its heat (relative to the average temperature of the
Polar Basin) to the atmosphere while en route (e.g., Gam-
melsrød et al., 2009; Smedsrud et al., 2013). Moreover, the
inflow of Atlantic Water has been shown to be a precursor
for interannual variability in the Barents Sea sea-ice cover
(Onarheim et al., 2015; Schlichtholz, 2019) and in the ocean
heat content further downstream in the Barents Sea (Lien
et al., 2017). Both the southern and northern Barents Sea
have varying seasonal stratification, mainly from the melt-
ing of sea ice in the north and solar insolation causing ther-
mal stratification in the south (e.g., Smedsrud et al., 2013;
Lind et al., 2018). The marine ecosystem differs between the
two main regions, with further diversification within each re-
gion. However, the extension of the two regimes is chang-
ing due to ongoing climate change, with the boreal south-
ern part expanding at the expense of the northern Arctic part
(e.g., Fossheim et al., 2015; Oziel et al., 2020). The Barents
Sea is home to several important commercial fish stocks,
both pelagic (e.g., capelin (Mallotus villosus) and Norwe-
gian spring spawning herring (Clupea harengus)) and dem-
ersal (e.g., Northeast Arctic cod (Gadus morhua) and had-
dock (Melanogrammus aeglefinus)), in addition to a diverse
marine ecosystem including large groups of marine mam-
mals and sea birds, as well as unique benthos communities
(see Jakobsen and Ozhigin, 2011, for a more comprehensive
overview). Hence, MHWs may have profound impacts on
marine living resources but with different species exhibiting
differences in resilience to MHW events (e.g., Husson et al.,
2022). Recent studies on MHWs in the Barents Sea, how-
ever, have focused on the surface or the upper parts of the
water column (Mohamed et al., 2022; Husson et al., 2022).
Here, we investigate the occurrences of both surface and bot-
tom MHWs in four contrasting environments in the Barents
Sea. Moreover, we explore the differences in frequency, in-
tensity, and duration using varying climatological average
lengths for estimating MHWs. We also focus on the highest-
intensity MHW event in terms of cumulative degree days and

investigate its oceanic and atmospheric preconditioning and
decline.

2 Data & methods

2.1 Model data

We based our analysis on modelled daily averages from the
EU Copernicus Marine Service ocean reanalysis for the Arc-
tic region based on the TOPAZ model system for the period
1991–2022 (Sakov et al., 2012; Xie et al., 2016; Lien et al.,
2016; product ref. 1, Table 1), hereinafter termed “TOPAZ
reanalysis”.

2.2 Ocean observation data

We have used available Conductivity–Temperature–Depth
(CTD) casts (product ref. 2, Table 1), covering the period
1986 to 2020, for assessing the quality of the model dataset
with regard to bottom temperatures in four regions of the Bar-
ents Sea (Fig. 1) before we use the models results to calculate
MHW statistics. The CTD data were obtained from the Insti-
tute of Marine Research database, The Integrated Database
for Ocean Research (TINDOR).

2.3 Atmospheric data

Monthly averages of turbulent heat fluxes and outgoing long-
wave radiation for the period 1993 to 2021 were downloaded
from the EU Copernicus Climate Service website (product
ref. 3, Table 1; Hersbach et al., 2023).

2.4 Marine heatwave estimation method

We have adopted the definition of MHWs proposed by Hob-
day et al. (2016), where an MHW is defined as a period of
more than 5 d where the temperature is above the 90th per-
centile of the daily varying climatology averaged over a pe-
riod of at least 30 years. Moreover, two consecutive events
divided by a gap of 2 d or less are considered a single event.
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Figure 1. Map of the Barents Sea. Colours show the bathymetry (in
metres). Arrows show the main current patterns for Atlantic Water
(red) and Arctic Water (blue). Boxes show regions for estimating
marine heatwave statistics from the TOPAZ reanalysis. BIT: Bear
Island Trough. NB: Northeast Basin. SB: Spitsbergen Bank. PS: Pe-
chora Sea.

The TOPAZ reanalysis covers the time period 1991–2022.
In compliance with common standards set by the World Me-
teorological Organization (WMO, 2007, 2015), we have cho-
sen the period 1991–2020 as the climatological average pe-
riod. To study the effect of changing the climatological aver-
age period, we have also calculated the MHW statistics using
the 25-year period 1996–2020 and the 20-year period 2001–
2020 as the climatological average periods.

We have chosen four sub-regions where we compute the
daily spatially averaged surface and bottom temperatures
representing contrasting marine environments: the Bear Is-
land Trough in the southwestern Atlantic Water inflow area to
the Barents Sea; the adjacent Spitsbergen Bank which repre-
sents a productive, shallow bank with an Arctic marine envi-
ronment; the Northeast Basin in the northeastern Barents Sea
which represents the outflow region where strongly modified
Atlantic-derived water masses leave the Barents Sea; and the
Pechora Sea to the southeast which represents a shallow area
influenced by coastal water (see map; Fig. 1). Our Bear Is-
land Trough region is pushed towards the southern slope of
the trough to cover the area around 72°30′ N which is where
the core of the main inflow branch carrying Atlantic Water to
the Barents Sea is located (e.g., Skagseth et al., 2008).

For estimating MHW statistics we have used the Python
package provided by Eric C. J. Oliver (https://github.com/
ecjoliver/marineHeatWaves/releases/tag/v0.16; last access:
24 March 2023; Oliver, 2016), using the default settings.

Table 2. Statistics summarizing the comparison between the model
and observations at N CTD locations. Correlations are shown in
boldface when p < 0.05 and underlined boldface when p < 0.01.
BIT: Bear Island Trough. SB: Spitsbergen Bank. PS: Pechora Sea.
NB: Northeast Basin.

Model Statistic BIT SB PS NB

TOPAZ N 202 49 34 11
Bias [°C] 1.9 −2.1 −0.8 −0.6
RMSd [°C] 2.0 2.4 1.0 0.7
Correlation [r] 0.55 0.39 0.78 0.66

2.5 Model evaluation

The model product used in this study has previously been
evaluated against a suite of ocean observations (e.g., Lien et
al., 2016; Xie et al., 2019, 2023). However, because we also
used the model for the analysis of MHWs near the ocean
floor, we provide an assessment of the quality of the model by
direct comparison with observations of near-bottom tempera-
ture from CTD casts where available in the four sub-regions.
The motivation for comparing only bottom temperatures is
that satellite sea surface temperature observations are assim-
ilated into the TOPAZ reanalysis. Moreover, the sea surface
temperature is also constrained by ocean–atmosphere bulk
fluxes.

In this model quality assessment, we compared modelled
and observed near-bottom temperatures averaged in time
(monthly) and space (see sub-regions; Fig. 1). The modelled
seasonal signal was removed from both model and observa-
tion time series before the correlation was calculated. The
comparison is summarized in Table 2 and Fig. S1.

3 Results

We first calculated the MHW statistics based on the TOPAZ
reanalysis for the full Barents Sea region for the period 1991–
2022 (see Fig. 1 for area definition), which are summarized in
Fig. 2 and Tables 3–5. A total of 29 MHWs were identified at
the surface compared to 5 MHWs near the bottom, equating
to a frequency of 0.90 yr−1 at the surface and 0.16 yr−1 near
the bottom. The average maximum intensity was 1.41 and
1.07 °C at the surface and near the bottom, respectively. The
duration was, on average, longer near the bottom (214 d) than
at the surface (33 d). Moreover, we found a positive decadal
trend in the MHW frequency at the surface of 0.82 yr−1 (p <

0.05), while for all the other metrics mentioned above the
decadal trends were non-significant.

Two periods are distinguished in terms of MHW cumu-
lative intensity (°C days), both at the surface and near the
bottom. The strongest MHW in the Barents Sea as a whole,
in terms of cumulative intensity, occurred in 2016 both at
the surface and near the bottom (Fig. 3a, f). At the surface,
the 2016 MHW had an average intensity of 1.29 °C (maxi-
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Table 1. Products used and their documentation.

Product Product ID & type Data access Documentation
ref. no.

1 ARCTIC_MULTIYEAR_PHY_002_003;
numerical models

EU Copernicus Marine
Service Product (2023)

Quality Information Document (QUID):
Xie and Bertino (2023)
Product User Manual (PUM):
Hackett et al. (2023)

2 Conductivity–Temperature–Depth data
obtained in the Barents Sea

IMR database TINDOR (data
accessible upon request)

3 ERA5 gridded reanalysis (0.25° × 0.25°);
monthly average on single level

Hersbach et al. (2023) Hersbach et al. (2023)

covered Arctic-Water-dominated part in the north. The south-
ern part is kept ice-free by relatively warm and saline Atlantic
Water entering to the southwest. The Atlantic Water gives up
most of its heat (relative to the average temperature of the
Polar Basin) to the atmosphere while en route (e.g., Gam-
melsrød et al., 2009; Smedsrud et al., 2013). Moreover, the
inflow of Atlantic Water has been shown to be a precursor
for interannual variability in the Barents Sea sea-ice cover
(Onarheim et al., 2015; Schlichtholz, 2019) and in the ocean
heat content further downstream in the Barents Sea (Lien
et al., 2017). Both the southern and northern Barents Sea
have varying seasonal stratification, mainly from the melt-
ing of sea ice in the north and solar insolation causing ther-
mal stratification in the south (e.g., Smedsrud et al., 2013;
Lind et al., 2018). The marine ecosystem differs between the
two main regions, with further diversification within each re-
gion. However, the extension of the two regimes is chang-
ing due to ongoing climate change, with the boreal south-
ern part expanding at the expense of the northern Arctic part
(e.g., Fossheim et al., 2015; Oziel et al., 2020). The Barents
Sea is home to several important commercial fish stocks,
both pelagic (e.g., capelin (Mallotus villosus) and Norwe-
gian spring spawning herring (Clupea harengus)) and dem-
ersal (e.g., Northeast Arctic cod (Gadus morhua) and had-
dock (Melanogrammus aeglefinus)), in addition to a diverse
marine ecosystem including large groups of marine mam-
mals and sea birds, as well as unique benthos communities
(see Jakobsen and Ozhigin, 2011, for a more comprehensive
overview). Hence, MHWs may have profound impacts on
marine living resources but with different species exhibiting
differences in resilience to MHW events (e.g., Husson et al.,
2022). Recent studies on MHWs in the Barents Sea, how-
ever, have focused on the surface or the upper parts of the
water column (Mohamed et al., 2022; Husson et al., 2022).
Here, we investigate the occurrences of both surface and bot-
tom MHWs in four contrasting environments in the Barents
Sea. Moreover, we explore the differences in frequency, in-
tensity, and duration using varying climatological average
lengths for estimating MHWs. We also focus on the highest-
intensity MHW event in terms of cumulative degree days and

investigate its oceanic and atmospheric preconditioning and
decline.

2 Data & methods

2.1 Model data

We based our analysis on modelled daily averages from the
EU Copernicus Marine Service ocean reanalysis for the Arc-
tic region based on the TOPAZ model system for the period
1991–2022 (Sakov et al., 2012; Xie et al., 2016; Lien et al.,
2016; product ref. 1, Table 1), hereinafter termed “TOPAZ
reanalysis”.

2.2 Ocean observation data

We have used available Conductivity–Temperature–Depth
(CTD) casts (product ref. 2, Table 1), covering the period
1986 to 2020, for assessing the quality of the model dataset
with regard to bottom temperatures in four regions of the Bar-
ents Sea (Fig. 1) before we use the models results to calculate
MHW statistics. The CTD data were obtained from the Insti-
tute of Marine Research database, The Integrated Database
for Ocean Research (TINDOR).

2.3 Atmospheric data

Monthly averages of turbulent heat fluxes and outgoing long-
wave radiation for the period 1993 to 2021 were downloaded
from the EU Copernicus Climate Service website (product
ref. 3, Table 1; Hersbach et al., 2023).

2.4 Marine heatwave estimation method

We have adopted the definition of MHWs proposed by Hob-
day et al. (2016), where an MHW is defined as a period of
more than 5 d where the temperature is above the 90th per-
centile of the daily varying climatology averaged over a pe-
riod of at least 30 years. Moreover, two consecutive events
divided by a gap of 2 d or less are considered a single event.
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Figure 1. Map of the Barents Sea. Colours show the bathymetry (in
metres). Arrows show the main current patterns for Atlantic Water
(red) and Arctic Water (blue). Boxes show regions for estimating
marine heatwave statistics from the TOPAZ reanalysis. BIT: Bear
Island Trough. NB: Northeast Basin. SB: Spitsbergen Bank. PS: Pe-
chora Sea.

The TOPAZ reanalysis covers the time period 1991–2022.
In compliance with common standards set by the World Me-
teorological Organization (WMO, 2007, 2015), we have cho-
sen the period 1991–2020 as the climatological average pe-
riod. To study the effect of changing the climatological aver-
age period, we have also calculated the MHW statistics using
the 25-year period 1996–2020 and the 20-year period 2001–
2020 as the climatological average periods.

We have chosen four sub-regions where we compute the
daily spatially averaged surface and bottom temperatures
representing contrasting marine environments: the Bear Is-
land Trough in the southwestern Atlantic Water inflow area to
the Barents Sea; the adjacent Spitsbergen Bank which repre-
sents a productive, shallow bank with an Arctic marine envi-
ronment; the Northeast Basin in the northeastern Barents Sea
which represents the outflow region where strongly modified
Atlantic-derived water masses leave the Barents Sea; and the
Pechora Sea to the southeast which represents a shallow area
influenced by coastal water (see map; Fig. 1). Our Bear Is-
land Trough region is pushed towards the southern slope of
the trough to cover the area around 72°30′ N which is where
the core of the main inflow branch carrying Atlantic Water to
the Barents Sea is located (e.g., Skagseth et al., 2008).

For estimating MHW statistics we have used the Python
package provided by Eric C. J. Oliver (https://github.com/
ecjoliver/marineHeatWaves/releases/tag/v0.16; last access:
24 March 2023; Oliver, 2016), using the default settings.

Table 2. Statistics summarizing the comparison between the model
and observations at N CTD locations. Correlations are shown in
boldface when p < 0.05 and underlined boldface when p < 0.01.
BIT: Bear Island Trough. SB: Spitsbergen Bank. PS: Pechora Sea.
NB: Northeast Basin.

Model Statistic BIT SB PS NB

TOPAZ N 202 49 34 11
Bias [°C] 1.9 −2.1 −0.8 −0.6
RMSd [°C] 2.0 2.4 1.0 0.7
Correlation [r] 0.55 0.39 0.78 0.66

2.5 Model evaluation

The model product used in this study has previously been
evaluated against a suite of ocean observations (e.g., Lien et
al., 2016; Xie et al., 2019, 2023). However, because we also
used the model for the analysis of MHWs near the ocean
floor, we provide an assessment of the quality of the model by
direct comparison with observations of near-bottom tempera-
ture from CTD casts where available in the four sub-regions.
The motivation for comparing only bottom temperatures is
that satellite sea surface temperature observations are assim-
ilated into the TOPAZ reanalysis. Moreover, the sea surface
temperature is also constrained by ocean–atmosphere bulk
fluxes.

In this model quality assessment, we compared modelled
and observed near-bottom temperatures averaged in time
(monthly) and space (see sub-regions; Fig. 1). The modelled
seasonal signal was removed from both model and observa-
tion time series before the correlation was calculated. The
comparison is summarized in Table 2 and Fig. S1.

3 Results

We first calculated the MHW statistics based on the TOPAZ
reanalysis for the full Barents Sea region for the period 1991–
2022 (see Fig. 1 for area definition), which are summarized in
Fig. 2 and Tables 3–5. A total of 29 MHWs were identified at
the surface compared to 5 MHWs near the bottom, equating
to a frequency of 0.90 yr−1 at the surface and 0.16 yr−1 near
the bottom. The average maximum intensity was 1.41 and
1.07 °C at the surface and near the bottom, respectively. The
duration was, on average, longer near the bottom (214 d) than
at the surface (33 d). Moreover, we found a positive decadal
trend in the MHW frequency at the surface of 0.82 yr−1 (p <

0.05), while for all the other metrics mentioned above the
decadal trends were non-significant.

Two periods are distinguished in terms of MHW cumu-
lative intensity (°C days), both at the surface and near the
bottom. The strongest MHW in the Barents Sea as a whole,
in terms of cumulative intensity, occurred in 2016 both at
the surface and near the bottom (Fig. 3a, f). At the surface,
the 2016 MHW had an average intensity of 1.29 °C (maxi-
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mum of 3.41 °C) and a total duration of 480 d (from 19 De-
cember 2015 to 11 April 2017). Near the bottom, the 2016
MHW had an average intensity of 1.10 °C (maximum of
1.28 °C) and a total duration of 479 d (28 February 2016 to
20 June 2017). The second-strongest MHW in terms of cu-
mulative intensity in the Barents Sea as a whole occurred
in 2013 at the surface and in 2012 near the bottom (see
Fig. S2). While an investigation on possible mechanisms
for the decoupling between the surface and the bottom is
beyond the scope of this work, we note that the 2012–13
MHW event was preceded by an extraordinarily large tem-
perature anomaly but close-to-average volume transport in
the Atlantic Water entering the Barents Sea to the southwest
(e.g., ICES, 2022), as opposed to extraordinarily large vol-
ume transports preceding the 2016 MHW event (see below
for more details). Moreover, previous studies have suggested
that temperature anomalies that are advected into the Bar-
ents Sea at depth during the stratified summer season can
re-emerge at the surface further downstream through verti-
cal mixing during the following winter (e.g., Schlichtholz,
2019).

To investigate possible regional heterogeneity in MHWs
within the Barents Sea, we calculated MHW statistics in the
four sub-regions depicted in Fig. 1. The results are summa-
rized in Tables 3, 4, and 5. In all regions, we found a higher
frequency of MHW events than for the Barents Sea as a
whole (except for near the bottom of the Northeast Basin).
Moreover, all regions showed a larger positive decadal trend
in the frequency compared with the Barents Sea as a whole,
although this trend was only found to be statistically signifi-
cant near the bottom of the Pechora Sea (p < 0.05; Table 3).
For the average maximum intensity at the surface, we found
that the Bear Island Trough, which is the upstream inflow
region, had similar statistics to the Barents Sea as a whole,
while for the other three regions the intensity was generally
larger (Table 4). Near the bottom, the intensity in the Bear Is-
land Trough was less than that of the Barents Sea as a whole,
while in the downstream Northeast Basin the intensity was
larger on average. In the two other regions the differences
were smaller. In terms of duration, all regions experienced
shorter MWHs on average compared to the Barents Sea as
a whole, especially near the bottom. The exception was the
Northeast Basin, where the average duration of near-bottom
MHWs was found to be comparable to that of the Barents
Sea as a whole (Table 5).

To investigate further regional heterogeneity, we consid-
ered the MHW event in 2016 in each of the regions. At the
surface, the 2016 MHW event was the most severe MHW
event in terms of cumulative intensity in three out of the four
sub-regions investigated. The exception was the Bear Island
Trough, where the 2012 MHW event was more severe (not
shown). Near the bottom, the 2016 MHW event was the most
severe MHW event in all four regions (Fig. 3). The progres-
sion of the 2016 MHW event was comparable in all regions,
except for the Spitsbergen Bank where the onset of the MHW

occurred later, near mid-summer, compared to the other re-
gions where the onset occurred during late winter. However,
on the Spitsbergen Bank the 2016 MHW was preceded by
several but less intense and intermittent MHWs. It is also
worth noting that the onset in the other three regions, as well
as the Barents Sea as a whole, occurred in late February/early
March, except for in the upstream Bear Island Trough where
the onset occurred at the beginning of April. Moreover, both
the average and maximum MHW intensity were less in the
Bear Island Trough compared to the other regions.

3.1 Preconditioning and atmospheric forcing of the 2016
MHW event

Leading up to the onset of the 2016 MHW, the inflow of
warm Atlantic Water to the Barents Sea was above average
during the whole of 2015 (ICES, 2022). However, during the
following winter of 2015–16, the turbulent (latent and sen-
sible) heat loss was between 20 and 70 W m−2 below the
1993–2021 average in the southern Barents Sea (71–75° N,
25–45° E; i.e., along the Atlantic Water pathway through the
Barents Sea; Fig. 4a), which was the lowest for the period
1993–2021. The reduced heat loss to the atmosphere oc-
curred despite the preceding increase in advected oceanic
heat (Fig. 4a, e). Note that, during the winter months, the
solar radiation can be neglected due to the polar night condi-
tions in the Barents Sea region. Moreover, wind-driven mix-
ing during winter breaks down the upper water column strati-
fication, connecting the surface with the deeper layers. Thus,
the 2016 MHW event was preceded by an increased Atlantic
Water heat transport and reduced heat loss to the atmosphere.
While we did not perform a closed heat budget calculation,
we note that the oceanic heat carried by the downstream out-
flow from the Barents Sea has previously been reported to be
smaller than the inflow by 1 order of magnitude (e.g., Gam-
melsrød et al., 2009; Smedsrud et al., 2013) and that a previ-
ous study found that increased oceanic heat advection to the
Barents Sea led to increased ocean heat content in the interior
Barents Sea (Lien et al., 2017).

In the following winter of 2016–17, i.e., during the decline
of the 2016 MHW event, the turbulent heat loss and out-
going longwave radiation in the northern Barents Sea (76–
80° N, 25–45° E; Fig. 4b, e, f) reached the largest values in
the 1993–2021 period. This was likely enhanced by a record
low winter sea-ice extent (ICES, 2022) and negative cloud
cover anomaly in the northern Barents Sea (not shown). In
the southern Barents Sea, however, no heat loss anomaly at
the ocean surface was observed during the winter of 2016–
17 (Fig. 4b), but the Atlantic Water transport through the
Barents Sea Opening decreased during 2016 (ICES, 2022).
Thus, the 2016 MHW event in the Barents Sea can be linked
to the combined effect of increased Atlantic Water transport
into the Barents Sea and to reduced oceanic heat loss in the
southern Barents Sea during the onset and increased oceanic
heat loss in the northern Barents Sea during the decline.
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Figure 2. Marine heatwave statistics for the full Barents Sea for the period 1991–2022, using 1991–2020 as the climate average period. (a)
Number of marine heatwave events per year. (b) Maximum intensity of the heatwave events. (c) Average marine heatwave duration. The
associated decadal trends are shown in hatched colours. The trend is provided in boldface if significant to 95 % (p < 0.05). Surface values
are shown by blue bars, and bottom values are shown by red bars. This figure is based on data from the TOPAZ reanalysis.

3.2 Effect of changing baselines

Next, we investigated the effect of changing the climatolog-
ical average period from 30 years (1991–2020) to 25 years
(1996–2020) and 20 years (2001–2020) when calculating the

MHW statistics for both the surface and the bottom (Ta-
bles 3–5).

For all regions, including the Barents Sea as a whole, we
found that the frequency of surface MHWs decreased with
decreasing length of the climatological average period. For
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mum of 3.41 °C) and a total duration of 480 d (from 19 De-
cember 2015 to 11 April 2017). Near the bottom, the 2016
MHW had an average intensity of 1.10 °C (maximum of
1.28 °C) and a total duration of 479 d (28 February 2016 to
20 June 2017). The second-strongest MHW in terms of cu-
mulative intensity in the Barents Sea as a whole occurred
in 2013 at the surface and in 2012 near the bottom (see
Fig. S2). While an investigation on possible mechanisms
for the decoupling between the surface and the bottom is
beyond the scope of this work, we note that the 2012–13
MHW event was preceded by an extraordinarily large tem-
perature anomaly but close-to-average volume transport in
the Atlantic Water entering the Barents Sea to the southwest
(e.g., ICES, 2022), as opposed to extraordinarily large vol-
ume transports preceding the 2016 MHW event (see below
for more details). Moreover, previous studies have suggested
that temperature anomalies that are advected into the Bar-
ents Sea at depth during the stratified summer season can
re-emerge at the surface further downstream through verti-
cal mixing during the following winter (e.g., Schlichtholz,
2019).

To investigate possible regional heterogeneity in MHWs
within the Barents Sea, we calculated MHW statistics in the
four sub-regions depicted in Fig. 1. The results are summa-
rized in Tables 3, 4, and 5. In all regions, we found a higher
frequency of MHW events than for the Barents Sea as a
whole (except for near the bottom of the Northeast Basin).
Moreover, all regions showed a larger positive decadal trend
in the frequency compared with the Barents Sea as a whole,
although this trend was only found to be statistically signifi-
cant near the bottom of the Pechora Sea (p < 0.05; Table 3).
For the average maximum intensity at the surface, we found
that the Bear Island Trough, which is the upstream inflow
region, had similar statistics to the Barents Sea as a whole,
while for the other three regions the intensity was generally
larger (Table 4). Near the bottom, the intensity in the Bear Is-
land Trough was less than that of the Barents Sea as a whole,
while in the downstream Northeast Basin the intensity was
larger on average. In the two other regions the differences
were smaller. In terms of duration, all regions experienced
shorter MWHs on average compared to the Barents Sea as
a whole, especially near the bottom. The exception was the
Northeast Basin, where the average duration of near-bottom
MHWs was found to be comparable to that of the Barents
Sea as a whole (Table 5).

To investigate further regional heterogeneity, we consid-
ered the MHW event in 2016 in each of the regions. At the
surface, the 2016 MHW event was the most severe MHW
event in terms of cumulative intensity in three out of the four
sub-regions investigated. The exception was the Bear Island
Trough, where the 2012 MHW event was more severe (not
shown). Near the bottom, the 2016 MHW event was the most
severe MHW event in all four regions (Fig. 3). The progres-
sion of the 2016 MHW event was comparable in all regions,
except for the Spitsbergen Bank where the onset of the MHW

occurred later, near mid-summer, compared to the other re-
gions where the onset occurred during late winter. However,
on the Spitsbergen Bank the 2016 MHW was preceded by
several but less intense and intermittent MHWs. It is also
worth noting that the onset in the other three regions, as well
as the Barents Sea as a whole, occurred in late February/early
March, except for in the upstream Bear Island Trough where
the onset occurred at the beginning of April. Moreover, both
the average and maximum MHW intensity were less in the
Bear Island Trough compared to the other regions.

3.1 Preconditioning and atmospheric forcing of the 2016
MHW event

Leading up to the onset of the 2016 MHW, the inflow of
warm Atlantic Water to the Barents Sea was above average
during the whole of 2015 (ICES, 2022). However, during the
following winter of 2015–16, the turbulent (latent and sen-
sible) heat loss was between 20 and 70 W m−2 below the
1993–2021 average in the southern Barents Sea (71–75° N,
25–45° E; i.e., along the Atlantic Water pathway through the
Barents Sea; Fig. 4a), which was the lowest for the period
1993–2021. The reduced heat loss to the atmosphere oc-
curred despite the preceding increase in advected oceanic
heat (Fig. 4a, e). Note that, during the winter months, the
solar radiation can be neglected due to the polar night condi-
tions in the Barents Sea region. Moreover, wind-driven mix-
ing during winter breaks down the upper water column strati-
fication, connecting the surface with the deeper layers. Thus,
the 2016 MHW event was preceded by an increased Atlantic
Water heat transport and reduced heat loss to the atmosphere.
While we did not perform a closed heat budget calculation,
we note that the oceanic heat carried by the downstream out-
flow from the Barents Sea has previously been reported to be
smaller than the inflow by 1 order of magnitude (e.g., Gam-
melsrød et al., 2009; Smedsrud et al., 2013) and that a previ-
ous study found that increased oceanic heat advection to the
Barents Sea led to increased ocean heat content in the interior
Barents Sea (Lien et al., 2017).

In the following winter of 2016–17, i.e., during the decline
of the 2016 MHW event, the turbulent heat loss and out-
going longwave radiation in the northern Barents Sea (76–
80° N, 25–45° E; Fig. 4b, e, f) reached the largest values in
the 1993–2021 period. This was likely enhanced by a record
low winter sea-ice extent (ICES, 2022) and negative cloud
cover anomaly in the northern Barents Sea (not shown). In
the southern Barents Sea, however, no heat loss anomaly at
the ocean surface was observed during the winter of 2016–
17 (Fig. 4b), but the Atlantic Water transport through the
Barents Sea Opening decreased during 2016 (ICES, 2022).
Thus, the 2016 MHW event in the Barents Sea can be linked
to the combined effect of increased Atlantic Water transport
into the Barents Sea and to reduced oceanic heat loss in the
southern Barents Sea during the onset and increased oceanic
heat loss in the northern Barents Sea during the decline.
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Figure 2. Marine heatwave statistics for the full Barents Sea for the period 1991–2022, using 1991–2020 as the climate average period. (a)
Number of marine heatwave events per year. (b) Maximum intensity of the heatwave events. (c) Average marine heatwave duration. The
associated decadal trends are shown in hatched colours. The trend is provided in boldface if significant to 95 % (p < 0.05). Surface values
are shown by blue bars, and bottom values are shown by red bars. This figure is based on data from the TOPAZ reanalysis.

3.2 Effect of changing baselines

Next, we investigated the effect of changing the climatolog-
ical average period from 30 years (1991–2020) to 25 years
(1996–2020) and 20 years (2001–2020) when calculating the

MHW statistics for both the surface and the bottom (Ta-
bles 3–5).

For all regions, including the Barents Sea as a whole, we
found that the frequency of surface MHWs decreased with
decreasing length of the climatological average period. For
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Figure 3. Time series (2015–2017; black lines) showing the temperature at the surface (left column) and near the bottom (right column)
spatially averaged over the Barents Sea. Blue lines show daily climatology. Green lines show the 90th percentile. The highest-intensity
marine heatwave in terms of cumulative degree days for the full 1991–2022 period is shown in dark-red shading. Other marine heatwaves
are shown in pink shading. (a) The full Barents Sea (surface). (b) The Bear Island Trough (surface). (c) The Northeast Basin (surface). (d)
The Spitsbergen Bank (surface). (e) The Pechora Sea (surface). (f) The full Barents Sea (bottom). (g) The Bear Island Trough (bottom). (h)
The Northeast Basin (bottom). (i) The Spitsbergen Bank (bottom). (j) The Pechora Sea (bottom). All panels show the period 1 January 2015
to 1 January 2018. Note the different scales on the y axes.

near-bottom MHWs, the results were less clear except for a
decrease in frequency in the two shallow-bank regions (the
Spitsbergen Bank and the Pechora Sea). Similarly, for the in-
tensity at the surface, there was a general trend of decreasing
average intensity with decreasing length of the climatologi-
cal average period. There was also a trend of decreasing in-

tensities near the bottom, except for in the two shallow-bank
regions. As opposed to the average frequency and intensity,
the average duration seemed less dependent on the length of
the climatological average period. Near the bottom, however,
the duration was sensitive to the climatological average pe-
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Figure 4. Atmospheric preconditioning leading up to the MHW depicted in Fig. 3. (a, b) DJF (December (−1), January, February (0))
turbulent (latent + sensible) heat loss anomaly (W m−2) for 2016 (a) and 2017 (b). Same as (a) and (b) but for outgoing longwave radiation
(OLR). Positive values indicate upward fluxes. Monthly mean turbulent heat loss (e) and OLR (f) over the northern (blue; 76–80° N, 25–
45° E) and southern (red; 71–75° N, 25–45° E) Barents Sea. The onset (DJF, 2015/2016) and decay (DJF, 2016/2017) phase of the 2016
MHW event are shaded in pink and cyan. Data: ERA5.

riod length due to the low number of MHWs and the domi-
nance of the 2012 and 2016 MHW events.

4 Discussion

We have estimated average MHW frequency, duration, and
intensity at the surface and near the bottom of the Barents
Sea, based on an ocean reanalysis for the period 1991–2022.

Moreover, we have investigated the impact of changing cli-
matological average period length when estimating MHW
statistics in the Barents Sea. We found two dominating and
pervasive MHW events in the Barents Sea in the last 30 years
that affected the whole region.

Previous studies of MHWs, including in the Barents Sea,
have mainly focused on the ocean surface due to the avail-
ability of satellite remote sensing sea surface temperature
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Figure 3. Time series (2015–2017; black lines) showing the temperature at the surface (left column) and near the bottom (right column)
spatially averaged over the Barents Sea. Blue lines show daily climatology. Green lines show the 90th percentile. The highest-intensity
marine heatwave in terms of cumulative degree days for the full 1991–2022 period is shown in dark-red shading. Other marine heatwaves
are shown in pink shading. (a) The full Barents Sea (surface). (b) The Bear Island Trough (surface). (c) The Northeast Basin (surface). (d)
The Spitsbergen Bank (surface). (e) The Pechora Sea (surface). (f) The full Barents Sea (bottom). (g) The Bear Island Trough (bottom). (h)
The Northeast Basin (bottom). (i) The Spitsbergen Bank (bottom). (j) The Pechora Sea (bottom). All panels show the period 1 January 2015
to 1 January 2018. Note the different scales on the y axes.

near-bottom MHWs, the results were less clear except for a
decrease in frequency in the two shallow-bank regions (the
Spitsbergen Bank and the Pechora Sea). Similarly, for the in-
tensity at the surface, there was a general trend of decreasing
average intensity with decreasing length of the climatologi-
cal average period. There was also a trend of decreasing in-

tensities near the bottom, except for in the two shallow-bank
regions. As opposed to the average frequency and intensity,
the average duration seemed less dependent on the length of
the climatological average period. Near the bottom, however,
the duration was sensitive to the climatological average pe-
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Figure 4. Atmospheric preconditioning leading up to the MHW depicted in Fig. 3. (a, b) DJF (December (−1), January, February (0))
turbulent (latent + sensible) heat loss anomaly (W m−2) for 2016 (a) and 2017 (b). Same as (a) and (b) but for outgoing longwave radiation
(OLR). Positive values indicate upward fluxes. Monthly mean turbulent heat loss (e) and OLR (f) over the northern (blue; 76–80° N, 25–
45° E) and southern (red; 71–75° N, 25–45° E) Barents Sea. The onset (DJF, 2015/2016) and decay (DJF, 2016/2017) phase of the 2016
MHW event are shaded in pink and cyan. Data: ERA5.

riod length due to the low number of MHWs and the domi-
nance of the 2012 and 2016 MHW events.

4 Discussion

We have estimated average MHW frequency, duration, and
intensity at the surface and near the bottom of the Barents
Sea, based on an ocean reanalysis for the period 1991–2022.

Moreover, we have investigated the impact of changing cli-
matological average period length when estimating MHW
statistics in the Barents Sea. We found two dominating and
pervasive MHW events in the Barents Sea in the last 30 years
that affected the whole region.

Previous studies of MHWs, including in the Barents Sea,
have mainly focused on the ocean surface due to the avail-
ability of satellite remote sensing sea surface temperature
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Table 3. Average frequency of marine heatwaves and the associated decadal trend for three different baseline periods, 1991–2020, 1996–
2020, and 2001–2020. The trend is provided in boldface if significant to 95 % (p < 0.05) or in italics if not significant (p > 0.05). Values
for the surface are shown on top, and values for bottom are shown below. BIT: Bear Island Trough. SB: Spitsbergen Bank. PS: Pechora Sea.
NB: Northeast Basin.

Baseline \ Area FULL BIT SB PS NB

1991–2020 0.90 + 0.82 1.72 + 0.99 1.47 + 0.89 1.38 + 1.37 1.59 + 1.30
0.16 + 0.12 0.59 + 0.35 0.84 + 0.38 0.59 + 0.54 0.16 + 0.11

1996–2020 0.84 + 0.85 1.53 + 0.90 1.16 + 0.78 1.09 + 1.10 1.44 + 1.36
0.44 + 0.18 0.59 + 0.39 0.81 + 0.44 0.53 + 0.47 0.31 + 0.21

2001–2020 0.59 + 0.66 1.19 + 0.64 1.09 + 0.82 0.84 + 0.89 1.28 + 1.22
0.19 + 0.14 0.53 + 0.37 0.59 + 0.35 0.25 + 0.23 0.25 + 0.24

Table 4. Same as Table 3 but showing average maximum intensity (in °C).

Reference period \ Area FULL BIT SB PS NB

1991–2020 1.41 + 0.22 1.39 − 0.07 1.71 − 0.12 2.37 + 0.08 1.57 − 0.17
1.07 − 0.13 0.64 + 0.03 1.07 + 0.46 1.16 + 0.09 1.73 − 0.02

1996–2020 1.35 + 0.23 1.35 − 0.05 1.57 − 0.07 2.22 + 0.49 1.58 − 0.25
0.96 + 0.17 0.61 − 0.01 1.17 + 0.58 1.16 + 0.03 1.48 + 0.06

2001–2020 1.26 + 0.32 1.31 − 0.08 1.49 − 0.13 2.01 + 0.35 1.49 − 0.29
0.85 + 0.06 0.51 + 0.00 1.17 + 0.51 1.15 − 0.10 1.43 − 0.01

data (e.g., Mohamed et al., 2022). Our results also identi-
fied significant MHW events near the bottom of the ocean
in the Barents Sea and showed that bottom MHWs tend to
have lower frequency and intensity but longer duration com-
pared to surface MHWs. Note, however, that these statistics
need to be interpreted with care, especially the statistics on
near-bottom MHWs, due to the low number of events (five
near-bottom MHWs were detected in the Barents Sea during
1991–2022). Among other things, this severely affected the
statistical significance of the trend estimates. Nevertheless,
the longer duration near the bottom was more pronounced
in the eastern parts of the Barents Sea, as represented by the
Pechora Sea and the Northeast Basin. One likely explanation
is the strong reduction in sea-ice formation in the shallow
Pechora Sea in the southeastern Barents Sea and on the No-
vaya Zemlya Bank adjacent to the Northeast Basin and thus
a reduction in the formation of cold, brine-enriched water.
The eastern Barents Sea is one of the regions that has experi-
enced the largest changes in sea-ice cover in recent decades
(e.g., Yang et al., 2016; Onarheim and Årthun, 2017) and
has thus experienced a strong reduction in the formation of
cold, brine-enriched bottom water. Midttun (1985) observed
very cold and saline water in the deeper parts of the North-
east Basin following cold winters in the 1970s, while Lien
and Trofimov (2013) reported no such bottom water follow-
ing the warmer winter of 2007–08. The occasional presence
of such cold bottom water further west in the Barents Sea,
adjacent to the Bear Island Trough, has been hypothesized

to cause differences in the position of the polar front at the
bottom, as detected by bottom-living organisms, compared to
higher in the water column based on hydrographic properties
in the pelagic zone (Jørgensen et al., 2015). Thus, the transi-
tion indicated by bottom MHWs in the eastern Barents Sea
may have a profound impact on bottom fauna by allowing bo-
real species with less resilience to below-zero temperatures
to settle.

Previous findings by Mohamed et al. (2022), based on
satellite remote sensing sea-surface temperature data, con-
trasted the Spitsbergen Bank area showing no trend in MHW
frequency and duration with the Pechora Sea area showing
significant trends in both frequency and duration. Neither of
the two regions showed significant trends in MHW intensity.
Our findings agree with those of Mohamed et al. (2022) that
the Pechora Sea has experienced a positive trend in MHW
frequency and not in intensity, but our results showed no
significant trend in duration at the surface. Our results indi-
cated that there is also a significant, positive trend in MHW
frequency near the bottom of the Pechora Sea (but not in
intensity and duration). Moreover, our results showed posi-
tive trends in both the MHW frequency and duration on the
Spitsbergen Bank (at the surface), although we did not find
a statistically significant trend in MHW intensity, but our re-
sults indicated a positive trend in the MHW intensity near
the bottom on the Spitsbergen Bank. Note, however, that the
Spitsbergen Bank is also the area where the TOPAZ reanal-
ysis showed the largest bias and RMS deviation, as well as
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Table 5. Same as Table 3 but showing average duration (in days).

Baseline \ Area FULL BIT SB PS NB

1991–2020 32.7 + 16.2 19.1 + 1.3 16.3 + 5.6 25.7 + 4.5 17.5 + 7.8
214.1 − 135.8 52.1 + 56.2 33.6 + 1.5 62.6 + 8.7 222.0 + 74.4

1996–2020 39.5 + 16.2 20.0 − 0.6 16.5 + 4.5 70.8 + 24.0 17.0 + 3.7
139.2 + 32.0 37.8 + 29.8 28.7 − 3.5 55.1 + 3.1 109.9 − 36.3

2001–2020 38.0 − 13.9 19.8 − 1.0 15.6 − 0.07 20.8 + 1.7 15.3 + 6.8
136.4 − 2.1 37.8 + 24.0 36.6 − 8.4 101.6 + 0.7 122.4 − 41.1

the lowest correlation, when compared with in situ temper-
ature observations. Thus, we cannot draw firm conclusions
whether our results for the Spitsbergen Bank area contradict
the findings of Mohamed et al. (2022).

Our findings that the strong 2016 MHW event was pre-
ceded by stronger-than-average Atlantic Water inflow and
anomalously weaker ocean-to-atmosphere heat loss further
suggest that MHWs may become more frequent and severe
in terms of intensity and duration in a future Barents Sea with
continued increase in oceanic heat advection from the North
Atlantic (e.g., Årthun et al., 2019) in combination with re-
duced ocean-to-atmosphere heat loss within the Barents Sea
(e.g., Skagseth et al., 2020).

Code and data availability. A list of the data products utilized in
this paper, along with their availability and links to their documen-
tation, is provided in Table 1. The MHW analysis toolbox devel-
oped by Oliver (2016) was used without adjustments or changes to
the settings as provided in the GitHub repository https://github.com/
ecjoliver/marineHeatWaves/releases/tag/v0.16 (Oliver, 2016).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/sp-4-osr8-8-2024-supplement.
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Table 3. Average frequency of marine heatwaves and the associated decadal trend for three different baseline periods, 1991–2020, 1996–
2020, and 2001–2020. The trend is provided in boldface if significant to 95 % (p < 0.05) or in italics if not significant (p > 0.05). Values
for the surface are shown on top, and values for bottom are shown below. BIT: Bear Island Trough. SB: Spitsbergen Bank. PS: Pechora Sea.
NB: Northeast Basin.

Baseline \ Area FULL BIT SB PS NB

1991–2020 0.90 + 0.82 1.72 + 0.99 1.47 + 0.89 1.38 + 1.37 1.59 + 1.30
0.16 + 0.12 0.59 + 0.35 0.84 + 0.38 0.59 + 0.54 0.16 + 0.11

1996–2020 0.84 + 0.85 1.53 + 0.90 1.16 + 0.78 1.09 + 1.10 1.44 + 1.36
0.44 + 0.18 0.59 + 0.39 0.81 + 0.44 0.53 + 0.47 0.31 + 0.21

2001–2020 0.59 + 0.66 1.19 + 0.64 1.09 + 0.82 0.84 + 0.89 1.28 + 1.22
0.19 + 0.14 0.53 + 0.37 0.59 + 0.35 0.25 + 0.23 0.25 + 0.24

Table 4. Same as Table 3 but showing average maximum intensity (in °C).

Reference period \ Area FULL BIT SB PS NB

1991–2020 1.41 + 0.22 1.39 − 0.07 1.71 − 0.12 2.37 + 0.08 1.57 − 0.17
1.07 − 0.13 0.64 + 0.03 1.07 + 0.46 1.16 + 0.09 1.73 − 0.02

1996–2020 1.35 + 0.23 1.35 − 0.05 1.57 − 0.07 2.22 + 0.49 1.58 − 0.25
0.96 + 0.17 0.61 − 0.01 1.17 + 0.58 1.16 + 0.03 1.48 + 0.06

2001–2020 1.26 + 0.32 1.31 − 0.08 1.49 − 0.13 2.01 + 0.35 1.49 − 0.29
0.85 + 0.06 0.51 + 0.00 1.17 + 0.51 1.15 − 0.10 1.43 − 0.01

data (e.g., Mohamed et al., 2022). Our results also identi-
fied significant MHW events near the bottom of the ocean
in the Barents Sea and showed that bottom MHWs tend to
have lower frequency and intensity but longer duration com-
pared to surface MHWs. Note, however, that these statistics
need to be interpreted with care, especially the statistics on
near-bottom MHWs, due to the low number of events (five
near-bottom MHWs were detected in the Barents Sea during
1991–2022). Among other things, this severely affected the
statistical significance of the trend estimates. Nevertheless,
the longer duration near the bottom was more pronounced
in the eastern parts of the Barents Sea, as represented by the
Pechora Sea and the Northeast Basin. One likely explanation
is the strong reduction in sea-ice formation in the shallow
Pechora Sea in the southeastern Barents Sea and on the No-
vaya Zemlya Bank adjacent to the Northeast Basin and thus
a reduction in the formation of cold, brine-enriched water.
The eastern Barents Sea is one of the regions that has experi-
enced the largest changes in sea-ice cover in recent decades
(e.g., Yang et al., 2016; Onarheim and Årthun, 2017) and
has thus experienced a strong reduction in the formation of
cold, brine-enriched bottom water. Midttun (1985) observed
very cold and saline water in the deeper parts of the North-
east Basin following cold winters in the 1970s, while Lien
and Trofimov (2013) reported no such bottom water follow-
ing the warmer winter of 2007–08. The occasional presence
of such cold bottom water further west in the Barents Sea,
adjacent to the Bear Island Trough, has been hypothesized

to cause differences in the position of the polar front at the
bottom, as detected by bottom-living organisms, compared to
higher in the water column based on hydrographic properties
in the pelagic zone (Jørgensen et al., 2015). Thus, the transi-
tion indicated by bottom MHWs in the eastern Barents Sea
may have a profound impact on bottom fauna by allowing bo-
real species with less resilience to below-zero temperatures
to settle.

Previous findings by Mohamed et al. (2022), based on
satellite remote sensing sea-surface temperature data, con-
trasted the Spitsbergen Bank area showing no trend in MHW
frequency and duration with the Pechora Sea area showing
significant trends in both frequency and duration. Neither of
the two regions showed significant trends in MHW intensity.
Our findings agree with those of Mohamed et al. (2022) that
the Pechora Sea has experienced a positive trend in MHW
frequency and not in intensity, but our results showed no
significant trend in duration at the surface. Our results indi-
cated that there is also a significant, positive trend in MHW
frequency near the bottom of the Pechora Sea (but not in
intensity and duration). Moreover, our results showed posi-
tive trends in both the MHW frequency and duration on the
Spitsbergen Bank (at the surface), although we did not find
a statistically significant trend in MHW intensity, but our re-
sults indicated a positive trend in the MHW intensity near
the bottom on the Spitsbergen Bank. Note, however, that the
Spitsbergen Bank is also the area where the TOPAZ reanal-
ysis showed the largest bias and RMS deviation, as well as
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Table 5. Same as Table 3 but showing average duration (in days).

Baseline \ Area FULL BIT SB PS NB

1991–2020 32.7 + 16.2 19.1 + 1.3 16.3 + 5.6 25.7 + 4.5 17.5 + 7.8
214.1 − 135.8 52.1 + 56.2 33.6 + 1.5 62.6 + 8.7 222.0 + 74.4

1996–2020 39.5 + 16.2 20.0 − 0.6 16.5 + 4.5 70.8 + 24.0 17.0 + 3.7
139.2 + 32.0 37.8 + 29.8 28.7 − 3.5 55.1 + 3.1 109.9 − 36.3

2001–2020 38.0 − 13.9 19.8 − 1.0 15.6 − 0.07 20.8 + 1.7 15.3 + 6.8
136.4 − 2.1 37.8 + 24.0 36.6 − 8.4 101.6 + 0.7 122.4 − 41.1

the lowest correlation, when compared with in situ temper-
ature observations. Thus, we cannot draw firm conclusions
whether our results for the Spitsbergen Bank area contradict
the findings of Mohamed et al. (2022).

Our findings that the strong 2016 MHW event was pre-
ceded by stronger-than-average Atlantic Water inflow and
anomalously weaker ocean-to-atmosphere heat loss further
suggest that MHWs may become more frequent and severe
in terms of intensity and duration in a future Barents Sea with
continued increase in oceanic heat advection from the North
Atlantic (e.g., Årthun et al., 2019) in combination with re-
duced ocean-to-atmosphere heat loss within the Barents Sea
(e.g., Skagseth et al., 2020).

Code and data availability. A list of the data products utilized in
this paper, along with their availability and links to their documen-
tation, is provided in Table 1. The MHW analysis toolbox devel-
oped by Oliver (2016) was used without adjustments or changes to
the settings as provided in the GitHub repository https://github.com/
ecjoliver/marineHeatWaves/releases/tag/v0.16 (Oliver, 2016).

Supplement. The supplement related to this article is available
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Abstract. The use of low-temperature seawater heat for renewable energy installations is demonstrated with
an example from the Tallinn Bay, Baltic Sea, based on Copernicus Marine Service reanalysis data. Tallinn and
its surrounding seaside counties are home to about half a million people and produce about half of Estonia’s
gross domestic product (GDP). The Tallinn Bay with an area of 223 km2 extends to the north and has an open
connection to the Gulf of Finland. Depths more than 50 m that cover the halocline already appear at a distance
of 3–4 km from the coast. Surface layers get too cold during winter to be used in heat pumps for district heating;
therefore, a feasible option is to pump slightly warmer seawater from the deeper halocline layers. The lowest
monthly mean halocline temperature – down to 2.6 °C at 50 m depth and 3.3 °C at 70 m – is found in March
and April based on reanalysis data from 1993–2019. The seawater seasonally cools below 3 °C on average on
1 January at 20 m depth and on 12 February at 50 m depth. At the 70 m depth, the average start of T <3 °C
was calculated on 28 February, although only 14 winters out of 26 had such water present; in 12 winters the
condition T >3 °C was always fulfilled. The median number of cold days is 11, with a maximum of 128 d in the
winter 1993/1994 when stratification became rather weak due to the prolonged absence of Major Baltic Inflows
of saltier and warmer North Sea waters. During the recent warmer period of 2009–2019, the start of the cold
seawater period was delayed on average by 5–10 d. Tallinn has, among other Baltic Sea cities and industrial sites,
a favorable location for seawater heat extraction because of the short distance to the unfreezing sub-halocline
layers. Still, episodically there are colder-water events with T <3 °C, when seawater heat extraction has to be
complemented by other sources of heating energy.

1 Introduction

New developments in district heating (e.g., Lund et al., 2018)
focus on the gradual exclusion of fossil fuels and transfer
to 100 % renewable energy sources. Among the latter, large-
scale heat pumps are considered to be an important compo-
nent of the new energy systems. One energy source for the
heat pumps is seawater (Bach et al., 2016) that has a sta-
ble temperature during the winter compared to the air tem-
perature. Seawater heat pumps take seawater from the lo-
cations of appropriate temperature into the shore unit that
transforms its low temperature to higher temperature suit-
able for district heating. Regarding feasibility studies, Su et

al. (2020) performed a spatial evaluation of seawater-source
heat pump performance along the coast of China depend-
ing on technical options and the thermal regime of seawater
or other heat sources (wastewater, groundwater etc.). Pieper
et al. (2019) evaluated combinations of heat pumps based
on data from Copenhagen and noted that in shallow-water
conditions seawater heat may contribute 14 % of the total
heating energy. An important issue in coastal waters of ice-
prone seas is to avoid lowering of temperature in the heat
pump system below the freezing temperature, which depends
on the salinity. Water temperature during winter usually in-
creases at depth, and hence, even depths of a few tens of
meters may be sufficient to avoid freezing temperature. One
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Table 1. Copernicus Marine Service and non-Copernicus products used in this study, including information on data documentation.

Product
ref. no.

Product ID & type Data access Documentation

1 BALTICSEA_REANALYSIS_PHY_003_011;
numerical models∗

EU Copernicus Marine Service Product
(2021);

Quality Information Document
(QUID): Liu et al. (2019);
Product User Manual (PUM):
Axell et al. (2021)

2 INSITU_BAL_PHYBGCWAV_DISCRETE_MYNRT_013_032;
in situ observations∗

EU Copernicus Marine Service Product
(2022)

Quality Information Document
(QUID): Wehde et al. (2022);
Product User Manual (PUM):
In Situ TAC partners (2022)

3 EMODNET; bathymetry EMODnet (2021) EMODnet Bathymetry
Consortium (2018);
Jakobsson et al. (2019)

4 OpenStreetMap; coastline HELCOM MADS (2023) OpenStreetMap Contributors (2023)
∗ Data set updated during publication (see the “Disclaimer” section).

of the world’s largest seawater heat pumps, built in Rop-
sten in Stockholm and operational since 1986, was designed
to work with the lower limit of input water temperature of
+2.5 °C (Friotherm, 2017). The system pumps large-volume
flows of water from the 15 m depth; by cooling the water
down to +0.5 °C, the system yields in total 180 MW from six
units. In the Danish town of Esbjerg, a 60 MW seawater heat
pump is in the construction phase to replace the town’s ex-
isting coal power plant for heating purposes (CleanTechnica,
2023). The study by Volkova et al. (2022b), summarizing ge-
ographical and economic factors, concluded that among the
Baltic countries, seawater is the best natural heat source in
Estonia, but river water has higher potential for the other two
countries. Contemporary housing also needs district cooling
during the summer that can be performed based on the sea-
water (Volkova et al., 2022a).

Tallinn is a seaside city with about half a million inhabi-
tants on the coast of the Gulf of Finland, Baltic Sea, where
the use of seawater heat for district heating is currently un-
der consideration. Unfortunately, during the winter period,
i.e., when the highest demand for heating housing exists,
coastal seawater at shallow depths may cool down close to
the freezing temperature, which may hamper the efficiency
of using the heat pumps. It is known from the larger Gulf of
Finland area that during summer the mean halocline depth
is located at about 67 m, keeping the temperatures in the
range of 2.2–5.0 °C depending on the transport of deep, more
saline waters from the open Baltic Sea (Liblik and Lips,
2011). The waters in the halocline and below are rather
isolated from direct vertical heating and cooling; therefore,
their temperature is more stable than in the surface layers.
As a systematic analysis of the near-bottom water tempera-
ture in the Tallinn Bay is missing, the present study focused
on the exploration of the new public data sets made avail-
able by the EU Copernicus program. The Copernicus Marine
Service (https://marine.copernicus.eu/, last access: 13 Febru-
ary 2021) provided regular Baltic Sea reanalysis data during

1993–2019 with about a 3.7 km grid step, combining both
modeling and observations (Table 1, product ref. no. 1).

The aim of the present study is to determine the basic fea-
tures of seawater temperature variability, necessary for the
evaluation of the feasibility and efficiency of using seawater
thermal energy for heating and/or cooling of a city’s built en-
vironment. The presentation of data and methods is followed
by providing results and discussion with a focus on subsur-
face temperature variations with respect to the cold-water pe-
riods. The paper ends with recommendations for further stud-
ies and conclusions.

2 Data and methods

2.1 State of knowledge on oceanographic conditions in
the Baltic Sea

The Baltic Sea is a multi-basin semi-enclosed sea (Fig. 1a)
filled with brackish waters. Its temperature regime (Lep-
päranta and Myrberg, 2009) is to a great extent forced by the
seasonal cycle of atmospheric heat fluxes that extend down
to the thermocline during summer and to the halocline dur-
ing winter (Fig. 1b). In halocline and deeper layers, tempera-
ture is determined mainly by the deep-water transport of the
waters originating from the North Sea (Leppäranta and Myr-
berg, 2009). However, these waters are significantly trans-
formed on their pathway from the Danish straits through the
Baltic Proper to the Gulf of Finland.

While temperature and sea ice respond rapidly to changes
in atmospheric heat fluxes, variations in salinity are governed
mainly by lateral transport processes, resulting together with
diapycnal mixing (i.e., mixing across the surfaces of constant
water density) in response times of many decades (e.g., Om-
stedt and Hansson, 2006; Elken et al., 2015). The Gulf of
Finland is an elongated sub-basin of the Baltic Sea, which
has many specific features (Alenius et al., 1998). Stratifica-
tion is generally composed of the following layers.
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Figure 1. Topography and basins of the Baltic Sea (a). The Baltic Proper includes Arkona Basin, Bornholm Basin, Gdansk Basin, Gotland
Deep, and the western Gotland Basin. Typical vertical stratification in the Gotland Deep (b, adopted from Elken and Matthäus, 2008) in
summer (dashed lines) and winter (solid). The location of Tallinn Bay is shown in (a) with a red box.

Upper mixed layer. Generally, the upper mixed layer is
vertically rather uniform due to high mixing rates generated
by winds, waves, and convection during cooling (Leppäranta
and Myrberg, 2009). During summer, it typically has a thick-
ness of 20 m in the Gulf of Finland (Liblik and Lips, 2011).
On calm and sunny days, a thin warm “skin” layer may oc-
cur just at the surface. However, with increasing wind speed
the whole upper layer undergoes overall mixing again. The
yearly temperature maximum occurs in July or August de-
pending on the region and yearly atmospheric conditions
(Haapala and Alenius, 1994). During the autumn cooling
period, the upper layers become hydrostatically unstable. If
cooled water with higher density appears on top of warmer
and less dense water, then instability generates convective
mixing (Maljutenko and Raudsepp, 2019). As a result, mixed
layer temperature decreases but its thickness increases until
its lower boundary has eroded down to the halocline or to the
bottom, whichever is shallower. Shallow sea areas warm and
cool faster during spring and autumn (also called differential
heating), respectively, because of the smaller water mass of
the water column compared to deeper ocean areas.

Cooling of the upper layer is limited during winter by the
salinity-dependent freezing point of seawater. For salinity
values of 5, 6, and 7 psu, the freezing point is −0.27, −0.33,
and −0.38 °C, respectively. The salinity-dependent temper-
ature of maximum density Tmax influences upper-layer dy-

namics during the cold period as well. For fresh water,
Tmax = 4 °C, and for typical Baltic surface salinity of 7 psu
Tmax is about 2.5 °C.

Thermocline. During summer, a sharp temperature drop
at depth develops below the upper mixed layer. Individual
instant profiles may exhibit the sharpest thermoclines with
temperature drops from 5 to 10 °C per 5 m (Fig. 1b), and the
mean summer thermocline thickness in the Gulf of Finland
is 14 m (Liblik and Lips, 2011). With respect to the mean
seasonal cycle, the thermocline may perform up- and down-
ward motions with periods from a couple of hours to several
days. Vertical movement of the thermocline of 10 m or even
more creates significant near-bottom temperature variations.
A special dynamical feature of the thermocline is upwelling,
when cold waters (sometimes below 5 °C) may be found at
the surface of coastal areas during summer (Aavaste et al.,
2021). In the Gulf of Finland, upwelling occurs near the Es-
tonian coast during easterly winds and near the Finnish coast
during westerly winds (Uiboupin and Laanemets, 2009).

Cold intermediate layer. Cold waters from the last win-
ter remain below the thermocline, trapped through the whole
summer, until autumn cooling pushes the thermocline signif-
icantly downwards. In the Gulf of Finland, lowest summer
temperature (from 1.3 to 3.6 °C) has been found on average
at 42 m depth (Liblik and Lips, 2011).
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Product
ref. no.

Product ID & type Data access Documentation

1 BALTICSEA_REANALYSIS_PHY_003_011;
numerical models∗

EU Copernicus Marine Service Product
(2021);

Quality Information Document
(QUID): Liu et al. (2019);
Product User Manual (PUM):
Axell et al. (2021)

2 INSITU_BAL_PHYBGCWAV_DISCRETE_MYNRT_013_032;
in situ observations∗

EU Copernicus Marine Service Product
(2022)

Quality Information Document
(QUID): Wehde et al. (2022);
Product User Manual (PUM):
In Situ TAC partners (2022)

3 EMODNET; bathymetry EMODnet (2021) EMODnet Bathymetry
Consortium (2018);
Jakobsson et al. (2019)

4 OpenStreetMap; coastline HELCOM MADS (2023) OpenStreetMap Contributors (2023)
∗ Data set updated during publication (see the “Disclaimer” section).

of the world’s largest seawater heat pumps, built in Rop-
sten in Stockholm and operational since 1986, was designed
to work with the lower limit of input water temperature of
+2.5 °C (Friotherm, 2017). The system pumps large-volume
flows of water from the 15 m depth; by cooling the water
down to +0.5 °C, the system yields in total 180 MW from six
units. In the Danish town of Esbjerg, a 60 MW seawater heat
pump is in the construction phase to replace the town’s ex-
isting coal power plant for heating purposes (CleanTechnica,
2023). The study by Volkova et al. (2022b), summarizing ge-
ographical and economic factors, concluded that among the
Baltic countries, seawater is the best natural heat source in
Estonia, but river water has higher potential for the other two
countries. Contemporary housing also needs district cooling
during the summer that can be performed based on the sea-
water (Volkova et al., 2022a).

Tallinn is a seaside city with about half a million inhabi-
tants on the coast of the Gulf of Finland, Baltic Sea, where
the use of seawater heat for district heating is currently un-
der consideration. Unfortunately, during the winter period,
i.e., when the highest demand for heating housing exists,
coastal seawater at shallow depths may cool down close to
the freezing temperature, which may hamper the efficiency
of using the heat pumps. It is known from the larger Gulf of
Finland area that during summer the mean halocline depth
is located at about 67 m, keeping the temperatures in the
range of 2.2–5.0 °C depending on the transport of deep, more
saline waters from the open Baltic Sea (Liblik and Lips,
2011). The waters in the halocline and below are rather
isolated from direct vertical heating and cooling; therefore,
their temperature is more stable than in the surface layers.
As a systematic analysis of the near-bottom water tempera-
ture in the Tallinn Bay is missing, the present study focused
on the exploration of the new public data sets made avail-
able by the EU Copernicus program. The Copernicus Marine
Service (https://marine.copernicus.eu/, last access: 13 Febru-
ary 2021) provided regular Baltic Sea reanalysis data during

1993–2019 with about a 3.7 km grid step, combining both
modeling and observations (Table 1, product ref. no. 1).

The aim of the present study is to determine the basic fea-
tures of seawater temperature variability, necessary for the
evaluation of the feasibility and efficiency of using seawater
thermal energy for heating and/or cooling of a city’s built en-
vironment. The presentation of data and methods is followed
by providing results and discussion with a focus on subsur-
face temperature variations with respect to the cold-water pe-
riods. The paper ends with recommendations for further stud-
ies and conclusions.

2 Data and methods

2.1 State of knowledge on oceanographic conditions in
the Baltic Sea

The Baltic Sea is a multi-basin semi-enclosed sea (Fig. 1a)
filled with brackish waters. Its temperature regime (Lep-
päranta and Myrberg, 2009) is to a great extent forced by the
seasonal cycle of atmospheric heat fluxes that extend down
to the thermocline during summer and to the halocline dur-
ing winter (Fig. 1b). In halocline and deeper layers, tempera-
ture is determined mainly by the deep-water transport of the
waters originating from the North Sea (Leppäranta and Myr-
berg, 2009). However, these waters are significantly trans-
formed on their pathway from the Danish straits through the
Baltic Proper to the Gulf of Finland.

While temperature and sea ice respond rapidly to changes
in atmospheric heat fluxes, variations in salinity are governed
mainly by lateral transport processes, resulting together with
diapycnal mixing (i.e., mixing across the surfaces of constant
water density) in response times of many decades (e.g., Om-
stedt and Hansson, 2006; Elken et al., 2015). The Gulf of
Finland is an elongated sub-basin of the Baltic Sea, which
has many specific features (Alenius et al., 1998). Stratifica-
tion is generally composed of the following layers.
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Figure 1. Topography and basins of the Baltic Sea (a). The Baltic Proper includes Arkona Basin, Bornholm Basin, Gdansk Basin, Gotland
Deep, and the western Gotland Basin. Typical vertical stratification in the Gotland Deep (b, adopted from Elken and Matthäus, 2008) in
summer (dashed lines) and winter (solid). The location of Tallinn Bay is shown in (a) with a red box.

Upper mixed layer. Generally, the upper mixed layer is
vertically rather uniform due to high mixing rates generated
by winds, waves, and convection during cooling (Leppäranta
and Myrberg, 2009). During summer, it typically has a thick-
ness of 20 m in the Gulf of Finland (Liblik and Lips, 2011).
On calm and sunny days, a thin warm “skin” layer may oc-
cur just at the surface. However, with increasing wind speed
the whole upper layer undergoes overall mixing again. The
yearly temperature maximum occurs in July or August de-
pending on the region and yearly atmospheric conditions
(Haapala and Alenius, 1994). During the autumn cooling
period, the upper layers become hydrostatically unstable. If
cooled water with higher density appears on top of warmer
and less dense water, then instability generates convective
mixing (Maljutenko and Raudsepp, 2019). As a result, mixed
layer temperature decreases but its thickness increases until
its lower boundary has eroded down to the halocline or to the
bottom, whichever is shallower. Shallow sea areas warm and
cool faster during spring and autumn (also called differential
heating), respectively, because of the smaller water mass of
the water column compared to deeper ocean areas.

Cooling of the upper layer is limited during winter by the
salinity-dependent freezing point of seawater. For salinity
values of 5, 6, and 7 psu, the freezing point is −0.27, −0.33,
and −0.38 °C, respectively. The salinity-dependent temper-
ature of maximum density Tmax influences upper-layer dy-

namics during the cold period as well. For fresh water,
Tmax = 4 °C, and for typical Baltic surface salinity of 7 psu
Tmax is about 2.5 °C.

Thermocline. During summer, a sharp temperature drop
at depth develops below the upper mixed layer. Individual
instant profiles may exhibit the sharpest thermoclines with
temperature drops from 5 to 10 °C per 5 m (Fig. 1b), and the
mean summer thermocline thickness in the Gulf of Finland
is 14 m (Liblik and Lips, 2011). With respect to the mean
seasonal cycle, the thermocline may perform up- and down-
ward motions with periods from a couple of hours to several
days. Vertical movement of the thermocline of 10 m or even
more creates significant near-bottom temperature variations.
A special dynamical feature of the thermocline is upwelling,
when cold waters (sometimes below 5 °C) may be found at
the surface of coastal areas during summer (Aavaste et al.,
2021). In the Gulf of Finland, upwelling occurs near the Es-
tonian coast during easterly winds and near the Finnish coast
during westerly winds (Uiboupin and Laanemets, 2009).

Cold intermediate layer. Cold waters from the last win-
ter remain below the thermocline, trapped through the whole
summer, until autumn cooling pushes the thermocline signif-
icantly downwards. In the Gulf of Finland, lowest summer
temperature (from 1.3 to 3.6 °C) has been found on average
at 42 m depth (Liblik and Lips, 2011).
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Halocline and deep layers. This layer is formed by lat-
eral (horizontal) transport of saline waters originating from
the North Sea. Regular saline water inflow is complemented
by the events of Major Baltic Inflows (MBIs) of large volume
and high salinity; they occur sporadically with intervals from
years to decades (Raudsepp et al., 2018). Depending on the
seasonal timing of the MBI, there may be pulses of warmer
or colder water reaching the deep areas of the Baltic Proper
(Elken et al., 2015). For example, in the Gotland Deep at the
175 m depth, temperature varied during 1997–2013 between
4.5 and 7.0 °C depending on the type of the MBI. When large
volumes of new water arrive to the Gotland Deep, the old
water is pushed to the deep layers of the Gulf of Finland. Af-
ter the 2014 December MBI, the first effects occurred in the
Gulf of Finland in 9 months, whereas the arrival of the for-
mer northern Baltic Proper deep-layer water was observed
(Liblik et al., 2018). Deep-layer temperature dynamics in the
Gulf of Finland are also affected by the wind-dependent es-
tuarine circulation reversals that may drastically reduce the
stratification for several weeks (Elken et al., 2003).

Tallinn Bay is deep enough to have all of the above-
described water column layers present. Its short-term hydro-
graphic variability is characteristic of the southern coast of
the Gulf of Finland: upwelling occurs during the persistent
westerly and southwesterly winds, and pulses of more saline
and less saline water observed in the southern Gulf of Fin-
land also appear in the bay.

From May to July, the seasonal cycle of temperature in the
central part of the Gulf of Finland shows delayed temperature
increase of the layers 20–40 m during the warming season
(Haapala and Alenius, 1994). The seasonal upper-layer tem-
perature maximum usually develops in August. In the course
of the cooling period, the thermocline deepens to 30 m (i.e.,
temperature of that level becomes equal to surface temper-
ature) in September and 40 m in October. The 50 m depth
level lies in the cold intermediate layer at temperatures below
8 °C through the year. Average temperature in the halocline
(60–90 m) is stable, ranging from about 3 °C in February and
March to 5 °C in November and December.

Sea surface temperature can be acquired in detail using
regular satellite images, but subsurface data can be observed
only using sparse in situ techniques. Elken et al. (2015) sum-
marized that during 1990–2008, sea surface temperature in-
creased in the Gulf of Finland at a mean rate of 0.8 °C per
decade. Liblik and Lips (2019) explored large numbers of ob-
servations conducted in the water column. They have shown
that from 1982 to 2016 the temperature of the Gulf of Fin-
land was increasing on average at a rate of about 0.5 °C per
decade, whereas faster warming has been detected in the
thermocline (20 m) and at deeper (70 and 80 m) depth lev-
els. Re-inspection of temperature observations in the Gulf of
Finland from the HELCOM/ICES database at the 70 m depth
level reveals that average deep-water temperature increased
from 3.5 °C in 1988 to 5.2 °C in 2020. Oceanographic re-
gional climate projections until 2100 have projected an an-

nual increase in temperature in the Gulf of Finland of 0.2–
0.4 °C per decade (Meier et al., 2022).

2.2 Data

2.2.1 Copernicus Marine Service reanalysis data for the
Baltic Sea

We use the Baltic Sea physical reanalysis product (Axell,
2021) prepared within the Copernicus Marine Service (prod-
uct ref. no. 1). This reanalysis covers the whole Baltic Sea
with adjacent North Sea areas, presenting data on sea level,
ice, water temperature, salinity, and currents. It has about a
3.7 km grid step and is the most advanced combination of
numerical modeling made using the NEMO model and ob-
servations. The data set consists of daily mean reanalysis
data from 1 January 1993 to 31 December 2019. The gridded
data have a maximum of 56 vertical levels down to 361 m.
Layer thickness is about 3 m in the upper levels but increases
to about 6.3 m in the deepest point of the Tallinn Bay area,
which has altogether 21 depth levels.

The quality of the reanalysis product was vigorously
checked against observational data by Liu et al. (2019). The
report concluded that the mean bias of water temperature was
less than 0.1 °C and the remaining root mean square devia-
tion (RMSD) was less than about 0.7 °C. Comparing with
individual independent observations that were not included
into the reanalysis procedure, the RMSD is generally be-
tween 0.4 and 1 °C. The largest RMSD values above 1.4 °C
were found in the Kattegat and the Gulf of Finland. In the
Tallinn Bay, the reanalysis results are compared to the inde-
pendent sea surface temperature observations in Sect. 2.3.

The grid cells of the NEMO model are shown in Fig. 2,
overlaid on the coastline and topography map of the Tallinn
Bay. Although depths 40–70 m are evident in the inner bay,
the reanalysis grid cells of the Baltic-wide product are too
coarse to resolve the details of the coastline and topography.
Setting up a more detailed topography for oceanographic re-
analysis, dedicated to Estonian marine areas, is in the imple-
mentation phase.

For the present analysis, data from six grid cells were se-
lected. The data on the original grid were converted to 10 m
depth intervals.

2.2.2 Observations

Regular temperature observations are available from the
automatic coastal station (59.449351° N, 24.775448° E) lo-
cated in Tallinn Harbor (Fig. 2) from 1 January 2008 to
14 April 2018 (product ref. no. 2). The sea level part of
the observing station has been described by Lagemaa et
al. (2011). The raw data have been recorded mostly with a
5 min interval. After elimination of sensor and communica-
tion errors, a set of daily mean temperatures was generated
to compare with reanalysis data. The same data, processed
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Figure 2. Map of the Tallinn Bay area with grid cells of the Coper-
nicus Marine reanalysis data (product ref. no. 1) shown as boxes.
The location of the Tallinn Bay is shown on the map of the Gulf of
Finland, inset in the upper-right corner. The analysis uses data from
bold cells noted by numbers. The red star denotes the location of the
coastal automatic observing station. Depth data on the 1/16 arcmin
(ca. 58 and 116 m along longitude and latitude) grid were adopted
from EMODNET bathymetry (product ref. no. 3). The coastline has
been adopted from the compilation by HELCOM (product ref. no.
4).

to the 1 h interval, are available from the Copernicus Marine
Service.

2.3 Comparison of reanalysis data with observations

While observational data record the “point” values of sea sur-
face temperature with a 5 min interval and are usually av-
eraged to hourly values, the reanalysis data set presents the
average temperature over ca. 3.7 km size grid cells as daily
mean values. It means that reanalysis data do not present
small-scale and short-term local temperature variations near
the observation point. Still, it is interesting to compare how
well point observations match averaged reanalysis data. Point
observations reveal a number of short-term anomalies from
the regular seasonal course (Fig. 3). Their origins are in (1)
calm weather local anomalies, when a warm skin layer de-

velops, mostly during spring; (2) faster heating and cooling
in shallow coastal sites; and (3) cold waters due to wind-
induced upwelling. In all the cases, the spatial and temporal
scales could be too small to be captured by the coarser re-
analysis data. This study did not focus on a detailed analysis
of “negative temperature anomaly” events, but we can con-
clude that in many cases the observed events are also evident
in the reanalysis data. Since the upwelling areas cover up to
tens of kilometers and may exist for several days or a week
(Uiboupin and Laanemets, 2009), these events are captured
well by the reanalysis data.

Statistical comparison of surface reanalysis data with daily
mean observations over existing data pairs reveals their good
match. Bias is −0.12 °C and RMSD (root mean square dif-
ference) is 1.3 °C. Both time series contain a strong seasonal
signal, with its variance exceeding 90 % of the total variance.
While the original time series are highly correlated with the
Pearson coefficient of determination at R2

= 0.96, removing
the mean seasonal cycle from both of the time series reduces
the correlation to R2

= 0.44. A histogram of the difference
between observations and reanalysis (not shown) shows that
on average observations reveal slightly higher temperature
(the maximum is shifted by 0.2 °C), but occasionally much
smaller observed temperatures occur. Such outliers can nei-
ther be explained by the local coastal effects in observations
nor resolved by reanalysis.

3 Results

3.1 Seasonal temperature course and its variations

The temperature of the Tallinn Bay undergoes a similar sea-
sonal cycle as described in Sect. 1. In the offshore area (point
6, Fig. 2) the upper layer is gradually warmed up from April
to July (Fig. 4a). During summer, the upper mixed layer has
10–20 m thickness, whereas the annual temperature maxi-
mum, determined from the original non-averaged data, varies
between 16 and 23 °C. In August, the maximum vertical gra-
dient in the thermocline is found at about 25 m depth. During
autumn, the upper layer and the thermocline are eroded down
to 40 m where inherent salinity stratification (Fig. 4b) blocks
further erosion. During winter, the upper layer may be cooled
to the freezing point, which is from −0.27 to −0.33 °C for
salinities from 5 to 6 psu. Below the thermocline, monthly
mean temperature ranges from 2.4 to 7.4 °C at 40 m depth
and from 3.4 to 5.2 °C at 70 m depth (Fig. 4a). Deeper tem-
perature variations below 40 m are influenced by the sea-
sonal dynamics of the halocline: intensified transport of more
saline (and warmer) waters from the open Baltic occurs be-
low 50 m in late spring and summer (Fig. 4b). The highest
temperature occurs in deeper layers in November and De-
cember as a delayed response to the summer heating at the
surface; the lowest temperature values are found on average
in March and April when the weakest vertical gradients in
the halocline occur.
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Halocline and deep layers. This layer is formed by lat-
eral (horizontal) transport of saline waters originating from
the North Sea. Regular saline water inflow is complemented
by the events of Major Baltic Inflows (MBIs) of large volume
and high salinity; they occur sporadically with intervals from
years to decades (Raudsepp et al., 2018). Depending on the
seasonal timing of the MBI, there may be pulses of warmer
or colder water reaching the deep areas of the Baltic Proper
(Elken et al., 2015). For example, in the Gotland Deep at the
175 m depth, temperature varied during 1997–2013 between
4.5 and 7.0 °C depending on the type of the MBI. When large
volumes of new water arrive to the Gotland Deep, the old
water is pushed to the deep layers of the Gulf of Finland. Af-
ter the 2014 December MBI, the first effects occurred in the
Gulf of Finland in 9 months, whereas the arrival of the for-
mer northern Baltic Proper deep-layer water was observed
(Liblik et al., 2018). Deep-layer temperature dynamics in the
Gulf of Finland are also affected by the wind-dependent es-
tuarine circulation reversals that may drastically reduce the
stratification for several weeks (Elken et al., 2003).

Tallinn Bay is deep enough to have all of the above-
described water column layers present. Its short-term hydro-
graphic variability is characteristic of the southern coast of
the Gulf of Finland: upwelling occurs during the persistent
westerly and southwesterly winds, and pulses of more saline
and less saline water observed in the southern Gulf of Fin-
land also appear in the bay.

From May to July, the seasonal cycle of temperature in the
central part of the Gulf of Finland shows delayed temperature
increase of the layers 20–40 m during the warming season
(Haapala and Alenius, 1994). The seasonal upper-layer tem-
perature maximum usually develops in August. In the course
of the cooling period, the thermocline deepens to 30 m (i.e.,
temperature of that level becomes equal to surface temper-
ature) in September and 40 m in October. The 50 m depth
level lies in the cold intermediate layer at temperatures below
8 °C through the year. Average temperature in the halocline
(60–90 m) is stable, ranging from about 3 °C in February and
March to 5 °C in November and December.

Sea surface temperature can be acquired in detail using
regular satellite images, but subsurface data can be observed
only using sparse in situ techniques. Elken et al. (2015) sum-
marized that during 1990–2008, sea surface temperature in-
creased in the Gulf of Finland at a mean rate of 0.8 °C per
decade. Liblik and Lips (2019) explored large numbers of ob-
servations conducted in the water column. They have shown
that from 1982 to 2016 the temperature of the Gulf of Fin-
land was increasing on average at a rate of about 0.5 °C per
decade, whereas faster warming has been detected in the
thermocline (20 m) and at deeper (70 and 80 m) depth lev-
els. Re-inspection of temperature observations in the Gulf of
Finland from the HELCOM/ICES database at the 70 m depth
level reveals that average deep-water temperature increased
from 3.5 °C in 1988 to 5.2 °C in 2020. Oceanographic re-
gional climate projections until 2100 have projected an an-

nual increase in temperature in the Gulf of Finland of 0.2–
0.4 °C per decade (Meier et al., 2022).

2.2 Data

2.2.1 Copernicus Marine Service reanalysis data for the
Baltic Sea

We use the Baltic Sea physical reanalysis product (Axell,
2021) prepared within the Copernicus Marine Service (prod-
uct ref. no. 1). This reanalysis covers the whole Baltic Sea
with adjacent North Sea areas, presenting data on sea level,
ice, water temperature, salinity, and currents. It has about a
3.7 km grid step and is the most advanced combination of
numerical modeling made using the NEMO model and ob-
servations. The data set consists of daily mean reanalysis
data from 1 January 1993 to 31 December 2019. The gridded
data have a maximum of 56 vertical levels down to 361 m.
Layer thickness is about 3 m in the upper levels but increases
to about 6.3 m in the deepest point of the Tallinn Bay area,
which has altogether 21 depth levels.

The quality of the reanalysis product was vigorously
checked against observational data by Liu et al. (2019). The
report concluded that the mean bias of water temperature was
less than 0.1 °C and the remaining root mean square devia-
tion (RMSD) was less than about 0.7 °C. Comparing with
individual independent observations that were not included
into the reanalysis procedure, the RMSD is generally be-
tween 0.4 and 1 °C. The largest RMSD values above 1.4 °C
were found in the Kattegat and the Gulf of Finland. In the
Tallinn Bay, the reanalysis results are compared to the inde-
pendent sea surface temperature observations in Sect. 2.3.

The grid cells of the NEMO model are shown in Fig. 2,
overlaid on the coastline and topography map of the Tallinn
Bay. Although depths 40–70 m are evident in the inner bay,
the reanalysis grid cells of the Baltic-wide product are too
coarse to resolve the details of the coastline and topography.
Setting up a more detailed topography for oceanographic re-
analysis, dedicated to Estonian marine areas, is in the imple-
mentation phase.

For the present analysis, data from six grid cells were se-
lected. The data on the original grid were converted to 10 m
depth intervals.

2.2.2 Observations

Regular temperature observations are available from the
automatic coastal station (59.449351° N, 24.775448° E) lo-
cated in Tallinn Harbor (Fig. 2) from 1 January 2008 to
14 April 2018 (product ref. no. 2). The sea level part of
the observing station has been described by Lagemaa et
al. (2011). The raw data have been recorded mostly with a
5 min interval. After elimination of sensor and communica-
tion errors, a set of daily mean temperatures was generated
to compare with reanalysis data. The same data, processed
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Figure 2. Map of the Tallinn Bay area with grid cells of the Coper-
nicus Marine reanalysis data (product ref. no. 1) shown as boxes.
The location of the Tallinn Bay is shown on the map of the Gulf of
Finland, inset in the upper-right corner. The analysis uses data from
bold cells noted by numbers. The red star denotes the location of the
coastal automatic observing station. Depth data on the 1/16 arcmin
(ca. 58 and 116 m along longitude and latitude) grid were adopted
from EMODNET bathymetry (product ref. no. 3). The coastline has
been adopted from the compilation by HELCOM (product ref. no.
4).

to the 1 h interval, are available from the Copernicus Marine
Service.

2.3 Comparison of reanalysis data with observations

While observational data record the “point” values of sea sur-
face temperature with a 5 min interval and are usually av-
eraged to hourly values, the reanalysis data set presents the
average temperature over ca. 3.7 km size grid cells as daily
mean values. It means that reanalysis data do not present
small-scale and short-term local temperature variations near
the observation point. Still, it is interesting to compare how
well point observations match averaged reanalysis data. Point
observations reveal a number of short-term anomalies from
the regular seasonal course (Fig. 3). Their origins are in (1)
calm weather local anomalies, when a warm skin layer de-

velops, mostly during spring; (2) faster heating and cooling
in shallow coastal sites; and (3) cold waters due to wind-
induced upwelling. In all the cases, the spatial and temporal
scales could be too small to be captured by the coarser re-
analysis data. This study did not focus on a detailed analysis
of “negative temperature anomaly” events, but we can con-
clude that in many cases the observed events are also evident
in the reanalysis data. Since the upwelling areas cover up to
tens of kilometers and may exist for several days or a week
(Uiboupin and Laanemets, 2009), these events are captured
well by the reanalysis data.

Statistical comparison of surface reanalysis data with daily
mean observations over existing data pairs reveals their good
match. Bias is −0.12 °C and RMSD (root mean square dif-
ference) is 1.3 °C. Both time series contain a strong seasonal
signal, with its variance exceeding 90 % of the total variance.
While the original time series are highly correlated with the
Pearson coefficient of determination at R2

= 0.96, removing
the mean seasonal cycle from both of the time series reduces
the correlation to R2

= 0.44. A histogram of the difference
between observations and reanalysis (not shown) shows that
on average observations reveal slightly higher temperature
(the maximum is shifted by 0.2 °C), but occasionally much
smaller observed temperatures occur. Such outliers can nei-
ther be explained by the local coastal effects in observations
nor resolved by reanalysis.

3 Results

3.1 Seasonal temperature course and its variations

The temperature of the Tallinn Bay undergoes a similar sea-
sonal cycle as described in Sect. 1. In the offshore area (point
6, Fig. 2) the upper layer is gradually warmed up from April
to July (Fig. 4a). During summer, the upper mixed layer has
10–20 m thickness, whereas the annual temperature maxi-
mum, determined from the original non-averaged data, varies
between 16 and 23 °C. In August, the maximum vertical gra-
dient in the thermocline is found at about 25 m depth. During
autumn, the upper layer and the thermocline are eroded down
to 40 m where inherent salinity stratification (Fig. 4b) blocks
further erosion. During winter, the upper layer may be cooled
to the freezing point, which is from −0.27 to −0.33 °C for
salinities from 5 to 6 psu. Below the thermocline, monthly
mean temperature ranges from 2.4 to 7.4 °C at 40 m depth
and from 3.4 to 5.2 °C at 70 m depth (Fig. 4a). Deeper tem-
perature variations below 40 m are influenced by the sea-
sonal dynamics of the halocline: intensified transport of more
saline (and warmer) waters from the open Baltic occurs be-
low 50 m in late spring and summer (Fig. 4b). The highest
temperature occurs in deeper layers in November and De-
cember as a delayed response to the summer heating at the
surface; the lowest temperature values are found on average
in March and April when the weakest vertical gradients in
the halocline occur.
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Figure 3. Example of near-surface temperature time series in 2011–2013. Shown are the automatic observations at Tallinn Harbor with a
5 min interval averaged to hourly values (red) (product ref. no. 2) and daily Copernicus Marine reanalysis data at point 1 (blue) (product ref.
no. 1). For locations, see Fig. 2.

Although in the six selected reanalysis points (their loca-
tions are in Fig. 2) the mean seasonal temperature curves are
rather similar (Fig. 5), the spread of the actual data is rather
high. Histograms of weekly mean temperature reveal dur-
ing the summer months a range from 4.5 to 22.5 °C at the
depth of 10 m, with a maximum in overall seasonal mean of
16 °C. The cold anomalies are rather rare – summer temper-
atures below 10 °C cover only 7 % of occurrence frequency.
During winter months, temperature variability is confined be-
tween −0.2 and 3.5 °C at 10 m depth, while at 50 m the lim-
its are 0.5 and 5.4 °C. Mean seasonal data from individual
reanalysis points reveal minor horizontal variations between
the points compared to their temporal variations. For exam-
ple, during the winter when deep seawater is needed for the
heat pump, the pointwise monthly mean temperature varies
at 50 m depth between 2.6 and 2.8 °C in March, but it has a
mean seasonal maximum of about 5.9 °C in November and
December. Detailed analysis reveals that the temperature of
deep layers below 40 m depth can be considered practically
uniform over the bay area on scales of a few kilometers and
a few days, which is sufficient for the baseline evaluations of
oceanographic conditions for seawater heat pumps.

3.2 Statistics of extractable seawater heat

The data were segmented into 26 yearly heating-centered pe-
riods from 1 July to 30 June. For the data visualization of
each year, a date–year column diagram was drawn, where
the color stripes in the column correspond to the actual tem-
perature in a specific year based on the defined color scale
(Fig. 6). Results show that at both the 50 and 70 m level of
the offshore point 6, the highest temperatures above 4.0 °C
occurred every year, but the duration and timing are variable.
During the winters 2000–2001, 2007–2008, and 2008–2009,
deep layers were warmer than usual through the whole year.
In several years, the warmer deep waters were dominant until

February or March. There were also years when colder wa-
ters were present in summer and extended to autumn, a time
when deep-water temperature started to increase.

We define seawater heat as extractable when water temper-
ature exceeds some predefined value, while cold water oc-
curs when the temperature is below that limit. Cold period
durations and start dates were determined by evaluating run-
ning 9 d slices of temperature criteria fulfillment in the time
series. Shorter-duration spikes with fewer than four fulfill-
ments were considered not fulfilled. For the heat pump prob-
lem, the time series were limited to periods from 1 October to
30 April, which is usually the heating period of city districts.
The results reveal that at a depth level of 20 m (not shown),
the water was cold in every winter. Even in the mildest win-
ter of 2007/2008, water with T <2 °C was present for sev-
eral days. Going further to the deeper layers of 50, 60, and
70 m, the limit T <2 °C is normally not found (except for
very cold winters in 1993/1994, 1994/1995, 1999/2000, and
2010/2011), and even cases with T <3 °C were rather rare.

Profiles of the mean number of non-cold days (when heat
extraction is considered possible) reveal that favorable peri-
ods corresponding to different temperature limits are mini-
mal in the surface layer down to 20 m (Fig. 7). Further, with
increasing depths, extractable seawater heat becomes more
frequent. A significant increase in the duration of seawater-
based heating occurs from 30 to 50 m depth, from 107 to
166 d for 3 °C, and from 149 to 200 d for 2 °C. Considering
the recent period 2009–2019, selected to cover the positive
temperature trend, the mean duration of non-cold days was
generally 5–10 d longer than for the whole period of 1993–
2019, whereas the largest increase of up to 20 d was found in
the deepest layers at 60 and 70 m.

Profiles of mean start dates of cold periods, when addi-
tional heating must be switched on, were calculated from
1 November of each year (Fig. 8). In both offshore and
coastal waters the start dates are nearly the same. The tem-
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Figure 4. Monthly mean air temperature and surface water temper-
ature in the Tallinn Bay (a) and mean seasonal depth distribution of
temperature (b) and salinity (c) in the Tallinn Bay at reanalysis point
6 (Fig. 2) as a function of time of the year (month) and depth. Data
are from Copernicus Marine reanalysis for 1993–2019 (product ref.
no. 1).

perature goes below a certain limit first at the surface layer
and later in the deeper layers. Seawater temperature becomes
less than 3 °C on average on 1 January at 20 m depth and on
12 February at 50 m depth. At the 70 m depth, the average
start of T <3 °C was calculated on 28 February, although only
14 winters out of 26 had such water present; in 12 winters the
condition T >3 °C was always fulfilled. We note that calcu-
lations made with the mean seasonal cycle (Fig. 4) always
revealed T >3 °C. During the recent warmer period of 2009–
2019, the start was delayed on average by 5–10 d. However,
this estimation is rather uncertain, since there have been sev-
eral winters where the criteria T <1 °C, T <2 °C, and T <3 °C
have not been met due to dominating warmer waters. Among
the winters in 1993–2019, temperature at 50 m depth was

Figure 5. Mean seasonal curve (black solid line) and seasonal tem-
perature histogram (color image) in Tallinn Bay at depths 10 m (a)
and 50 m (b). Shown are also mean temperature curves for indi-
vidual horizontal points (thin lines). Copernicus Marine reanalysis
data from 1993–2019 (product ref. no. 1) taken from six locations
(Fig. 2) are processed with 7 d (weekly) intervals. The temperature
histogram bins are 0.5 °C for 10 m depth (a) and 0.25 °C for 50 m
depth (b). For each week, the sum of histogram frequency shown
by the color scale is 1.

Figure 6. Temperature diagrams in Tallinn Bay at 70 m depth as a
function of year (horizontal axis) and calendar day (vertical axis),
calculated from Copernicus Marine reanalysis data (product ref. no.
1).
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Figure 3. Example of near-surface temperature time series in 2011–2013. Shown are the automatic observations at Tallinn Harbor with a
5 min interval averaged to hourly values (red) (product ref. no. 2) and daily Copernicus Marine reanalysis data at point 1 (blue) (product ref.
no. 1). For locations, see Fig. 2.

Although in the six selected reanalysis points (their loca-
tions are in Fig. 2) the mean seasonal temperature curves are
rather similar (Fig. 5), the spread of the actual data is rather
high. Histograms of weekly mean temperature reveal dur-
ing the summer months a range from 4.5 to 22.5 °C at the
depth of 10 m, with a maximum in overall seasonal mean of
16 °C. The cold anomalies are rather rare – summer temper-
atures below 10 °C cover only 7 % of occurrence frequency.
During winter months, temperature variability is confined be-
tween −0.2 and 3.5 °C at 10 m depth, while at 50 m the lim-
its are 0.5 and 5.4 °C. Mean seasonal data from individual
reanalysis points reveal minor horizontal variations between
the points compared to their temporal variations. For exam-
ple, during the winter when deep seawater is needed for the
heat pump, the pointwise monthly mean temperature varies
at 50 m depth between 2.6 and 2.8 °C in March, but it has a
mean seasonal maximum of about 5.9 °C in November and
December. Detailed analysis reveals that the temperature of
deep layers below 40 m depth can be considered practically
uniform over the bay area on scales of a few kilometers and
a few days, which is sufficient for the baseline evaluations of
oceanographic conditions for seawater heat pumps.

3.2 Statistics of extractable seawater heat

The data were segmented into 26 yearly heating-centered pe-
riods from 1 July to 30 June. For the data visualization of
each year, a date–year column diagram was drawn, where
the color stripes in the column correspond to the actual tem-
perature in a specific year based on the defined color scale
(Fig. 6). Results show that at both the 50 and 70 m level of
the offshore point 6, the highest temperatures above 4.0 °C
occurred every year, but the duration and timing are variable.
During the winters 2000–2001, 2007–2008, and 2008–2009,
deep layers were warmer than usual through the whole year.
In several years, the warmer deep waters were dominant until

February or March. There were also years when colder wa-
ters were present in summer and extended to autumn, a time
when deep-water temperature started to increase.

We define seawater heat as extractable when water temper-
ature exceeds some predefined value, while cold water oc-
curs when the temperature is below that limit. Cold period
durations and start dates were determined by evaluating run-
ning 9 d slices of temperature criteria fulfillment in the time
series. Shorter-duration spikes with fewer than four fulfill-
ments were considered not fulfilled. For the heat pump prob-
lem, the time series were limited to periods from 1 October to
30 April, which is usually the heating period of city districts.
The results reveal that at a depth level of 20 m (not shown),
the water was cold in every winter. Even in the mildest win-
ter of 2007/2008, water with T <2 °C was present for sev-
eral days. Going further to the deeper layers of 50, 60, and
70 m, the limit T <2 °C is normally not found (except for
very cold winters in 1993/1994, 1994/1995, 1999/2000, and
2010/2011), and even cases with T <3 °C were rather rare.

Profiles of the mean number of non-cold days (when heat
extraction is considered possible) reveal that favorable peri-
ods corresponding to different temperature limits are mini-
mal in the surface layer down to 20 m (Fig. 7). Further, with
increasing depths, extractable seawater heat becomes more
frequent. A significant increase in the duration of seawater-
based heating occurs from 30 to 50 m depth, from 107 to
166 d for 3 °C, and from 149 to 200 d for 2 °C. Considering
the recent period 2009–2019, selected to cover the positive
temperature trend, the mean duration of non-cold days was
generally 5–10 d longer than for the whole period of 1993–
2019, whereas the largest increase of up to 20 d was found in
the deepest layers at 60 and 70 m.

Profiles of mean start dates of cold periods, when addi-
tional heating must be switched on, were calculated from
1 November of each year (Fig. 8). In both offshore and
coastal waters the start dates are nearly the same. The tem-
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Figure 4. Monthly mean air temperature and surface water temper-
ature in the Tallinn Bay (a) and mean seasonal depth distribution of
temperature (b) and salinity (c) in the Tallinn Bay at reanalysis point
6 (Fig. 2) as a function of time of the year (month) and depth. Data
are from Copernicus Marine reanalysis for 1993–2019 (product ref.
no. 1).

perature goes below a certain limit first at the surface layer
and later in the deeper layers. Seawater temperature becomes
less than 3 °C on average on 1 January at 20 m depth and on
12 February at 50 m depth. At the 70 m depth, the average
start of T <3 °C was calculated on 28 February, although only
14 winters out of 26 had such water present; in 12 winters the
condition T >3 °C was always fulfilled. We note that calcu-
lations made with the mean seasonal cycle (Fig. 4) always
revealed T >3 °C. During the recent warmer period of 2009–
2019, the start was delayed on average by 5–10 d. However,
this estimation is rather uncertain, since there have been sev-
eral winters where the criteria T <1 °C, T <2 °C, and T <3 °C
have not been met due to dominating warmer waters. Among
the winters in 1993–2019, temperature at 50 m depth was

Figure 5. Mean seasonal curve (black solid line) and seasonal tem-
perature histogram (color image) in Tallinn Bay at depths 10 m (a)
and 50 m (b). Shown are also mean temperature curves for indi-
vidual horizontal points (thin lines). Copernicus Marine reanalysis
data from 1993–2019 (product ref. no. 1) taken from six locations
(Fig. 2) are processed with 7 d (weekly) intervals. The temperature
histogram bins are 0.5 °C for 10 m depth (a) and 0.25 °C for 50 m
depth (b). For each week, the sum of histogram frequency shown
by the color scale is 1.

Figure 6. Temperature diagrams in Tallinn Bay at 70 m depth as a
function of year (horizontal axis) and calendar day (vertical axis),
calculated from Copernicus Marine reanalysis data (product ref. no.
1).
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Figure 7. Profiles of the mean number of non-cold days for the
reanalysis point 6 (Fig. 2). X = 1, 2, 3, and 4 °C as shown in the
legend. Copernicus Marine reanalysis data are from 1993–2019 for
the full period (solid line) and for the recent 11 years (2009–2019;
dashed line). Data are taken from 1 October to 30 April (211 d) of
each year (product ref. no. 1).

Figure 8. Profiles of the mean start date of the cold seawater period.
X = 1, 2, 3, and 4 °C as shown in the legend. Copernicus Marine
reanalysis data (product ref. no. 1) are shown for 1993–2019 from
1 October to 30 April at offshore point 6 (solid line) and internal bay
point 3 (dashed line). The locations of points are given in Fig. 2.

above 3 °C for more than 5 d during 9 winters (35 %) and
above 2 °C during 18 winters (70 %). The coldest winters,
as shown in Fig. 6, with low deep-water temperature were
1993/1994, 1994/1995, 1999/2000, and 2010/2011.

The results in Fig. 8 show that statistical properties of cold
or warm water occurrence are in the first approach horizon-
tally uniform; i.e., average data from one location can be ex-
tended over the entire bay area. Since seawater intake for the
heat pump systems is usually located on the bottom, in the
small bay its baseline temperature regime can be character-
ized from the temperature time series of nearby deeper loca-
tions.

Figure 9. Frequency of occurrence of non-cold waters at
Tbot>3.5 °C, calculated from the Copernicus Marine reanalysis data
for 1993–2021 (product ref. no. 1).

3.3 Frequency of extractable seawater heat occurrence
over the Baltic Sea bottom

Seawater heat pumps can use water with temperature above
a certain limit: here T >3.5 °C for non-cold water. Since in-
take tubes are located on the bottom, “good” locations for
seawater heat pump installations are those where non-cold
bottom waters of Tbot>3.5 °C occur most frequently, leaving
a minimum number of days when an additional (usually less
effective) energy source is needed.

Copernicus Marine reanalysis data were used to calculate
Baltic-wide non-cold water occurrence frequency on the bot-
tom using the data from the heating period (from October to
April) during 1993–2021 (Fig. 9). At each grid cell of the re-
analysis data, the near-bottom temperature value for each day
was compared to the non-cold criteria, and the counted num-
ber of non-cold days was divided by the full number of days
during the period, resulting in F = 100 % for the regions
where Tbot is always >3.5 °C. We may infer that seawater
heat is extractable in the regions with F>85 %, as shown by
the color scale in Fig. 9. Note that extractable seawater heat
is found in the deeper basins of the Baltic Proper, where a
permanent halocline exists (Fig. 1).

From the socioeconomic viewpoint, favorable locations
for seawater heat extraction are a short distance from regions
of extractable seawater heat and significant urban and/or in-
dustrial areas. Among larger cities, Tallinn has one of the
most favorable locations for using seawater heat since the
boundary for F>85 % lies just a few kilometers from the
coast. In terms of extractable marine heat distance only, the

State Planet, 4-osr8, 9, 2024 https://doi.org/10.5194/sp-4-osr8-9-2024

J. Elken et al.: Oceanographic preconditions for planning seawater heat pumps in the Baltic Sea 9

best locations in the Baltic Proper are the western coast of
Gotland island in Sweden and the tip of Hel Peninsula near
Tri-City in Poland (Gdansk, Sopot, Gdynia), but these re-
gions have only moderate coastal populations. Good loca-
tions for seawater heat extractions are found near Copen-
hagen and other Danish cities, as well as Tri-City in Poland.

4 Discussion and outlook

The design of seawater heat pumps is a complicated inter-
disciplinary optimization task (Schibuola et al., 2022). There
should be heating or cooling energy users at a reasonable
distance from the coast, since a fraction of gained energy is
lost to the pumping. In ice-prone (boreal) seas, there should
be locations near large-scale users where seawater tempera-
ture by depth does not frequently fall below +3 °C. In most
cases, it is useful to combine seawater heat energy with other
renewable sources, such as groundwater, wastewater, lakes,
rivers, and air (Pieper et al., 2022; Volkova et al., 2022b).

Favorable oceanographic conditions are of crucial impor-
tance for the planning and operation of seawater heat pumps.
Important factors include local bathymetry, water tempera-
ture, peak heating load, and screening requirements, i.e., to
prevent the entrainment of biological organisms and other
particulate matter in the system (Mitchell and Spitler, 2013).
The present pilot study used long-term and regular, but
coarse reanalysis, data to determine the near-bottom seawater
temperature characteristics in the context of the potential use
of seawater thermal energy for district heating. Heat pumps
are operated continuously in an automated regime (although
there is a response time depending on the system charac-
teristics). Seawater intake systems have a limited horizontal
extent (much smaller than 3.7 km, the grid step of present
reanalysis); therefore, unresolved fine-scale coastal and to-
pographic features (especially slope effects; e.g., Delpeche-
Ellmann et al., 2018) may become important in the gener-
ation of mesoscale and submesoscale dynamics as well as
related temperature variations.

In heat engineering, statistics of various meteorological
factors (air temperature, wind, solar radiation, etc.) are syn-
thesized in the concept of the “energy reference year” con-
taining hourly forcing (Kalamees et al., 2012). It allows the
design of different heat system components based on pat-
terns of heat production and consumption. The reference year
is composed of the monthly segments from different years
of meteorological data and indicates that “clueing” should
present the statistical distributions in the best way over the
longer climatic period. For the design of seawater compo-
nents of the overall district heating system it could be useful
to also compose oceanographic reference years. This is not
a trivial task since many aspects have to be kept in mind.
The oceanographic reference year should match seawater
conditions; therefore, the best segment years do not need to
correspond to the years for the best meteorology statistical

match. Since very-high-resolution data at the pumping sites
are usually not available, modeling of such data requires the
local forcing data and those from the adjacent sea area to
agree, which contradicts the piecewise combination of me-
teorological reference data. Harmonizing the meteorological
and oceanographic reference data for heat and energy engi-
neering is a topic of joint ongoing studies by natural and en-
gineering scientists.

We have calculated basic coarse-scale seawater tempera-
ture statistics from Copernicus Marine reanalysis and avail-
able observations. If evaluations by energy companies indi-
cate that using seawater heat seems technically and econom-
ically feasible, further studies of the oceanographic compo-
nent of a large-scale initiative should include the following
steps.

1. Refine the statistics (including currents) using results
from the sub-regional forecast and reanalysis model
with higher resolution. There is an operational forecast
model with 1 km resolution (Lagemaa et al., 2011) run-
ning since 2009. Corresponding reanalysis is in the im-
plementation phase.

2. Together with engineers, identify potential locations of
seawater intake and discharge or a heat exchanger. Con-
duct dedicated observations and VHR modeling at se-
lected locations.

3. Synthesize data from (1)–(2) and Copernicus Marine re-
analysis into the custom-tailored data products neces-
sary for engineering designs. These data products could
contain refined “reference year” time series in present
and future climate and event-based statistics adjusted to
the operation decisions for the heat pumps.

4. Also conduct other studies (seabed habitats, sediments,
bathymetric, and geological data) in both the intake and
pipeline locations, which are needed for an environmen-
tal impact assessment.

5 Conclusions

Due to growing interest in seawater heat extraction, variabil-
ity of temperature in the Tallinn Bay was studied using the
Baltic Sea reanalysis data for 1993–2019 from the Coper-
nicus Marine Service. The reanalysis data match the coastal
temperature observations with a bias of −0.12 °C and RMSD
(root mean square difference) of 1.3 °C.

During summer, the upper mixed layer, located above a
sharp thermocline, typically has 20 m thickness; its yearly
temperature maximum varies between 16 and 23 °C. In au-
tumn, the upper layer is eroded down to 40 m where inher-
ent salinity stratification blocks further erosion or down to
the bottom, whichever is shallower. During winter, the top
of the upper layer can reach the freezing point, which is ap-
proximately −0.3 °C. At a depth of 40 m, the monthly mean
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Figure 7. Profiles of the mean number of non-cold days for the
reanalysis point 6 (Fig. 2). X = 1, 2, 3, and 4 °C as shown in the
legend. Copernicus Marine reanalysis data are from 1993–2019 for
the full period (solid line) and for the recent 11 years (2009–2019;
dashed line). Data are taken from 1 October to 30 April (211 d) of
each year (product ref. no. 1).

Figure 8. Profiles of the mean start date of the cold seawater period.
X = 1, 2, 3, and 4 °C as shown in the legend. Copernicus Marine
reanalysis data (product ref. no. 1) are shown for 1993–2019 from
1 October to 30 April at offshore point 6 (solid line) and internal bay
point 3 (dashed line). The locations of points are given in Fig. 2.

above 3 °C for more than 5 d during 9 winters (35 %) and
above 2 °C during 18 winters (70 %). The coldest winters,
as shown in Fig. 6, with low deep-water temperature were
1993/1994, 1994/1995, 1999/2000, and 2010/2011.

The results in Fig. 8 show that statistical properties of cold
or warm water occurrence are in the first approach horizon-
tally uniform; i.e., average data from one location can be ex-
tended over the entire bay area. Since seawater intake for the
heat pump systems is usually located on the bottom, in the
small bay its baseline temperature regime can be character-
ized from the temperature time series of nearby deeper loca-
tions.

Figure 9. Frequency of occurrence of non-cold waters at
Tbot>3.5 °C, calculated from the Copernicus Marine reanalysis data
for 1993–2021 (product ref. no. 1).

3.3 Frequency of extractable seawater heat occurrence
over the Baltic Sea bottom

Seawater heat pumps can use water with temperature above
a certain limit: here T >3.5 °C for non-cold water. Since in-
take tubes are located on the bottom, “good” locations for
seawater heat pump installations are those where non-cold
bottom waters of Tbot>3.5 °C occur most frequently, leaving
a minimum number of days when an additional (usually less
effective) energy source is needed.

Copernicus Marine reanalysis data were used to calculate
Baltic-wide non-cold water occurrence frequency on the bot-
tom using the data from the heating period (from October to
April) during 1993–2021 (Fig. 9). At each grid cell of the re-
analysis data, the near-bottom temperature value for each day
was compared to the non-cold criteria, and the counted num-
ber of non-cold days was divided by the full number of days
during the period, resulting in F = 100 % for the regions
where Tbot is always >3.5 °C. We may infer that seawater
heat is extractable in the regions with F>85 %, as shown by
the color scale in Fig. 9. Note that extractable seawater heat
is found in the deeper basins of the Baltic Proper, where a
permanent halocline exists (Fig. 1).

From the socioeconomic viewpoint, favorable locations
for seawater heat extraction are a short distance from regions
of extractable seawater heat and significant urban and/or in-
dustrial areas. Among larger cities, Tallinn has one of the
most favorable locations for using seawater heat since the
boundary for F>85 % lies just a few kilometers from the
coast. In terms of extractable marine heat distance only, the
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best locations in the Baltic Proper are the western coast of
Gotland island in Sweden and the tip of Hel Peninsula near
Tri-City in Poland (Gdansk, Sopot, Gdynia), but these re-
gions have only moderate coastal populations. Good loca-
tions for seawater heat extractions are found near Copen-
hagen and other Danish cities, as well as Tri-City in Poland.

4 Discussion and outlook

The design of seawater heat pumps is a complicated inter-
disciplinary optimization task (Schibuola et al., 2022). There
should be heating or cooling energy users at a reasonable
distance from the coast, since a fraction of gained energy is
lost to the pumping. In ice-prone (boreal) seas, there should
be locations near large-scale users where seawater tempera-
ture by depth does not frequently fall below +3 °C. In most
cases, it is useful to combine seawater heat energy with other
renewable sources, such as groundwater, wastewater, lakes,
rivers, and air (Pieper et al., 2022; Volkova et al., 2022b).

Favorable oceanographic conditions are of crucial impor-
tance for the planning and operation of seawater heat pumps.
Important factors include local bathymetry, water tempera-
ture, peak heating load, and screening requirements, i.e., to
prevent the entrainment of biological organisms and other
particulate matter in the system (Mitchell and Spitler, 2013).
The present pilot study used long-term and regular, but
coarse reanalysis, data to determine the near-bottom seawater
temperature characteristics in the context of the potential use
of seawater thermal energy for district heating. Heat pumps
are operated continuously in an automated regime (although
there is a response time depending on the system charac-
teristics). Seawater intake systems have a limited horizontal
extent (much smaller than 3.7 km, the grid step of present
reanalysis); therefore, unresolved fine-scale coastal and to-
pographic features (especially slope effects; e.g., Delpeche-
Ellmann et al., 2018) may become important in the gener-
ation of mesoscale and submesoscale dynamics as well as
related temperature variations.

In heat engineering, statistics of various meteorological
factors (air temperature, wind, solar radiation, etc.) are syn-
thesized in the concept of the “energy reference year” con-
taining hourly forcing (Kalamees et al., 2012). It allows the
design of different heat system components based on pat-
terns of heat production and consumption. The reference year
is composed of the monthly segments from different years
of meteorological data and indicates that “clueing” should
present the statistical distributions in the best way over the
longer climatic period. For the design of seawater compo-
nents of the overall district heating system it could be useful
to also compose oceanographic reference years. This is not
a trivial task since many aspects have to be kept in mind.
The oceanographic reference year should match seawater
conditions; therefore, the best segment years do not need to
correspond to the years for the best meteorology statistical

match. Since very-high-resolution data at the pumping sites
are usually not available, modeling of such data requires the
local forcing data and those from the adjacent sea area to
agree, which contradicts the piecewise combination of me-
teorological reference data. Harmonizing the meteorological
and oceanographic reference data for heat and energy engi-
neering is a topic of joint ongoing studies by natural and en-
gineering scientists.

We have calculated basic coarse-scale seawater tempera-
ture statistics from Copernicus Marine reanalysis and avail-
able observations. If evaluations by energy companies indi-
cate that using seawater heat seems technically and econom-
ically feasible, further studies of the oceanographic compo-
nent of a large-scale initiative should include the following
steps.

1. Refine the statistics (including currents) using results
from the sub-regional forecast and reanalysis model
with higher resolution. There is an operational forecast
model with 1 km resolution (Lagemaa et al., 2011) run-
ning since 2009. Corresponding reanalysis is in the im-
plementation phase.

2. Together with engineers, identify potential locations of
seawater intake and discharge or a heat exchanger. Con-
duct dedicated observations and VHR modeling at se-
lected locations.

3. Synthesize data from (1)–(2) and Copernicus Marine re-
analysis into the custom-tailored data products neces-
sary for engineering designs. These data products could
contain refined “reference year” time series in present
and future climate and event-based statistics adjusted to
the operation decisions for the heat pumps.

4. Also conduct other studies (seabed habitats, sediments,
bathymetric, and geological data) in both the intake and
pipeline locations, which are needed for an environmen-
tal impact assessment.

5 Conclusions

Due to growing interest in seawater heat extraction, variabil-
ity of temperature in the Tallinn Bay was studied using the
Baltic Sea reanalysis data for 1993–2019 from the Coper-
nicus Marine Service. The reanalysis data match the coastal
temperature observations with a bias of −0.12 °C and RMSD
(root mean square difference) of 1.3 °C.

During summer, the upper mixed layer, located above a
sharp thermocline, typically has 20 m thickness; its yearly
temperature maximum varies between 16 and 23 °C. In au-
tumn, the upper layer is eroded down to 40 m where inher-
ent salinity stratification blocks further erosion or down to
the bottom, whichever is shallower. During winter, the top
of the upper layer can reach the freezing point, which is ap-
proximately −0.3 °C. At a depth of 40 m, the monthly mean

https://doi.org/10.5194/sp-4-osr8-9-2024 State Planet, 4-osr8, 9, 2024



CHAPTER3.1

10 J. Elken et al.: Oceanographic preconditions for planning seawater heat pumps in the Baltic Sea

temperature ranges from 2.4 to 7.4 °C, while at 70 m depth, it
ranges from 3.4 to 5.2 °C. The highest temperatures at greater
depths are typically observed in November and December,
while the lowest values are commonly found on average in
March and April.

Oceanographic conditions for seawater heat extraction are
the least favorable in surface waters down to 20 m. Fur-
ther, with increasing depths, extractable seawater heat be-
comes more frequent. A significant increase in the duration
of seawater-based heating occurs from 30 to 50 m depth:
from 107 to 166 d for 3 °C and 149 to 200 d for 2 °C. Seawa-
ter temperature becomes less than 3 °C on average on 1 Jan-
uary at 20 m depth and on 12 February at 50 m depth.

Among larger cities, Tallinn has one of the most favorable
locations for using seawater heat. Good locations for sea-
water heat extractions are found near Copenhagen and other
Danish cities, as well as Tri-City in Poland.
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temperature ranges from 2.4 to 7.4 °C, while at 70 m depth, it
ranges from 3.4 to 5.2 °C. The highest temperatures at greater
depths are typically observed in November and December,
while the lowest values are commonly found on average in
March and April.

Oceanographic conditions for seawater heat extraction are
the least favorable in surface waters down to 20 m. Fur-
ther, with increasing depths, extractable seawater heat be-
comes more frequent. A significant increase in the duration
of seawater-based heating occurs from 30 to 50 m depth:
from 107 to 166 d for 3 °C and 149 to 200 d for 2 °C. Seawa-
ter temperature becomes less than 3 °C on average on 1 Jan-
uary at 20 m depth and on 12 February at 50 m depth.

Among larger cities, Tallinn has one of the most favorable
locations for using seawater heat. Good locations for sea-
water heat extractions are found near Copenhagen and other
Danish cities, as well as Tri-City in Poland.
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Abstract. Typical statistics, such as mean or percentiles, provide an excellent baseline for studying variations
and changes in physical variables that have socioeconomic relevance. Nonetheless, they lack information on how
often, and for how long, a certain wave height is exceeded, which might be needed for practical applications,
such as planning marine operations. Using a 29-year wave hindcast, we determined the individual events where
the significant wave height exceeded warning thresholds for Baltic Sea marine traffic (2.5, 4, and 7 m). During
the summer months (JJA), the significant wave height exceeded 2.5 m less than twice a month. During the winter
months (DJF), a significant wave height of 2.5 m was exceeded on average once a week in the larger Baltic Proper
and Bothnian Sea sub-basins. Events with wave heights of over 7 m occurred roughly once every other year in
the larger sub-basins. Our case study for fish-farm-related operations compared two sites that are located 10 and
30 km from the coast in the Bothnian Sea, where we determined wave events that could affect operations at the
cage – meaning a significant wave height over 1 m. During the growth period of rainbow trout (May–October)
there were roughly twice as many possibly disruptive events at the location further offshore than at the location
closer to the coast. Even at the less-exposed location half of the wave events lasted more than 12 h, with a few
events in September and October lasting around a week.

1 Introduction

Wind-generated sea surface waves impact safety at seas
and the planning of offshore structures and activities. These
safety and financial considerations, along with scientific in-
terest, have motivated studies mapping the global wave cli-
mate with in situ and remote sensing measurements and with
numerical models (Semedo et al., 2011; Young et al., 2011;
Semedo et al., 2015; Vanem et al., 2017). Wave statistics,
trends, and extremes are therefore relatively well understood
on a global and regional scale, but these general statistics
might be too abstract for specific socioeconomic applica-
tions.

The Baltic Sea wave climate is relatively mild compared
to the oceans (e.g. Cieślikiewicz et al., 2008; Tuomi et al.,
2011; Björkqvist et al., 2018), but a significant wave height
of 8 m has been measured during storms (Soomere et al.,
2008; Björkqvist et al., 2017, 2020). Traditional mean, max-

imum, and percentile statistics have been used to determine
the wave impact on sediment transport (Soomere and Viška,
2014) and the mean water level (Soomere et al., 2020), as
well as the joint effects of waves and water-level variations
(Hanson and Larson, 2008; Leijala et al., 2018; Kudryavtseva
et al., 2020). Waves also affect structures in the sea, such
as fish farms (Faltinsen and Shen, 2018; Karathanasi et al.,
2022). Recommendations and best practices for the design of
coastal and offshore structures typically rely on extreme val-
ues, such as 50-, 100-, or 250-year significant wave heights
(e.g. NSF, 2003; Björkqvist et al., 2019).

The construction and maintenance of offshore structures
require marine operations. While large cargo and passen-
ger vessels can operate in the harshest wave conditions of
the Baltic Sea, smaller vessels that are used for maintenance
might be sensitive to lower sea states. Therefore, the plan-
ning of maintenance operations benefits from information on
individual wave events that can affect these smaller vessels.
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Table 1. CMEMS and non-CMEMS products used in this study, including information on data documentation.

Product Product ID & type Data access Documentation
ref. no.

1 BALTICSEA_REANALYSIS_WAV_003_015; EU Copernicus Marine Service Quality Information Document
numerical models Product (2023a) (QUID): Lindgren et al. (2023a)

Product User Manual (PUM):
Lindgren et al. (2023b)

2 WAVE_GLO_PHY_SWH_L3_NRT_014_001; EU Copernicus Marine Service QUID: Taburet et al. (2023)
satellite observations Product (2023b) PUM: Mertz et al. (2023)

3 WAVE_GLO_PHY_SWH_L3_MY_014_005; EU Copernicus Marine Service QUID: Charles and Ollivier (2021)
satellite observations Product (2021) PUM: Husson and Charles (2021)

4 FMI wave buoy measurements by the coast Upon request from FMI Not available
of the Bothnian Sea. Data originate from a
Datawell Directional Waverider.

A typical question might be as follows: how many times will
a (possibly disruptive) wave event occur in May, and how
long do such events typically last? This information cannot
be deduced from traditional statistics.

This study aims to provide Baltic Sea-wide, practically ap-
plicable event-based wave statistics. The focus is on seasonal
wave events occurring multiple times per year, thus impact-
ing day-to-day operations at sea. The study also includes a
nearshore case study applied to fish farming. This case study
compares the wave conditions at two locations, of which one
is further out to sea where the different pressures (i.e. societal
and environmental) from the mainland are weaker and there
is less eutrophication.

This paper is structured as follows: Sect. 2 introduces the
model hindcast and the observational data. Section 3 presents
the survey with fish farmers, and Sect. 4 defines the statis-
tics. Section 5 gives wave event statistics for the entire Baltic
Sea, while Sect. 6 presents the case study with a focus on the
needs for fish farms. We end by discussing and concluding
our findings.

2 Data and model accuracy

This study is based on the Copernicus Marine Service’s
Baltic Sea wave hindcast (product ref. no. 1, Table 1). The
hourly hindcast data cover the entire Baltic Sea with a resolu-
tion of 1 nautical mile (ca. 1.85 km) for the years 1993–2021.
Of the available wave parameters we use the significant wave
height, defined as Hs = 4

√
m0, where m0 is the variance of

the wave field. The simulated Hs had a bias and root-mean-
square error (RMSE) of −0.04 and 0.24 m when validated
against in situ wave measurements from the Baltic Sea (Lind-
gren et al., 2023a). Nonetheless, these results do not quantify
the model accuracy in coastal areas. Also, buoys located in
the north typically need to be recovered before the ice sea-

son, causing measurement gaps in late autumn, winter, and
early spring.

As an additional validation we compared the hindcast
against the satellite L 3 Significant Wave Height product
(product ref. nos. 2 and 3, Table 1). This validation, covering
2002–2021, was performed by collocating each along-track
satellite measurement to the closest model grid point, allow-
ing a time difference of at most 30 min. The number of data
points used for comparison was 1 246 075, and the mean and
median distances between the compared points were 0.66
and 0.68 km. The −0.06 m bias and a 0.25 m RMSE over the
whole domain were similar to those reported by Lindgren et
al. (2023a).

Finally, we compared the hindcast against coastal wave
buoy measurements collected by the Finnish Meteorological
Institute (FMI) near the coast in the eastern Bothnian Sea
(61.325° N, 21.369° E) from July 2017 to 5 January 2018
(product ref. no. 4, Table 1). The buoy was located less than
10 km from the coast, and data were available every 30 min,
of which we used the values coinciding with the hourly
model output. The −0.04 m bias and 0.18 m RMSE suggest
that the hindcast is accurate enough in our nearshore study
region (see Sect. 6).

3 Survey with fish farmers

In a small survey – conducted as part of the fish farming na-
tional spatial plan – we asked three fish farmers in which
wave conditions they can operate. We interviewed three com-
panies with farms in harsh conditions in the Baltic Sea: Län-
nenpuolen Lohi Oy (LL), Offshore Fish Finland Oy (OF),
and Brändö Lax Ab (BL). We asked the companies to esti-
mate the wave heights in which they can feed their fish and
do other maintenance operations on their cages and also to
describe the vessels with which they operate.
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LL mostly uses a small 7 m feeding boat, and they reported
that 0.5 m sharp waves can already complicate the feeding of
the fish and that other operations also become difficult in the
submerged cage they use. OF reported that they stop feeding
at a 1.2 m wave height, while BL reported that they have fed
the fish in up to 2 m waves but that other operations become
difficult and unsafe in 1 m waves. Both OF and BL have 15–
20 m vessels that are designed to be used at fish farms in
harsh conditions. All fish farmers noted that the sea should
be relatively calm during harvesting when using a crane to
troll fish from cages.

Based on the above results, we decided to use 1 m as an
approximate threshold for when it is possible to perform nor-
mal operations safely at the cages (see Sect. 6).

4 Definition of wave events

We define the first hour of a wave event as the time when
a specific threshold is exceeded. The last hour of an event
is when the Hs again drops below this threshold. The du-
ration of an event (in hours) is determined as the number of
(hourly) data points between (and including) the start and the
end points of the event. Nonetheless, two events are regarded
as one if they are less than 12 h apart and if the Hs does not
drop below 90 % of the threshold in between. For monthly
statistics each event is assigned to the month when the max-
imum is reached, even if the majority of the event took place
during another month.

We used the thresholds of 1, 2.5, 4, and 7 m. The three
highest values have been chosen by the FMI to trigger na-
tional wave warnings, since they are regarded as potentially
dangerous for ship traffic. The lowest threshold is relevant for
lighter operations at sea and is based on the survey described
in Sect. 3.

5 Baltic Sea-wide statistics

A 2.5 m Hs was exceeded over 10 times per year in all the
sub-basins of the Baltic Sea (Fig. 1a), with median durations
typically between 10 and 16 h (Fig. 1d). A 4 m Hs was still
exceeded several times per year in most of the Baltic Sea,
but median durations over 10 h were rare. Previous studies
have shown that a 7 m Hs is reached only during strong winds
in the larger basins (e.g. Tuomi et al., 2011; Björkqvist et
al., 2018). In our data the median duration of the 7 m events
exceeded 10 h in some parts of the larger basins (Fig. 1f). The
7 m threshold was not exceeded in the Gulf of Riga, the Gulf
of Finland, or the Bothnian Bay (Fig. 1c).

The wave conditions in the Baltic Sea are seasonal, with
the highest waves occurring in late autumn or early winter
(Tuomi et al., 2011). While large vessels operate in the Baltic
Sea year round, many activities are limited to the calmer
months between late spring and early autumn. We studied the
seasonality at five points: four of them coincide with the loca-

tion of FMI operational wave buoys, and the fifth is taken in
the southern Baltic Sea where the wave climate is the harsh-
est (Fig. 2).

The Hs in the Baltic Proper and Bothnian Sea exceeded
2.5 m (at least) about once per week between October and
February but only once every 2 to 4 weeks in April to August.
Even in the smaller basins (Gulf of Finland and Bothnian
Bay) the Hs exceeded 2.5 m around once every 1 to 2 weeks
in the harsher period between October and January.

An Hs of 4 m occurred on average less than once every
other calendar month throughout the year in the smallest
basins (Gulf of Finland and Bay of Bothnia); for the larger
basins this was true only between April and August. In the
winter months (DJF) Hs exceeded 4 m on average 1–2 times
per calendar month in the Baltic Proper main basin. The 4 m
wave events can last 12 to 24 h even in the smaller basins
(Fig. 2a).

A 7 m wave event was rare enough that a monthly break-
down was not meaningful. Most such events (16 events) oc-
curred in the southern part of the Baltic Sea, with only 5
events taking place in the northern Baltic Proper (Fig. 2d).
The assessment of high waves as being most probable in
the southeastern Baltic Proper is in line with Björkqvist et
al. (2018), while e.g. Tuomi et al. (2011) and Räämet and
Soomere (2010) place the highest waves in the northern part
of the Baltic Proper. These differences might be explained
by the shorter time period used by Tuomi et al. (2011) or the
use of geostrophic winds by Räämet and Soomere (2010).
No 7 m wave events occurred in the Gulf of Finland and the
Bothnian Bay, which is in line with existing statistics (e.g.
Tuomi et al., 2011; Björkqvist et al., 2018). The 7 m wave
events typically lasted under 8 h, but one 14 h event was iden-
tified in the southeastern Baltic.

6 Coastal case study

Wave conditions determine what operations, if any, fish farm-
ers can perform near the facilities. Based on a survey with
fish farmers, it is not feasible to feed the fish and do other
operations in open-cage facilities when Hs is over 1 m. The
EU Water Framework Directive requires aquaculture facili-
ties to meet the environmental objectives for the ecological
status. This asserts a pressure to establish new fish farms in
open-sea areas, where their effect on the ecological status is
mitigated by the more efficient transport and mixing of nu-
trients, instead of in coastal areas, where the ecological state
of the water bodies is already weaker. Open-sea farms are ex-
posed to harsher wave conditions, but the activities take place
during the growth season for the fish (i.e. May–October for
rainbow trout) when the waves are lower.

We determined events when Hs exceeded 1 m for a
nearshore area where fish farms are planned. We investigated
the difference between two locations: one located ca. 10 km
from the shoreline and the second ca. 20 km further out
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Table 1. CMEMS and non-CMEMS products used in this study, including information on data documentation.

Product Product ID & type Data access Documentation
ref. no.

1 BALTICSEA_REANALYSIS_WAV_003_015; EU Copernicus Marine Service Quality Information Document
numerical models Product (2023a) (QUID): Lindgren et al. (2023a)

Product User Manual (PUM):
Lindgren et al. (2023b)

2 WAVE_GLO_PHY_SWH_L3_NRT_014_001; EU Copernicus Marine Service QUID: Taburet et al. (2023)
satellite observations Product (2023b) PUM: Mertz et al. (2023)

3 WAVE_GLO_PHY_SWH_L3_MY_014_005; EU Copernicus Marine Service QUID: Charles and Ollivier (2021)
satellite observations Product (2021) PUM: Husson and Charles (2021)

4 FMI wave buoy measurements by the coast Upon request from FMI Not available
of the Bothnian Sea. Data originate from a
Datawell Directional Waverider.

A typical question might be as follows: how many times will
a (possibly disruptive) wave event occur in May, and how
long do such events typically last? This information cannot
be deduced from traditional statistics.

This study aims to provide Baltic Sea-wide, practically ap-
plicable event-based wave statistics. The focus is on seasonal
wave events occurring multiple times per year, thus impact-
ing day-to-day operations at sea. The study also includes a
nearshore case study applied to fish farming. This case study
compares the wave conditions at two locations, of which one
is further out to sea where the different pressures (i.e. societal
and environmental) from the mainland are weaker and there
is less eutrophication.

This paper is structured as follows: Sect. 2 introduces the
model hindcast and the observational data. Section 3 presents
the survey with fish farmers, and Sect. 4 defines the statis-
tics. Section 5 gives wave event statistics for the entire Baltic
Sea, while Sect. 6 presents the case study with a focus on the
needs for fish farms. We end by discussing and concluding
our findings.

2 Data and model accuracy

This study is based on the Copernicus Marine Service’s
Baltic Sea wave hindcast (product ref. no. 1, Table 1). The
hourly hindcast data cover the entire Baltic Sea with a resolu-
tion of 1 nautical mile (ca. 1.85 km) for the years 1993–2021.
Of the available wave parameters we use the significant wave
height, defined as Hs = 4

√
m0, where m0 is the variance of

the wave field. The simulated Hs had a bias and root-mean-
square error (RMSE) of −0.04 and 0.24 m when validated
against in situ wave measurements from the Baltic Sea (Lind-
gren et al., 2023a). Nonetheless, these results do not quantify
the model accuracy in coastal areas. Also, buoys located in
the north typically need to be recovered before the ice sea-

son, causing measurement gaps in late autumn, winter, and
early spring.

As an additional validation we compared the hindcast
against the satellite L 3 Significant Wave Height product
(product ref. nos. 2 and 3, Table 1). This validation, covering
2002–2021, was performed by collocating each along-track
satellite measurement to the closest model grid point, allow-
ing a time difference of at most 30 min. The number of data
points used for comparison was 1 246 075, and the mean and
median distances between the compared points were 0.66
and 0.68 km. The −0.06 m bias and a 0.25 m RMSE over the
whole domain were similar to those reported by Lindgren et
al. (2023a).

Finally, we compared the hindcast against coastal wave
buoy measurements collected by the Finnish Meteorological
Institute (FMI) near the coast in the eastern Bothnian Sea
(61.325° N, 21.369° E) from July 2017 to 5 January 2018
(product ref. no. 4, Table 1). The buoy was located less than
10 km from the coast, and data were available every 30 min,
of which we used the values coinciding with the hourly
model output. The −0.04 m bias and 0.18 m RMSE suggest
that the hindcast is accurate enough in our nearshore study
region (see Sect. 6).

3 Survey with fish farmers

In a small survey – conducted as part of the fish farming na-
tional spatial plan – we asked three fish farmers in which
wave conditions they can operate. We interviewed three com-
panies with farms in harsh conditions in the Baltic Sea: Län-
nenpuolen Lohi Oy (LL), Offshore Fish Finland Oy (OF),
and Brändö Lax Ab (BL). We asked the companies to esti-
mate the wave heights in which they can feed their fish and
do other maintenance operations on their cages and also to
describe the vessels with which they operate.
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LL mostly uses a small 7 m feeding boat, and they reported
that 0.5 m sharp waves can already complicate the feeding of
the fish and that other operations also become difficult in the
submerged cage they use. OF reported that they stop feeding
at a 1.2 m wave height, while BL reported that they have fed
the fish in up to 2 m waves but that other operations become
difficult and unsafe in 1 m waves. Both OF and BL have 15–
20 m vessels that are designed to be used at fish farms in
harsh conditions. All fish farmers noted that the sea should
be relatively calm during harvesting when using a crane to
troll fish from cages.

Based on the above results, we decided to use 1 m as an
approximate threshold for when it is possible to perform nor-
mal operations safely at the cages (see Sect. 6).

4 Definition of wave events

We define the first hour of a wave event as the time when
a specific threshold is exceeded. The last hour of an event
is when the Hs again drops below this threshold. The du-
ration of an event (in hours) is determined as the number of
(hourly) data points between (and including) the start and the
end points of the event. Nonetheless, two events are regarded
as one if they are less than 12 h apart and if the Hs does not
drop below 90 % of the threshold in between. For monthly
statistics each event is assigned to the month when the max-
imum is reached, even if the majority of the event took place
during another month.

We used the thresholds of 1, 2.5, 4, and 7 m. The three
highest values have been chosen by the FMI to trigger na-
tional wave warnings, since they are regarded as potentially
dangerous for ship traffic. The lowest threshold is relevant for
lighter operations at sea and is based on the survey described
in Sect. 3.

5 Baltic Sea-wide statistics

A 2.5 m Hs was exceeded over 10 times per year in all the
sub-basins of the Baltic Sea (Fig. 1a), with median durations
typically between 10 and 16 h (Fig. 1d). A 4 m Hs was still
exceeded several times per year in most of the Baltic Sea,
but median durations over 10 h were rare. Previous studies
have shown that a 7 m Hs is reached only during strong winds
in the larger basins (e.g. Tuomi et al., 2011; Björkqvist et
al., 2018). In our data the median duration of the 7 m events
exceeded 10 h in some parts of the larger basins (Fig. 1f). The
7 m threshold was not exceeded in the Gulf of Riga, the Gulf
of Finland, or the Bothnian Bay (Fig. 1c).

The wave conditions in the Baltic Sea are seasonal, with
the highest waves occurring in late autumn or early winter
(Tuomi et al., 2011). While large vessels operate in the Baltic
Sea year round, many activities are limited to the calmer
months between late spring and early autumn. We studied the
seasonality at five points: four of them coincide with the loca-

tion of FMI operational wave buoys, and the fifth is taken in
the southern Baltic Sea where the wave climate is the harsh-
est (Fig. 2).

The Hs in the Baltic Proper and Bothnian Sea exceeded
2.5 m (at least) about once per week between October and
February but only once every 2 to 4 weeks in April to August.
Even in the smaller basins (Gulf of Finland and Bothnian
Bay) the Hs exceeded 2.5 m around once every 1 to 2 weeks
in the harsher period between October and January.

An Hs of 4 m occurred on average less than once every
other calendar month throughout the year in the smallest
basins (Gulf of Finland and Bay of Bothnia); for the larger
basins this was true only between April and August. In the
winter months (DJF) Hs exceeded 4 m on average 1–2 times
per calendar month in the Baltic Proper main basin. The 4 m
wave events can last 12 to 24 h even in the smaller basins
(Fig. 2a).

A 7 m wave event was rare enough that a monthly break-
down was not meaningful. Most such events (16 events) oc-
curred in the southern part of the Baltic Sea, with only 5
events taking place in the northern Baltic Proper (Fig. 2d).
The assessment of high waves as being most probable in
the southeastern Baltic Proper is in line with Björkqvist et
al. (2018), while e.g. Tuomi et al. (2011) and Räämet and
Soomere (2010) place the highest waves in the northern part
of the Baltic Proper. These differences might be explained
by the shorter time period used by Tuomi et al. (2011) or the
use of geostrophic winds by Räämet and Soomere (2010).
No 7 m wave events occurred in the Gulf of Finland and the
Bothnian Bay, which is in line with existing statistics (e.g.
Tuomi et al., 2011; Björkqvist et al., 2018). The 7 m wave
events typically lasted under 8 h, but one 14 h event was iden-
tified in the southeastern Baltic.

6 Coastal case study

Wave conditions determine what operations, if any, fish farm-
ers can perform near the facilities. Based on a survey with
fish farmers, it is not feasible to feed the fish and do other
operations in open-cage facilities when Hs is over 1 m. The
EU Water Framework Directive requires aquaculture facili-
ties to meet the environmental objectives for the ecological
status. This asserts a pressure to establish new fish farms in
open-sea areas, where their effect on the ecological status is
mitigated by the more efficient transport and mixing of nu-
trients, instead of in coastal areas, where the ecological state
of the water bodies is already weaker. Open-sea farms are ex-
posed to harsher wave conditions, but the activities take place
during the growth season for the fish (i.e. May–October for
rainbow trout) when the waves are lower.

We determined events when Hs exceeded 1 m for a
nearshore area where fish farms are planned. We investigated
the difference between two locations: one located ca. 10 km
from the shoreline and the second ca. 20 km further out
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Figure 1. Number of events per year (a–c) and median duration in hours (d–f) of cases where Hs exceeds different thresholds: 2.5 m (a, d),
4 m (b, e), and 7 m (c, f). Values are calculated from 29 years of hourly data from the Baltic Sea wave hindcast (product ref. no. 1, Table 1).

(Fig. 3). For the inner location, Hs exceeded 1 m around four
times per calendar month during May–August. In September
and October the numbers were six and eight times respec-
tively – comparable to winter conditions. In the outer loca-
tion, Hs exceeded 1 m roughly six to nine times per calen-
dar month during May–September. Again, the conditions in
October (10 times) were comparable to November–January
outside the growth season.

For the more exposed location, Hs exceeded 1 m a larger
percent of the times during the winter than during the sum-
mer, but this was not reflected in a significant increase in the
number of 1 m wave events; the harsher winter wave climate
simply caused longer events (Fig. 3). Half of the events lasted
less than 12 h at the inner station and less than 15 h at the
outer station. Nevertheless, even during the calmer growth
season, 25 %–35 % of the events lasted over 24 h (Fig. 3c).
An event lasting over 3 d is expected, on average, once every
other growth season at the inner station and twice per growth
season at the outer station. Still, considerably longer events
are still possible: 5 events at the inner station and 18 at the
outer station lasted over 100 h, all during September or Oc-
tober. The longest event in September 1997 lasted 13 d at the
outer station.

7 Discussion

For certain applications, such as fatigue calculations, time-
averaged values contain relevant information. Nonetheless,
for many operations at sea – heavy commercial traffic, light
recreational boating, or operations at installations like fish
farms – information on how often and for how long a cer-
tain wave height is exceeded might be more important than
simply knowing how many hours per year the threshold is
exceeded.

A number of hours per year can mean a few long events or
frequent shorter events. The type of operation and the amount
of flexibility allowed in the planning and execution determine
the impact of the event frequency and length. For example,
fish farm operations with a small boat might need to be put
on hold by a relatively low sea state. Nonetheless, the flex-
ibility in the timing will allow for adaptive execution if ad-
equate wave forecasts exist. Larger vessels, again, can with-
stand higher wave heights but typically run on a tight sched-
ule, although with a possible slight leeway to accommodate
passenger comfort, in the case of passenger ferries, and fuel
consumption (Jalkanen et al., 2012).

The wave conditions in the Baltic Sea depend on the sea-
son and the ice cover (e.g. Tuomi et al., 2011). Our re-

State Planet, 4-osr8, 10, 2024 https://doi.org/10.5194/sp-4-osr8-10-2024

J.-V. Björkqvist et al.: Event-based wave statistics for the Baltic Sea 5

Figure 2. The maximum duration of events during 1993–2021 where the significant wave height exceeded 4 m (a). The event incidence for
thresholds of 2.5 and 4 m as a function of the calendar month (b and c). The number of events exceeding 7 m during the entire 29-year period
as a function of the exceedance duration in hours (d). The symbols in panels (b)–(d) refer to the areas given in panel (a).

sults suggest that wave conditions also vary significantly
within one season, highlighting the value of monthly statis-
tics. Monthly statistics are especially useful when activities
span only part of the year, with operations carried out at the
beginning and end of the season.

The example used in this study is fish farming, where high
waves make it difficult to feed the fish or conduct other op-
erations. Floating fish farms also need to be installed and
removed at specific time windows at the beginning and the
end of the growth season for the fish. Moreover, all opera-
tions also depend on what kind of equipment, e.g. boat, is
used. Fish farmers install fish cages around May and remove
them in September or October. The towing of the fish cages
should be done during calm sea conditions, but the process
can take a considerable time since it is done at a speed of
only 2–4 knots. Finding a window of possibility for towing
is therefore highly relevant for the fish farmers.

The EU Water Framework Directive and, especially, the
ECJ Weser ruling 2015 impact where it is feasible to grow
fish. The ruling directly obligates member states, unless
given an exemption, to reject projects that could poten-
tially degrade the condition of a water body or endanger the
achievement of its objectives. This ruling is central in bal-
ancing between the ecological status of the water and the

desire to increase sustainable growth in the marine and mar-
itime sectors as laid out in e.g. the EU Blue Growth Strat-
egy. Therefore, even if aquaculture accounts for only 1 %–
2 % of the total nutrient load to the Baltic Sea, this ruling
has had a great impact on the allocation of new fish farms.
The directive favours broad and open-sea areas where the
impact of open-caged fish farms on the environment is mit-
igated, even though harsher environmental conditions mean
less favourable conditions for practical operations, such as
towing.

Also, other offshore operations might benefit from event-
based statistics. For example, similar statistics can be used
to plan the construction and maintenance of offshore wind
farms. The method presented here can be applied to any
threshold and variable relevant for the given operation. Fur-
thermore, simultaneous information about, for example, the
wave direction or wave period can also be extracted. This
can be used to analyse wave events from a certain direction
or with a certain steepness.

8 Conclusions

Based on a numerical hindcast we determined all individual
wave events where the significant wave height (Hs) exceeded
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Figure 1. Number of events per year (a–c) and median duration in hours (d–f) of cases where Hs exceeds different thresholds: 2.5 m (a, d),
4 m (b, e), and 7 m (c, f). Values are calculated from 29 years of hourly data from the Baltic Sea wave hindcast (product ref. no. 1, Table 1).

(Fig. 3). For the inner location, Hs exceeded 1 m around four
times per calendar month during May–August. In September
and October the numbers were six and eight times respec-
tively – comparable to winter conditions. In the outer loca-
tion, Hs exceeded 1 m roughly six to nine times per calen-
dar month during May–September. Again, the conditions in
October (10 times) were comparable to November–January
outside the growth season.

For the more exposed location, Hs exceeded 1 m a larger
percent of the times during the winter than during the sum-
mer, but this was not reflected in a significant increase in the
number of 1 m wave events; the harsher winter wave climate
simply caused longer events (Fig. 3). Half of the events lasted
less than 12 h at the inner station and less than 15 h at the
outer station. Nevertheless, even during the calmer growth
season, 25 %–35 % of the events lasted over 24 h (Fig. 3c).
An event lasting over 3 d is expected, on average, once every
other growth season at the inner station and twice per growth
season at the outer station. Still, considerably longer events
are still possible: 5 events at the inner station and 18 at the
outer station lasted over 100 h, all during September or Oc-
tober. The longest event in September 1997 lasted 13 d at the
outer station.

7 Discussion

For certain applications, such as fatigue calculations, time-
averaged values contain relevant information. Nonetheless,
for many operations at sea – heavy commercial traffic, light
recreational boating, or operations at installations like fish
farms – information on how often and for how long a cer-
tain wave height is exceeded might be more important than
simply knowing how many hours per year the threshold is
exceeded.

A number of hours per year can mean a few long events or
frequent shorter events. The type of operation and the amount
of flexibility allowed in the planning and execution determine
the impact of the event frequency and length. For example,
fish farm operations with a small boat might need to be put
on hold by a relatively low sea state. Nonetheless, the flex-
ibility in the timing will allow for adaptive execution if ad-
equate wave forecasts exist. Larger vessels, again, can with-
stand higher wave heights but typically run on a tight sched-
ule, although with a possible slight leeway to accommodate
passenger comfort, in the case of passenger ferries, and fuel
consumption (Jalkanen et al., 2012).

The wave conditions in the Baltic Sea depend on the sea-
son and the ice cover (e.g. Tuomi et al., 2011). Our re-
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Figure 2. The maximum duration of events during 1993–2021 where the significant wave height exceeded 4 m (a). The event incidence for
thresholds of 2.5 and 4 m as a function of the calendar month (b and c). The number of events exceeding 7 m during the entire 29-year period
as a function of the exceedance duration in hours (d). The symbols in panels (b)–(d) refer to the areas given in panel (a).

sults suggest that wave conditions also vary significantly
within one season, highlighting the value of monthly statis-
tics. Monthly statistics are especially useful when activities
span only part of the year, with operations carried out at the
beginning and end of the season.

The example used in this study is fish farming, where high
waves make it difficult to feed the fish or conduct other op-
erations. Floating fish farms also need to be installed and
removed at specific time windows at the beginning and the
end of the growth season for the fish. Moreover, all opera-
tions also depend on what kind of equipment, e.g. boat, is
used. Fish farmers install fish cages around May and remove
them in September or October. The towing of the fish cages
should be done during calm sea conditions, but the process
can take a considerable time since it is done at a speed of
only 2–4 knots. Finding a window of possibility for towing
is therefore highly relevant for the fish farmers.

The EU Water Framework Directive and, especially, the
ECJ Weser ruling 2015 impact where it is feasible to grow
fish. The ruling directly obligates member states, unless
given an exemption, to reject projects that could poten-
tially degrade the condition of a water body or endanger the
achievement of its objectives. This ruling is central in bal-
ancing between the ecological status of the water and the

desire to increase sustainable growth in the marine and mar-
itime sectors as laid out in e.g. the EU Blue Growth Strat-
egy. Therefore, even if aquaculture accounts for only 1 %–
2 % of the total nutrient load to the Baltic Sea, this ruling
has had a great impact on the allocation of new fish farms.
The directive favours broad and open-sea areas where the
impact of open-caged fish farms on the environment is mit-
igated, even though harsher environmental conditions mean
less favourable conditions for practical operations, such as
towing.

Also, other offshore operations might benefit from event-
based statistics. For example, similar statistics can be used
to plan the construction and maintenance of offshore wind
farms. The method presented here can be applied to any
threshold and variable relevant for the given operation. Fur-
thermore, simultaneous information about, for example, the
wave direction or wave period can also be extracted. This
can be used to analyse wave events from a certain direction
or with a certain steepness.

8 Conclusions

Based on a numerical hindcast we determined all individual
wave events where the significant wave height (Hs) exceeded
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Figure 3. Events when the significant wave height (Hs) exceeded 1 m during the growth season of rainbow trout in Finland (May to
October). Number of exceedances per growth season (a), event occurrence from two locations as a function of calendar month (b, left axis,
filled symbols), and percentage of time Hs stayed over 1 m (b, right axis, empty symbols). The duration of events during the growth season
is presented as solid lines, and the number of each event length is indicated in a histogram (c). The bin size of the histogram is 3 h so that the
first blue and orange bars correspond to event durations of 1, 2, and 3 h. Symbols and colours in panels (b) and (c) correspond to locations in
panel (a).

2.5, 4, and 7 m in the Baltic Sea for the years 1993–2021.
For a limited nearshore area in the Bothnian Sea we also de-
termined events where the significant wave height exceeded
1 m.

The number of 2.5 and 4 m wave events was seasonal. A
7 m wave event occurred at most around 0.6 times per year on
average and only in the Baltic Proper and Bothnian Sea. The
median duration of 4 m wave events was less than 10 h in al-
most the entire Baltic Sea, but even 7 m wave events that last
up to 15 h seem to be possible. Such long events are difficult
to circumvent, and, while heavy marine traffic can mostly
operate in any conditions in the Baltic Sea, the sea state will
affect the fuel consumption and might cause delays.

The Bothnian Sea case study targeted conditions relevant
specifically for fish farming and therefore focused on the
growth season for rainbow trout (May–October). Based on
a questionnaire, a 1 m Hs was found to be potentially dis-
ruptive for operations at fish farms that are typically carried
out with small boats. We determined that the number of 1 m
wave events in the growth season can potentially double if the
fish farms are moved from 10 to 30 km from the shore. Since
open-sea locations might otherwise be favoured because of
e.g. nutrient loads, the challenges from harsher weather con-

ditions need to be balanced with regulatory requirements and
environmental concerns.

Code and data availability. The data containing the individual
wave events for the thresholds used in this paper and the Python
code to determine wave events for other thresholds from the orig-
inal data, along with code to reproduce the figures of the papers,
are available from the FMI data storage (https://doi.org/10.57707/
fmi-b2share.fad6a08688ab493b9f8e5d0fdf5db432, Kanarik et al.,
2024). Please see Table 1 for additional data sets that have been
used in this study.
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Figure 3. Events when the significant wave height (Hs) exceeded 1 m during the growth season of rainbow trout in Finland (May to
October). Number of exceedances per growth season (a), event occurrence from two locations as a function of calendar month (b, left axis,
filled symbols), and percentage of time Hs stayed over 1 m (b, right axis, empty symbols). The duration of events during the growth season
is presented as solid lines, and the number of each event length is indicated in a histogram (c). The bin size of the histogram is 3 h so that the
first blue and orange bars correspond to event durations of 1, 2, and 3 h. Symbols and colours in panels (b) and (c) correspond to locations in
panel (a).

2.5, 4, and 7 m in the Baltic Sea for the years 1993–2021.
For a limited nearshore area in the Bothnian Sea we also de-
termined events where the significant wave height exceeded
1 m.

The number of 2.5 and 4 m wave events was seasonal. A
7 m wave event occurred at most around 0.6 times per year on
average and only in the Baltic Proper and Bothnian Sea. The
median duration of 4 m wave events was less than 10 h in al-
most the entire Baltic Sea, but even 7 m wave events that last
up to 15 h seem to be possible. Such long events are difficult
to circumvent, and, while heavy marine traffic can mostly
operate in any conditions in the Baltic Sea, the sea state will
affect the fuel consumption and might cause delays.

The Bothnian Sea case study targeted conditions relevant
specifically for fish farming and therefore focused on the
growth season for rainbow trout (May–October). Based on
a questionnaire, a 1 m Hs was found to be potentially dis-
ruptive for operations at fish farms that are typically carried
out with small boats. We determined that the number of 1 m
wave events in the growth season can potentially double if the
fish farms are moved from 10 to 30 km from the shore. Since
open-sea locations might otherwise be favoured because of
e.g. nutrient loads, the challenges from harsher weather con-

ditions need to be balanced with regulatory requirements and
environmental concerns.
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Abstract. Recent studies have significantly contributed to understanding physical mechanisms associated with
the occurrence of marine heatwaves (MHWs). Building upon prior research, this study investigates the relative
role of air–sea heat exchange and oceanic processes during the onset and decline phases of surface MHWs in
the Mediterranean Sea based on a joint analysis of remote sensing data and reanalysis outputs over the period
1993–2022. Results show that air–sea heat flux is the major driver in 44 % of the onset and only 17 % of the
declining MHW phases. Thus, these findings suggest that oceanic processes play a key role in driving sea surface
temperature (SST) anomalies during MHWs, particularly during declines. The role of surface flux becomes more
important during warmer months and onset periods. Spatially, the heat flux contribution is greater in the Adriatic
and Aegean sub-basins, where it becomes the major driver of most onset phases. Latent heat emerges as the most
significant heat flux component in forming the SST evolution across all seasons. Onset and decline phases lasting
less than 5 d experience a weaker contribution of heat flux compared to longer phases (lasting 5–10 or more than
10 d). Moreover, an inverse relationship between MHW severity and the contribution of heat flux is observed.
At the subsurface, mixed layer shoaling is found over the entire duration of most MHWs, particularly for those
of shorter duration. Therefore, the surface cooling right after the peak day is likely not associated with vertical
mixing in such cases. These findings suggest that other oceanic processes, potentially horizontal advection, have
a key role in modulating SST at the beginning of most MHW declines. In turn, further dissipation of heat is
commonly driven by vertical mixing, as indicated by a significant mixed layer deepening after the MHW end
day in most cases. This study emphasizes the need to consider subsurface information for future studies of
MHWs and highlights the importance of accounting for limitations associated with the definitions employed for
MHW phases.

1 Introduction

Marine heatwaves (MHWs) are extreme events, character-
ized by prolonged periods of anomalously high water tem-
perature, lasting for at least 5 consecutive days (Hobday et
al., 2016). These events have gathered increased attention
due to their detrimental effects on marine life, especially
given the increase observed in their frequency, intensity, and
duration over the recent decades, at a global and Mediter-
ranean scale (Oliver et al., 2018; Holbrook et al., 2019; Dar-

maraki et al., 2019a; Juza et al., 2022; Dayan et al., 2023;
Pastor and Khodayar, 2023). Mass mortality events and lo-
cal extinctions, coral bleaching, and massive shifts of ma-
rine species have been extensively reported (Wernberg et al.,
2016; Frölicher and Laufkötter, 2018; Smale et al., 2019;
Garrabou et al., 2022; Smith et al., 2023), along with socioe-
conomic impacts on fishery and aquaculture industries (Mills
et al., 2013; Cavole, 2016). The intensification of MHW con-
ditions has been attributed mostly to ocean warming (Oliver
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Abstract. Recent studies have significantly contributed to understanding physical mechanisms associated with
the occurrence of marine heatwaves (MHWs). Building upon prior research, this study investigates the relative
role of air–sea heat exchange and oceanic processes during the onset and decline phases of surface MHWs in
the Mediterranean Sea based on a joint analysis of remote sensing data and reanalysis outputs over the period
1993–2022. Results show that air–sea heat flux is the major driver in 44 % of the onset and only 17 % of the
declining MHW phases. Thus, these findings suggest that oceanic processes play a key role in driving sea surface
temperature (SST) anomalies during MHWs, particularly during declines. The role of surface flux becomes more
important during warmer months and onset periods. Spatially, the heat flux contribution is greater in the Adriatic
and Aegean sub-basins, where it becomes the major driver of most onset phases. Latent heat emerges as the most
significant heat flux component in forming the SST evolution across all seasons. Onset and decline phases lasting
less than 5 d experience a weaker contribution of heat flux compared to longer phases (lasting 5–10 or more than
10 d). Moreover, an inverse relationship between MHW severity and the contribution of heat flux is observed.
At the subsurface, mixed layer shoaling is found over the entire duration of most MHWs, particularly for those
of shorter duration. Therefore, the surface cooling right after the peak day is likely not associated with vertical
mixing in such cases. These findings suggest that other oceanic processes, potentially horizontal advection, have
a key role in modulating SST at the beginning of most MHW declines. In turn, further dissipation of heat is
commonly driven by vertical mixing, as indicated by a significant mixed layer deepening after the MHW end
day in most cases. This study emphasizes the need to consider subsurface information for future studies of
MHWs and highlights the importance of accounting for limitations associated with the definitions employed for
MHW phases.

1 Introduction

Marine heatwaves (MHWs) are extreme events, character-
ized by prolonged periods of anomalously high water tem-
perature, lasting for at least 5 consecutive days (Hobday et
al., 2016). These events have gathered increased attention
due to their detrimental effects on marine life, especially
given the increase observed in their frequency, intensity, and
duration over the recent decades, at a global and Mediter-
ranean scale (Oliver et al., 2018; Holbrook et al., 2019; Dar-

maraki et al., 2019a; Juza et al., 2022; Dayan et al., 2023;
Pastor and Khodayar, 2023). Mass mortality events and lo-
cal extinctions, coral bleaching, and massive shifts of ma-
rine species have been extensively reported (Wernberg et al.,
2016; Frölicher and Laufkötter, 2018; Smale et al., 2019;
Garrabou et al., 2022; Smith et al., 2023), along with socioe-
conomic impacts on fishery and aquaculture industries (Mills
et al., 2013; Cavole, 2016). The intensification of MHW con-
ditions has been attributed mostly to ocean warming (Oliver
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Table 1. Overview of products.

Product
ref. no

Product ID and type Data access Documentation

1 SST_MED_SST_L4_REP_OBSERVATIONS_010_021;
satellite observations

EU Copernicus Marine Service Product
(2023a)

Product User Manual (PUM): Pisano et
al. (2023a)
QUality Information Document
(QUID): Pisano et al. (2023b)

2 SST_MED_SST_L4_NRT_OBSERVATIONS_010_004;
satellite observations

EU Copernicus Marine Service Product
(2023b)

PUM: Pisano et al. (2023c)
QUID: Pisano et al. (2023d)

3 ERA5 hourly data on single levels; numerical models Copernicus Climate Data Store Hersbach et al. (2023)
https://doi.org/10.24381/cds.adbb2d47

4 MEDSEA_MULTIYEAR_PHYS_006_004;
numerical models

EU Copernicus Marine Service Product
(2022)

PUM: Lecci et al. (2022)
QUID: Escudier et al. (2022)

5 MEDSEA_ANALYSISFORECAST_PHY_006_013;
numerical models

EU Copernicus Marine Service Product
(2024)

PUM: Lecci et al. (2023)
QUID: Goglio et al. (2024)

et al., 2018; Ciappa, 2022), while further intensification is
expected in the future (Oliver et al., 2019; Darmaraki et al.,
2019b; Plecha and Soares, 2019; Hayashida et al., 2020),
driven by anthropogenic forcing and particularly pronounced
under high-emission future scenarios (Oliver et al., 2019).

Given these concerns, it is crucial to enhance our under-
standing of the driving factors behind MHWs at a regional
scale, particularly within the framework of exploring pre-
dictability options and facilitating marine decision-making
(Holbrook et al., 2020; Spillman et al., 2021). Recent re-
search has significantly contributed to identifying physical
drivers and MHW-favoring conditions (e.g., Holbrook et al.,
2019; Sen Gupta et al., 2020; Oliver et al., 2021; Vogt et al.,
2022; Marin et al., 2022). Individual events in the Mediter-
ranean Sea have also been explored, such as the widely
known MHW in 2003 in the western Mediterranean Sea (e.g.,
Sparnocchia et al., 2006; Olita et al., 2007; Bonino et al.,
2023), the short-lasting record-breaking MHW in May 2020
in the southeastern Mediterranean Sea (Ibrahim et al., 2021;
Denaxa et al., 2022), and the most recent long-lasting MHW
in summer 2022 (Marullo et al., 2023; McAdam et al., 2024;
Pirro et al., 2024).

However, a limited number of studies have assessed phys-
ical drivers separately for the buildup and decay of MHW
events, employing different methodologies and datasets.
Schlegel et al. (2021) demonstrated that nearly 50 % of sur-
face MHWs in the northwest Atlantic are heat-flux-driven
but less than 20 % decay due to heat flux, suggesting that
oceanic processes are mainly responsible for the MHW de-
cline. Marin et al. (2022) investigated upper-ocean MHWs
based on global ocean circulation model output and found
that heat advection, followed by anomalous air–sea heat flux,
explains most of the upper-ocean temperature anomalies dur-
ing both MHW onset and decline phases. Within this con-
text, the present study utilizes high-resolution observational
sea surface temperature (SST) and modeled heat flux data
to assess the driving role of air–sea heat exchange during

onset and decline phases of surface MHWs in the Mediter-
ranean Sea. Furthermore, it provides insights into the con-
current subsurface conditions by examining the mixed layer
dynamics during MHWs.

2 Data and methods

MHWs in this study were identified based on high-resolution
gridded satellite SST data in the Mediterranean Sea. Daily
SST values from the reprocessed and near-real-time datasets
from the Copernicus Marine (product ref. nos. 01 and 02
– Table 1; 0.05° × 0.05° and 0.01° × 0.01° horizontal res-
olution, respectively) were used to cover the period Jan-
uary 1993–December 2022. To study the net surface heat
budget (Qnet), turbulent and radiative surface fluxes were ob-
tained from the ECMWF ERA5 Reanalysis dataset at hourly
frequency and 0.25° × 0.25° horizontal resolution (product
ref. no. 03; Table 1). Finally, daily values of mixed layer
depth (MLD) for the period January 1993–December 2022
were obtained from the Mediterranean Sea Physics Reanaly-
sis and the Mediterranean Sea Physics Analysis and Forecast
(product ref. no. 04 and no. 05 – Table 1; 0.042° × 0.042°
horizontal resolution). Collocation of SST and MLD with
the coarser ERA5 data was performed by using the nearest
neighboring value to each ERA5 grid point. The paired val-
ues at daily frequency were used in the heat budget analysis.

MHW detection was performed based on the definition
and detection methodology of Hobday et al. (2016) using the
MATLAB toolbox provided by Zhao and Marin (2019). The
reference period used in this study to create the daily cli-
matology required for the event detection is the same as the
30-year study period (1993–2022). To compute the climatol-
ogy, a time window of 11 d was employed, centered on the
day when each daily climatological value was computed. For
the computation of the daily threshold time series, the 90th
percentile was selected, being widely used in MHW studies,
thus allowing for a more direct intercomparison with the lit-
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erature. Additionally, a 30 d window was applied for smooth-
ing the threshold time series.

Basic properties were computed for each identified event
(e.g., start and end day, mean and max intensity, duration).
Next, events were split into their onset and decline phase.
The onset phase was considered to last from the first day until
the day of maximum intensity (Imax) and the decline phase
from Imax day until the last day of the event. As in Schlegel et
al. (2021), for each phase, an ocean mixed layer heat budget
analysis was applied to derive the change in SST attributed
to Qnet based on the following equation:

SST′
t2

− SST′
t1

=

∫ t2

t1

Q′

ρocph
dt + R. (1)

The left-hand side of Eq. (1) represents the observed change
in SST anomaly (DSST′

obs) relative to climatology during a
specific phase. Each phase starts at day t1 and ends at day
t2, which are the start day and Imax day for onset phases or
Imax day and end day for decline phases, respectively. On the
right-hand side of Eq. (1), Q′ is the daily anomaly of Qnet.
The latter consists of the latent and sensible heat flux as well
as net shortwave and net longwave radiation (LH, SH, SWR,
and LWR, respectively), as follows:

Qnet = LH + SH + SWR + LWR. (2)

It should be noted that a simplified approach was used that
does not account for the penetration of solar radiation below
the mixed layer. Considering the Jerlov water type IA for rel-
atively clear seawater, 77 % of the solar radiation is expected
to be absorbed within the upper 10 m of the ocean based on
the solar radiation attenuation equation in Paulson and Simp-
son (1977). Taking into account the MLD values obtained
from the utilized reanalysis dataset, we have considered that
the followed approach does not significantly affect our con-
clusions.

To compute heat flux anomalies, first a daily climatology
was computed following the same methodology as with SST
for the period 1993–2022. Daily heat flux anomalies were
then constructed relative to the mean climatological value
over the phase duration (e.g., as in Fewings and Brown,
2019). The time integral of Q′ divided by the product of the
constant values ρ (seawater density), cp (specific heat capac-
ity), and h (mixed layer thickness) represents the part of the
DSST′

obs explained by Q′ during this phase (DSSTQ). The
second term of the right-hand side in Eq. (1) stands for any
contribution to DSST′

obs from other mechanisms affecting
SST: horizontal advection, vertical mixing processes, hori-
zontal diffusion of heat flux, and radiative heat loss below
the mixed layer. Therefore, the role of air–sea heat flux in this
study is assessed in relation to a single residual term (i.e., the
non-heat-flux terms merged into a single one), representing
the cumulative effect of all other (oceanic) factors influenc-
ing the SST tendency during an MHW phase.

The contribution of Q′ in driving an MHW onset or de-
cline phase N is then quantified through the following pro-
portion of change:

P (N ) =
DSSTQ(N )
DSST′

obs(N )
. (3)

Therefore, a positive heat flux contribution value during an
MHW phase indicates a favoring role of heat flux in the
corresponding SST evolution, i.e., a warming (cooling) ef-
fect of heat flux during onset (decline). Analogously, a neg-
ative contribution value during either an onset or a decline
phase indicates that heat flux opposes the corresponding SST
tendency. Finally, to examine the evolution of MLD during
MHWs, time series of cumulative MLD anomalies (MLDA)
were constructed for onset and decline phases. These time se-
ries were computed by adding, at each MHW day, the daily
anomaly of MLD of the previous day in order to account for
longer timescales associated with the mixed layer evolution
(as in Schlegel et al., 2021). To explore the correlation be-
tween MLDA and SST anomalies (SSTA), Pearson correla-
tion coefficients were computed for onset and decline phases
separately.

3 Results

3.1 MHW detection

Properties of MHWs exhibit high variability throughout the
Mediterranean Sea (Fig. 1a–c). The northwestern part of the
basin, along with the northern Adriatic and northern Aegean
seas, experienced on average the highest event intensity over
the period 1993–2022, exceeding 2.5 and 2 °C, respectively
(Fig. 1b). Events tend to last longer in the eastern part of
the basin (Aegean and Levantine seas) and in the central-
western Mediterranean Sea, while the shortest durations are
mostly found in the Ionian and Alboran seas (Fig. 1c). The
mean event frequency over the study period shows some sim-
ilarities to the mean intensity spatial distribution, suggesting
that the most (least) intense and most (least) frequent MHWs
are encountered in the northernmost (southernmost) flanks of
the Mediterranean Sea (Fig. 1a, b). Results generally agree
with the literature on MHWs in the Mediterranean Sea dur-
ing the recent decades (Darmaraki et al., 2019a; Ibrahim
et al., 2021; Juza et al., 2022; Dayan et al., 2023), despite
some differences in event detection methods (e.g., choice for
percentile-based threshold, accounting for MHW spatial ex-
tent) or study periods (choice of climatological period, period
for event detection).

MHW frequency has been increasing over the past
30 years, with a trend of 1 ± 0.6 events per decade for the
entire basin (Fig. 1d). Also, MHW duration has increased,
particularly in the eastern basin, with trend values locally ex-
ceeding 10 d per decade (1.7 ± 1.5 d per decade for the en-
tire basin) (Fig. 1f). Notably, intensity has not increased over
the entire basin during the study period (0.08 ± 0.2 °C per
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Table 1. Overview of products.

Product
ref. no

Product ID and type Data access Documentation

1 SST_MED_SST_L4_REP_OBSERVATIONS_010_021;
satellite observations

EU Copernicus Marine Service Product
(2023a)

Product User Manual (PUM): Pisano et
al. (2023a)
QUality Information Document
(QUID): Pisano et al. (2023b)

2 SST_MED_SST_L4_NRT_OBSERVATIONS_010_004;
satellite observations

EU Copernicus Marine Service Product
(2023b)

PUM: Pisano et al. (2023c)
QUID: Pisano et al. (2023d)

3 ERA5 hourly data on single levels; numerical models Copernicus Climate Data Store Hersbach et al. (2023)
https://doi.org/10.24381/cds.adbb2d47

4 MEDSEA_MULTIYEAR_PHYS_006_004;
numerical models

EU Copernicus Marine Service Product
(2022)

PUM: Lecci et al. (2022)
QUID: Escudier et al. (2022)

5 MEDSEA_ANALYSISFORECAST_PHY_006_013;
numerical models

EU Copernicus Marine Service Product
(2024)

PUM: Lecci et al. (2023)
QUID: Goglio et al. (2024)

et al., 2018; Ciappa, 2022), while further intensification is
expected in the future (Oliver et al., 2019; Darmaraki et al.,
2019b; Plecha and Soares, 2019; Hayashida et al., 2020),
driven by anthropogenic forcing and particularly pronounced
under high-emission future scenarios (Oliver et al., 2019).

Given these concerns, it is crucial to enhance our under-
standing of the driving factors behind MHWs at a regional
scale, particularly within the framework of exploring pre-
dictability options and facilitating marine decision-making
(Holbrook et al., 2020; Spillman et al., 2021). Recent re-
search has significantly contributed to identifying physical
drivers and MHW-favoring conditions (e.g., Holbrook et al.,
2019; Sen Gupta et al., 2020; Oliver et al., 2021; Vogt et al.,
2022; Marin et al., 2022). Individual events in the Mediter-
ranean Sea have also been explored, such as the widely
known MHW in 2003 in the western Mediterranean Sea (e.g.,
Sparnocchia et al., 2006; Olita et al., 2007; Bonino et al.,
2023), the short-lasting record-breaking MHW in May 2020
in the southeastern Mediterranean Sea (Ibrahim et al., 2021;
Denaxa et al., 2022), and the most recent long-lasting MHW
in summer 2022 (Marullo et al., 2023; McAdam et al., 2024;
Pirro et al., 2024).

However, a limited number of studies have assessed phys-
ical drivers separately for the buildup and decay of MHW
events, employing different methodologies and datasets.
Schlegel et al. (2021) demonstrated that nearly 50 % of sur-
face MHWs in the northwest Atlantic are heat-flux-driven
but less than 20 % decay due to heat flux, suggesting that
oceanic processes are mainly responsible for the MHW de-
cline. Marin et al. (2022) investigated upper-ocean MHWs
based on global ocean circulation model output and found
that heat advection, followed by anomalous air–sea heat flux,
explains most of the upper-ocean temperature anomalies dur-
ing both MHW onset and decline phases. Within this con-
text, the present study utilizes high-resolution observational
sea surface temperature (SST) and modeled heat flux data
to assess the driving role of air–sea heat exchange during

onset and decline phases of surface MHWs in the Mediter-
ranean Sea. Furthermore, it provides insights into the con-
current subsurface conditions by examining the mixed layer
dynamics during MHWs.

2 Data and methods

MHWs in this study were identified based on high-resolution
gridded satellite SST data in the Mediterranean Sea. Daily
SST values from the reprocessed and near-real-time datasets
from the Copernicus Marine (product ref. nos. 01 and 02
– Table 1; 0.05° × 0.05° and 0.01° × 0.01° horizontal res-
olution, respectively) were used to cover the period Jan-
uary 1993–December 2022. To study the net surface heat
budget (Qnet), turbulent and radiative surface fluxes were ob-
tained from the ECMWF ERA5 Reanalysis dataset at hourly
frequency and 0.25° × 0.25° horizontal resolution (product
ref. no. 03; Table 1). Finally, daily values of mixed layer
depth (MLD) for the period January 1993–December 2022
were obtained from the Mediterranean Sea Physics Reanaly-
sis and the Mediterranean Sea Physics Analysis and Forecast
(product ref. no. 04 and no. 05 – Table 1; 0.042° × 0.042°
horizontal resolution). Collocation of SST and MLD with
the coarser ERA5 data was performed by using the nearest
neighboring value to each ERA5 grid point. The paired val-
ues at daily frequency were used in the heat budget analysis.

MHW detection was performed based on the definition
and detection methodology of Hobday et al. (2016) using the
MATLAB toolbox provided by Zhao and Marin (2019). The
reference period used in this study to create the daily cli-
matology required for the event detection is the same as the
30-year study period (1993–2022). To compute the climatol-
ogy, a time window of 11 d was employed, centered on the
day when each daily climatological value was computed. For
the computation of the daily threshold time series, the 90th
percentile was selected, being widely used in MHW studies,
thus allowing for a more direct intercomparison with the lit-

State Planet, 4-osr8, 11, 2024 https://doi.org/10.5194/sp-4-osr8-11-2024

D. Denaxa et al.: The role of air–sea heat flux for marine heatwaves in the Mediterranean Sea 3

erature. Additionally, a 30 d window was applied for smooth-
ing the threshold time series.

Basic properties were computed for each identified event
(e.g., start and end day, mean and max intensity, duration).
Next, events were split into their onset and decline phase.
The onset phase was considered to last from the first day until
the day of maximum intensity (Imax) and the decline phase
from Imax day until the last day of the event. As in Schlegel et
al. (2021), for each phase, an ocean mixed layer heat budget
analysis was applied to derive the change in SST attributed
to Qnet based on the following equation:

SST′
t2

− SST′
t1

=

∫ t2

t1

Q′

ρocph
dt + R. (1)

The left-hand side of Eq. (1) represents the observed change
in SST anomaly (DSST′

obs) relative to climatology during a
specific phase. Each phase starts at day t1 and ends at day
t2, which are the start day and Imax day for onset phases or
Imax day and end day for decline phases, respectively. On the
right-hand side of Eq. (1), Q′ is the daily anomaly of Qnet.
The latter consists of the latent and sensible heat flux as well
as net shortwave and net longwave radiation (LH, SH, SWR,
and LWR, respectively), as follows:

Qnet = LH + SH + SWR + LWR. (2)

It should be noted that a simplified approach was used that
does not account for the penetration of solar radiation below
the mixed layer. Considering the Jerlov water type IA for rel-
atively clear seawater, 77 % of the solar radiation is expected
to be absorbed within the upper 10 m of the ocean based on
the solar radiation attenuation equation in Paulson and Simp-
son (1977). Taking into account the MLD values obtained
from the utilized reanalysis dataset, we have considered that
the followed approach does not significantly affect our con-
clusions.

To compute heat flux anomalies, first a daily climatology
was computed following the same methodology as with SST
for the period 1993–2022. Daily heat flux anomalies were
then constructed relative to the mean climatological value
over the phase duration (e.g., as in Fewings and Brown,
2019). The time integral of Q′ divided by the product of the
constant values ρ (seawater density), cp (specific heat capac-
ity), and h (mixed layer thickness) represents the part of the
DSST′

obs explained by Q′ during this phase (DSSTQ). The
second term of the right-hand side in Eq. (1) stands for any
contribution to DSST′

obs from other mechanisms affecting
SST: horizontal advection, vertical mixing processes, hori-
zontal diffusion of heat flux, and radiative heat loss below
the mixed layer. Therefore, the role of air–sea heat flux in this
study is assessed in relation to a single residual term (i.e., the
non-heat-flux terms merged into a single one), representing
the cumulative effect of all other (oceanic) factors influenc-
ing the SST tendency during an MHW phase.

The contribution of Q′ in driving an MHW onset or de-
cline phase N is then quantified through the following pro-
portion of change:

P (N ) =
DSSTQ(N )
DSST′

obs(N )
. (3)

Therefore, a positive heat flux contribution value during an
MHW phase indicates a favoring role of heat flux in the
corresponding SST evolution, i.e., a warming (cooling) ef-
fect of heat flux during onset (decline). Analogously, a neg-
ative contribution value during either an onset or a decline
phase indicates that heat flux opposes the corresponding SST
tendency. Finally, to examine the evolution of MLD during
MHWs, time series of cumulative MLD anomalies (MLDA)
were constructed for onset and decline phases. These time se-
ries were computed by adding, at each MHW day, the daily
anomaly of MLD of the previous day in order to account for
longer timescales associated with the mixed layer evolution
(as in Schlegel et al., 2021). To explore the correlation be-
tween MLDA and SST anomalies (SSTA), Pearson correla-
tion coefficients were computed for onset and decline phases
separately.

3 Results

3.1 MHW detection

Properties of MHWs exhibit high variability throughout the
Mediterranean Sea (Fig. 1a–c). The northwestern part of the
basin, along with the northern Adriatic and northern Aegean
seas, experienced on average the highest event intensity over
the period 1993–2022, exceeding 2.5 and 2 °C, respectively
(Fig. 1b). Events tend to last longer in the eastern part of
the basin (Aegean and Levantine seas) and in the central-
western Mediterranean Sea, while the shortest durations are
mostly found in the Ionian and Alboran seas (Fig. 1c). The
mean event frequency over the study period shows some sim-
ilarities to the mean intensity spatial distribution, suggesting
that the most (least) intense and most (least) frequent MHWs
are encountered in the northernmost (southernmost) flanks of
the Mediterranean Sea (Fig. 1a, b). Results generally agree
with the literature on MHWs in the Mediterranean Sea dur-
ing the recent decades (Darmaraki et al., 2019a; Ibrahim
et al., 2021; Juza et al., 2022; Dayan et al., 2023), despite
some differences in event detection methods (e.g., choice for
percentile-based threshold, accounting for MHW spatial ex-
tent) or study periods (choice of climatological period, period
for event detection).

MHW frequency has been increasing over the past
30 years, with a trend of 1 ± 0.6 events per decade for the
entire basin (Fig. 1d). Also, MHW duration has increased,
particularly in the eastern basin, with trend values locally ex-
ceeding 10 d per decade (1.7 ± 1.5 d per decade for the en-
tire basin) (Fig. 1f). Notably, intensity has not increased over
the entire basin during the study period (0.08 ± 0.2 °C per

https://doi.org/10.5194/sp-4-osr8-11-2024 State Planet, 4-osr8, 11, 2024



CHAPTER3.3

4 D. Denaxa et al.: The role of air–sea heat flux for marine heatwaves in the Mediterranean Sea

Figure 1. (a–c) Mean annual frequency, intensity, and duration of MHWs for the period 1993–2022 (a, b, c, respectively). (d–f) Linear
trends of annual values of frequency, intensity, and duration (d, e, f, respectively). Black dots superimposed on trend fields correspond to
statistically nonsignificant trends (Mann–Kendall test, 95 % confidence level).

decade for the basin, not significant at the 95 % confidence
level) (Fig. 1e). The northernmost regions, which are charac-
terized by higher MHW intensity, present small decreasing
MHW intensity trends (though not statistically significant in
most cases), which is in agreement with Dayan et al. (2023)
and Ibrahim et al. (2021) for the eastern basin.

3.2 The role of heat flux during MHW onset and decline

Surface heat flux contributes to the observed surface warm-
ing during the onset phase of the majority of the events
(92 %) detected in the Mediterranean Sea within 1993–2022
(Fig. 2a). In particular, in 44 % of the events, heat flux plays
a major role during the development of MHWs in terms of
explaining more than half of the observed change in SST
anomaly (Fig. 2b). During the rest of the events (8 %), heat
flux opposes the surface warming over the onset phases;
therefore, other mechanisms compensate for their cooling ef-
fect and are responsible for the observed warming in such
cases.

Air–sea heat exchange contributes to surface cooling dur-
ing decline phases in a much smaller percentage of MHWs

(58 %), while it is the primary driver in only 17 % of the
decline phases (Fig. 2a, b). In other words, almost half
(42 %) of the observed MHWs in the basin decay under non-
favorable heat flux conditions (i.e., heat flux opposing the
SST decrease), while oceanic processes are the dominant
driver of most (83 %) MHW declines.

Heat flux exchange explains the MHW onset in all ex-
amined subregions to a great extent (Fig. 2d). The Adriatic
and Aegean seas stand out with most of the observed heat-
ing during onset attributed to heat flux in more than half of
the identified events (Fig. 2b). In six out of the seven sub-
regions, the percentage of events primarily driven by heat
flux during their onset ranges 39 %–53 %. The Alboran Sea
presents a much lower percentage of events attributed to heat
flux (22 %), potentially suggesting an enhanced role of ad-
vective processes in regulating SST in the area, likely associ-
ated with its proximity to the Strait of Gibraltar. In contrast,
the corresponding percentages for the decline phases show
less spatial variability across all subregions, with only 15 %–
20 % of the examined declines found to be mainly driven by
heat flux exchange (Fig. 2b).
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Figure 2. (a) Contribution of heat flux to the observed change in SSTA during MHW onset and decline phases for the period 1993–2022.
(b) Percentage of events primarily driven by heat flux (i.e., with more than half of the observed warming or cooling attributed to heat flux
during onset or decline) for the entire Mediterranean Sea and subregions mapped in (c). (d–e) Box plots for the contribution of heat flux
during onset (red) and decline (blue) for the entire Mediterranean Sea and the subregions. (f–g) Box plots for heat flux contribution per
season for onset (red) and decline (blue). (h–i) Box plots per season for the contribution of heat flux components during onset (red) and
decline (blue). From left to right: latent heat flux, sensible heat flux, net shortwave radiation, net longwave radiation. Note: a positive heat
flux contribution during onset (decline) means that heat flux will warm (cool) the sea surface; boxes in box plots define the interquartile range
from the 25th up to the 75th percentile, and whisker bars correspond to values falling within 1.5 times the interquartile range.
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Figure 1. (a–c) Mean annual frequency, intensity, and duration of MHWs for the period 1993–2022 (a, b, c, respectively). (d–f) Linear
trends of annual values of frequency, intensity, and duration (d, e, f, respectively). Black dots superimposed on trend fields correspond to
statistically nonsignificant trends (Mann–Kendall test, 95 % confidence level).

decade for the basin, not significant at the 95 % confidence
level) (Fig. 1e). The northernmost regions, which are charac-
terized by higher MHW intensity, present small decreasing
MHW intensity trends (though not statistically significant in
most cases), which is in agreement with Dayan et al. (2023)
and Ibrahim et al. (2021) for the eastern basin.

3.2 The role of heat flux during MHW onset and decline

Surface heat flux contributes to the observed surface warm-
ing during the onset phase of the majority of the events
(92 %) detected in the Mediterranean Sea within 1993–2022
(Fig. 2a). In particular, in 44 % of the events, heat flux plays
a major role during the development of MHWs in terms of
explaining more than half of the observed change in SST
anomaly (Fig. 2b). During the rest of the events (8 %), heat
flux opposes the surface warming over the onset phases;
therefore, other mechanisms compensate for their cooling ef-
fect and are responsible for the observed warming in such
cases.

Air–sea heat exchange contributes to surface cooling dur-
ing decline phases in a much smaller percentage of MHWs

(58 %), while it is the primary driver in only 17 % of the
decline phases (Fig. 2a, b). In other words, almost half
(42 %) of the observed MHWs in the basin decay under non-
favorable heat flux conditions (i.e., heat flux opposing the
SST decrease), while oceanic processes are the dominant
driver of most (83 %) MHW declines.

Heat flux exchange explains the MHW onset in all ex-
amined subregions to a great extent (Fig. 2d). The Adriatic
and Aegean seas stand out with most of the observed heat-
ing during onset attributed to heat flux in more than half of
the identified events (Fig. 2b). In six out of the seven sub-
regions, the percentage of events primarily driven by heat
flux during their onset ranges 39 %–53 %. The Alboran Sea
presents a much lower percentage of events attributed to heat
flux (22 %), potentially suggesting an enhanced role of ad-
vective processes in regulating SST in the area, likely associ-
ated with its proximity to the Strait of Gibraltar. In contrast,
the corresponding percentages for the decline phases show
less spatial variability across all subregions, with only 15 %–
20 % of the examined declines found to be mainly driven by
heat flux exchange (Fig. 2b).
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Figure 2. (a) Contribution of heat flux to the observed change in SSTA during MHW onset and decline phases for the period 1993–2022.
(b) Percentage of events primarily driven by heat flux (i.e., with more than half of the observed warming or cooling attributed to heat flux
during onset or decline) for the entire Mediterranean Sea and subregions mapped in (c). (d–e) Box plots for the contribution of heat flux
during onset (red) and decline (blue) for the entire Mediterranean Sea and the subregions. (f–g) Box plots for heat flux contribution per
season for onset (red) and decline (blue). (h–i) Box plots per season for the contribution of heat flux components during onset (red) and
decline (blue). From left to right: latent heat flux, sensible heat flux, net shortwave radiation, net longwave radiation. Note: a positive heat
flux contribution during onset (decline) means that heat flux will warm (cool) the sea surface; boxes in box plots define the interquartile range
from the 25th up to the 75th percentile, and whisker bars correspond to values falling within 1.5 times the interquartile range.
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Seasonal analysis was performed considering winter to be
the period from December to February, while events span-
ning different seasons were assigned to the season when their
intensity maximizes. Most of the events were found to occur
during summer, followed by spring, autumn, and then winter.
As expected, the magnitude of SST anomalies during MHWs
varies among the seasons (e.g., Thoral et al., 2022), but the
contribution of heat flux to their formation is consistently
weaker during decline compared to onset phases throughout
the year (Fig. 2f, g).

Results suggest a greater contribution of heat flux ex-
change to the MHW evolution within warmer seasons (from
an ocean perspective, i.e., summer and autumn) (Fig. 2f, g).
Autumn shows the highest percentage of events driven by
Qnet in both onset and decline. LH flux mainly regulates the
contribution of Qnet during both phases and throughout the
year, followed by SWR and then SH, while LWR exhibits
less clear behavior in all seasons (Fig. 2h, i). With the excep-
tion of SH, the relative contribution of each heat flux compo-
nent presents higher variability during decline compared to
onset phases across all seasons. Specifically, approximately
an equal number of decline cases are associated with posi-
tive and negative contributions of the heat flux components
to the observed cooling, indicating a less predictable role of
Qnet during decline compared to onset periods throughout
the year (Fig. 2i). The lowest percentage of heat-flux-driven
events is observed during the winter onset and spring decline
phases. Particularly for spring, heat flux during most declines
acts against the observed surface cooling (mainly through
suppressed LH losses), suggesting that MHW dissipation in
spring is commonly driven by oceanic factors.

Results show that the air–sea interaction, with a dominant
role of LH flux, plays a major role in the development of
nearly half (44 %) of the MHWs in the Mediterranean Sea.
This finding suggests that oceanic processes play a key role
during 56 % of the onset cases. A further weakened role of
heat flux is found during decline periods (being the major
contributor in only 17 % of declines), indicating that MHW
decay is also primarily driven by oceanic processes.

3.3 Links with mixed layer depth and MHW
characteristics

To gain insight into subsurface conditions during MHWs,
we examined how MLD evolves in relation to SST. Neg-
ative (positive) correlation between MLDA and SSTA that
was found for a large number of events during onset (de-
cline) implies mixed layer shoaling over the entire MHW
duration in these cases (Fig. 3a – top). While an MHW event
develops, a reduction in MLD is commonly expected, as sur-
face warming may strengthen the stratification of the water
column (D’Ortenzio and Prieur, 2012). Given that heat flux
is found to contribute to the warming phases in most cases,
the concurrent mixed layer shoaling found during most on-
sets may be interpreted as an effect of the warming driven

by the atmosphere. Nevertheless, a thinner-than-usual mixed
layer may also exist before the event occurrence and act as a
pre-conditioning factor (e.g., Lee et al., 2023). The greatest
MLDA–SSTA correlation is found during spring and sum-
mer events, while no significant correlation is observed in
winter (not shown), as the deeper mixed layer during colder
months is expected to be less responsive to surface SST vari-
ations (D’Ortenzio and Prieur, 2012). High positive MLDA–
SSTA correlation observed during declines implies that the
mixed layer in such cases continues to shoal while SST
decreases (Fig. 3a), similar to the mixed layer analysis by
Schlegel et al. (2021) for the northwest Atlantic. This finding
further supports the fact that oceanic processes play a sig-
nificant role during MHW decline periods, as also indicated
by the weaker contribution of heat flux during declines. It
also suggests that the surface cooling occurring right after
the peak intensity day is likely not due to mixing in the ver-
tical (further discussed below).

To gain a better understanding of the relationship be-
tween subsurface conditions and the contribution of heat
flux exchange at the air–sea interface during the evolution of
MHWs, this information is integrated into Fig. 3a. Whereas
during onset, MHWs are largely driven by heat flux exchange
and most of them are accompanied by mixed layer shoaling,
there are onset cases where MLDA is strongly positively cor-
related with SSTA, indicating that surface warming evolves
while the mixed layer deepens (Fig. 3a – top). Regarding de-
cline periods, almost equal numbers of cases show positive
and negative heat flux contributions (Fig. 3a – bottom). While
a decrease in MLD is evident in most decline phases (as in-
dicated by correlation coefficient close to 1), a significant
MLDA–SSTA correlation is absent in a considerable number
of decline phases. Additionally, there are cases during de-
clines where a high negative correlation between MLDA and
SSTA is observed, indicating mixed layer deepening while
SST decreases. Such cases are encountered when heat flux
contributes to surface cooling (Fig. 3a – bottom), suggesting
that vertical mixing (most probably wind-induced) works in
the same direction.

MHW onset and decline phases were also examined in
relation to their duration. They were grouped into short,
medium, and long duration, considering phases lasting less
than 5 d, from 5 to 10 d, and more than 10 d, respectively
(Fig. 4a). Shorter onset or decline periods, being the most
prevalent category, slightly overshadow the contribution of
heat flux during longer-lasting MHW phases (Fig. 4a–c vs.
Fig. 2a). In particular, compared to medium followed by long
durations, short durations (both for onset and decline) tend
to exhibit a smaller contribution of heat flux exchanges trig-
gering the SST evolution (Fig. 4a–c). For long-duration on-
set phases, the contribution of heat flux surpasses the con-
tribution of oceanic factors, as the former explains more
than half of the surface warming in more than half of the
events (Fig. 4c). Similarly, it is mostly during shorter de-
clines that heat flux does not present a systematically pos-
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Figure 3. (a) Heatmap relating the net heat flux contribution to the Pearson correlation coefficient (CC) between time series of SST anomalies
and time series of mixed layer depth cumulative anomalies computed for each MHW onset and decline phase (upper and lower heatmap,
respectively) for the period 1993–2022. Colors correspond to the number of events falling in each bin. (b) Box plots for the distribution of
CC values for onset and decline phases lasting less than 5 d, between 5–10 d, and more than 10 d (short, medium, and long duration phases,
respectively). (c) Percentage change (%) in MLD over a fixed 7 d period after the MHW end day compared to MLD during the onset period.
Note: a positive heat flux contribution during onset (decline) means that heat flux will warm (cool) the sea surface. Negative (positive) CC
values close to −1 (+1) during onset (decline) correspond to a reduction of the mixed layer depth while SST increases (decreases). Boxes
in box plots define the interquartile range from the 25th up to the 75th percentile, and whisker bars correspond to values falling within 1.5
times the interquartile range.

itive or negative contribution to the SST decrease, while a
shift towards higher contributions of heat flux is found for
longer phases (Fig. 4a–c). Importantly, the relationship be-
tween MLDA and SSTA becomes less clear during onset and
decline phases of medium and, in turn, long duration, as indi-
cated by weaker correlation (Fig. 3b). In the case of decline
periods, mixed layer shoaling is more frequently observed

during short-lasting declines, suggesting a continuation of
mixed layer shoaling already present during the onset in such
cases.

These findings suggest that the definition followed for an
MHW evolution phase needs to be cautiously taken into ac-
count when interpreting results, especially when surface and
subsurface conditions are examined for the same phases. This
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Seasonal analysis was performed considering winter to be
the period from December to February, while events span-
ning different seasons were assigned to the season when their
intensity maximizes. Most of the events were found to occur
during summer, followed by spring, autumn, and then winter.
As expected, the magnitude of SST anomalies during MHWs
varies among the seasons (e.g., Thoral et al., 2022), but the
contribution of heat flux to their formation is consistently
weaker during decline compared to onset phases throughout
the year (Fig. 2f, g).

Results suggest a greater contribution of heat flux ex-
change to the MHW evolution within warmer seasons (from
an ocean perspective, i.e., summer and autumn) (Fig. 2f, g).
Autumn shows the highest percentage of events driven by
Qnet in both onset and decline. LH flux mainly regulates the
contribution of Qnet during both phases and throughout the
year, followed by SWR and then SH, while LWR exhibits
less clear behavior in all seasons (Fig. 2h, i). With the excep-
tion of SH, the relative contribution of each heat flux compo-
nent presents higher variability during decline compared to
onset phases across all seasons. Specifically, approximately
an equal number of decline cases are associated with posi-
tive and negative contributions of the heat flux components
to the observed cooling, indicating a less predictable role of
Qnet during decline compared to onset periods throughout
the year (Fig. 2i). The lowest percentage of heat-flux-driven
events is observed during the winter onset and spring decline
phases. Particularly for spring, heat flux during most declines
acts against the observed surface cooling (mainly through
suppressed LH losses), suggesting that MHW dissipation in
spring is commonly driven by oceanic factors.

Results show that the air–sea interaction, with a dominant
role of LH flux, plays a major role in the development of
nearly half (44 %) of the MHWs in the Mediterranean Sea.
This finding suggests that oceanic processes play a key role
during 56 % of the onset cases. A further weakened role of
heat flux is found during decline periods (being the major
contributor in only 17 % of declines), indicating that MHW
decay is also primarily driven by oceanic processes.

3.3 Links with mixed layer depth and MHW
characteristics

To gain insight into subsurface conditions during MHWs,
we examined how MLD evolves in relation to SST. Neg-
ative (positive) correlation between MLDA and SSTA that
was found for a large number of events during onset (de-
cline) implies mixed layer shoaling over the entire MHW
duration in these cases (Fig. 3a – top). While an MHW event
develops, a reduction in MLD is commonly expected, as sur-
face warming may strengthen the stratification of the water
column (D’Ortenzio and Prieur, 2012). Given that heat flux
is found to contribute to the warming phases in most cases,
the concurrent mixed layer shoaling found during most on-
sets may be interpreted as an effect of the warming driven

by the atmosphere. Nevertheless, a thinner-than-usual mixed
layer may also exist before the event occurrence and act as a
pre-conditioning factor (e.g., Lee et al., 2023). The greatest
MLDA–SSTA correlation is found during spring and sum-
mer events, while no significant correlation is observed in
winter (not shown), as the deeper mixed layer during colder
months is expected to be less responsive to surface SST vari-
ations (D’Ortenzio and Prieur, 2012). High positive MLDA–
SSTA correlation observed during declines implies that the
mixed layer in such cases continues to shoal while SST
decreases (Fig. 3a), similar to the mixed layer analysis by
Schlegel et al. (2021) for the northwest Atlantic. This finding
further supports the fact that oceanic processes play a sig-
nificant role during MHW decline periods, as also indicated
by the weaker contribution of heat flux during declines. It
also suggests that the surface cooling occurring right after
the peak intensity day is likely not due to mixing in the ver-
tical (further discussed below).

To gain a better understanding of the relationship be-
tween subsurface conditions and the contribution of heat
flux exchange at the air–sea interface during the evolution of
MHWs, this information is integrated into Fig. 3a. Whereas
during onset, MHWs are largely driven by heat flux exchange
and most of them are accompanied by mixed layer shoaling,
there are onset cases where MLDA is strongly positively cor-
related with SSTA, indicating that surface warming evolves
while the mixed layer deepens (Fig. 3a – top). Regarding de-
cline periods, almost equal numbers of cases show positive
and negative heat flux contributions (Fig. 3a – bottom). While
a decrease in MLD is evident in most decline phases (as in-
dicated by correlation coefficient close to 1), a significant
MLDA–SSTA correlation is absent in a considerable number
of decline phases. Additionally, there are cases during de-
clines where a high negative correlation between MLDA and
SSTA is observed, indicating mixed layer deepening while
SST decreases. Such cases are encountered when heat flux
contributes to surface cooling (Fig. 3a – bottom), suggesting
that vertical mixing (most probably wind-induced) works in
the same direction.

MHW onset and decline phases were also examined in
relation to their duration. They were grouped into short,
medium, and long duration, considering phases lasting less
than 5 d, from 5 to 10 d, and more than 10 d, respectively
(Fig. 4a). Shorter onset or decline periods, being the most
prevalent category, slightly overshadow the contribution of
heat flux during longer-lasting MHW phases (Fig. 4a–c vs.
Fig. 2a). In particular, compared to medium followed by long
durations, short durations (both for onset and decline) tend
to exhibit a smaller contribution of heat flux exchanges trig-
gering the SST evolution (Fig. 4a–c). For long-duration on-
set phases, the contribution of heat flux surpasses the con-
tribution of oceanic factors, as the former explains more
than half of the surface warming in more than half of the
events (Fig. 4c). Similarly, it is mostly during shorter de-
clines that heat flux does not present a systematically pos-
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Figure 3. (a) Heatmap relating the net heat flux contribution to the Pearson correlation coefficient (CC) between time series of SST anomalies
and time series of mixed layer depth cumulative anomalies computed for each MHW onset and decline phase (upper and lower heatmap,
respectively) for the period 1993–2022. Colors correspond to the number of events falling in each bin. (b) Box plots for the distribution of
CC values for onset and decline phases lasting less than 5 d, between 5–10 d, and more than 10 d (short, medium, and long duration phases,
respectively). (c) Percentage change (%) in MLD over a fixed 7 d period after the MHW end day compared to MLD during the onset period.
Note: a positive heat flux contribution during onset (decline) means that heat flux will warm (cool) the sea surface. Negative (positive) CC
values close to −1 (+1) during onset (decline) correspond to a reduction of the mixed layer depth while SST increases (decreases). Boxes
in box plots define the interquartile range from the 25th up to the 75th percentile, and whisker bars correspond to values falling within 1.5
times the interquartile range.

itive or negative contribution to the SST decrease, while a
shift towards higher contributions of heat flux is found for
longer phases (Fig. 4a–c). Importantly, the relationship be-
tween MLDA and SSTA becomes less clear during onset and
decline phases of medium and, in turn, long duration, as indi-
cated by weaker correlation (Fig. 3b). In the case of decline
periods, mixed layer shoaling is more frequently observed

during short-lasting declines, suggesting a continuation of
mixed layer shoaling already present during the onset in such
cases.

These findings suggest that the definition followed for an
MHW evolution phase needs to be cautiously taken into ac-
count when interpreting results, especially when surface and
subsurface conditions are examined for the same phases. This
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Figure 4. (a–c) Contribution of heat flux to the observed change in SSTA during MHW onset and decline phases for the period 1993–2022
for phases lasting less than 5 d (a), between 5–10 d (b), and more than 10 d (c) (short, medium, and long duration phases, respectively). (d–f)
Same as left but for different MHW severity categories: moderate (d), strong (e), and severe/extreme (f) based on the categorization scheme
by Hobday et al. (2018).

is due to the time needed for a surface warming signal to
penetrate below as well as due to the longer timescales as-
sociated with processes at deeper layers. Notably, on the end
day of a surface MHW, which is the end day of the decline
phase (as defined in this study), SST is still above the event
detection threshold and will fall below this value by the fol-
lowing day. Therefore, events further dissipate after the de-
cline phase ends. Given such considerations and depending
on the specific purpose of a study, different approaches for
defining a decline period may be followed. For instance, Dar-
maraki (2019) considered the entire MHW duration to be the
event development phase and treated the following period as
decline, and Schlegel et al. (2021) used the same definitions
as the present study, while Marin et al. (2022) considered
a dynamic criterion for defining the decay period, including
a larger portion of the temperature change during the event
dissipation after the MHW end day.

On these grounds, we additionally examine how MLD
evolves after the MHW end day to shed light on what fol-
lows the progressively increasing stratification we observed
during MHWs. To this aim, we compute for each event the
percentage change in the mean MLD between the onset pe-
riod and a fixed 7 d period following the MHW end day
(Fig. 3c). Results reveal the existence of a deeper mixed layer
after the decline of most events (83.5 %) compared to the on-
set period. In these cases, the magnitude of change in MLD
is also significantly greater, occasionally exceeding 100 %,
compared to instances when the mixed layer is thinner during
this period than during the onset (changing the predetermined

length of the examined post-decline period does not signif-
icantly alter these conclusions). This analysis shows that a
significant mixed layer deepening most likely occurs after
the end of MHW decline phases in the Mediterranean Sea,
suggesting that vertical mixing eventually contributes to the
heat dissipation.

Considering the continuation of mixed layer shoaling
found mostly during shorter declines, results suggest that the
oceanic factor regulating the SST decrease after the peak in-
tensity day of most events is probably heat advection, while
vertical mixing in these cases becomes important over the
following days. In line with our findings, Marin et al. (2022)
found that the principal driver of the upper-ocean tempera-
ture changes during MHW onset and decline phases in mid-
latitudes is horizontal heat advection. However, their results
cannot be directly intercompared to ours, as they use mod-
eled depth-integrated upper-ocean temperatures (thus not de-
tecting surface events), they focus only on extreme cases, and
they employ a different definition of the onset and decay pe-
riod.

Finally, results were examined in relation to MHW inten-
sity and severity to account for the perspective of MHW ex-
tremity in terms of absolute and normalized SST anomalies,
respectively. Events were split based on their severity cate-
gory following the categorization scheme proposed by Hob-
day et al. (2018) (definitions included therein). Results sug-
gest a smaller contribution of heat flux in the evolution of
more severe events (Fig. 4d–f). Half of the moderate events
were found to be mainly driven by heat flux, while this per-
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centage decreases for strong, severe, and extreme events, as
illustrated in Fig. 4d–f. This may be associated with the en-
hanced role of heat flux during longer events, as was pre-
viously discussed, and the fact that events of higher sever-
ity categories tend to present a shorter duration. Similar re-
sults were found when examining the contribution of air–sea
heat flux in relation to the mean intensity of MHWs (not in-
cluded). Nevertheless, further investigations are needed to
unravel how our methodological choices affect these find-
ings.

4 Conclusions

This study investigates the role of air–sea heat exchange dur-
ing MHWs in the Mediterranean Sea using satellite and re-
analysis data within 1993–2022. An ocean mixed layer heat
budget analysis is performed to derive the change in SST at-
tributed to the net surface heat budget during onset and de-
cline phases.

Air–sea heat flux is the primary driver in 44 % of the on-
set and only in 17 % of the decline phases in the basin. Heat
flux acts in favor of the development of most MHWs across
all seasons and especially during warmer months and onset
phases. Moreover, its contribution is greater in the Adriatic
and Aegean sub-basins, where it becomes the major driver
of most onset phases. Among the heat flux components, LH
emerges as the most significant contributor to SST anoma-
lies, in line with prior studies (Sen Gupta et al., 2020; Oliver
et al., 2021; Schlegel et al., 2021; Marin et al., 2022). Short-
lasting onset or decline phases (shorter than 5 d) tend to expe-
rience a smaller contribution of heat flux in forming the SST
evolution compared to longer phases (lasting 5–10 or more
than 10 d). Furthermore, there is an inverse relationship be-
tween MHW severity and the contribution of heat flux. As
fewer than half of the events are primarily driven by air–sea
heat flux, our results imply a key role of oceanic processes
in regulating SST during most events and particularly during
decline periods.

Examining the mixed layer during MHWs revealed a pro-
gressively decreasing MLD over the entire event duration,
particularly for shorter-lasting events. In turn, a significant
mixed layer deepening was found to occur after the end of
the decline period of most events in the basin. In cases of
smaller contribution of heat flux (e.g., during shorter com-
pared to longer events or during declines compared to on-
sets), a stronger correlation between SSTA and MLDA is also
found, further supporting the key role of oceanic processes
in such cases. These findings suggest that the surface cool-
ing occurring right after the peak intensity day is likely not
associated with vertical mixing. Moreover, this potentially
suggests that horizontal advection is the oceanic factor play-
ing the most significant role by the time the decline period
begins, especially for shorter declines. This hypothesis finds
support in the results of Marin et al. (2022), who highlighted

the role of horizontal heat advection during the MHW evolu-
tion, and Schlegel et al. (2021), who suggested that advection
and mixing should drive the MHW decline based on similar
indications.

Nevertheless, the authors suggest taking into account po-
tential limitations associated with the definition of MHW
phases followed within a study, especially while examin-
ing concurrent subsurface conditions. These considerations
concern the longer timescales below the sea surface, as well
as the complexity associated with long-lasting events which
are not expected to be adequately described by two single
phases. Specifically, subsequent warming and cooling peri-
ods may occur within a long onset or decline phase, compli-
cating their representation by the definition employed in this
study for onset and decline. These concerns are part of the
broader discussion on challenges related to the lack of a stan-
dardized framework for analyzing MHW drivers, as many
other methodological approaches (e.g., the choice of integra-
tion depths in heat budget analyses) may potentially influ-
ence findings on MHW drivers. For this reason, alongside
recommending the use of definitions and methods aligned
with the specific contexts of individual studies, we high-
light the fact that clearly articulating the employed methods
within a study is vital for both the precise interpretation of
results and meaningful comparisons across different studies
on MHW drivers. Despite the aforementioned caveats, this
study provides useful insights into the role of surface heat
flux and mixed layer dynamics during MHWs in the Mediter-
ranean Sea. Importantly, following the methodology applied
by Schlegel et al. (2021) allowed for a fair intercomparison of
results among two substantially different regions (Mediter-
ranean Sea vs. northwest Atlantic). The results are surpris-
ingly similar, which is largely attributed to the same method-
ology employed to assess drivers of SST-defined events and
especially the same definition followed for onset and decline
periods. The striking similarities in the results for the two re-
gions may also imply inherent characteristics of the interplay
of air–sea interaction and oceanic processes during anoma-
lous SST fluctuations over similar latitudinal zones, which is
also observed to a certain extent in Marin et al. (2022).

This study highlights the need to consider subsurface in-
formation in MHW studies to gain insight into ocean internal
dynamics throughout their evolution. In this context, com-
bining observations and ocean reanalysis systems, such as in
Dayan et al. (2023), and considering MHW evolution peri-
ods aligned with the objectives and specific characteristics
of a study appear to constitute a promising direction towards
understanding physical drivers as well as improving moni-
toring and therefore enabling early warning of MHWs.

Data availability. Information on the products used in this paper
is included in Table 1.
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Figure 4. (a–c) Contribution of heat flux to the observed change in SSTA during MHW onset and decline phases for the period 1993–2022
for phases lasting less than 5 d (a), between 5–10 d (b), and more than 10 d (c) (short, medium, and long duration phases, respectively). (d–f)
Same as left but for different MHW severity categories: moderate (d), strong (e), and severe/extreme (f) based on the categorization scheme
by Hobday et al. (2018).

is due to the time needed for a surface warming signal to
penetrate below as well as due to the longer timescales as-
sociated with processes at deeper layers. Notably, on the end
day of a surface MHW, which is the end day of the decline
phase (as defined in this study), SST is still above the event
detection threshold and will fall below this value by the fol-
lowing day. Therefore, events further dissipate after the de-
cline phase ends. Given such considerations and depending
on the specific purpose of a study, different approaches for
defining a decline period may be followed. For instance, Dar-
maraki (2019) considered the entire MHW duration to be the
event development phase and treated the following period as
decline, and Schlegel et al. (2021) used the same definitions
as the present study, while Marin et al. (2022) considered
a dynamic criterion for defining the decay period, including
a larger portion of the temperature change during the event
dissipation after the MHW end day.

On these grounds, we additionally examine how MLD
evolves after the MHW end day to shed light on what fol-
lows the progressively increasing stratification we observed
during MHWs. To this aim, we compute for each event the
percentage change in the mean MLD between the onset pe-
riod and a fixed 7 d period following the MHW end day
(Fig. 3c). Results reveal the existence of a deeper mixed layer
after the decline of most events (83.5 %) compared to the on-
set period. In these cases, the magnitude of change in MLD
is also significantly greater, occasionally exceeding 100 %,
compared to instances when the mixed layer is thinner during
this period than during the onset (changing the predetermined

length of the examined post-decline period does not signif-
icantly alter these conclusions). This analysis shows that a
significant mixed layer deepening most likely occurs after
the end of MHW decline phases in the Mediterranean Sea,
suggesting that vertical mixing eventually contributes to the
heat dissipation.

Considering the continuation of mixed layer shoaling
found mostly during shorter declines, results suggest that the
oceanic factor regulating the SST decrease after the peak in-
tensity day of most events is probably heat advection, while
vertical mixing in these cases becomes important over the
following days. In line with our findings, Marin et al. (2022)
found that the principal driver of the upper-ocean tempera-
ture changes during MHW onset and decline phases in mid-
latitudes is horizontal heat advection. However, their results
cannot be directly intercompared to ours, as they use mod-
eled depth-integrated upper-ocean temperatures (thus not de-
tecting surface events), they focus only on extreme cases, and
they employ a different definition of the onset and decay pe-
riod.

Finally, results were examined in relation to MHW inten-
sity and severity to account for the perspective of MHW ex-
tremity in terms of absolute and normalized SST anomalies,
respectively. Events were split based on their severity cate-
gory following the categorization scheme proposed by Hob-
day et al. (2018) (definitions included therein). Results sug-
gest a smaller contribution of heat flux in the evolution of
more severe events (Fig. 4d–f). Half of the moderate events
were found to be mainly driven by heat flux, while this per-
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centage decreases for strong, severe, and extreme events, as
illustrated in Fig. 4d–f. This may be associated with the en-
hanced role of heat flux during longer events, as was pre-
viously discussed, and the fact that events of higher sever-
ity categories tend to present a shorter duration. Similar re-
sults were found when examining the contribution of air–sea
heat flux in relation to the mean intensity of MHWs (not in-
cluded). Nevertheless, further investigations are needed to
unravel how our methodological choices affect these find-
ings.

4 Conclusions

This study investigates the role of air–sea heat exchange dur-
ing MHWs in the Mediterranean Sea using satellite and re-
analysis data within 1993–2022. An ocean mixed layer heat
budget analysis is performed to derive the change in SST at-
tributed to the net surface heat budget during onset and de-
cline phases.

Air–sea heat flux is the primary driver in 44 % of the on-
set and only in 17 % of the decline phases in the basin. Heat
flux acts in favor of the development of most MHWs across
all seasons and especially during warmer months and onset
phases. Moreover, its contribution is greater in the Adriatic
and Aegean sub-basins, where it becomes the major driver
of most onset phases. Among the heat flux components, LH
emerges as the most significant contributor to SST anoma-
lies, in line with prior studies (Sen Gupta et al., 2020; Oliver
et al., 2021; Schlegel et al., 2021; Marin et al., 2022). Short-
lasting onset or decline phases (shorter than 5 d) tend to expe-
rience a smaller contribution of heat flux in forming the SST
evolution compared to longer phases (lasting 5–10 or more
than 10 d). Furthermore, there is an inverse relationship be-
tween MHW severity and the contribution of heat flux. As
fewer than half of the events are primarily driven by air–sea
heat flux, our results imply a key role of oceanic processes
in regulating SST during most events and particularly during
decline periods.

Examining the mixed layer during MHWs revealed a pro-
gressively decreasing MLD over the entire event duration,
particularly for shorter-lasting events. In turn, a significant
mixed layer deepening was found to occur after the end of
the decline period of most events in the basin. In cases of
smaller contribution of heat flux (e.g., during shorter com-
pared to longer events or during declines compared to on-
sets), a stronger correlation between SSTA and MLDA is also
found, further supporting the key role of oceanic processes
in such cases. These findings suggest that the surface cool-
ing occurring right after the peak intensity day is likely not
associated with vertical mixing. Moreover, this potentially
suggests that horizontal advection is the oceanic factor play-
ing the most significant role by the time the decline period
begins, especially for shorter declines. This hypothesis finds
support in the results of Marin et al. (2022), who highlighted

the role of horizontal heat advection during the MHW evolu-
tion, and Schlegel et al. (2021), who suggested that advection
and mixing should drive the MHW decline based on similar
indications.

Nevertheless, the authors suggest taking into account po-
tential limitations associated with the definition of MHW
phases followed within a study, especially while examin-
ing concurrent subsurface conditions. These considerations
concern the longer timescales below the sea surface, as well
as the complexity associated with long-lasting events which
are not expected to be adequately described by two single
phases. Specifically, subsequent warming and cooling peri-
ods may occur within a long onset or decline phase, compli-
cating their representation by the definition employed in this
study for onset and decline. These concerns are part of the
broader discussion on challenges related to the lack of a stan-
dardized framework for analyzing MHW drivers, as many
other methodological approaches (e.g., the choice of integra-
tion depths in heat budget analyses) may potentially influ-
ence findings on MHW drivers. For this reason, alongside
recommending the use of definitions and methods aligned
with the specific contexts of individual studies, we high-
light the fact that clearly articulating the employed methods
within a study is vital for both the precise interpretation of
results and meaningful comparisons across different studies
on MHW drivers. Despite the aforementioned caveats, this
study provides useful insights into the role of surface heat
flux and mixed layer dynamics during MHWs in the Mediter-
ranean Sea. Importantly, following the methodology applied
by Schlegel et al. (2021) allowed for a fair intercomparison of
results among two substantially different regions (Mediter-
ranean Sea vs. northwest Atlantic). The results are surpris-
ingly similar, which is largely attributed to the same method-
ology employed to assess drivers of SST-defined events and
especially the same definition followed for onset and decline
periods. The striking similarities in the results for the two re-
gions may also imply inherent characteristics of the interplay
of air–sea interaction and oceanic processes during anoma-
lous SST fluctuations over similar latitudinal zones, which is
also observed to a certain extent in Marin et al. (2022).

This study highlights the need to consider subsurface in-
formation in MHW studies to gain insight into ocean internal
dynamics throughout their evolution. In this context, com-
bining observations and ocean reanalysis systems, such as in
Dayan et al. (2023), and considering MHW evolution peri-
ods aligned with the objectives and specific characteristics
of a study appear to constitute a promising direction towards
understanding physical drivers as well as improving moni-
toring and therefore enabling early warning of MHWs.
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Abstract. Regional variations in the mass component of sea level (manometric sea level) are intimately linked
with the changes in the water cycle, volume transports, and inter-basin exchanges. Here, we investigate the
consistency at the regional level of the manometric sea level from the Copernicus Marine Service Global Re-
analysis Ensemble Product (GREP) and compare with observation-based products deduced from either gravime-
try (GRACE missions) or altimetry and in situ ocean observations (sea level budget, SLB, approach) for some
climate-relevant diagnostics such as interannual variability, trends, and seasonal amplitude. The analysis is per-
formed for three basins (the Mediterranean Sea and Arctic and North Atlantic oceans) and indicates very dif-
ferent characteristics across the three. The Mediterranean Sea exhibits the largest interannual variability, the
Arctic Ocean the largest trends, and the North Atlantic a nearly linear increase that is highly correlated to global
barystatic sea level variations. The three datasets show significant consistency at both the seasonal and the in-
terannual timescales, although the differences in the linear trends are sometimes significant (e.g. GRACE over-
estimates the trend in the Arctic and underestimates it in the Mediterranean Sea when compared to the other
products). Furthermore, the Gravity Recovery and Climate Experiment (GRACE) and GREP data prove to be
mutually more consistent than SLB in most cases. Finally, we analyse the main modes of climate variability
affecting the manometric sea level variations over the selected ocean basins through regularised regression; the
North Pacific Gyre Oscillation, the Arctic Oscillation, and the Atlantic Multidecadal Oscillation are proven to be
the most influential modes for the North Atlantic Ocean, Mediterranean Sea, and Arctic Ocean manometric sea
levels, respectively.

1 Introduction

Contemporary changes in global sea level are driven mostly
by two contributions. The first is density-driven variations
in the sea level, the so-called steric sea level that responds
to the expansion and contraction of seawater due, mostly,
to increasing heat in the oceans (Storto et al., 2019a). The
other contributor to global sea level change is the ocean mass

change, called the barystatic sea level (Gregory et al., 2019).
The barystatic sea level has been recently found to be respon-
sible for the majority (about 60 %) of the global sea level
changes (Frederikse et al., 2020; Fox-Kemper et al., 2021).
Recent estimates indicate 2.25 ± 0.16 mm yr−1 of sea level
rise due to barystatic changes for the recent period (2005–
2016; Amin et al., 2020). Changes in the barystatic sea level
are due to the loss of mass from glaciers and ice sheets

Published by Copernicus Publications.



CHAPTER3.4

12 D. Denaxa et al.: The role of air–sea heat flux for marine heatwaves in the Mediterranean Sea

Paulson, C. A. and Simpson, J. J.: Irradiance
Measurements in the Upper Ocean, J. Phys.
Oceanogr., 7, 952–956, https://doi.org/10.1175/1520-
0485(1977)007<0952:IMITUO>2.0.CO;2, 1977

Pirro, A., Martellucci, R., Gallo, A., Kubin, E., Mauri, E., Juza,
M., Notarstefano, G., Pacciaroni, M., Bussani, A., and Menna,
M.: Subsurface warming derived from Argo floats during the
2022 Mediterranean marine heat wave, in: 8th edition of the
Copernicus Ocean State Report (OSR8), edited by: von Schuck-
mann, K., Moreira, L., Grégoire, M., Marcos, M., Staneva, J.,
Brasseur, P., Garric, G., Lionello, P., Karstensen, J., and Neuk-
ermans, G., Copernicus Publications, State Planet, 4-osr8, 18,
https://doi.org/10.5194/sp-4-osr8-18-2024, 2024.

Pisano, A., Fanelli, C., Cesarini, C., Tronconi, C., La Padula,
F., and Buongiorno Nardelli, B.: EU Copernicus Marine Ser-
vice Product User Manual for the Mediterranean Sea – High
Resolution L4 Sea Surface Temperature Reprocessed Prod-
uct, SST_MED_SST_L4_REP_OBSERVATIONS_010_021,
Issue 3.0, Mercator Ocean International, https:
//catalogue.marine.copernicus.eu/documents/PUM/
CMEMS-SST-PUM-010-021-022-041-042.pdf (last access: 26
June 2024), 2023a.

Pisano, A., Fanelli, C., Cesarini, C., Tronconi, C., La Padula, F.,
and Buongiorno Nardelli, B.: EU Copernicus Marine Service
Quality Information Document for the Mediterranean Sea –
High Resolution L4 Sea Surface Temperature Reprocessed Prod-
uct, SST_MED_SST_L4_REP_OBSERVATIONS_010_021,
Issue 3.0, Mercator Ocean International, https:
//catalogue.marine.copernicus.eu/documents/QUID/
CMEMS-SST-QUID-010-021-022-041-042.pdf (last access:
26 June 2024), 2023b.

Pisano, A., Fanelli, C., Buongiorno Nardelli, B., Tron-
coni, C., Cesarini, C., and La Padula, F.: EU Coper-
nicus Marine Service Product User Manual for the
Mediterranean Sea High Resolution and Ultra High
Resolution Sea Surface Temperature Analysis Product,
SST_MED_SST_L4_NRT_OBSERVATIONS_010_004,
Issue 4.0, Mercator Ocean International, https:
//catalogue.marine.copernicus.eu/documents/PUM/
CMEMS-SST-PUM-010-004-006-012-013.pdf (last access: 26
June 2024), 2023c.

Pisano, A., Fanelli, C., Buongiorno Nardelli, B., Tron-
coni, C., La Padula, F., and Cesarini, C.: EU Coperni-
cus Marine Service Quality Information Document for
the Mediterranean Sea High Resolution and Ultra High
Resolution Sea Surface Temperature Analysis Product,
SST_MED_SST_L4_NRT_OBSERVATIONS_010_004,
Issue 4.0, Mercator Ocean International, https:
//catalogue.marine.copernicus.eu/documents/QUID/
CMEMS-SST-QUID-010-004-006-012-013.pdf (last access:
26 June 2024), 2023d.

Plecha, S. M. and Soares, P. M. M.: Global marine heatwave events
using the new CMIP6 multi-model ensemble: From shortcom-
ings in present climate to future projections, Environ. Res. Lett.,
15, 124058, https://doi.org/10.1088/1748-9326/abc847, 2019.

Schlegel, R. W., Oliver, E. C. J., and Chen, K.: Drivers of Marine
Heatwaves in the Northwest Atlantic: The Role of Air–Sea In-
teraction During Onset and Decline, Front. Mar. Sci., 8, 1–18,
https://doi.org/10.3389/fmars.2021.627970, 2021.

Sen Gupta, A., Thomsen, M., Benthuysen, J. A., Hobday, A. J.,
Oliver, E., Alexander, L. V, Burrows, M. T., Donat, M. G., Feng,
M., Holbrook, N. J., Perkins-Kirkpatrick, S., Moore, P. J., Ro-
drigues, R. R., Scannell, H. A., Taschetto, A. S., Ummenhofer,
C. C., Wernberg, T., and Smale, D. A.: Drivers and impacts of
the most extreme marine heatwave events, Sci. Rep., 10, 19359,
https://doi.org/10.1038/s41598-020-75445-3, 2020.

Smale, D. A., Wernberg, T., Oliver, E. C. J., Thomsen, M., Harvey,
B. P., Straub, S. C., Burrows, M. T., Alexander, L. V., Benthuy-
sen, J. A., Donat, M. G., Feng, M., Hobday, A. J., Holbrook, N.
J., Perkins-Kirkpatrick, S. E., Scannell, H. A., Sen Gupta, A.,
Payne, B. L., and Moore, P. J.: Marine heatwaves threaten global
biodiversity and the provision of ecosystem services, Nat. Clim.
Change, 9, 306–312, https://doi.org/10.1038/s41558-019-0412-
1, 2019.

Smith, K. E., Burrows, M. T., Hobday, A. J., King, N. G., Moore, P.
J., Sen Gupta, A., Thomsen, M. S., Wernberg, T., and Smale,
D. A.: Biological Impacts of Marine Heatwaves, Ann. Rev.
Mar. Sci., 15, 119–145, https://doi.org/10.1146/annurev-marine-
032122-121437, 2023.

Sparnocchia, S., Schiano, M. E., Picco, P., Bozzano, R., and Cap-
pelletti, A.: The anomalous warming of summer 2003 in the sur-
face layer of the Central Ligurian Sea (Western Mediterranean),
Ann. Geophys., 24, 443–452, https://doi.org/10.5194/angeo-24-
443-2006, 2006.

Spillman, C. M., Smith, G. A., Hobday, A. J., and Hartog, J. R.:
Onset and Decline Rates of Marine Heatwaves: Global Trends,
Seasonal Forecasts and Marine Management, Front. Clim., 3, 1–
13, https://doi.org/10.3389/fclim.2021.801217, 2021.

Thoral, F., Montie, S., Thomsen, M. S., Tait, L. W., Pinkerton,
M. H., and Schiel, D. R.: Unravelling seasonal trends in coastal
marine heatwave metrics across global biogeographical realms,
Sci. Rep., 12, 7740, https://doi.org/10.1038/s41598-022-11908-
z, 2022.

Vogt, L., Burger, F. A., Griffies, S. M., and Frölicher, T.
L.: Local Drivers of Marine Heatwaves: A Global Analy-
sis With an Earth System Model, Front. Clim., 4, 1–18,
https://doi.org/10.3389/fclim.2022.847995, 2022.

Wernberg, T., Bennett, S., Babcock, R. C., De Bettignies, T., Cure,
K., Depczynski, M., Dufois, F., Fromont, J., Fulton, C. J., Hovey,
R. K., Harvey, E. S., Holmes, T. H., Kendrick, G. A., Radford,
B., Santana-Garcon, J., Saunders, B. J., Smale, D. A., Thomsen,
M. S., Tuckett, C. A., Tuya, F., Vanderklift, M. A., and Wilson,
S.: Climate-driven regime shift of a temperate marine ecosystem,
Science, 353, 169–172, https://doi.org/10.1126/science.aad8745,
2016.

Zhao, Z. and Marin, M.: A MATLAB toolbox to detect and
analyze marine heatwaves, J. Open Source Softw., 4, 1124,
https://doi.org/10.21105/joss.01124, 2019.

State Planet, 4-osr8, 11, 2024 https://doi.org/10.5194/sp-4-osr8-11-2024

State Planet, 4-osr8, 12, 2024
https://doi.org/10.5194/sp-4-osr8-12-2024
© Author(s) 2024. This work is distributed under
the Creative Commons Attribution 4.0 License.

C
hapter3.4

–
8th

edition
ofthe

C
opernicus

O
cean

S
tate

R
eport(O

S
R

8)

Variability in manometric sea level from reanalyses and
observation-based products over the Arctic and North

Atlantic oceans and the Mediterranean Sea

Andrea Storto1, Giulia Chierici1, Julia Pfeffer2, Anne Barnoud2, Romain Bourdalle-Badie3,
Alejandro Blazquez4, Davide Cavaliere1, Noémie Lalau2, Benjamin Coupry2, Marie Drevillon3,

Sebastien Fourest4, Gilles Larnicol2, and Chunxue Yang1

1Institute of Marine Sciences (ISMAR), National Research Council (CNR), 00133 Rome, Italy
2Magellium, 31520 Ramonville-Saint-Agne, France

3Mercator Ocean International (MOI), 31400 Toulouse, France
4Laboratory of Space Geophysical and Oceanographic Studies (LEGOS), 31401 Toulouse, France

Correspondence: Andrea Storto (andrea.storto@cnr.it)

Received: 2 August 2023 – Discussion started: 29 August 2023
Revised: 25 July 2024 – Accepted: 16 August 2024 – Published: 30 September 2024

Abstract. Regional variations in the mass component of sea level (manometric sea level) are intimately linked
with the changes in the water cycle, volume transports, and inter-basin exchanges. Here, we investigate the
consistency at the regional level of the manometric sea level from the Copernicus Marine Service Global Re-
analysis Ensemble Product (GREP) and compare with observation-based products deduced from either gravime-
try (GRACE missions) or altimetry and in situ ocean observations (sea level budget, SLB, approach) for some
climate-relevant diagnostics such as interannual variability, trends, and seasonal amplitude. The analysis is per-
formed for three basins (the Mediterranean Sea and Arctic and North Atlantic oceans) and indicates very dif-
ferent characteristics across the three. The Mediterranean Sea exhibits the largest interannual variability, the
Arctic Ocean the largest trends, and the North Atlantic a nearly linear increase that is highly correlated to global
barystatic sea level variations. The three datasets show significant consistency at both the seasonal and the in-
terannual timescales, although the differences in the linear trends are sometimes significant (e.g. GRACE over-
estimates the trend in the Arctic and underestimates it in the Mediterranean Sea when compared to the other
products). Furthermore, the Gravity Recovery and Climate Experiment (GRACE) and GREP data prove to be
mutually more consistent than SLB in most cases. Finally, we analyse the main modes of climate variability
affecting the manometric sea level variations over the selected ocean basins through regularised regression; the
North Pacific Gyre Oscillation, the Arctic Oscillation, and the Atlantic Multidecadal Oscillation are proven to be
the most influential modes for the North Atlantic Ocean, Mediterranean Sea, and Arctic Ocean manometric sea
levels, respectively.

1 Introduction

Contemporary changes in global sea level are driven mostly
by two contributions. The first is density-driven variations
in the sea level, the so-called steric sea level that responds
to the expansion and contraction of seawater due, mostly,
to increasing heat in the oceans (Storto et al., 2019a). The
other contributor to global sea level change is the ocean mass

change, called the barystatic sea level (Gregory et al., 2019).
The barystatic sea level has been recently found to be respon-
sible for the majority (about 60 %) of the global sea level
changes (Frederikse et al., 2020; Fox-Kemper et al., 2021).
Recent estimates indicate 2.25 ± 0.16 mm yr−1 of sea level
rise due to barystatic changes for the recent period (2005–
2016; Amin et al., 2020). Changes in the barystatic sea level
are due to the loss of mass from glaciers and ice sheets
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(Greenland and Antarctica) and changes in the global wa-
ter cycle and land water storage. As such, barystatic sea level
changes are a fundamental proxy for climate change and are
expected to increase even more dramatically in the future due
to increased ice melting, according to future projections (Op-
penheimer et al., 2019).

At the regional scale, local dynamics and regional hydrol-
ogy, together with cross-basin exchanges, modulate regional
ocean mass exchanges, called the manometric sea level (Gre-
gory et al., 2019). For instance, Camargo et al. (2022) show
that regional trends in the manometric sea level may vary
from −0.4 to 3.3 mm yr−1 across the global ocean for the
2003–2016 period. Typically, regions characterised by high
dynamic variability are characterised by large manometric
variations. Strong climate modes of variability (e.g. the North
Atlantic Oscillation) are also responsible for large deviations
in manometric sea level (e.g. Criado-Aldeanueva et al., 2014;
Volkov et al., 2019); fingerprinting techniques can be used
to estimate the influence of a specific climate index on the
resulting sea level variability (e.g. Pfeffer et al., 2022). In
the Mediterranean Sea, for instance, variations are intimately
linked to the exchanges with the Atlantic Ocean through the
Gibraltar Strait and variations in the atmospheric freshwater
input, which are both strongly linked to the North Atlantic
variability (e.g. Tsimplis and Josey, 2001).

Since 2002, methods to observe and analyse manomet-
ric and barystatic sea level variations have generally relied
on GRACE (Gravity Recovery And Climate Experiment;
e.g. Tapley et al., 2004) and GRACE-FO (GRACE Follow-
On; Landerer et al., 2020) satellite mission measurements of
the temporal and spatial variations in the Earth’s gravity field.

Barystatic and manometric sea level signals can also be in-
ferred from the difference between the total sea level, mea-
sured by altimetry missions, and steric sea level, estimated
through in situ observations (e.g. Horwath et al., 2022). This
approach will be referred to as the sea level budget (SLB)
method in the remainder of this article.

Alternatively, ocean general circulation model (OGCM)
simulations embed the variability in the sea level and its com-
ponents, although they significantly lack realism (e.g. Kohl
et al., 2007). Ocean reanalyses, which combine an ocean
model with observations through data assimilation (Storto
et al., 2019b) are in turn able to provide a good estima-
tion of the ocean’s long-term changes (e.g. Storto and Yang,
2024) and associated sea level variability at global and
basin scales (e.g. Storto et al., 2017); they are thus com-
plementary to gravimetry- and sea-level-budget-based obser-
vational counterparts and can be used for several investiga-
tions (e.g. Peralta-Ferriz et al., 2014; Marcos, 2015; Hughes
et al., 2018). A few limitations in the use of reanalyses ex-
ist, though. First, the usual Boussinesq approximation in the
OGCMs leads to a zero global steric sea level by construc-
tion, as the models cannot represent the global expansion and
contraction in the constant volume framework. However, the
global steric sea level can be computed and added to the
model sea surface height retrospectively, since it does not
have any dynamical signature (e.g. Greatbatch, 1994).

There is a more critical and long-standing issue in reanal-
yses with regard to the barystatic and manometric sea level
components. Indeed, both the use of climatological fresh-
water input from land and ice and the imbalance of the at-
mospheric freshwater forcing combined with the evapora-

State Planet, 4-osr8, 12, 2024 https://doi.org/10.5194/sp-4-osr8-12-2024

A. Storto et al.: Variability in manometric sea level from reanalyses and observations 3

tion and sublimation calculated by the ocean model often
make barystatic and manometric terms unrealistic. Some re-
analyses correct the barystatic sea level with globally uni-
form offsets which can be either time-varying or constant.
In any case, the barystatic signal is generally unrealistic, and
the manometric one may be affected by inaccuracies in the
freshwater input into the oceans. In general, ocean-bottom
pressure data derived from gravimetry could also be directly
assimilated into ocean models (see, e.g., Köhl et al., 2012).
However, this approach was found to be suboptimal, mostly
due to the low signal-to-noise ratio of the gravimetry data
compared to altimetry data assimilation (e.g. Storto et al.,
2011) and their issues related to the pre-processing (persis-
tent stripes and land water leakage). More recently, how-
ever, ingesting gravimetry data (e.g. in ECCOv4r4; Fuku-
mori et al., 2020) has proven promising to better capture
high-frequency sea level variability (Schindelegger et al.,
2021). Finally, the limited spatial resolution of the models
may limit the representativeness of sea level variations in
mesoscale-active areas (e.g. Androsov et al., 2020).

The goal of this paper is manifold. First, we aim to esti-
mate the consistency of the manometric sea level from no-
tably different approaches which use numerical ocean mod-
els, gravimetry or altimetry, and in situ observations. These
approaches are known to contain different sources of uncer-
tainty, and none of them is fully trustable, as discussed in de-
tail in this section and the next sections. Particular attention
is devoted to assessing whether the latest generation of the
Copernicus Marine Service global reanalyses can capture the
interannual variations in the manometric sea level. Second,
we aim at quantifying regional trends and amplitudes to iden-
tify the emerging levels and scales of manometric sea level
variability, depending on the specific basin. Finally, we aim
to fingerprint the manometric sea level with several climate
mode indices to connect such variations with large-scale cli-
mate variability.

The structure of the paper is as follows: we compare re-
gional (Sect. 3) manometric sea levels from reanalyses with
those coming from satellite gravimetry or the sea level budget
approach (described in Sect. 2). The exercise will therefore
indicate the consistency of the reanalyses and observation-
based products for selected metrics. Finally, we summarise
the findings and conclude the paper (Sect. 4).

2 Data and methods

In this section, we shortly introduce the datasets used in the
assessment. We refer to Gregory et al. (2019) for the termi-
nology and definitions used to characterise the sea level com-
ponents.

2.1 Gravimetry-based dataset

Barystatic and manometric sea level anomalies have been
estimated from April 2002 to August 2022 at a monthly

timescale and with a spatial resolution of 1°, using an en-
semble of GRACE and GRACE-FO solutions (product ref.
no. 2 in Table 1). The GRACE and GRACE-FO ensemble is
constituted of 120 solutions, allowing us to estimate the un-
certainties associated with different processing strategies and
geophysical corrections needed for ocean applications. The
ensemble is based on coefficients of the Earth’s gravitational
potential anomalies estimated by five different processing
centres (CNES: Centre National d’Etudes Spatiales; CSR:
Center for Space Research; JPL: Jet Propulsion Laboratory;
GFZ: GeoForschung Zentrum; ITSG: Institute of Geodesy
at Graz University of Technology). A large variety of post-
processing corrections are applied to the ensemble, includ-
ing two geocentric motions (Lemoine and Reinquin, 2017;
Sun et al., 2016), three oblateness values (C20) of the Earth
(Cheng et al., 2013; Lemoine and Reinquin, 2017; Loomis et
al., 2019), and two glacial isostatic adjustment (GIA) correc-
tions (Peltier et al., 2015; Caron et al., 2018). To reduce the
anisotropic noise characterised by typical stripes elongated in
the north–south direction, decorrelation filters, called decor-
relation and denoising kernel (DDK) filters (Kusche et al.,
2009), are applied to GRACE solutions (e.g. Horvath et al.,
2018) using two different orders (DDK3 and DDK6) corre-
sponding to different levels of filtering. The ensemble of 120
solutions results from the combination of these five process-
ing centres, two geocentric models, three oblateness mod-
els, two GIA corrections, and two filters. The ensemble stan-
dard deviation provides a measure of uncertainty for both the
barystatic and manometric sea level time series.

2.2 Sea level budget-based dataset

The estimation of barystatic and manometric sea level
changes is extended to the altimetry era (January 1993–
December 2020) using the sea level budget approach (prod-
uct ref. no. 3 in Table 1). The manometric sea level changes
are calculated as the difference between the geocentric sea
level changes based on satellite altimetry and steric sea level
changes based on in situ measurements of the seawater tem-
perature and salinity. The reliability of this dataset is intrin-
sically linked to the altimetry and in situ observational sam-
pling. Only within the global mean values, i.e. the barystatic
sea level, are changes computed as the difference between the
global mean geocentric sea level changes and thermosteric
sea level changes to avoid drifts due to Argo salinity mea-
surement errors (Barnoud et al., 2021; Wong et al., 2020);
however, regional (manometric) sea level estimates include
the halosteric contribution in the steric evaluation.

Geocentric sea level changes are estimated using the
vDT2021 sea level product provided by the Copernicus Cli-
mate Change Service (C3S; Legeais et al., 2021). Geocentric
sea level changes are corrected for the drifts in the TOPEX-A
altimeter (Ablain et al., 2017) and the Jason-3 microwave ra-
diometer wet tropospheric correction (Barnoud et al., 2023a,
b) for the GIA effect, using the ensemble mean of 27 GIA
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(Greenland and Antarctica) and changes in the global wa-
ter cycle and land water storage. As such, barystatic sea level
changes are a fundamental proxy for climate change and are
expected to increase even more dramatically in the future due
to increased ice melting, according to future projections (Op-
penheimer et al., 2019).

At the regional scale, local dynamics and regional hydrol-
ogy, together with cross-basin exchanges, modulate regional
ocean mass exchanges, called the manometric sea level (Gre-
gory et al., 2019). For instance, Camargo et al. (2022) show
that regional trends in the manometric sea level may vary
from −0.4 to 3.3 mm yr−1 across the global ocean for the
2003–2016 period. Typically, regions characterised by high
dynamic variability are characterised by large manometric
variations. Strong climate modes of variability (e.g. the North
Atlantic Oscillation) are also responsible for large deviations
in manometric sea level (e.g. Criado-Aldeanueva et al., 2014;
Volkov et al., 2019); fingerprinting techniques can be used
to estimate the influence of a specific climate index on the
resulting sea level variability (e.g. Pfeffer et al., 2022). In
the Mediterranean Sea, for instance, variations are intimately
linked to the exchanges with the Atlantic Ocean through the
Gibraltar Strait and variations in the atmospheric freshwater
input, which are both strongly linked to the North Atlantic
variability (e.g. Tsimplis and Josey, 2001).

Since 2002, methods to observe and analyse manomet-
ric and barystatic sea level variations have generally relied
on GRACE (Gravity Recovery And Climate Experiment;
e.g. Tapley et al., 2004) and GRACE-FO (GRACE Follow-
On; Landerer et al., 2020) satellite mission measurements of
the temporal and spatial variations in the Earth’s gravity field.

Barystatic and manometric sea level signals can also be in-
ferred from the difference between the total sea level, mea-
sured by altimetry missions, and steric sea level, estimated
through in situ observations (e.g. Horwath et al., 2022). This
approach will be referred to as the sea level budget (SLB)
method in the remainder of this article.

Alternatively, ocean general circulation model (OGCM)
simulations embed the variability in the sea level and its com-
ponents, although they significantly lack realism (e.g. Kohl
et al., 2007). Ocean reanalyses, which combine an ocean
model with observations through data assimilation (Storto
et al., 2019b) are in turn able to provide a good estima-
tion of the ocean’s long-term changes (e.g. Storto and Yang,
2024) and associated sea level variability at global and
basin scales (e.g. Storto et al., 2017); they are thus com-
plementary to gravimetry- and sea-level-budget-based obser-
vational counterparts and can be used for several investiga-
tions (e.g. Peralta-Ferriz et al., 2014; Marcos, 2015; Hughes
et al., 2018). A few limitations in the use of reanalyses ex-
ist, though. First, the usual Boussinesq approximation in the
OGCMs leads to a zero global steric sea level by construc-
tion, as the models cannot represent the global expansion and
contraction in the constant volume framework. However, the
global steric sea level can be computed and added to the
model sea surface height retrospectively, since it does not
have any dynamical signature (e.g. Greatbatch, 1994).

There is a more critical and long-standing issue in reanal-
yses with regard to the barystatic and manometric sea level
components. Indeed, both the use of climatological fresh-
water input from land and ice and the imbalance of the at-
mospheric freshwater forcing combined with the evapora-
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tion and sublimation calculated by the ocean model often
make barystatic and manometric terms unrealistic. Some re-
analyses correct the barystatic sea level with globally uni-
form offsets which can be either time-varying or constant.
In any case, the barystatic signal is generally unrealistic, and
the manometric one may be affected by inaccuracies in the
freshwater input into the oceans. In general, ocean-bottom
pressure data derived from gravimetry could also be directly
assimilated into ocean models (see, e.g., Köhl et al., 2012).
However, this approach was found to be suboptimal, mostly
due to the low signal-to-noise ratio of the gravimetry data
compared to altimetry data assimilation (e.g. Storto et al.,
2011) and their issues related to the pre-processing (persis-
tent stripes and land water leakage). More recently, how-
ever, ingesting gravimetry data (e.g. in ECCOv4r4; Fuku-
mori et al., 2020) has proven promising to better capture
high-frequency sea level variability (Schindelegger et al.,
2021). Finally, the limited spatial resolution of the models
may limit the representativeness of sea level variations in
mesoscale-active areas (e.g. Androsov et al., 2020).

The goal of this paper is manifold. First, we aim to esti-
mate the consistency of the manometric sea level from no-
tably different approaches which use numerical ocean mod-
els, gravimetry or altimetry, and in situ observations. These
approaches are known to contain different sources of uncer-
tainty, and none of them is fully trustable, as discussed in de-
tail in this section and the next sections. Particular attention
is devoted to assessing whether the latest generation of the
Copernicus Marine Service global reanalyses can capture the
interannual variations in the manometric sea level. Second,
we aim at quantifying regional trends and amplitudes to iden-
tify the emerging levels and scales of manometric sea level
variability, depending on the specific basin. Finally, we aim
to fingerprint the manometric sea level with several climate
mode indices to connect such variations with large-scale cli-
mate variability.

The structure of the paper is as follows: we compare re-
gional (Sect. 3) manometric sea levels from reanalyses with
those coming from satellite gravimetry or the sea level budget
approach (described in Sect. 2). The exercise will therefore
indicate the consistency of the reanalyses and observation-
based products for selected metrics. Finally, we summarise
the findings and conclude the paper (Sect. 4).

2 Data and methods

In this section, we shortly introduce the datasets used in the
assessment. We refer to Gregory et al. (2019) for the termi-
nology and definitions used to characterise the sea level com-
ponents.

2.1 Gravimetry-based dataset

Barystatic and manometric sea level anomalies have been
estimated from April 2002 to August 2022 at a monthly

timescale and with a spatial resolution of 1°, using an en-
semble of GRACE and GRACE-FO solutions (product ref.
no. 2 in Table 1). The GRACE and GRACE-FO ensemble is
constituted of 120 solutions, allowing us to estimate the un-
certainties associated with different processing strategies and
geophysical corrections needed for ocean applications. The
ensemble is based on coefficients of the Earth’s gravitational
potential anomalies estimated by five different processing
centres (CNES: Centre National d’Etudes Spatiales; CSR:
Center for Space Research; JPL: Jet Propulsion Laboratory;
GFZ: GeoForschung Zentrum; ITSG: Institute of Geodesy
at Graz University of Technology). A large variety of post-
processing corrections are applied to the ensemble, includ-
ing two geocentric motions (Lemoine and Reinquin, 2017;
Sun et al., 2016), three oblateness values (C20) of the Earth
(Cheng et al., 2013; Lemoine and Reinquin, 2017; Loomis et
al., 2019), and two glacial isostatic adjustment (GIA) correc-
tions (Peltier et al., 2015; Caron et al., 2018). To reduce the
anisotropic noise characterised by typical stripes elongated in
the north–south direction, decorrelation filters, called decor-
relation and denoising kernel (DDK) filters (Kusche et al.,
2009), are applied to GRACE solutions (e.g. Horvath et al.,
2018) using two different orders (DDK3 and DDK6) corre-
sponding to different levels of filtering. The ensemble of 120
solutions results from the combination of these five process-
ing centres, two geocentric models, three oblateness mod-
els, two GIA corrections, and two filters. The ensemble stan-
dard deviation provides a measure of uncertainty for both the
barystatic and manometric sea level time series.

2.2 Sea level budget-based dataset

The estimation of barystatic and manometric sea level
changes is extended to the altimetry era (January 1993–
December 2020) using the sea level budget approach (prod-
uct ref. no. 3 in Table 1). The manometric sea level changes
are calculated as the difference between the geocentric sea
level changes based on satellite altimetry and steric sea level
changes based on in situ measurements of the seawater tem-
perature and salinity. The reliability of this dataset is intrin-
sically linked to the altimetry and in situ observational sam-
pling. Only within the global mean values, i.e. the barystatic
sea level, are changes computed as the difference between the
global mean geocentric sea level changes and thermosteric
sea level changes to avoid drifts due to Argo salinity mea-
surement errors (Barnoud et al., 2021; Wong et al., 2020);
however, regional (manometric) sea level estimates include
the halosteric contribution in the steric evaluation.

Geocentric sea level changes are estimated using the
vDT2021 sea level product provided by the Copernicus Cli-
mate Change Service (C3S; Legeais et al., 2021). Geocentric
sea level changes are corrected for the drifts in the TOPEX-A
altimeter (Ablain et al., 2017) and the Jason-3 microwave ra-
diometer wet tropospheric correction (Barnoud et al., 2023a,
b) for the GIA effect, using the ensemble mean of 27 GIA
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models (Prandi et al., 2021) centred on ICE5G-VM2 (Peltier,
2004), and for the elastic deformation of the solid Earth due
to present-day ice melting (Frederikse et al., 2017). The un-
certainty in the geocentric sea level changes is calculated
with the uncertainty budget and method detailed in Guérou
et al. (2023) for the global mean sea level changes and in
Prandi et al. (2021) for the local sea level changes. Altimetry
data are masked over sea-ice-covered areas using the Coper-
nicus Climate Change Service sea ice product (Lavergne et
al., 2019).

Steric sea level changes are estimated as the sum of
the thermosteric and halosteric sea level changes calculated
from gridded temperature and salinity estimates from three
different centres, including EN4 (Good et al., 2013), IAP
(Cheng et al., 2020), and Ishii et al. (2006). EN4 pro-
vides four datasets with different combinations of correc-
tions for expendable bathythermograph (XBT) and mechani-
cal bathythermograph (MBT) measurements applied, leading
to an ensemble of six temperature and salinity datasets. From
these datasets, we compute the thermosteric and halosteric
sea level changes due to temperature and salinity variations
between 0 and 2000 m depth. The deep-ocean contribution
(i.e. below 2000 m) is considered only in the global barystatic
signal and taken as a linear trend of 0.12 ± 0.03 mm yr−1

(Chang et al., 2019) added to the time-varying steric sea
level; for the regional estimates of the manometric sea level,
the deep-ocean and abyssal-ocean contribution is neglected,
as there are not enough data for constraining it at the regional
level.

Steric sea level changes are estimated as the ensemble
mean of the six solutions, and their uncertainties are esti-
mated with the covariance matrix of the ensemble. The re-
sulting barystatic and manometric uncertainties are described
by the covariance matrix obtained by summing the sea level
and steric covariance matrices; the sea-ice mask from the al-
timetry product is propagated onto the resulting manometric
product.

2.3 The reanalysis dataset

In this work, we use the Global Reanalysis Ensemble Prod-
uct (GREP) from the Copernicus Marine Service (product
ref. no. 1 in Table 1), which is a small-ensemble global re-
analysis product, including in turn the four reanalyses of
(i) C-GLORS (v7) from CMCC, (ii) GloSea5 from UKMO,
(iii) GLORYS2 (V4) from Mercator Ocean, and (iv) ORAS5
from ECMWF. All reanalyses are performed using the
NEMO ocean model (Madec and The NEMO System Team,
2017) configured at about 1/4° of the horizontal resolu-
tion and 75 levels. However, the four reanalyses differ for
several issues, which can be summarised in the (i) NEMO
model version and a few selected parameterisations, includ-
ing the specific choice in the use of the ECMWF reanaly-
sis (ERA-Interim and ERA5) atmospheric forcing; (ii) initial
conditions in 1993 at the beginning of the reanalysed period

(1993–2019); (iii) the data assimilation scheme; and (iv) the
set of observations assimilated, including their source and
pre-processing procedures. Thus, GREP can span, to a good
extent, the uncertainty linked with model physics and input
datasets. We have used monthly mean data at 1/4° of the
horizontal resolution for the comparisons shown in Sect. 3.
More details about the four reanalyses, together with some
in-situ-based validation and assessment of the ensemble stan-
dard deviation, are provided by Storto et al. (2019c).

The estimation approach for GREP follows that of the sea
level budget approach (see Sect. 2.2), where the manometric
sea level is calculated as the difference in the total sea surface
height anomaly from the reanalysis, and the steric sea level
anomaly, calculated from the reanalysis output temperature
and salinity fields. Thus, we can cross-compare GREP data
with GRACE and SLB datasets in terms of the interannual
variability, trend, and seasonal amplitude.

2.4 Analysis methods

Basin-averaged time series are analysed in the next section
as monthly means to assess the main variability signal over
three oceanic basins (the Arctic Ocean, defined as the region
covering from 67° N in the Atlantic to the Bering Strait; the
North Atlantic Ocean, defined from 0 to 67° N; the Mediter-
ranean Sea). Time series are also analysed in terms of their
interannual and seasonal signal, where the interannual sig-
nal is the time series to which the monthly climatology has
been subtracted and the seasonal is the residual part, assum-
ing that the majority of the subannual signal can be attributed
to seasonal variation, due to the monthly temporal frequency
of the data. The uncertainty in the time series corresponds to
that provided by the dataset (which in turn uses an ensemble
approach to estimate the uncertainty as ensemble standard
deviation); by construction, GREP, with only four members,
is known to underestimate the uncertainty in the sea level
(Storto et al., 2019c). Uncertainty in the trends is estimated
through bootstrapping (Efron, 1979) and closely resembles
the estimates calculated following Storto et al. (2022). The
bootstrapping technique randomly removes part of the time
series and thus quantifies the sensitivity of the trend to in-
dividual years and periods. Explained variance is used to
quantify how much of the regional signal is explained by the
global barystatic signal due to fast barotropic motion. For this
analysis, we use only global GRACE and SLB time series
and show only SLB for the sake of clarity (see, e.g., Barnoud
et al., 2023b, for a discussion on their comparison) because
the GREP barystatic sea level is either unreliable due to drifts
in the freshwater forcing, or it is adjusted to GRACE-derived
data and, thus, is not independent. Seasonal amplitude is de-
fined by fitting the monthly data to a curve with sinusoidal
(seasonal signal) and linear (trend signal) terms; the interan-
nual variability is the standard deviation of the detrended and
deseasonalised time series. Percent values of manometric sea
level trends over the total sea level ones are calculated from
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the Copernicus Marine Service dataset (product ref. no. 4 in
Table 1) over each region.

LASSO regression (Tibshirani, 1997), performed between
the normalised manometric sea level and normalised climate
indices, is a regularisation technique for multivariate regres-
sion, which is used in this study to rank the influence of the
climate indices on the basin-averaged manometric sea level
in a way similar to what Pfeffer et al. (2022) proposed. Like
the previous studies, raw monthly means were used without
low-pass filtering the data, which could induce arbitrary pref-
erences in the regression within our multi-variate analysis.
After performing a k-fold cross-validation (with 10 folds)
to identify the best hyperparameters, the LASSO regression
avoids overfitting the regression, such that absolute values
of the regression coefficients quantify the impact of a pre-
dictor on the manometric sea level. By construction, LASSO
minimises the collinearities across the predictors; however,
when predictors are strongly correlated, the preference pro-
vided by LASSO might be less obvious than expected (Tib-
shirani, 1996). We also verified that other methods (e.g. the
R2 hierarchical decomposition from Chevan and Sutherland,
1991) provide the same results. For these analyses, the glm-
net (Friedman et al., 2010) and relaimpo (Groemping, 2006)
R packages are used. Finally, for the statistical significance
of the correlations and their differences, we used the psych
R package (Revelle, 2023) that implements Steiger’s test for
comparing dependent correlations (Steiger, 1980; Olkin and
Finn, 1995). All statistical significance results are provided
at the 99 % confidence level. The time series and spatial pat-
terns of the climate modes are as in Pfeffer et al. (2022) (see
Figs. 1, 3, and 4 therein).

3 Results

We present the results of the assessment by first analysing
the time series and several diagnostics of the basin-averaged
manometric sea level. Then, the consistency between the
manometric sea level products is addressed; finally, the influ-
ence of the climate modes of variability on the manometric
sea level variability is analysed. All results presented refer to
the 2003–2019 period that is common to the three datasets.

3.1 Manometric sea level time series

The monthly means of the manometric sea level for the three
basins considered in this study is shown in Fig. 1, while sev-
eral diagnostics (trend, seasonal amplitude, interannual vari-
ability, and mean uncertainty, i.e. the time-averaged uncer-
tainty, estimated in turn as the ensemble standard deviation
for each product according to Sect. 2) are provided in Table 2
for the three datasets considered.

The three basins (Arctic Ocean, North Atlantic Ocean, and
the Mediterranean Sea) exhibit different behaviour; GRACE,
SLB, and GREP show, however, that there is qualitatively
good consistency in all three seas. The Arctic Ocean has a

Figure 1. Manometric sea level time series for the Arctic, the
Mediterranean, and the North Atlantic basins. Both monthly (thin
lines) and yearly (thick lines) means are shown for GRACE, SLB,
and GREP. The global barystatic sea level (SLB method) is also
added in gray. The North Atlantic Ocean is defined from 0 to 67° N,
and the Arctic Ocean from 67° N in the Atlantic Ocean to the Bering
Strait. Dashed vertical lines correspond to the yearly uncertainty
(for GRACE and SLB only; values for GREP are not shown for
sake of clarity, given their underestimated value due to the small
ensemble size).

regular periodicity and a large seasonal amplitude with a gen-
erally increasing yearly mean signal, except during the first
years of the time series (2003–2005). For both GRACE and
GREP, the latest years are the ones with the largest mano-
metric sea level, which is reflected in large trends found
(3.45 ± 0.57 and 2.45 ± 0.44 mm yr−1, respectively) when
compared to the other seas, while the SLB shows a weaker
trend.

Manometric sea level changes at interannual timescales
are very different over the Arctic Ocean than the global ocean
(Table 3), meaning that internal dynamics, strait connec-
tions, and the sea ice seasonal cycle significantly modulate
the regional manometric sea level. Seasonal time series are
more largely explained by the global signal for both datasets
(38 %–48 %).
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models (Prandi et al., 2021) centred on ICE5G-VM2 (Peltier,
2004), and for the elastic deformation of the solid Earth due
to present-day ice melting (Frederikse et al., 2017). The un-
certainty in the geocentric sea level changes is calculated
with the uncertainty budget and method detailed in Guérou
et al. (2023) for the global mean sea level changes and in
Prandi et al. (2021) for the local sea level changes. Altimetry
data are masked over sea-ice-covered areas using the Coper-
nicus Climate Change Service sea ice product (Lavergne et
al., 2019).

Steric sea level changes are estimated as the sum of
the thermosteric and halosteric sea level changes calculated
from gridded temperature and salinity estimates from three
different centres, including EN4 (Good et al., 2013), IAP
(Cheng et al., 2020), and Ishii et al. (2006). EN4 pro-
vides four datasets with different combinations of correc-
tions for expendable bathythermograph (XBT) and mechani-
cal bathythermograph (MBT) measurements applied, leading
to an ensemble of six temperature and salinity datasets. From
these datasets, we compute the thermosteric and halosteric
sea level changes due to temperature and salinity variations
between 0 and 2000 m depth. The deep-ocean contribution
(i.e. below 2000 m) is considered only in the global barystatic
signal and taken as a linear trend of 0.12 ± 0.03 mm yr−1

(Chang et al., 2019) added to the time-varying steric sea
level; for the regional estimates of the manometric sea level,
the deep-ocean and abyssal-ocean contribution is neglected,
as there are not enough data for constraining it at the regional
level.

Steric sea level changes are estimated as the ensemble
mean of the six solutions, and their uncertainties are esti-
mated with the covariance matrix of the ensemble. The re-
sulting barystatic and manometric uncertainties are described
by the covariance matrix obtained by summing the sea level
and steric covariance matrices; the sea-ice mask from the al-
timetry product is propagated onto the resulting manometric
product.

2.3 The reanalysis dataset

In this work, we use the Global Reanalysis Ensemble Prod-
uct (GREP) from the Copernicus Marine Service (product
ref. no. 1 in Table 1), which is a small-ensemble global re-
analysis product, including in turn the four reanalyses of
(i) C-GLORS (v7) from CMCC, (ii) GloSea5 from UKMO,
(iii) GLORYS2 (V4) from Mercator Ocean, and (iv) ORAS5
from ECMWF. All reanalyses are performed using the
NEMO ocean model (Madec and The NEMO System Team,
2017) configured at about 1/4° of the horizontal resolu-
tion and 75 levels. However, the four reanalyses differ for
several issues, which can be summarised in the (i) NEMO
model version and a few selected parameterisations, includ-
ing the specific choice in the use of the ECMWF reanaly-
sis (ERA-Interim and ERA5) atmospheric forcing; (ii) initial
conditions in 1993 at the beginning of the reanalysed period

(1993–2019); (iii) the data assimilation scheme; and (iv) the
set of observations assimilated, including their source and
pre-processing procedures. Thus, GREP can span, to a good
extent, the uncertainty linked with model physics and input
datasets. We have used monthly mean data at 1/4° of the
horizontal resolution for the comparisons shown in Sect. 3.
More details about the four reanalyses, together with some
in-situ-based validation and assessment of the ensemble stan-
dard deviation, are provided by Storto et al. (2019c).

The estimation approach for GREP follows that of the sea
level budget approach (see Sect. 2.2), where the manometric
sea level is calculated as the difference in the total sea surface
height anomaly from the reanalysis, and the steric sea level
anomaly, calculated from the reanalysis output temperature
and salinity fields. Thus, we can cross-compare GREP data
with GRACE and SLB datasets in terms of the interannual
variability, trend, and seasonal amplitude.

2.4 Analysis methods

Basin-averaged time series are analysed in the next section
as monthly means to assess the main variability signal over
three oceanic basins (the Arctic Ocean, defined as the region
covering from 67° N in the Atlantic to the Bering Strait; the
North Atlantic Ocean, defined from 0 to 67° N; the Mediter-
ranean Sea). Time series are also analysed in terms of their
interannual and seasonal signal, where the interannual sig-
nal is the time series to which the monthly climatology has
been subtracted and the seasonal is the residual part, assum-
ing that the majority of the subannual signal can be attributed
to seasonal variation, due to the monthly temporal frequency
of the data. The uncertainty in the time series corresponds to
that provided by the dataset (which in turn uses an ensemble
approach to estimate the uncertainty as ensemble standard
deviation); by construction, GREP, with only four members,
is known to underestimate the uncertainty in the sea level
(Storto et al., 2019c). Uncertainty in the trends is estimated
through bootstrapping (Efron, 1979) and closely resembles
the estimates calculated following Storto et al. (2022). The
bootstrapping technique randomly removes part of the time
series and thus quantifies the sensitivity of the trend to in-
dividual years and periods. Explained variance is used to
quantify how much of the regional signal is explained by the
global barystatic signal due to fast barotropic motion. For this
analysis, we use only global GRACE and SLB time series
and show only SLB for the sake of clarity (see, e.g., Barnoud
et al., 2023b, for a discussion on their comparison) because
the GREP barystatic sea level is either unreliable due to drifts
in the freshwater forcing, or it is adjusted to GRACE-derived
data and, thus, is not independent. Seasonal amplitude is de-
fined by fitting the monthly data to a curve with sinusoidal
(seasonal signal) and linear (trend signal) terms; the interan-
nual variability is the standard deviation of the detrended and
deseasonalised time series. Percent values of manometric sea
level trends over the total sea level ones are calculated from
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the Copernicus Marine Service dataset (product ref. no. 4 in
Table 1) over each region.

LASSO regression (Tibshirani, 1997), performed between
the normalised manometric sea level and normalised climate
indices, is a regularisation technique for multivariate regres-
sion, which is used in this study to rank the influence of the
climate indices on the basin-averaged manometric sea level
in a way similar to what Pfeffer et al. (2022) proposed. Like
the previous studies, raw monthly means were used without
low-pass filtering the data, which could induce arbitrary pref-
erences in the regression within our multi-variate analysis.
After performing a k-fold cross-validation (with 10 folds)
to identify the best hyperparameters, the LASSO regression
avoids overfitting the regression, such that absolute values
of the regression coefficients quantify the impact of a pre-
dictor on the manometric sea level. By construction, LASSO
minimises the collinearities across the predictors; however,
when predictors are strongly correlated, the preference pro-
vided by LASSO might be less obvious than expected (Tib-
shirani, 1996). We also verified that other methods (e.g. the
R2 hierarchical decomposition from Chevan and Sutherland,
1991) provide the same results. For these analyses, the glm-
net (Friedman et al., 2010) and relaimpo (Groemping, 2006)
R packages are used. Finally, for the statistical significance
of the correlations and their differences, we used the psych
R package (Revelle, 2023) that implements Steiger’s test for
comparing dependent correlations (Steiger, 1980; Olkin and
Finn, 1995). All statistical significance results are provided
at the 99 % confidence level. The time series and spatial pat-
terns of the climate modes are as in Pfeffer et al. (2022) (see
Figs. 1, 3, and 4 therein).

3 Results

We present the results of the assessment by first analysing
the time series and several diagnostics of the basin-averaged
manometric sea level. Then, the consistency between the
manometric sea level products is addressed; finally, the influ-
ence of the climate modes of variability on the manometric
sea level variability is analysed. All results presented refer to
the 2003–2019 period that is common to the three datasets.

3.1 Manometric sea level time series

The monthly means of the manometric sea level for the three
basins considered in this study is shown in Fig. 1, while sev-
eral diagnostics (trend, seasonal amplitude, interannual vari-
ability, and mean uncertainty, i.e. the time-averaged uncer-
tainty, estimated in turn as the ensemble standard deviation
for each product according to Sect. 2) are provided in Table 2
for the three datasets considered.

The three basins (Arctic Ocean, North Atlantic Ocean, and
the Mediterranean Sea) exhibit different behaviour; GRACE,
SLB, and GREP show, however, that there is qualitatively
good consistency in all three seas. The Arctic Ocean has a

Figure 1. Manometric sea level time series for the Arctic, the
Mediterranean, and the North Atlantic basins. Both monthly (thin
lines) and yearly (thick lines) means are shown for GRACE, SLB,
and GREP. The global barystatic sea level (SLB method) is also
added in gray. The North Atlantic Ocean is defined from 0 to 67° N,
and the Arctic Ocean from 67° N in the Atlantic Ocean to the Bering
Strait. Dashed vertical lines correspond to the yearly uncertainty
(for GRACE and SLB only; values for GREP are not shown for
sake of clarity, given their underestimated value due to the small
ensemble size).

regular periodicity and a large seasonal amplitude with a gen-
erally increasing yearly mean signal, except during the first
years of the time series (2003–2005). For both GRACE and
GREP, the latest years are the ones with the largest mano-
metric sea level, which is reflected in large trends found
(3.45 ± 0.57 and 2.45 ± 0.44 mm yr−1, respectively) when
compared to the other seas, while the SLB shows a weaker
trend.

Manometric sea level changes at interannual timescales
are very different over the Arctic Ocean than the global ocean
(Table 3), meaning that internal dynamics, strait connec-
tions, and the sea ice seasonal cycle significantly modulate
the regional manometric sea level. Seasonal time series are
more largely explained by the global signal for both datasets
(38 %–48 %).
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Figure 2. Correlation matrix for the three datasets in the three ocean basins investigated in this study, for the full, the interannual, and
the seasonal signals. All values of correlation are statistically significant at the 99 % confidence level. Note that the correlation matrix is
symmetric, but all terms are shown for the sake of clarity; note also that the minimum correlation in the palette is 0.3, whereas the minimum
correlation across all data shown is 0.39.

Table 2. Manometric sea level diagnostics for the three basins considered in this study, calculated from the three datasets GREP (ensemble
mean), GRACE, and SLB. The trend is calculated as a linear fit, with the uncertainty found through bootstrapping. Seasonal amplitude and
interannual variability are defined according to Sect. 2.4. Average uncertainty is calculated from the grid point values. For GREP, it is given
by the ensemble standard deviation. Units are given in millimetres per year (mm yr−1) for the trend and millimetres (mm) for the other
metrics.

Region Trend Seasonal amplitude Interannual variability Average uncertainty

GRACE SLB GREP GRACE SLB GREP GRACE SLB GREP GRACE SLB GREP

Arctic Ocean 3.45 ± 0.57 1.09 ± 0.44 2.45 ± 0.44 29.0 26.0 28.7 20.9 22.2 17.6 29.0 12.9 8.5
North Atlantic Ocean 2.67 ± 0.23 3.24 ± 0.16 1.81 ± 0.18 14.2 10.7 14.4 6.0 6.6 6.1 29.9 20.8 8.0
Mediterranean Sea 0.87 ± 0.65 2.44 ± 0.50 1.93 ± 0.46 31.5 25.5 30.0 27.8 29.2 20.0 31.8 11.8 13.1

The North Atlantic manometric sea level signal has a sea-
sonality (10 to 14 mm, depending on the dataset) that is
smaller than the other basins, the smallest interannual vari-
ability (6.0 to 6.6 mm), and a nearly linearly increasing mean
signal that dominates the variability. The percent variance ex-
plained by the global barystatic sea level is large (71 % and
79 % for GRACE and SLB, respectively, for the interannual
signal), meaning that the North Atlantic largely resembles
the global signal. Here, the manometric trend accounts for
about 60 %–80 % of the total sea level trend (provided by al-
timetry), depending on the specific product used.

In the Mediterranean Sea, the interannual variability is the
largest (more than 20 mm for all datasets) and does not fol-
low the global barystatic signal (see the low percent variance

explained in Table 3), especially for the interannual signal,
no matter which dataset is considered. This suggests that the
regional water cycle and sea level budget are mostly inde-
pendent of the global one, and this is ascribed to the role
of Gibraltar Strait (see, e.g., Landerer and Volkov, 2013).
Trends in the Mediterranean Sea are generally lower than
in the other basins and explain about 40 %, on average, of
the total sea level trend from altimetry. All the datasets ex-
hibit the largest trends in the western part of the Mediter-
ranean Sea (not shown), although with slightly different pat-
terns. Remarkable peaks of the manometric sea level are vis-
ible in 2006, 2010, 2011, and 2018; for these events, GREP
tends to underestimate the maxima compared to the other
two datasets, likely due to the use of climatological discharge
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Table 3. Percent of the regional manometric sea level variance explained by the global barystatic signal (also for the interannual and seasonal
signals). The global barystatic signal is shown in Fig. 1 with gray lines.

Region Monthly time series Interannual timescale Seasonal timescale

GRACE SLB GRACE SLB GRACE SLB

Arctic Ocean 35 % 11 % 25 % 11 % 48 % 38 %
North Atlantic Ocean 56 % 80 % 71 % 79 % 34 % 85 %
Mediterranean Sea 4 % 19 % 1 % 11 % 8 % 37 %

Figure 3. Relative importance (defined in Sect. 2.4) of the selected
climate indices for the manometric sea level in the three basins in-
vestigated in this study, using the three datasets for GRACE, GREP,
and SLB. Also shown is the mean of the relative importance over
the three datasets (indicated as MEAN). The acronyms for the cli-
mate indices are as follows: AMO is for the Atlantic Multidecadal
Oscillation; AO is for the Arctic Oscillation; ENSO is for the multi-
variate El Niño–Southern Oscillation; IOD is for the Indian Ocean
Dipole; NAO is for the North Atlantic Oscillation; NPGO is for the
North Pacific Gyre Oscillation; PDO is for the Pacific Decadal Os-
cillation; PNO is for the Pacific North American Oscillation; QBO
is for the quasi-biennial oscillation; SAM is for the Southern Annu-
lar Mode. Vertical bars indicate the standard errors of the regression
coefficients.

from rivers in the reanalyses and the low resolution at Gibral-
tar Strait affecting the representation of the Mediterranean
inflow.

In terms of the uncertainty (see Table 2 and Fig. 1), the
GRACE dataset exhibits the largest mean uncertainty (about
30 mm in all basins), while the uncertainty in SLB ranges
from about 12 mm in the Arctic Ocean and the Mediterranean
Sea to about 21 mm in the North Atlantic Ocean. GREP

uncertainty is the lowest, except in the Mediterranean Sea,
where it is comparable to SLB. However, the uncertainty es-
timates are strongly affected by the ensemble size, which is
substantially different across the three datasets (see Sect. 2).
Besides, common errors associated, for example, with spa-
tial undersampling, which may be large for the SLB method,
will be neglected with the ensemble approach.

3.2 Consistency between time series

The consistency between the three time series is investigated
by decomposing the full signal into the interannual and sea-
sonal time series. The correlation matrix for the three tempo-
ral scales and the three basins is shown in Fig. 2.

In the North Atlantic Ocean and the Mediterranean Sea,
the largest correlations are generally between SLB and
GREP. SLB and GREP are not independent due to the use
of altimetry and in situ observations in both, so this result
likely reflects their dependency. At the interannual timescale,
the correlation between GRACE and SLB is slightly larger
(but the difference is not statistically significant) than that
between GRACE and GREP, suggesting that for these re-
gions SLB might capture the year-to-year variations better
than the reanalyses. At the seasonal scale in the Mediter-
ranean Sea, however, the consistency between GRACE and
GREP is larger than that between GRACE and SLB (with
a statistically significant difference), suggesting that the re-
analyses capture the seasonal cycle better than SLB with re-
spect to gravimetry data. For both regions, the high consis-
tency of manometric sea level from reanalyses compared to
the two observation-based datasets suggests the good relia-
bility of the GREP ensemble mean in capturing the sea level
variations.

In the Arctic Ocean, a large consistency is found between
GRACE and GREP; the correlations involving SLB are sta-
tistically significantly lower than the others at all timescales
(full, interannual, and seasonal) at the 99 % confidence level;
this is also visible in Fig. 1, as fluctuations in the SLB time
series are not reproduced by the other two datasets. On the
one hand, the meridional transports, sea ice modelling, and
atmospheric forcing that are implicit in the reanalysis sys-
tems are known to be able to shape the Arctic Ocean inter-
annual variability realistically (see, e.g., Mayer et al., 2016,
2019); on the other hand, altimetry and in situ data are poorly
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Figure 2. Correlation matrix for the three datasets in the three ocean basins investigated in this study, for the full, the interannual, and
the seasonal signals. All values of correlation are statistically significant at the 99 % confidence level. Note that the correlation matrix is
symmetric, but all terms are shown for the sake of clarity; note also that the minimum correlation in the palette is 0.3, whereas the minimum
correlation across all data shown is 0.39.

Table 2. Manometric sea level diagnostics for the three basins considered in this study, calculated from the three datasets GREP (ensemble
mean), GRACE, and SLB. The trend is calculated as a linear fit, with the uncertainty found through bootstrapping. Seasonal amplitude and
interannual variability are defined according to Sect. 2.4. Average uncertainty is calculated from the grid point values. For GREP, it is given
by the ensemble standard deviation. Units are given in millimetres per year (mm yr−1) for the trend and millimetres (mm) for the other
metrics.

Region Trend Seasonal amplitude Interannual variability Average uncertainty

GRACE SLB GREP GRACE SLB GREP GRACE SLB GREP GRACE SLB GREP

Arctic Ocean 3.45 ± 0.57 1.09 ± 0.44 2.45 ± 0.44 29.0 26.0 28.7 20.9 22.2 17.6 29.0 12.9 8.5
North Atlantic Ocean 2.67 ± 0.23 3.24 ± 0.16 1.81 ± 0.18 14.2 10.7 14.4 6.0 6.6 6.1 29.9 20.8 8.0
Mediterranean Sea 0.87 ± 0.65 2.44 ± 0.50 1.93 ± 0.46 31.5 25.5 30.0 27.8 29.2 20.0 31.8 11.8 13.1

The North Atlantic manometric sea level signal has a sea-
sonality (10 to 14 mm, depending on the dataset) that is
smaller than the other basins, the smallest interannual vari-
ability (6.0 to 6.6 mm), and a nearly linearly increasing mean
signal that dominates the variability. The percent variance ex-
plained by the global barystatic sea level is large (71 % and
79 % for GRACE and SLB, respectively, for the interannual
signal), meaning that the North Atlantic largely resembles
the global signal. Here, the manometric trend accounts for
about 60 %–80 % of the total sea level trend (provided by al-
timetry), depending on the specific product used.

In the Mediterranean Sea, the interannual variability is the
largest (more than 20 mm for all datasets) and does not fol-
low the global barystatic signal (see the low percent variance

explained in Table 3), especially for the interannual signal,
no matter which dataset is considered. This suggests that the
regional water cycle and sea level budget are mostly inde-
pendent of the global one, and this is ascribed to the role
of Gibraltar Strait (see, e.g., Landerer and Volkov, 2013).
Trends in the Mediterranean Sea are generally lower than
in the other basins and explain about 40 %, on average, of
the total sea level trend from altimetry. All the datasets ex-
hibit the largest trends in the western part of the Mediter-
ranean Sea (not shown), although with slightly different pat-
terns. Remarkable peaks of the manometric sea level are vis-
ible in 2006, 2010, 2011, and 2018; for these events, GREP
tends to underestimate the maxima compared to the other
two datasets, likely due to the use of climatological discharge
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Table 3. Percent of the regional manometric sea level variance explained by the global barystatic signal (also for the interannual and seasonal
signals). The global barystatic signal is shown in Fig. 1 with gray lines.

Region Monthly time series Interannual timescale Seasonal timescale

GRACE SLB GRACE SLB GRACE SLB

Arctic Ocean 35 % 11 % 25 % 11 % 48 % 38 %
North Atlantic Ocean 56 % 80 % 71 % 79 % 34 % 85 %
Mediterranean Sea 4 % 19 % 1 % 11 % 8 % 37 %

Figure 3. Relative importance (defined in Sect. 2.4) of the selected
climate indices for the manometric sea level in the three basins in-
vestigated in this study, using the three datasets for GRACE, GREP,
and SLB. Also shown is the mean of the relative importance over
the three datasets (indicated as MEAN). The acronyms for the cli-
mate indices are as follows: AMO is for the Atlantic Multidecadal
Oscillation; AO is for the Arctic Oscillation; ENSO is for the multi-
variate El Niño–Southern Oscillation; IOD is for the Indian Ocean
Dipole; NAO is for the North Atlantic Oscillation; NPGO is for the
North Pacific Gyre Oscillation; PDO is for the Pacific Decadal Os-
cillation; PNO is for the Pacific North American Oscillation; QBO
is for the quasi-biennial oscillation; SAM is for the Southern Annu-
lar Mode. Vertical bars indicate the standard errors of the regression
coefficients.

from rivers in the reanalyses and the low resolution at Gibral-
tar Strait affecting the representation of the Mediterranean
inflow.

In terms of the uncertainty (see Table 2 and Fig. 1), the
GRACE dataset exhibits the largest mean uncertainty (about
30 mm in all basins), while the uncertainty in SLB ranges
from about 12 mm in the Arctic Ocean and the Mediterranean
Sea to about 21 mm in the North Atlantic Ocean. GREP

uncertainty is the lowest, except in the Mediterranean Sea,
where it is comparable to SLB. However, the uncertainty es-
timates are strongly affected by the ensemble size, which is
substantially different across the three datasets (see Sect. 2).
Besides, common errors associated, for example, with spa-
tial undersampling, which may be large for the SLB method,
will be neglected with the ensemble approach.

3.2 Consistency between time series

The consistency between the three time series is investigated
by decomposing the full signal into the interannual and sea-
sonal time series. The correlation matrix for the three tempo-
ral scales and the three basins is shown in Fig. 2.

In the North Atlantic Ocean and the Mediterranean Sea,
the largest correlations are generally between SLB and
GREP. SLB and GREP are not independent due to the use
of altimetry and in situ observations in both, so this result
likely reflects their dependency. At the interannual timescale,
the correlation between GRACE and SLB is slightly larger
(but the difference is not statistically significant) than that
between GRACE and GREP, suggesting that for these re-
gions SLB might capture the year-to-year variations better
than the reanalyses. At the seasonal scale in the Mediter-
ranean Sea, however, the consistency between GRACE and
GREP is larger than that between GRACE and SLB (with
a statistically significant difference), suggesting that the re-
analyses capture the seasonal cycle better than SLB with re-
spect to gravimetry data. For both regions, the high consis-
tency of manometric sea level from reanalyses compared to
the two observation-based datasets suggests the good relia-
bility of the GREP ensemble mean in capturing the sea level
variations.

In the Arctic Ocean, a large consistency is found between
GRACE and GREP; the correlations involving SLB are sta-
tistically significantly lower than the others at all timescales
(full, interannual, and seasonal) at the 99 % confidence level;
this is also visible in Fig. 1, as fluctuations in the SLB time
series are not reproduced by the other two datasets. On the
one hand, the meridional transports, sea ice modelling, and
atmospheric forcing that are implicit in the reanalysis sys-
tems are known to be able to shape the Arctic Ocean inter-
annual variability realistically (see, e.g., Mayer et al., 2016,
2019); on the other hand, altimetry and in situ data are poorly
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sampled in the Arctic Ocean, making it more challenging to
apply the SLB approach therein. By separating the total sea
level and the steric sea level contributions for the SLB and
GREP methods (not shown), we have found good consis-
tency for the total sea level interannual signal (correlation
coefficient equal to 0.69) compared to the steric component
(0.35); this suggests that the SLB method has problems over
the Arctic basin with respect to representing steric sea level
variations, possibly due to the poor in situ observational sam-
pling.

3.3 Influence of climate indices on manometric sea level
variations

Several climate indices are considered predictors for the
manometric sea level in the three basins (Arctic Ocean, North
Atlantic Ocean, and the Mediterranean Sea). Their acronyms
and meanings are listed in the caption of Fig. 3. The de-
tailed justification for inclusion in the analysis is provided
by Han et al. (2017), Cazenave and Moreira (2022), and Pf-
effer et al. (2022), among many others. Through representing
well-determined atmospheric circulation regimes and inter-
nal climate variability, the indices synthesise the water cycle
and the atmospheric forcing variability regimes, leading in
turn to variations in the regional manometric sea level due to
changes in oceanic divergence and freshwater forcing. For
instance, the El Niño–Southern Oscillation (ENSO) has a
prominent role in modifying precipitation patterns, with ob-
vious implications for the manometric sea level (e.g. Muis et
al., 2018); changes in the North Atlantic Oscillation (NAO)
modify atmospheric and oceanic transport in North America
and Europe, also implying changes in the Mediterranean Sea
through modifications and exchanges at Gibraltar and precip-
itation patterns (Landerer et al., 2013; Storto et al., 2019a). It
is beyond the scope of this study to explain all of the possi-
ble modes of co-variability, and the interested readers are re-
ferred to the specific literature for a broad overview (e.g. An-
drew et al., 2006; Peralta-Ferriz et al., 2014; Merrifield and
Thompson, 2018; Volkov et al., 2019; Pfeffer et al., 2022).
Raw monthly means of the manometric sea level are used in
this study to avoid arbitrary filtering affecting the regression
results; the climate indices, however, are used with filtering
(as in their standard definition).

In the Arctic Ocean, the largest influence is found to be due
to the Atlantic Multidecadal Oscillation (AMO), with values
ranging from 25 % to 35 %, depending on the dataset. AMO
is known to modulate the sea ice interannual variations and
the Arctic amplification (Li et al., 2018; Fang et al., 2022),
which are both important contributors to the sea level mano-
metric fluctuations, due to the increased melting of land ice
and disturbances in atmospheric and ocean circulation that
jointly influence the variability in manometric sea levels (see,
e.g., Previdi et al., 2021). The IOD (Indian Ocean Dipole),
NAO, and NPGO (North Pacific Gyre Oscillation) also sig-
nificantly affect the Arctic manometric sea level, although

the consensus between the datasets varies, and the influence
of the IOD is questionable. The Arctic Oscillation is found
to be influential when using the GRACE dataset consistently
with previous studies (Peralta-Ferriz et al., 2014), although
the other datasets show, in general, other preferences.s

The North Atlantic manometric sea level is characterised
by the largest impact of NPGO, and this is consistent across
all of the datasets. While NPGO explains the variations in the
eastern North Pacific Ocean well (Di Lorenzo et al., 2008),
its impact on the North Atlantic manometric sea level likely
depends on its global- and large-scale influence (Iglesias et
al., 2017; Litzow et al., 2020; Pfeffer et al., 2022), which in
turn drives, to a large extent, the North Atlantic manomet-
ric sea level variability (see Table 3). NPGO accounts for
more than 25 % of the North Atlantic manometric sea level
variability, peaking at more than 40 % for the SLB dataset.
A significant impact in the North Atlantic manometric sea
level is also given by variations described by the PDO (Pa-
cific Decadal Oscillation), AMO, and IOD, although for the
latter there is a small consistency found across the datasets.

Finally, in the Mediterranean Sea, the largest influence
is provided by the Arctic Oscillation (AO), which explains
more than 30 % of the manometric sea level covariations
for all datasets. AO is an expression of the North Atlantic
variability, strictly linked to the NAO and closely linked to
the northern European wind circulation (e.g. Ambaum et al.,
2001); while these are strictly connected, the regularisation
technique used here clearly indicates that AO is a better pre-
dictor than NAO for the regional manometric sea level; how-
ever, this might be an artefact of the LASSO minimisation
that chooses only one among strongly correlated predictors.
Other influential climate modes of variability in the Mediter-
ranean Sea are linked to the North Pacific variability, namely
the PDO and NPGO, likely due to their effect on the North
Atlantic variability.

4 Summary and discussion

In this study, we have focused on the basin-averaged mano-
metric sea level for a few regional basins (Arctic Ocean,
North Atlantic Ocean, and the Mediterranean Sea) and from
different datasets to investigate the consistency, the emerging
climate signals, the differences between the basin character-
istics, and the link with the main large-scale modes of vari-
ability. These three basins were chosen as part of the focus of
the EU Copernicus Marine Service and are large enough to
be resolved at the basin scale by the observational and mod-
elling systems used herein, unlike other smaller basins.

To the authors’ knowledge, this is the first time that dif-
ferent datasets of manometric sea level from reanalyses,
gravimetry, and altimetry (minus in situ data) are compared
at the regional level to infer their strengths and weaknesses.
The three basins (Arctic Ocean, North Atlantic Ocean, and
the Mediterranean Sea) exhibit inherently different features,
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with the Mediterranean Sea showing, on average over the
three products, the largest interannual variability and the
smallest trends; the Arctic Ocean shows a large seasonal am-
plitude and the largest trend, and the North Atlantic Ocean
shows a quasi-linear trend, which is very well explained by
the global barystatic signal. The three products are found to
be in reasonable agreement, with all pairs significantly cor-
related at both interannual and seasonal timescales. There
are, however, non-negligible differences in the quantitative
assessment; for instance, GRACE leads to a large trend in
the Arctic basin (3.45 ± 0.57 mm yr−1) which is not repro-
duced by either GREP or SLB and needs to be investigated
in more detail. There is also a trend in the Mediterranean Sea
that is smaller than the others.

In the Arctic Ocean, the altimetry minus in situ (SLB)
information is generally in less agreement with the other
datasets based on correlation scores; this seems to be due to
the poor in situ observation sampling on which the SLB ap-
proach is based (see the product user manual, PUM; Table 1),
which could be alleviated in reanalyses, to some extent, by
the atmospheric forcing information and the meridional ex-
changes. In the Mediterranean Sea, seasonal-scale agreement
is also the largest between GRACE and GREP, suggesting in
turn that the Copernicus Marine Service global reanalyses
can capture the manometric sea level variability in the stud-
ied regions.

Finally, a fingerprinting technique based on a regularisa-
tion in the regression is used to quantify the influence of
several large-scale climate modes of variability in the basin-
averaged manometric sea level. In most cases, we found
consistency in the results using the three different datasets.
The analysis indicates the NPGO (North Pacific Gyre Os-
cillation), AO (Arctic Oscillation), and AMO (Atlantic Mul-
tidecadal Oscillation) to be the most influential modes for
the North Atlantic Ocean, the Mediterranean Sea, and the
Arctic Ocean, respectively. This is the combined result of
the barystatic sea level signature, cross-basin exchanges, and
teleconnection patterns, as explained in detail in previous
studies (Landerer and Volkov, 2013; Iglesias et al., 2017;
Fang et al., 2022). These results are useful as a reference for
further fingerprinting technique applications and as a possi-
ble tool for statistical prediction of manometric variations.

The results provide a summary of the manometric sea level
variability within the three basins investigated here and guide
users with respect to the choice of the specific product, de-
pending on the region of interest. The overarching conclu-
sions are that reanalyses, when an ensemble mean of dif-
ferent systems is adopted, provide good performances in all
basins; SLB performance is the most affected by observa-
tional sampling and thus should be avoided in regions with
poorly developed networks; and gravimetry data provide
realistic sub-seasonal and interannual variability, although
long-term trends are less consistent than other datasets, and
the monthly uncertainty is the largest.

Further studies are needed to understand the different be-
haviour of the datasets for certain aspects (e.g. the overes-
timation of the Arctic Ocean manometric sea level trend by
GRACE or its underestimation in the Mediterranean Sea),
namely whether this is due to some intrinsic limitation of
the data processing or the different processes implied by the
measurement techniques.
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sampled in the Arctic Ocean, making it more challenging to
apply the SLB approach therein. By separating the total sea
level and the steric sea level contributions for the SLB and
GREP methods (not shown), we have found good consis-
tency for the total sea level interannual signal (correlation
coefficient equal to 0.69) compared to the steric component
(0.35); this suggests that the SLB method has problems over
the Arctic basin with respect to representing steric sea level
variations, possibly due to the poor in situ observational sam-
pling.

3.3 Influence of climate indices on manometric sea level
variations

Several climate indices are considered predictors for the
manometric sea level in the three basins (Arctic Ocean, North
Atlantic Ocean, and the Mediterranean Sea). Their acronyms
and meanings are listed in the caption of Fig. 3. The de-
tailed justification for inclusion in the analysis is provided
by Han et al. (2017), Cazenave and Moreira (2022), and Pf-
effer et al. (2022), among many others. Through representing
well-determined atmospheric circulation regimes and inter-
nal climate variability, the indices synthesise the water cycle
and the atmospheric forcing variability regimes, leading in
turn to variations in the regional manometric sea level due to
changes in oceanic divergence and freshwater forcing. For
instance, the El Niño–Southern Oscillation (ENSO) has a
prominent role in modifying precipitation patterns, with ob-
vious implications for the manometric sea level (e.g. Muis et
al., 2018); changes in the North Atlantic Oscillation (NAO)
modify atmospheric and oceanic transport in North America
and Europe, also implying changes in the Mediterranean Sea
through modifications and exchanges at Gibraltar and precip-
itation patterns (Landerer et al., 2013; Storto et al., 2019a). It
is beyond the scope of this study to explain all of the possi-
ble modes of co-variability, and the interested readers are re-
ferred to the specific literature for a broad overview (e.g. An-
drew et al., 2006; Peralta-Ferriz et al., 2014; Merrifield and
Thompson, 2018; Volkov et al., 2019; Pfeffer et al., 2022).
Raw monthly means of the manometric sea level are used in
this study to avoid arbitrary filtering affecting the regression
results; the climate indices, however, are used with filtering
(as in their standard definition).

In the Arctic Ocean, the largest influence is found to be due
to the Atlantic Multidecadal Oscillation (AMO), with values
ranging from 25 % to 35 %, depending on the dataset. AMO
is known to modulate the sea ice interannual variations and
the Arctic amplification (Li et al., 2018; Fang et al., 2022),
which are both important contributors to the sea level mano-
metric fluctuations, due to the increased melting of land ice
and disturbances in atmospheric and ocean circulation that
jointly influence the variability in manometric sea levels (see,
e.g., Previdi et al., 2021). The IOD (Indian Ocean Dipole),
NAO, and NPGO (North Pacific Gyre Oscillation) also sig-
nificantly affect the Arctic manometric sea level, although

the consensus between the datasets varies, and the influence
of the IOD is questionable. The Arctic Oscillation is found
to be influential when using the GRACE dataset consistently
with previous studies (Peralta-Ferriz et al., 2014), although
the other datasets show, in general, other preferences.s

The North Atlantic manometric sea level is characterised
by the largest impact of NPGO, and this is consistent across
all of the datasets. While NPGO explains the variations in the
eastern North Pacific Ocean well (Di Lorenzo et al., 2008),
its impact on the North Atlantic manometric sea level likely
depends on its global- and large-scale influence (Iglesias et
al., 2017; Litzow et al., 2020; Pfeffer et al., 2022), which in
turn drives, to a large extent, the North Atlantic manomet-
ric sea level variability (see Table 3). NPGO accounts for
more than 25 % of the North Atlantic manometric sea level
variability, peaking at more than 40 % for the SLB dataset.
A significant impact in the North Atlantic manometric sea
level is also given by variations described by the PDO (Pa-
cific Decadal Oscillation), AMO, and IOD, although for the
latter there is a small consistency found across the datasets.

Finally, in the Mediterranean Sea, the largest influence
is provided by the Arctic Oscillation (AO), which explains
more than 30 % of the manometric sea level covariations
for all datasets. AO is an expression of the North Atlantic
variability, strictly linked to the NAO and closely linked to
the northern European wind circulation (e.g. Ambaum et al.,
2001); while these are strictly connected, the regularisation
technique used here clearly indicates that AO is a better pre-
dictor than NAO for the regional manometric sea level; how-
ever, this might be an artefact of the LASSO minimisation
that chooses only one among strongly correlated predictors.
Other influential climate modes of variability in the Mediter-
ranean Sea are linked to the North Pacific variability, namely
the PDO and NPGO, likely due to their effect on the North
Atlantic variability.

4 Summary and discussion

In this study, we have focused on the basin-averaged mano-
metric sea level for a few regional basins (Arctic Ocean,
North Atlantic Ocean, and the Mediterranean Sea) and from
different datasets to investigate the consistency, the emerging
climate signals, the differences between the basin character-
istics, and the link with the main large-scale modes of vari-
ability. These three basins were chosen as part of the focus of
the EU Copernicus Marine Service and are large enough to
be resolved at the basin scale by the observational and mod-
elling systems used herein, unlike other smaller basins.

To the authors’ knowledge, this is the first time that dif-
ferent datasets of manometric sea level from reanalyses,
gravimetry, and altimetry (minus in situ data) are compared
at the regional level to infer their strengths and weaknesses.
The three basins (Arctic Ocean, North Atlantic Ocean, and
the Mediterranean Sea) exhibit inherently different features,
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with the Mediterranean Sea showing, on average over the
three products, the largest interannual variability and the
smallest trends; the Arctic Ocean shows a large seasonal am-
plitude and the largest trend, and the North Atlantic Ocean
shows a quasi-linear trend, which is very well explained by
the global barystatic signal. The three products are found to
be in reasonable agreement, with all pairs significantly cor-
related at both interannual and seasonal timescales. There
are, however, non-negligible differences in the quantitative
assessment; for instance, GRACE leads to a large trend in
the Arctic basin (3.45 ± 0.57 mm yr−1) which is not repro-
duced by either GREP or SLB and needs to be investigated
in more detail. There is also a trend in the Mediterranean Sea
that is smaller than the others.

In the Arctic Ocean, the altimetry minus in situ (SLB)
information is generally in less agreement with the other
datasets based on correlation scores; this seems to be due to
the poor in situ observation sampling on which the SLB ap-
proach is based (see the product user manual, PUM; Table 1),
which could be alleviated in reanalyses, to some extent, by
the atmospheric forcing information and the meridional ex-
changes. In the Mediterranean Sea, seasonal-scale agreement
is also the largest between GRACE and GREP, suggesting in
turn that the Copernicus Marine Service global reanalyses
can capture the manometric sea level variability in the stud-
ied regions.

Finally, a fingerprinting technique based on a regularisa-
tion in the regression is used to quantify the influence of
several large-scale climate modes of variability in the basin-
averaged manometric sea level. In most cases, we found
consistency in the results using the three different datasets.
The analysis indicates the NPGO (North Pacific Gyre Os-
cillation), AO (Arctic Oscillation), and AMO (Atlantic Mul-
tidecadal Oscillation) to be the most influential modes for
the North Atlantic Ocean, the Mediterranean Sea, and the
Arctic Ocean, respectively. This is the combined result of
the barystatic sea level signature, cross-basin exchanges, and
teleconnection patterns, as explained in detail in previous
studies (Landerer and Volkov, 2013; Iglesias et al., 2017;
Fang et al., 2022). These results are useful as a reference for
further fingerprinting technique applications and as a possi-
ble tool for statistical prediction of manometric variations.

The results provide a summary of the manometric sea level
variability within the three basins investigated here and guide
users with respect to the choice of the specific product, de-
pending on the region of interest. The overarching conclu-
sions are that reanalyses, when an ensemble mean of dif-
ferent systems is adopted, provide good performances in all
basins; SLB performance is the most affected by observa-
tional sampling and thus should be avoided in regions with
poorly developed networks; and gravimetry data provide
realistic sub-seasonal and interannual variability, although
long-term trends are less consistent than other datasets, and
the monthly uncertainty is the largest.

Further studies are needed to understand the different be-
haviour of the datasets for certain aspects (e.g. the overes-
timation of the Arctic Ocean manometric sea level trend by
GRACE or its underestimation in the Mediterranean Sea),
namely whether this is due to some intrinsic limitation of
the data processing or the different processes implied by the
measurement techniques.
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Abstract. Early warning of marine heatwaves requires short-term forecasts to provide precise information on
timings, local-scale coverage, and intensities of coming events. Here, we describe our successful efforts to track
the onset, peak, and decay of the Mediterranean Sea marine heatwave of summer 2022 with the Copernicus
MedFS short-term (10 d) forecast system. First, we show that the 2022 event eclipses the economically and
ecologically damaging event of 2003 in terms of marine heatwave (MHW) activity (a measure of intensity
and duration). Forecasts of MHW area and activity provide a means of basin-wide validation, highlighting the
capability of MedFS to capture regional behaviour. On local scales, we found that the MHW occurrence in
the Ligurian Sea and Gulf of Taranto, two regions of economic and ecological importance, was also reliably
forecast. Encouragingly, we note that the forecast has demonstrated skill in capturing not just the season-long
MHW cycle but also breaks in MHW persistence and abrupt changes in local activity. Subseasonal forecasts
do not yet demonstrate the capacity to predict MHW response to short-lived weather patterns, but this study
confirms that short-term forecasts, at least in the Mediterranean Sea, can fill this gap.

1 Introduction

Disease outbreaks, mass mortality events, and the redistribu-
tion of species induced by marine heatwaves (MHWs) lead to
economic losses to fisheries and aquaculture farms, as well as
hampering conservation efforts (Barbeaux et al., 2020; Smith
et al., 2021; Garrabou et al., 2022; Smith et al., 2023). The
need to prepare for and mitigate these MHW-induced im-
pacts has driven developments in understanding the drivers
and predictability of MHWs (Holbrook et al., 2019; Ro-
drigues et al., 2019; Amaya et al., 2020; Sen Gupta et al.,
2020; Li et al., 2020; Schlegel et al., 2021) and in quantify-
ing the skill of forecasts of MHWs (Benthuysen et al., 2021;
Jacox et al., 2022; McAdam et al., 2023). The Mediterranean
Sea is a particular “hot spot” for MHWs, with much liter-
ature documenting the increases in intensity, duration, fre-
quency, and impacts (Darmaraki et al., 2019; Ibrahim et al.,
2021; Juza et al., 2022; Dayan et al., 2023). Despite this,
there is currently less information on forecasting capability
and event predictability in the Mediterranean region than in
others (e.g. the North Pacific: Jacox et al., 2019; de Boises-

son et al., 2022). With marine services projected to play an
ever-increasing role in global sustainability and economic se-
curity (Rayner et al., 2019), early-warning systems of heat
extremes can aid their planning and day-to-day management
(Hartog et al., 2023).

While interannual variability of MHW occurrence and
characteristics is derived from ocean warming and precon-
ditioning (de Boisesson et al., 2022), ENSO (Jacox et al.,
2022), and atmospheric teleconnections (e.g. Rossby wave
trains; Rodrigues et al., 2019), short-lived atmospheric pro-
cesses and weather systems can disrupt MHW persistence or
halt their continuation completely (Benthuysen et al., 2021).
The definition of MHWs assumes persistent conditions are
harmful to marine life if the duration is 5 d or longer (Hob-
day et al., 2016), although this number is quite arbitrary and
in principle should be species-dependent. The average dura-
tion of MHWs across most of the global ocean, as well as
in the Mediterranean Sea, falls within the definition of short-
term forecasting (< 2 weeks) (Oliver et al., 2021; Dayan et
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Table 1. Product table.

Product Product ID and type Data access Documentation
ref. no

1 SST_MED_SST_L4_REP_OBSERVATIONS_010_021;
Satellite observations

EU Copernicus Marine
Service Product (2023a)

PUM: Pisano et al. (2023a)
QUID: Pisano et al. (2023b)

2 MEDSEA_ANALYSISFORECAST_PHY_006_013;
Numerical models

EU Copernicus Marine
Service Product (2023b)

PUM: Lecci et al. (2023)
QUID: Goglio et al. (2023)

3 MED_MULTIYEAR_PHYS_006_004;
Numerical models

EU Copernicus Marine
Service Product (2022)

PUM: Lecci et al. (2022)
QUID: Escudier et al. (2022)

4 ECMWF Integrated Forecast System (IFS) Forecast &
Analysis

Copernicus Climate
Changes Service

https://www.ecmwf.int/en/
forecasts/datasets/set-i#I-i-a_fc
(last access: 13 February 2022)

5 ERA5 Copernicus Climate
Changes Service

Hersbach et al. (2023)

al., 2023). A short-term view of MHWs is therefore crucial
to understanding their predictability and their impacts.

Short-term forecasting of MHWs has a range of poten-
tial roles in marine activities. While some contingency plans
for extreme heat events in the aquaculture and fishing indus-
tries require several months notice (e.g. relocating or switch-
ing species), others should be performed at the latest possi-
ble moment in order to avoid or minimize losses (e.g. early
harvesting or cooling of farm water) (Holsman et al., 2019;
Galappaththi et al., 2020). In these cases, accurate informa-
tion on daily timescales is crucial. Short-term forecasts are
also useful for marine protected areas (MPAs), allowing them
to prepare to monitor ecosystem damage (e.g. coral bleach-
ing) and recovery, which in turn helps assess the effectiveness
of their conservation efforts (McLeod et al., 2009). Forecasts
of SST can also, in theory, be coupled to distribution mod-
els to forecast changes in species habitat for highly mobile
species (Abrahms et al., 2019). “Early warnings” are a key
means of climate resilience for marine services (Galappaththi
et al., 2020); an assessment of their ability to track MHWs
will contribute to further uptake by these services and unlock
potential socio-economic benefits.

During the summer of 2022, the Copernicus Marine Ser-
vice Mediterranean Physical Forecasting system (MedFS)
was employed to monitor and forecast sea surface tempera-
ture (SST) increases which eventually evolved into a record-
breaking MHW for the region. MedFS has already demon-
strated skill in detecting past extreme events in the Mediter-
ranean Sea: the “aqua alta” flooding in Venice in 2019
(Giesen et al., 2021), Medicane Ianos (Clementi et al., 2022),
and Storm Gloria (Álvarez-Fanjul et al., 2022) in 2020 pro-
vides evidence that the forecast system has the ability to cap-
ture a wide range of concurrent conditions (e.g. high surface
air temperatures, moisture, atmospheric instability for med-
icanes; Cavicchia et al., 2014). Here, we provide a basin-
wide description of the event and demonstrate the ability of

MedFS to accurately predict many facets of the event (e.g.
the onset, spread, persistence, and decay). First, we introduce
the high-resolution regional forecast system and the satellite-
derived SST data used to identify MHWs. Then, the record-
breaking characteristics (intensity, geographic extent) of the
2022 event are described. We demonstrate the system’s abil-
ity to predict the MHW spread across the basin and daily
temperature variability in regions of key economic and eco-
logical importance. Finally, we explore the potential role of
short-term forecasting in the early warning of MHWs com-
pared to other forecasting timescales.

2 Dataset and methods

Here, MHWs are detected with a 0.05° resolution reprocess-
ing of a blend of satellite-derived products provided by the
ESA Climate Change Initiative (CCI) and the Copernicus
Climate Change Service (C3S) initiatives, including AVHRR
Pathfinder dataset version 5.3 to increase the input observa-
tion coverage (Table 1, product ref. no. 1). The dataset pro-
vides daily SST of the Mediterranean Sea from 1 January
1982 to the present (currently up to 6 months before real
time).

The Mediterranean Near Real Time Analysis and Fore-
cast is a 3D coupled hydrodynamic–wave modelling system
implemented at 1/24° (∼ 4 km) horizontal spatial resolution,
which produces analysis and 10 d forecasts of the main ocean
essential variables (Table 1, product ref. no. 2). The analysis
system assimilates satellite sea level anomalies as well as in
situ temperature and salinity observations and nudges SST
towards an ultrahigh-resolution satellite product. The same
model framework is used to provide a multi-decadal reanaly-
sis of the ocean, extending from 1987 to the present (Table 1,
product ref. no. 3). Forecasts are made daily; once a week (on
Tuesdays) an analysis is used to initialize forecasts, while on
other days a hindcast is used. A schematic of the provision of
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forecast and analysis data is found in the Quality Information
Document (QUID) and Product User Manual (PUM) of the
product.

Forecasts of 2 m temperature (T2M) and wind speed
are obtained from the European Centre for Medium-Range
Weather Forecasts (ECMWF) operational forecast and anal-
ysis (Table 1, product ref. no. 4) distributed by the Italian
National Meteorological Service (USAM/CNMA). Variables
are available at 1-hourly resolution for the first 3 d of fore-
cast, 3-hourly for the following 3 d, and 6-hourly for the
following 4 d. The horizontal resolution is 0.1°. The T2M
anomaly is calculated using the same variables in the ERA5
reanalysis over the period 1987–2021.

MHWs are defined as SSTs which persist above the 90th
percentile for 5 d or longer (Hobday et al., 2016). Here, the
90th percentile threshold corresponds to the 33-year baseline
period of 1987–2021 calculated individually for satellite-
derived and model-derived data and smoothed with an 11 d
moving window. MHWs in MedFS are defined relative to
the climatology of the physical reanalysis. Although there are
benefits of detrending SST prior to detecting MHWs (Amaya
et al., 2023), we chose not to detrend in order to present the
true values of temperature because they are of more relevance
to species impacts (e.g. Galli et al., 2017).

We use the MHW activity as a means to describe the event
on a basin scale and to validate the forecast ability to capture
the spatial scale of the event. Previously, activity has been de-
fined as the product of event intensity, duration, and area over
a target period (Simon et al., 2022). Here, in order to study
basin-wide spread at daily resolution, we define activity as
the sum of the intensity over the area undergoing an MHW
in the Mediterranean Basin. We assume that all MHW activ-
ity in the basin corresponds to the same event, unlike more
novel methods of MHW tracking which employ spatial clus-
tering (Bonino et al., 2023). Nonetheless, the activity metric
used here identifies very similar phases of MHW activity dur-
ing the 2003 event as the more advanced clustering method
(Fig. 1a; Bonino et al., 2023).

3 Results

First, we describe the event on a basin scale using satellite
observations. We remind the reader that references to spe-
cific dates are for indication only, as the precise timings of
peaks and onsets may differ when using different datasets
and climatologies. In 2022, the onset of summer MHW con-
ditions began in mid-May; by 23 May, 35 % of the area of
the Mediterranean Sea was already experiencing MHW con-
ditions (Fig. 1c). Maps of temperature anomaly confirm that
the onset occurred mostly in the western regions and the
Adriatic Sea (Fig. 2a). The geographic extent of MHW ex-
tended into the central and eastern parts of the basin (e.g.
Fig. 2b), and MHW area remained above a third of the total
basin area until the decay at the end of September. Peak area

Figure 1. MHW activity across the Mediterranean Sea. (a) MHW
activity defined by reprocessed satellite observations for 2022 and
the 3 previous record years according to Simon et al. (2022).
(b) Comparison between satellite observations and forecasts of
2022 MHW activity. (c) Area of the Mediterranean Sea experienc-
ing an MHW (as a percentage of total basin area). Activity is de-
fined as the sum of the intensity over the area undergoing an MHW.
Shown here are the first 8 d of forecasts initiated on Tuesdays. Fore-
cast start dates are shown by the blue dots.

(70 %) was reached on 6 June, while notable peaks of activity
occurred later on 29 June, 6 July, and 27 July (Fig. 1a). The
peak temperature anomaly of 6.45 °C (above the 1987–2019
average) was reached in the Gulf of Lion on 18 July.

Prior to 2022, the MHWs of the summers of 2003, 2015,
and 2018 had been found to have the highest activities on
record (using a slightly different definition of activity, but
which is still based on intensity and duration; Simon et
al., 2022). Here, we find that the activity in 2022 clearly
eclipses that of 2015 and 2018 in terms of both maxima
and persistence of activity (Fig. 1a). Though the summer
of 2003 reached similarly high peaks of activity (twice, in
mid-June and at the end of August), the total activity during
the summer (defined as the area under the curve) is lower
(82 × 106 °C km2) than for 2022 (139 × 106 °C km2). While
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Table 1. Product table.

Product Product ID and type Data access Documentation
ref. no

1 SST_MED_SST_L4_REP_OBSERVATIONS_010_021;
Satellite observations

EU Copernicus Marine
Service Product (2023a)

PUM: Pisano et al. (2023a)
QUID: Pisano et al. (2023b)

2 MEDSEA_ANALYSISFORECAST_PHY_006_013;
Numerical models

EU Copernicus Marine
Service Product (2023b)

PUM: Lecci et al. (2023)
QUID: Goglio et al. (2023)

3 MED_MULTIYEAR_PHYS_006_004;
Numerical models

EU Copernicus Marine
Service Product (2022)

PUM: Lecci et al. (2022)
QUID: Escudier et al. (2022)

4 ECMWF Integrated Forecast System (IFS) Forecast &
Analysis

Copernicus Climate
Changes Service

https://www.ecmwf.int/en/
forecasts/datasets/set-i#I-i-a_fc
(last access: 13 February 2022)

5 ERA5 Copernicus Climate
Changes Service

Hersbach et al. (2023)

al., 2023). A short-term view of MHWs is therefore crucial
to understanding their predictability and their impacts.

Short-term forecasting of MHWs has a range of poten-
tial roles in marine activities. While some contingency plans
for extreme heat events in the aquaculture and fishing indus-
tries require several months notice (e.g. relocating or switch-
ing species), others should be performed at the latest possi-
ble moment in order to avoid or minimize losses (e.g. early
harvesting or cooling of farm water) (Holsman et al., 2019;
Galappaththi et al., 2020). In these cases, accurate informa-
tion on daily timescales is crucial. Short-term forecasts are
also useful for marine protected areas (MPAs), allowing them
to prepare to monitor ecosystem damage (e.g. coral bleach-
ing) and recovery, which in turn helps assess the effectiveness
of their conservation efforts (McLeod et al., 2009). Forecasts
of SST can also, in theory, be coupled to distribution mod-
els to forecast changes in species habitat for highly mobile
species (Abrahms et al., 2019). “Early warnings” are a key
means of climate resilience for marine services (Galappaththi
et al., 2020); an assessment of their ability to track MHWs
will contribute to further uptake by these services and unlock
potential socio-economic benefits.

During the summer of 2022, the Copernicus Marine Ser-
vice Mediterranean Physical Forecasting system (MedFS)
was employed to monitor and forecast sea surface tempera-
ture (SST) increases which eventually evolved into a record-
breaking MHW for the region. MedFS has already demon-
strated skill in detecting past extreme events in the Mediter-
ranean Sea: the “aqua alta” flooding in Venice in 2019
(Giesen et al., 2021), Medicane Ianos (Clementi et al., 2022),
and Storm Gloria (Álvarez-Fanjul et al., 2022) in 2020 pro-
vides evidence that the forecast system has the ability to cap-
ture a wide range of concurrent conditions (e.g. high surface
air temperatures, moisture, atmospheric instability for med-
icanes; Cavicchia et al., 2014). Here, we provide a basin-
wide description of the event and demonstrate the ability of

MedFS to accurately predict many facets of the event (e.g.
the onset, spread, persistence, and decay). First, we introduce
the high-resolution regional forecast system and the satellite-
derived SST data used to identify MHWs. Then, the record-
breaking characteristics (intensity, geographic extent) of the
2022 event are described. We demonstrate the system’s abil-
ity to predict the MHW spread across the basin and daily
temperature variability in regions of key economic and eco-
logical importance. Finally, we explore the potential role of
short-term forecasting in the early warning of MHWs com-
pared to other forecasting timescales.

2 Dataset and methods

Here, MHWs are detected with a 0.05° resolution reprocess-
ing of a blend of satellite-derived products provided by the
ESA Climate Change Initiative (CCI) and the Copernicus
Climate Change Service (C3S) initiatives, including AVHRR
Pathfinder dataset version 5.3 to increase the input observa-
tion coverage (Table 1, product ref. no. 1). The dataset pro-
vides daily SST of the Mediterranean Sea from 1 January
1982 to the present (currently up to 6 months before real
time).

The Mediterranean Near Real Time Analysis and Fore-
cast is a 3D coupled hydrodynamic–wave modelling system
implemented at 1/24° (∼ 4 km) horizontal spatial resolution,
which produces analysis and 10 d forecasts of the main ocean
essential variables (Table 1, product ref. no. 2). The analysis
system assimilates satellite sea level anomalies as well as in
situ temperature and salinity observations and nudges SST
towards an ultrahigh-resolution satellite product. The same
model framework is used to provide a multi-decadal reanaly-
sis of the ocean, extending from 1987 to the present (Table 1,
product ref. no. 3). Forecasts are made daily; once a week (on
Tuesdays) an analysis is used to initialize forecasts, while on
other days a hindcast is used. A schematic of the provision of
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forecast and analysis data is found in the Quality Information
Document (QUID) and Product User Manual (PUM) of the
product.

Forecasts of 2 m temperature (T2M) and wind speed
are obtained from the European Centre for Medium-Range
Weather Forecasts (ECMWF) operational forecast and anal-
ysis (Table 1, product ref. no. 4) distributed by the Italian
National Meteorological Service (USAM/CNMA). Variables
are available at 1-hourly resolution for the first 3 d of fore-
cast, 3-hourly for the following 3 d, and 6-hourly for the
following 4 d. The horizontal resolution is 0.1°. The T2M
anomaly is calculated using the same variables in the ERA5
reanalysis over the period 1987–2021.

MHWs are defined as SSTs which persist above the 90th
percentile for 5 d or longer (Hobday et al., 2016). Here, the
90th percentile threshold corresponds to the 33-year baseline
period of 1987–2021 calculated individually for satellite-
derived and model-derived data and smoothed with an 11 d
moving window. MHWs in MedFS are defined relative to
the climatology of the physical reanalysis. Although there are
benefits of detrending SST prior to detecting MHWs (Amaya
et al., 2023), we chose not to detrend in order to present the
true values of temperature because they are of more relevance
to species impacts (e.g. Galli et al., 2017).

We use the MHW activity as a means to describe the event
on a basin scale and to validate the forecast ability to capture
the spatial scale of the event. Previously, activity has been de-
fined as the product of event intensity, duration, and area over
a target period (Simon et al., 2022). Here, in order to study
basin-wide spread at daily resolution, we define activity as
the sum of the intensity over the area undergoing an MHW
in the Mediterranean Basin. We assume that all MHW activ-
ity in the basin corresponds to the same event, unlike more
novel methods of MHW tracking which employ spatial clus-
tering (Bonino et al., 2023). Nonetheless, the activity metric
used here identifies very similar phases of MHW activity dur-
ing the 2003 event as the more advanced clustering method
(Fig. 1a; Bonino et al., 2023).

3 Results

First, we describe the event on a basin scale using satellite
observations. We remind the reader that references to spe-
cific dates are for indication only, as the precise timings of
peaks and onsets may differ when using different datasets
and climatologies. In 2022, the onset of summer MHW con-
ditions began in mid-May; by 23 May, 35 % of the area of
the Mediterranean Sea was already experiencing MHW con-
ditions (Fig. 1c). Maps of temperature anomaly confirm that
the onset occurred mostly in the western regions and the
Adriatic Sea (Fig. 2a). The geographic extent of MHW ex-
tended into the central and eastern parts of the basin (e.g.
Fig. 2b), and MHW area remained above a third of the total
basin area until the decay at the end of September. Peak area

Figure 1. MHW activity across the Mediterranean Sea. (a) MHW
activity defined by reprocessed satellite observations for 2022 and
the 3 previous record years according to Simon et al. (2022).
(b) Comparison between satellite observations and forecasts of
2022 MHW activity. (c) Area of the Mediterranean Sea experienc-
ing an MHW (as a percentage of total basin area). Activity is de-
fined as the sum of the intensity over the area undergoing an MHW.
Shown here are the first 8 d of forecasts initiated on Tuesdays. Fore-
cast start dates are shown by the blue dots.

(70 %) was reached on 6 June, while notable peaks of activity
occurred later on 29 June, 6 July, and 27 July (Fig. 1a). The
peak temperature anomaly of 6.45 °C (above the 1987–2019
average) was reached in the Gulf of Lion on 18 July.

Prior to 2022, the MHWs of the summers of 2003, 2015,
and 2018 had been found to have the highest activities on
record (using a slightly different definition of activity, but
which is still based on intensity and duration; Simon et
al., 2022). Here, we find that the activity in 2022 clearly
eclipses that of 2015 and 2018 in terms of both maxima
and persistence of activity (Fig. 1a). Though the summer
of 2003 reached similarly high peaks of activity (twice, in
mid-June and at the end of August), the total activity during
the summer (defined as the area under the curve) is lower
(82 × 106 °C km2) than for 2022 (139 × 106 °C km2). While
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Figure 2. Snapshots of SST anomalies and MHW occurrence during the different stages of the 2022 MHW. (a, c, e) Reprocessed satellite
observations. (b, d, f) Forecasts with a lead time of 4 d. Areas in which SST is above the 90th percentile threshold are indicated by the dark
red contour. The day of 13 May highlights the MHW onset, 9 July highlights the peak activity, and 26 August highlights the (first) decay.
Regions used in Figs. 3 and 4 are highlighted: Ligurian Sea (magenta), Gulf of Taranto (yellow), and the western Mediterranean (blue).

in 2003 the MHW activity returned to zero in late May and
mid-July, in 2022 it persisted throughout the summer above
at least 0.5 °C km2 each day. Using the total activity as a mea-
sure, the summer of 2022 now holds the record for MHW
activity.

Using the MHW activity provides an efficient, if not com-
plete, means of validating MedFS on the basin scale. It is
important to remember that activity time series cannot iden-
tify where and when MHWs are occurring (we study fore-
cast ability in specific regions later). Here, we show both
the activity (Fig. 1b) and the area (Fig. 1c) predicted to in-
fer whether forecast inaccuracies are caused by an inability
to capture the geographic extent or the temperature intensity.
Overall, we find that MedFS was able to forecast the evo-
lution of basin-wide MHW activity (Fig. 1b). In particular,
we highlight the accurate predictions of the timings of the
May onset, the various peaks throughout the summer, the two
stages of the decay, and the September rebound. On several
occasions, MHW activity rapidly increases, often doubling
or tripling over the period of less than a week; such increases
in activity are predicted by the forecasts in mid-May, early
June, mid-June (twice), and mid-July. Timings of declines in
activity are also correctly forecast on all occasions, in some
cases even with lead times of 5 d or more (e.g. early June).
Similar capabilities are found for the forecasts of the area of
MHW conditions. Ability to capture both the activity and the
area implies accuracy in capturing the intensity as well, al-
though this analysis does not yet determine the geographic
distribution of MHW intensity.

There are indeed forecast inaccuracies to highlight. Firstly,
there are instances of peaks of activity being overestimated

(e.g. by up to a third in early June) and of false alarms about
growth being raised (e.g. early August; Fig. 1b). Overesti-
mations of both activity and area occur throughout the sum-
mer, except for the onset in May. Then, there are instances in
which MHW area tendencies follow the activity but are over-
estimated (late July to early August); given that activity con-
tinues to increase while area decreases (e.g. early Septem-
ber), there is an implied overestimation of the sea surface
temperatures. Elsewhere, we see fluctuations in activity on
daily timescales which dominate the longer-term growth ten-
dencies (e.g. during the growth period beginning at the end
of June). Throughout the summer of 2022, we see various
examples of the activity forecasts being unable to detect this
higher-frequency variability. Variability in area, on the other
hand, is lower and the forecasts generally follow the observed
tendencies. In summary, the forecasts sometimes persist or
increase temperature anomalies for too long, suggesting that
they fail to capture sporadic cooling. Candidate drivers for
short-term cooling mechanisms not captured by the forecasts
include cloud cover changes or winds.

It is important to also consider the ability to capture the
spread of MHW occurrence. The geographical distribution
of intensity in key phases of the MHW life cycle in forecasts
agrees well with observations (Fig. 2). During the onset, fore-
casts capture the basin-wide patterns, with MHW occurrence
at this stage correctly forecast in the Tyrrhenian Sea, Gulf of
Lion, and parts of the Adriatic Sea. The spread of the MHW
conditions during the peak was correctly predicted to cover
the southern part of the Alboran Sea, the Ionian, and southern
regions of the Levantine Basin. Meanwhile, the Aegean Sea
was predicted to be shielded from MHWs and instead expe-
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rience cold anomalies, most likely caused by cooling related
to the Etesian winds (Poupkou et al., 2011). Lastly, the first
decay phase at the end of August produced very inhomoge-
neous MHW conditions across the basin. This “patchiness”,
indicative of local-scale processes acting to cool the ocean
such as increased cloud cover or weak winds, was indeed
predicted, but how well the forecast matches observations
depends greatly on the local regions of interest and the ex-
act day and lead time considered. Although it is not possible
to draw rigorous conclusions from snapshots, the accuracy of
basin-wide occurrence (Fig. 1b) suggests that forecast abil-
ity to capture MHW patterns and spread was generally high
across the entire summer.

While basin-scale analysis allows an overview of forecast-
ing skill, local-scale testing is imperative as forecasting tools
are expected to be used for local-scale analysis (Dayan et al.,
2023). Here, we also provide MHW forecasts for two key
areas of maritime activity in the Mediterranean Sea: the Lig-
urian Sea and the Gulf of Taranto (Fig. 3). Each region expe-
rienced MHW conditions at different times during the sum-
mer, and in each case the forecasts accurately predicted the
onset, persistence, intensity, and decays. The Ligurian Sea,
bordered by Italy and France, is a crucial location for marine
conservation; it doubles as a marine protected area (the Pela-
gos Sanctuary for Mediterranean Marine Mammals) which
is home to unique species of fin whales and striped dolphins,
amongst other species (Notarbartolo-de-Sciara et al., 2008).
The Ligurian Sea experienced 115 d of MHWs throughout
the summer, and temperature anomalies reached a maxi-
mum of 4.46 °C above the 1987–2019 average at the end of
July, coinciding with the peak temperature of the summer
(28.74 °C). The forecasts of SST were highly accurate; the
root mean squared difference (RMSD) of the forecasts shown
in Fig. 3a (across lead times) was 0.12 °C, lower than the re-
ported RMSDs averaged over the entire Mediterranean Sea
between the analysis and independent observations (Goglio
et al., 2023). For an indication of forecast reliability, we high-
light the false alarms (MHW days forecast but not observed)
and misses (MHW days observed but not forecast). First we
note that in the 89 % of days the correct conditions are fore-
cast, with a few sporadic exceptions. For example, the fore-
cast made on 10 May captured the sharp rise in SST but not
the MHW conditions at the end of the week. However, re-
ducing the lead time (i.e. checking forecasts made on 12 or
13 May) correctly forecast the MHW state.

The Gulf of Taranto, situated in the northern Ionian Sea,
is one of the most productive areas of shellfish (mussels)
farming in Italy (Prioli, 2004), but there are no data yet on
MHW-induced mass mortality or economic loss in this re-
gion (Garrabou et al., 2022). Unlike the Ligurian Sea, the
Gulf of Taranto experienced three short but intense periods
of MHW occurrence in June and July, adding up to 61 d of
MHWs in total. The peak temperature anomaly was 4.76 °C
on 6 June, though peak temperatures occurred later in the
season. As in the Ligurian Sea, the forecasts were highly ac-

Table 2. Root mean square differences of forecasts of summer 2022
MHW activity and atmospheric conditions (Fig. 4). Values in paren-
thesis are RMSD values normalized by standard deviation over the
summer. Differences in MHW activity and area are relative to re-
processed satellite observations, while differences in T2M anomaly
and wind speed are relative to ECMWF analysis. Each column cor-
responds to a different lead time.

RMSD Lead: 1 d Lead: 4 d Lead: 7 d
(normalized)

MHW activity 0.16 (0.48) 0.20 (0.59) 0.28 (0.82)
MHW area 8.88 (0.33) 11.65 (0.43) 16.50 (0.61)
T2M anomaly 0.18 (0.21) 0.31 (0.38) 0.52 (0.62)
Wind speed 0.22 (0.18) 0.52 (0.42) 0.94 (0.76)

curate (demonstrating an RMSD of 0.08 °C). Regarding the
reliability of MHW forecasts, the continuation of the start
of the heatwave in early May was missed by the forecast of
17 May, while the forecast of 2 August missed several days
of MHW occurrence. However, in both cases, SST increases
were predicted. None of the forecasts shown in Fig. 3 raised
false alarms.

So far we have studied the accuracy of the entire forecast
period, but, in some applications, it might be necessary or of
more interest to have a specific warning time (e.g. 4 d). As
MedFS produces forecasts every day, we now study forecast
accuracy for the summer of 2022 at different lead times; we
focus on the western Mediterranean Sea, as opposed to the
entire basin, in order to investigate local forcings as reasons
for poor skill (Fig. 4). Table 2 quantifies the error of forecasts
over the western Mediterranean Sea. The overestimation of
MHW activity in July and August occurred in forecasts with
lead time of 1 d. In many instances, lead time 1 and lead time
4 are similarly far from the observed values, while lead time
7 further overestimates the peaks in activity (Table 2). MHW
area, on the other hand, while predicted more accurately than
activity on all lead times, is typically underestimated by the
forecasts. This implies an overestimation of SST (i.e. MHW
intensity) during the activity peaks. The RMSD normalized
by the standard deviation indicates where errors fall within
the range of natural variability (normalized RMSD < 1); in
all lead times, this is true for both area and activity, suggest-
ing their skill is similar to atmospheric variables (Table 2).

The decreases in skill with lead time can partly be ex-
plained by the decrease in skill of the ECMWF atmospheric
forecasts used to force MedFS. T2M and wind speed corre-
late strongly and significantly with the MHW activity (cor-
relation values of 0.89 and 0.50 with the ECMWF analysis
respectively), evidencing their role in MHW formation. Er-
rors of forecasts of T2M and wind speed grow with time but
do not exceed natural variability at lead time 7 (Table 2). In
the first half of the summer, forecasts at lead time 7 of both
T2M and wind speed are frequently out of phase with the ob-
served changes. In fact, the underestimations of MHW area
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Figure 2. Snapshots of SST anomalies and MHW occurrence during the different stages of the 2022 MHW. (a, c, e) Reprocessed satellite
observations. (b, d, f) Forecasts with a lead time of 4 d. Areas in which SST is above the 90th percentile threshold are indicated by the dark
red contour. The day of 13 May highlights the MHW onset, 9 July highlights the peak activity, and 26 August highlights the (first) decay.
Regions used in Figs. 3 and 4 are highlighted: Ligurian Sea (magenta), Gulf of Taranto (yellow), and the western Mediterranean (blue).

in 2003 the MHW activity returned to zero in late May and
mid-July, in 2022 it persisted throughout the summer above
at least 0.5 °C km2 each day. Using the total activity as a mea-
sure, the summer of 2022 now holds the record for MHW
activity.

Using the MHW activity provides an efficient, if not com-
plete, means of validating MedFS on the basin scale. It is
important to remember that activity time series cannot iden-
tify where and when MHWs are occurring (we study fore-
cast ability in specific regions later). Here, we show both
the activity (Fig. 1b) and the area (Fig. 1c) predicted to in-
fer whether forecast inaccuracies are caused by an inability
to capture the geographic extent or the temperature intensity.
Overall, we find that MedFS was able to forecast the evo-
lution of basin-wide MHW activity (Fig. 1b). In particular,
we highlight the accurate predictions of the timings of the
May onset, the various peaks throughout the summer, the two
stages of the decay, and the September rebound. On several
occasions, MHW activity rapidly increases, often doubling
or tripling over the period of less than a week; such increases
in activity are predicted by the forecasts in mid-May, early
June, mid-June (twice), and mid-July. Timings of declines in
activity are also correctly forecast on all occasions, in some
cases even with lead times of 5 d or more (e.g. early June).
Similar capabilities are found for the forecasts of the area of
MHW conditions. Ability to capture both the activity and the
area implies accuracy in capturing the intensity as well, al-
though this analysis does not yet determine the geographic
distribution of MHW intensity.

There are indeed forecast inaccuracies to highlight. Firstly,
there are instances of peaks of activity being overestimated

(e.g. by up to a third in early June) and of false alarms about
growth being raised (e.g. early August; Fig. 1b). Overesti-
mations of both activity and area occur throughout the sum-
mer, except for the onset in May. Then, there are instances in
which MHW area tendencies follow the activity but are over-
estimated (late July to early August); given that activity con-
tinues to increase while area decreases (e.g. early Septem-
ber), there is an implied overestimation of the sea surface
temperatures. Elsewhere, we see fluctuations in activity on
daily timescales which dominate the longer-term growth ten-
dencies (e.g. during the growth period beginning at the end
of June). Throughout the summer of 2022, we see various
examples of the activity forecasts being unable to detect this
higher-frequency variability. Variability in area, on the other
hand, is lower and the forecasts generally follow the observed
tendencies. In summary, the forecasts sometimes persist or
increase temperature anomalies for too long, suggesting that
they fail to capture sporadic cooling. Candidate drivers for
short-term cooling mechanisms not captured by the forecasts
include cloud cover changes or winds.

It is important to also consider the ability to capture the
spread of MHW occurrence. The geographical distribution
of intensity in key phases of the MHW life cycle in forecasts
agrees well with observations (Fig. 2). During the onset, fore-
casts capture the basin-wide patterns, with MHW occurrence
at this stage correctly forecast in the Tyrrhenian Sea, Gulf of
Lion, and parts of the Adriatic Sea. The spread of the MHW
conditions during the peak was correctly predicted to cover
the southern part of the Alboran Sea, the Ionian, and southern
regions of the Levantine Basin. Meanwhile, the Aegean Sea
was predicted to be shielded from MHWs and instead expe-
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rience cold anomalies, most likely caused by cooling related
to the Etesian winds (Poupkou et al., 2011). Lastly, the first
decay phase at the end of August produced very inhomoge-
neous MHW conditions across the basin. This “patchiness”,
indicative of local-scale processes acting to cool the ocean
such as increased cloud cover or weak winds, was indeed
predicted, but how well the forecast matches observations
depends greatly on the local regions of interest and the ex-
act day and lead time considered. Although it is not possible
to draw rigorous conclusions from snapshots, the accuracy of
basin-wide occurrence (Fig. 1b) suggests that forecast abil-
ity to capture MHW patterns and spread was generally high
across the entire summer.

While basin-scale analysis allows an overview of forecast-
ing skill, local-scale testing is imperative as forecasting tools
are expected to be used for local-scale analysis (Dayan et al.,
2023). Here, we also provide MHW forecasts for two key
areas of maritime activity in the Mediterranean Sea: the Lig-
urian Sea and the Gulf of Taranto (Fig. 3). Each region expe-
rienced MHW conditions at different times during the sum-
mer, and in each case the forecasts accurately predicted the
onset, persistence, intensity, and decays. The Ligurian Sea,
bordered by Italy and France, is a crucial location for marine
conservation; it doubles as a marine protected area (the Pela-
gos Sanctuary for Mediterranean Marine Mammals) which
is home to unique species of fin whales and striped dolphins,
amongst other species (Notarbartolo-de-Sciara et al., 2008).
The Ligurian Sea experienced 115 d of MHWs throughout
the summer, and temperature anomalies reached a maxi-
mum of 4.46 °C above the 1987–2019 average at the end of
July, coinciding with the peak temperature of the summer
(28.74 °C). The forecasts of SST were highly accurate; the
root mean squared difference (RMSD) of the forecasts shown
in Fig. 3a (across lead times) was 0.12 °C, lower than the re-
ported RMSDs averaged over the entire Mediterranean Sea
between the analysis and independent observations (Goglio
et al., 2023). For an indication of forecast reliability, we high-
light the false alarms (MHW days forecast but not observed)
and misses (MHW days observed but not forecast). First we
note that in the 89 % of days the correct conditions are fore-
cast, with a few sporadic exceptions. For example, the fore-
cast made on 10 May captured the sharp rise in SST but not
the MHW conditions at the end of the week. However, re-
ducing the lead time (i.e. checking forecasts made on 12 or
13 May) correctly forecast the MHW state.

The Gulf of Taranto, situated in the northern Ionian Sea,
is one of the most productive areas of shellfish (mussels)
farming in Italy (Prioli, 2004), but there are no data yet on
MHW-induced mass mortality or economic loss in this re-
gion (Garrabou et al., 2022). Unlike the Ligurian Sea, the
Gulf of Taranto experienced three short but intense periods
of MHW occurrence in June and July, adding up to 61 d of
MHWs in total. The peak temperature anomaly was 4.76 °C
on 6 June, though peak temperatures occurred later in the
season. As in the Ligurian Sea, the forecasts were highly ac-

Table 2. Root mean square differences of forecasts of summer 2022
MHW activity and atmospheric conditions (Fig. 4). Values in paren-
thesis are RMSD values normalized by standard deviation over the
summer. Differences in MHW activity and area are relative to re-
processed satellite observations, while differences in T2M anomaly
and wind speed are relative to ECMWF analysis. Each column cor-
responds to a different lead time.

RMSD Lead: 1 d Lead: 4 d Lead: 7 d
(normalized)

MHW activity 0.16 (0.48) 0.20 (0.59) 0.28 (0.82)
MHW area 8.88 (0.33) 11.65 (0.43) 16.50 (0.61)
T2M anomaly 0.18 (0.21) 0.31 (0.38) 0.52 (0.62)
Wind speed 0.22 (0.18) 0.52 (0.42) 0.94 (0.76)

curate (demonstrating an RMSD of 0.08 °C). Regarding the
reliability of MHW forecasts, the continuation of the start
of the heatwave in early May was missed by the forecast of
17 May, while the forecast of 2 August missed several days
of MHW occurrence. However, in both cases, SST increases
were predicted. None of the forecasts shown in Fig. 3 raised
false alarms.

So far we have studied the accuracy of the entire forecast
period, but, in some applications, it might be necessary or of
more interest to have a specific warning time (e.g. 4 d). As
MedFS produces forecasts every day, we now study forecast
accuracy for the summer of 2022 at different lead times; we
focus on the western Mediterranean Sea, as opposed to the
entire basin, in order to investigate local forcings as reasons
for poor skill (Fig. 4). Table 2 quantifies the error of forecasts
over the western Mediterranean Sea. The overestimation of
MHW activity in July and August occurred in forecasts with
lead time of 1 d. In many instances, lead time 1 and lead time
4 are similarly far from the observed values, while lead time
7 further overestimates the peaks in activity (Table 2). MHW
area, on the other hand, while predicted more accurately than
activity on all lead times, is typically underestimated by the
forecasts. This implies an overestimation of SST (i.e. MHW
intensity) during the activity peaks. The RMSD normalized
by the standard deviation indicates where errors fall within
the range of natural variability (normalized RMSD < 1); in
all lead times, this is true for both area and activity, suggest-
ing their skill is similar to atmospheric variables (Table 2).

The decreases in skill with lead time can partly be ex-
plained by the decrease in skill of the ECMWF atmospheric
forecasts used to force MedFS. T2M and wind speed corre-
late strongly and significantly with the MHW activity (cor-
relation values of 0.89 and 0.50 with the ECMWF analysis
respectively), evidencing their role in MHW formation. Er-
rors of forecasts of T2M and wind speed grow with time but
do not exceed natural variability at lead time 7 (Table 2). In
the first half of the summer, forecasts at lead time 7 of both
T2M and wind speed are frequently out of phase with the ob-
served changes. In fact, the underestimations of MHW area
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Figure 3. Time series of SST and MHW occurrence in summer 2022. Orange shading highlights MHW occurrence in reprocessed satellite
observations. Forecast start dates are shown by the blue dots. Definitions of the Ligurian Sea (a) and Gulf of Taranto (b). Note that the
climatology lines (red) correspond to the satellite data, not to the model output (analysis and forecasts). Crosses correspond to misses (red)
and false alarms (blue) in the forecast output.

in this period occur simultaneously with underestimations of
T2M. For example, the underestimation of MHW area at
the end of May, by an area of roughly 30 % of the west-
ern Mediterranean, corresponds to overestimations of wind
speed by up to 1 m s−1 and temperature anomalies roughly
1 °C weaker than observed. However, the overestimation of
activity in July and August, found to be linked to overestima-
tions of SST, does not correspond to overestimations of T2M,
implying that other phenomena are not well represented. It
should be noted that the use of area-averaged atmospheric
variables may hide sub-regional-scale processes which im-
pact the MHW location and intensity.

4 Discussion and summary

The MHW of summer 2022 in the Mediterranean Sea was
record-breaking, eclipsing 2003 in terms of basin-wide ac-
tivity (defined as the integral of intensity, duration, and area).
Other contributions to the Ocean State Report 8 also de-
fine the MHW of 2022 as a record-breaking event using
other definitions (e.g. local SST records). Here, we provide
a basin-wide view of the MHW conditions. The Coperni-
cus Mediterranean Physical forecasting system was used to
track this event, serving as the first validation of MHW pre-
diction for this system. Forecasts captured the full life cycle
of the MHWs several days in advance: onset (mid-May) in
the western part of the basin, spread into the Adriatic and

Ionian Sea, sporadic local-scale occurrences in the Levan-
tine Basin, persistence of peak conditions throughout July
and August, breaks in MHW persistence and abrupt changes
in local occurrence, and the gradual decay (September). The
forecasts also identified regions shielded from MHWs, e.g.
during cooling in the Aegean Seas. Subseasonal forecasts do
not yet demonstrate the capacity to predict MHW response
to weather patterns (Benthuysen et al., 2021), but this study
confirms that short-term forecasts, at least in the Mediter-
ranean Sea, can fill this gap.

A full analysis of potential drivers and attribution of fore-
cast skill to certain processes was outside the scope of this
study, but the dependence on accurate atmospheric forcings
(here provided by ECMWF forecasts) has been shown to be
crucial for accurate forecasts of the 2022 event. Unlike the
other extreme events, the common drivers of MHWs in the
Mediterranean are yet to be identified. The MHW of 2022,
as well as the concurrent and record-breaking atmospheric
heatwave which occurred over western Europe, appears to
be linked to the northward extension of the subtropical ridge
(Barriopedro et al., 2023), while model studies have sug-
gested that mid-latitude MHWs in summer typically arise
from reduced ocean heat loss to the atmosphere and reduced
vertical diffusion (Vogt et al., 2022). Here, the decay in skill
of MHW forecasts matches the decay in skill of key atmo-
spheric conditions (T2M and wind speed). Erroneous fore-
casts of early summer in the western Mediterranean Sea are
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Figure 4. Effect of lead time and atmospheric forcings on forecasts of MHW activity and area. Comparison between reprocessed satellite
observations and forecasts of 2022 MHW activity (a) and area (b). Each forecast time series corresponds to a different lead time (i.e. how
many days in advance the forecast was made). Forecasts of MHW activity were calculated for forecasts initiated every day; the lead time from
each forecast was extracted to construct the time series. Area-averaged 2 m temperature anomaly (c) and wind speed (d) from the ECMWF
analysis and forecasts used to force the MedFS system. All time series correspond to the western Mediterranean Sea (Fig. 2).

explained by inaccurate forecasts of these atmospheric con-
ditions. Peak summer conditions, such as the overestimation
of MHW activity, are not yet understood, meaning further
studies of short-term forecasting of MHWs are necessary.

The timescale of forecasting determines the information
that can be provided and the type of response to that informa-
tion. Here, we make the case for using short-term forecasting
in MHW tracking tools and studies. Seasonal forecasting in-
forms management decisions and contingency plans, while
subseasonal forecasting can update these plans (White et al.,
2017). Short-term forecasting, on the other hand, can then
be used to determine the precise timings of events and in-

struct users on when to implement urgent response actions.
Longer-term forecasts are typically global in scale and have
a relatively low model resolution, while short-term forecast-
ing centres, benefitting from the reduced timescale, can put
more computational power towards regional-scale forecast-
ing at a finer scale more relevant to stakeholders. In princi-
ple, for MHWs, this means the following: seasonal forecasts
provide forewarning of extreme summer temperatures (e.g.
seasonal averages above the 90th percentile, identification of
ocean basins affected). Sub-seasonal forecasts then update
this to provide forewarning of MHW occurrence (e.g. daily
temperatures persisting above 90th percentile, greater detail
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Figure 3. Time series of SST and MHW occurrence in summer 2022. Orange shading highlights MHW occurrence in reprocessed satellite
observations. Forecast start dates are shown by the blue dots. Definitions of the Ligurian Sea (a) and Gulf of Taranto (b). Note that the
climatology lines (red) correspond to the satellite data, not to the model output (analysis and forecasts). Crosses correspond to misses (red)
and false alarms (blue) in the forecast output.

in this period occur simultaneously with underestimations of
T2M. For example, the underestimation of MHW area at
the end of May, by an area of roughly 30 % of the west-
ern Mediterranean, corresponds to overestimations of wind
speed by up to 1 m s−1 and temperature anomalies roughly
1 °C weaker than observed. However, the overestimation of
activity in July and August, found to be linked to overestima-
tions of SST, does not correspond to overestimations of T2M,
implying that other phenomena are not well represented. It
should be noted that the use of area-averaged atmospheric
variables may hide sub-regional-scale processes which im-
pact the MHW location and intensity.

4 Discussion and summary

The MHW of summer 2022 in the Mediterranean Sea was
record-breaking, eclipsing 2003 in terms of basin-wide ac-
tivity (defined as the integral of intensity, duration, and area).
Other contributions to the Ocean State Report 8 also de-
fine the MHW of 2022 as a record-breaking event using
other definitions (e.g. local SST records). Here, we provide
a basin-wide view of the MHW conditions. The Coperni-
cus Mediterranean Physical forecasting system was used to
track this event, serving as the first validation of MHW pre-
diction for this system. Forecasts captured the full life cycle
of the MHWs several days in advance: onset (mid-May) in
the western part of the basin, spread into the Adriatic and

Ionian Sea, sporadic local-scale occurrences in the Levan-
tine Basin, persistence of peak conditions throughout July
and August, breaks in MHW persistence and abrupt changes
in local occurrence, and the gradual decay (September). The
forecasts also identified regions shielded from MHWs, e.g.
during cooling in the Aegean Seas. Subseasonal forecasts do
not yet demonstrate the capacity to predict MHW response
to weather patterns (Benthuysen et al., 2021), but this study
confirms that short-term forecasts, at least in the Mediter-
ranean Sea, can fill this gap.

A full analysis of potential drivers and attribution of fore-
cast skill to certain processes was outside the scope of this
study, but the dependence on accurate atmospheric forcings
(here provided by ECMWF forecasts) has been shown to be
crucial for accurate forecasts of the 2022 event. Unlike the
other extreme events, the common drivers of MHWs in the
Mediterranean are yet to be identified. The MHW of 2022,
as well as the concurrent and record-breaking atmospheric
heatwave which occurred over western Europe, appears to
be linked to the northward extension of the subtropical ridge
(Barriopedro et al., 2023), while model studies have sug-
gested that mid-latitude MHWs in summer typically arise
from reduced ocean heat loss to the atmosphere and reduced
vertical diffusion (Vogt et al., 2022). Here, the decay in skill
of MHW forecasts matches the decay in skill of key atmo-
spheric conditions (T2M and wind speed). Erroneous fore-
casts of early summer in the western Mediterranean Sea are
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Figure 4. Effect of lead time and atmospheric forcings on forecasts of MHW activity and area. Comparison between reprocessed satellite
observations and forecasts of 2022 MHW activity (a) and area (b). Each forecast time series corresponds to a different lead time (i.e. how
many days in advance the forecast was made). Forecasts of MHW activity were calculated for forecasts initiated every day; the lead time from
each forecast was extracted to construct the time series. Area-averaged 2 m temperature anomaly (c) and wind speed (d) from the ECMWF
analysis and forecasts used to force the MedFS system. All time series correspond to the western Mediterranean Sea (Fig. 2).

explained by inaccurate forecasts of these atmospheric con-
ditions. Peak summer conditions, such as the overestimation
of MHW activity, are not yet understood, meaning further
studies of short-term forecasting of MHWs are necessary.

The timescale of forecasting determines the information
that can be provided and the type of response to that informa-
tion. Here, we make the case for using short-term forecasting
in MHW tracking tools and studies. Seasonal forecasting in-
forms management decisions and contingency plans, while
subseasonal forecasting can update these plans (White et al.,
2017). Short-term forecasting, on the other hand, can then
be used to determine the precise timings of events and in-

struct users on when to implement urgent response actions.
Longer-term forecasts are typically global in scale and have
a relatively low model resolution, while short-term forecast-
ing centres, benefitting from the reduced timescale, can put
more computational power towards regional-scale forecast-
ing at a finer scale more relevant to stakeholders. In princi-
ple, for MHWs, this means the following: seasonal forecasts
provide forewarning of extreme summer temperatures (e.g.
seasonal averages above the 90th percentile, identification of
ocean basins affected). Sub-seasonal forecasts then update
this to provide forewarning of MHW occurrence (e.g. daily
temperatures persisting above 90th percentile, greater detail
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on geographic spread). Finally, short-term forecasts can pro-
vide key details such as the start date, onset rate, and breaks
in occurrence on a local to regional scale. Currently, more
effort is being devoted to seasonal forecasting of MHWs (de
Burgh-Day et al., 2022; Liu et al., 2018; Jacox et al., 2022).
With the level of accuracy for local-scale MHW indicators
shown here, such tools should be complemented with daily
short-term updates.

In particular, we found that the MHW occurrence in the
Ligurian Sea and Gulf of Taranto, two regions of economic
and ecological importance, was also reliably forecast. There
is, though, a need to include subsurface temperatures or
heat content to report MHWs occurring at depth (Dayan et
al., 2023; McAdam et al., 2023). For example, caged fish
have been observed to avoid the top of cages when surface
temperatures increase (Gamperl et al., 2021), meaning truly
stakeholder-relevant tracking tools need a 3D view. The near-
real-time analysis, as well as the forecast system, provides
3D temperatures and can track subsurface propagation of
MHWs (unlike satellite observations). The MHW record in
the analysis aligns exceptionally well with satellite observa-
tions for the two target regions shown (Fig. 3), suggesting a
high level of accuracy (the same is found for the basin-wide
MHW activity; not shown). However, a subsurface valida-
tion with in situ data should be performed in the near fu-
ture, before using the analysis and forecast to track subsur-
face MHWs.
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on geographic spread). Finally, short-term forecasts can pro-
vide key details such as the start date, onset rate, and breaks
in occurrence on a local to regional scale. Currently, more
effort is being devoted to seasonal forecasting of MHWs (de
Burgh-Day et al., 2022; Liu et al., 2018; Jacox et al., 2022).
With the level of accuracy for local-scale MHW indicators
shown here, such tools should be complemented with daily
short-term updates.

In particular, we found that the MHW occurrence in the
Ligurian Sea and Gulf of Taranto, two regions of economic
and ecological importance, was also reliably forecast. There
is, though, a need to include subsurface temperatures or
heat content to report MHWs occurring at depth (Dayan et
al., 2023; McAdam et al., 2023). For example, caged fish
have been observed to avoid the top of cages when surface
temperatures increase (Gamperl et al., 2021), meaning truly
stakeholder-relevant tracking tools need a 3D view. The near-
real-time analysis, as well as the forecast system, provides
3D temperatures and can track subsurface propagation of
MHWs (unlike satellite observations). The MHW record in
the analysis aligns exceptionally well with satellite observa-
tions for the two target regions shown (Fig. 3), suggesting a
high level of accuracy (the same is found for the basin-wide
MHW activity; not shown). However, a subsurface valida-
tion with in situ data should be performed in the near fu-
ture, before using the analysis and forecast to track subsur-
face MHWs.
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Abstract. The western Mediterranean Sea suffered unprecedented marine heatwaves (MHWs) in 2022. This
study focuses on the response of coastal ocean, which is highly vulnerable to global warming and extreme
events that threaten the biodiversity, as well as goods and services that humans rely on. Using remote sensing
and in situ observations, strong spatiotemporal variations in the MHW characteristics are observed in the coastal
ocean over the last decade (2013–2022). In 2022, shallow-water moorings in the western Mediterranean Sea
detected between 23 and 131 d of MHWs. While the highest MHW mean and maximum intensities were detected
at the surface in French waters, the highest duration was observed nearshore at 17 m depth in the Balearic
Islands. As thermal stress indicators for marine ecosystems, the highest cumulative intensity and total days
were found at the surface at Tarragona, and MHW temperatures warmer than 28 °C were observed to last up
to 58 d at Palma. Differences between datasets are also highlighted. In 2022, depending on the sub-regions,
satellites underestimated or overestimated MHW duration and intensity compared with in situ measurements at
the surface. In addition, daily data underestimate maxima reached during the extreme warm events up to 1.52 °C
difference compared with hourly measurements. These results invite us to continue the efforts in deploying and
maintaining multi-platform observing systems in both open-ocean and coastal ocean waters to better address the
coastal adaptation and mitigation in the context of climate change.

1 Introduction

The Mediterranean Sea is one of the most vulnerable regions
to climate change and responds rapidly to global warming
with strong spatial variations (Giorgi, 2006; Lionello and
Scarascia, 2018; Pisano et al., 2020; Juza and Tintoré, 2021a;
Juza et al., 2022). In 2022, the western Mediterranean Sea
(WMed) suffered extreme ocean temperatures and several
marine heatwaves (MHWs) in a row from May to Decem-
ber 2022, as displayed in operational applications (Juza and
Tintoré, 2020, 2021b) and recently reported (Marullo et al.,
2023). These MHWs were exceptional for their early occur-
rence, intensity, duration, and spatial extent. In the Balearic
Islands region, the warmest spatially averaged satellite sea
surface temperature (SST) ever registered since 1982 has
been observed on 13 August 2022, with a value of 29.2 °C,
corresponding to an anomaly of 3.3 °C with respect to the pe-

riod 1982–2015, exceeding the previous regional record from
summer 2003 (Juza and Tintoré, 2020, 2021b). Warmer tem-
peratures and anomalies can be found more locally than re-
gionally, due to their strong spatial variations (Juza and Tin-
toré, 2021a). In summer 2022, ocean temperatures reaching
more than 32 °C were observed in the Mallorca Channel (SO-
CIB news in August 2022, https://www.socib.es, last access:
19 June 2023), while SST anomalies exceeded 5 °C in French
waters, reaching the highest historical record ever registered
since 1982 (Guinaldo et al., 2023).

The Mediterranean Sea is the largest semi-enclosed sea,
with 46 000 km of coastline and many islands, and is also
considered a hot spot of biodiversity, with many endemic
species (Coll et al., 2010). Its coastal zone provides goods
and services that humans rely on (Smith et al., 2021; UN-
EP/MAP and Plan Bleu, 2020), but it concentrates and ac-
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Abstract. The western Mediterranean Sea suffered unprecedented marine heatwaves (MHWs) in 2022. This
study focuses on the response of coastal ocean, which is highly vulnerable to global warming and extreme
events that threaten the biodiversity, as well as goods and services that humans rely on. Using remote sensing
and in situ observations, strong spatiotemporal variations in the MHW characteristics are observed in the coastal
ocean over the last decade (2013–2022). In 2022, shallow-water moorings in the western Mediterranean Sea
detected between 23 and 131 d of MHWs. While the highest MHW mean and maximum intensities were detected
at the surface in French waters, the highest duration was observed nearshore at 17 m depth in the Balearic
Islands. As thermal stress indicators for marine ecosystems, the highest cumulative intensity and total days
were found at the surface at Tarragona, and MHW temperatures warmer than 28 °C were observed to last up
to 58 d at Palma. Differences between datasets are also highlighted. In 2022, depending on the sub-regions,
satellites underestimated or overestimated MHW duration and intensity compared with in situ measurements at
the surface. In addition, daily data underestimate maxima reached during the extreme warm events up to 1.52 °C
difference compared with hourly measurements. These results invite us to continue the efforts in deploying and
maintaining multi-platform observing systems in both open-ocean and coastal ocean waters to better address the
coastal adaptation and mitigation in the context of climate change.

1 Introduction

The Mediterranean Sea is one of the most vulnerable regions
to climate change and responds rapidly to global warming
with strong spatial variations (Giorgi, 2006; Lionello and
Scarascia, 2018; Pisano et al., 2020; Juza and Tintoré, 2021a;
Juza et al., 2022). In 2022, the western Mediterranean Sea
(WMed) suffered extreme ocean temperatures and several
marine heatwaves (MHWs) in a row from May to Decem-
ber 2022, as displayed in operational applications (Juza and
Tintoré, 2020, 2021b) and recently reported (Marullo et al.,
2023). These MHWs were exceptional for their early occur-
rence, intensity, duration, and spatial extent. In the Balearic
Islands region, the warmest spatially averaged satellite sea
surface temperature (SST) ever registered since 1982 has
been observed on 13 August 2022, with a value of 29.2 °C,
corresponding to an anomaly of 3.3 °C with respect to the pe-

riod 1982–2015, exceeding the previous regional record from
summer 2003 (Juza and Tintoré, 2020, 2021b). Warmer tem-
peratures and anomalies can be found more locally than re-
gionally, due to their strong spatial variations (Juza and Tin-
toré, 2021a). In summer 2022, ocean temperatures reaching
more than 32 °C were observed in the Mallorca Channel (SO-
CIB news in August 2022, https://www.socib.es, last access:
19 June 2023), while SST anomalies exceeded 5 °C in French
waters, reaching the highest historical record ever registered
since 1982 (Guinaldo et al., 2023).

The Mediterranean Sea is the largest semi-enclosed sea,
with 46 000 km of coastline and many islands, and is also
considered a hot spot of biodiversity, with many endemic
species (Coll et al., 2010). Its coastal zone provides goods
and services that humans rely on (Smith et al., 2021; UN-
EP/MAP and Plan Bleu, 2020), but it concentrates and ac-
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Table 1. Product table describing data products used in this study.

Product Product ID and type Data access Documentation
ref. no.

1 SST_MED_SST_L4_NRT_OBSERVATIONS_010_004
(1982–2021) (https://doi.org/10.48670/moi-00172);
satellite observations

EU Copernicus Marine Service
Product (2023a)

Quality Information Document
(QUID); Pisano al. (2023a)
Product User Manual (PUM);
Pisano et al. (2023b)

2 SST_MED_SST_L4_REP_OBSERVATIONS_010_021
(2022) (https://doi.org/10.48670/moi-00173);
satellite observations

EU Copernicus Marine Service
Product (2023b)

Quality Information Document
(QUID); Pisano al. (2023c)
Product User Manual (PUM);
Pisano et al. (2023d)

3 INSITU_MED_PHYBGCWAV_DISCRETE_MYNRT_
013_035 (2013–2022)
(https://doi.org/10.48670/moi-00044); in situ observations

EU Copernicus Marine Service
Product (2023c)

Quality Information Document
(QUID); Wehde et al. (2023)
Product User Manual (PUM);
In Situ TAC partners (2023)

4 Buoy Bahia de Palma physicochemical parameters of
seawater data (2013–2022) (https://doi.org/10.25704/S6JB-
CK61); in situ observations

Balearic Islands Coastal Ob-
serving and Forecasting System
(SOCIB) product, 2022

Tintoré and Casas Pérez (2022)

5 Two Nortek Acoustic Wave and Current Profilers (AWACs)
in nearshore Balearic
Islands; in situ observations (extended until 2022)
(https://doi.org/10.25704/ra9h-5127)

Balearic Islands Coastal Ob-
serving and Forecasting System
(SOCIB) data, 2022

Fernández-Mora et al. (2021)

cumulates human pressures (e.g. contamination, population
in cities, overfishing, coastline artificialisation, marine traf-
fic, offshore industry, and tourism) (UNEP/MAP and Plan
Bleu, 2020). In addition, the coastal areas and ecosystems are
highly vulnerable to global warming and extreme tempera-
ture events that threaten the biodiversity in the Mediterranean
Sea (Cerrano et al., 2000; Garrabou et al., 2009, 2019, 2022;
Bensoussan et al., 2019; Verdura et al., 2019). Recently,
Garrabou et al. (2022) have shown that MHWs drive recur-
rent mass mortalities of marine organisms in the Mediter-
ranean Sea. These mass mortality events affected thousands
of kilometres of coastline from the surface to 45 m depth,
across a range of marine habitats and taxa. Also, Posidonia
oceanica, which is the dominant seagrass in the Mediter-
ranean Sea living between surface and 40 m depth, is very
sensitive to high temperatures above 27 °C, particularly in its
early stage of development (Guerrero-Meseguer et al., 2017).
Verdura et al. (2021) also highlighted, during the 2015 event,
high mortalities of habitat-forming seaweeds at temperatures
of 28 °C, with most severe implications for the early life stage
and fertility. In 2017, concomitant with the thermal context,
the large-scale and long-lasting mucilaginous benthic algal
bloom was observed along the coasts of the northern Cata-
lan Sea, affecting benthic coastal habitats (Bensoussan et al.,
2019).

The climate signal manifests differently from coastal ar-
eas to the open ocean and in the different sub-regions due
to the variety and complexity of coastal ocean processes
(Juza et al., 2022). Satellite products and in situ measure-
ments are complementary ocean data sources. There is a

benefit of using in situ data as a complement of satellite
products, since they provide a more accurate representation
of the thermal characteristics in the nearshore environment
(Schlegel et al., 2017a). Satellite data are not always accu-
rate close to the land and have a lower temporal resolution.
In this study, the coastal ocean response to the unprecedented
MHWs that occurred in the WMed in 2022 is analysed us-
ing daily data from satellite observations and coastal moor-
ing measurements. Then, the events detected by moorings in
2022 are compared to those observed over the last decade
since 2013. In addition, since MHW events are addressed in
coastal areas where ecosystems are highly present and sen-
sitive, the range of temperatures reached during these events
is also studied, in particular MHW temperatures exceeding
28 °C, when strongly altering marine habitat and accelerating
species mortality. Finally, these extreme temperature ranges
are investigated through the analyses of daily and hourly
data, highlighting differences in thermal stress estimations.

2 Datasets and methodology

2.1 Datasets

Daily reprocessed (REP) and near-real-time (NRT) satellite
products in the Mediterranean Sea distributed by the Coper-
nicus Marine Service (https://marine.copernicus.eu/, last ac-
cess: 19 June 2023) are used (product ref. nos. 1 and 2;
Table 1). These products provide optimally interpolated es-
timates of SST into regular horizontal grids of 1/20° and
1/16° spatial resolutions, respectively, covering the period
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Figure 1. Bathymetry (in m) in the western Mediterranean Sea,
with the contour at 200 m (grey line) and locations of selected moor-
ing for the study (coloured points), as listed in Table 2.

1982–2022 (Pisano et al., 2016; Buongiorno Nardelli et al.,
2013).

Hourly temperature time series from moorings in the
WMed were uploaded from the Copernicus Marine In
Situ data portal (product ref. no. 3; Table 1; http://www.
marineinsitu.eu/, last access: 19 June 2023) and the Balearic
Islands Coastal Observing and Forecasting System (SO-
CIB) data catalogue (product ref. nos. 4 and 5; Ta-
ble 1; https://thredds.socib.es/thredds/catalog.html, last ac-
cess: 19 June 2023). Fixed stations with data covering the
period 2013–2022 with limited temporal gaps have been se-
lected. In addition, focusing the study on the coastal response
to extreme temperature events means that deep water stations
(off the continental shelf) have been excluded. A total of 10
coastal moorings located at depths shallower than 200 m are
used in this study (Table 2; Fig. 1). Finally, all moorings data
were post-processed to remove spikes and erroneous data.

2.2 Methodology

The commonly used methodology for MHW identification
and characterisation from Hobday et al. (2016) is applied.
MHWs correspond to daily SSTs exceeding the daily 90th
percentile of the local SST distribution over a long-term ref-
erence period during at least 5 consecutive days. In addi-
tion, two successive MHW events with 2 consecutive days or
shorter time break are considered to be a continuous event.
This also allows discarding the unrealistic jumps in the SST
time series due to sparse erroneous daily interpolated data in
the NRT satellite product or in temperature time series from
in situ measurements. Finally, the daily climatological mean
and threshold time series are smoothed using a 30 d moving
window to extract useful climatology from inherently vari-
able data.

First, daily SST from satellites are used to compute clima-
tology over the period 1982–2015 and to detect MHWs from
1982 to 2022, providing valuable information about the 2022
thermal situation over the whole Mediterranean. The chosen
reference period starts as early as possible, covers at least a
30-year period as recommended (Hobday et al., 2016), and is
aligned with the methodology applied in recent publications
in the Mediterranean Sea (Juza and Tintoré, 2021a; Juza et
al., 2022). Then, the computation and detection are applied
to the daily mean temperature time series from mooring and
the nearest satellite point when in situ data are available over
the commonly available period 2013–2022 for their direct
comparison. Although the in situ time series are shorter than
the recommended 30-year minimum for the calculation of
climatology and characterisation of MHWs, the calculation
of MHWs using their own climatology allows quantifying
the amount they differ from their localities (Schlegel et al.,
2017b; Juza et al., 2022).

MHW indices are then calculated to characterise the 2022
MHW event and to estimate changes over the last decade. For
each year, the MHW mean and maximum intensities above
the mean climatology, mean duration, and number of discrete
events are computed. MHW cumulative intensity and total
days are also provided as interesting indicators for ecosystem
stressor, although they are an aggregation of MHW intensity
and duration and of duration and frequency, respectively. Fi-
nally, ocean temperatures exceeding 28 °C are also identified
during the detected MHW events. The combination of abnor-
mal conditions (MHW) and stressful threshold (temperature
ranges) allows identifying high thermal stress situations that
strongly impact marine ecosystems. In this respect, these ex-
treme temperatures are also investigated through the use and
analysis of hourly data, as observed by the moorings.

3 MHWs in the Mediterranean Sea

MHWs are firstly detected using satellite SST with respect
to the reference period 1982–2015. MHW characteristics
are quantitatively sensitive to the baseline period but remain
qualitatively consistent (Dayan et al., 2023). All MHW char-
acteristics have been substantially increasing in the Mediter-
ranean Sea over the last few decades, as studied over 1982–
2020 (Juza et al., 2022), 1987–2019 (Dayan et al., 2023),
and 1982–2021 (Pastor and Khodayar, 2023). Over the re-
cent period 1982–2022, the local trend estimates with 95 %
confidence for the MHW characteristics have reached maxi-
mum values of MHW mean and maximum intensities, mean
duration, frequency, and total days of 0.18 and 0.65 °C per
decade, 12.4 d per decade, 2.4 events per decade, and 42.2 d
per decade, respectively (Juza and Tintoré, 2021b; Vargas-
Yáñez et al., 2023). In 2022, annual mean and maximum
intensities, mean duration, frequency, and total days in the
whole Mediterranean oscillate locally over 0.95–3.10 and
1.24–6.47 °C, 5–235 d, 1–15 events, and 5–291 d, respec-
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Table 1. Product table describing data products used in this study.

Product Product ID and type Data access Documentation
ref. no.

1 SST_MED_SST_L4_NRT_OBSERVATIONS_010_004
(1982–2021) (https://doi.org/10.48670/moi-00172);
satellite observations

EU Copernicus Marine Service
Product (2023a)

Quality Information Document
(QUID); Pisano al. (2023a)
Product User Manual (PUM);
Pisano et al. (2023b)

2 SST_MED_SST_L4_REP_OBSERVATIONS_010_021
(2022) (https://doi.org/10.48670/moi-00173);
satellite observations

EU Copernicus Marine Service
Product (2023b)

Quality Information Document
(QUID); Pisano al. (2023c)
Product User Manual (PUM);
Pisano et al. (2023d)

3 INSITU_MED_PHYBGCWAV_DISCRETE_MYNRT_
013_035 (2013–2022)
(https://doi.org/10.48670/moi-00044); in situ observations

EU Copernicus Marine Service
Product (2023c)

Quality Information Document
(QUID); Wehde et al. (2023)
Product User Manual (PUM);
In Situ TAC partners (2023)

4 Buoy Bahia de Palma physicochemical parameters of
seawater data (2013–2022) (https://doi.org/10.25704/S6JB-
CK61); in situ observations

Balearic Islands Coastal Ob-
serving and Forecasting System
(SOCIB) product, 2022

Tintoré and Casas Pérez (2022)

5 Two Nortek Acoustic Wave and Current Profilers (AWACs)
in nearshore Balearic
Islands; in situ observations (extended until 2022)
(https://doi.org/10.25704/ra9h-5127)

Balearic Islands Coastal Ob-
serving and Forecasting System
(SOCIB) data, 2022

Fernández-Mora et al. (2021)

cumulates human pressures (e.g. contamination, population
in cities, overfishing, coastline artificialisation, marine traf-
fic, offshore industry, and tourism) (UNEP/MAP and Plan
Bleu, 2020). In addition, the coastal areas and ecosystems are
highly vulnerable to global warming and extreme tempera-
ture events that threaten the biodiversity in the Mediterranean
Sea (Cerrano et al., 2000; Garrabou et al., 2009, 2019, 2022;
Bensoussan et al., 2019; Verdura et al., 2019). Recently,
Garrabou et al. (2022) have shown that MHWs drive recur-
rent mass mortalities of marine organisms in the Mediter-
ranean Sea. These mass mortality events affected thousands
of kilometres of coastline from the surface to 45 m depth,
across a range of marine habitats and taxa. Also, Posidonia
oceanica, which is the dominant seagrass in the Mediter-
ranean Sea living between surface and 40 m depth, is very
sensitive to high temperatures above 27 °C, particularly in its
early stage of development (Guerrero-Meseguer et al., 2017).
Verdura et al. (2021) also highlighted, during the 2015 event,
high mortalities of habitat-forming seaweeds at temperatures
of 28 °C, with most severe implications for the early life stage
and fertility. In 2017, concomitant with the thermal context,
the large-scale and long-lasting mucilaginous benthic algal
bloom was observed along the coasts of the northern Cata-
lan Sea, affecting benthic coastal habitats (Bensoussan et al.,
2019).

The climate signal manifests differently from coastal ar-
eas to the open ocean and in the different sub-regions due
to the variety and complexity of coastal ocean processes
(Juza et al., 2022). Satellite products and in situ measure-
ments are complementary ocean data sources. There is a

benefit of using in situ data as a complement of satellite
products, since they provide a more accurate representation
of the thermal characteristics in the nearshore environment
(Schlegel et al., 2017a). Satellite data are not always accu-
rate close to the land and have a lower temporal resolution.
In this study, the coastal ocean response to the unprecedented
MHWs that occurred in the WMed in 2022 is analysed us-
ing daily data from satellite observations and coastal moor-
ing measurements. Then, the events detected by moorings in
2022 are compared to those observed over the last decade
since 2013. In addition, since MHW events are addressed in
coastal areas where ecosystems are highly present and sen-
sitive, the range of temperatures reached during these events
is also studied, in particular MHW temperatures exceeding
28 °C, when strongly altering marine habitat and accelerating
species mortality. Finally, these extreme temperature ranges
are investigated through the analyses of daily and hourly
data, highlighting differences in thermal stress estimations.

2 Datasets and methodology

2.1 Datasets

Daily reprocessed (REP) and near-real-time (NRT) satellite
products in the Mediterranean Sea distributed by the Coper-
nicus Marine Service (https://marine.copernicus.eu/, last ac-
cess: 19 June 2023) are used (product ref. nos. 1 and 2;
Table 1). These products provide optimally interpolated es-
timates of SST into regular horizontal grids of 1/20° and
1/16° spatial resolutions, respectively, covering the period
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Figure 1. Bathymetry (in m) in the western Mediterranean Sea,
with the contour at 200 m (grey line) and locations of selected moor-
ing for the study (coloured points), as listed in Table 2.

1982–2022 (Pisano et al., 2016; Buongiorno Nardelli et al.,
2013).

Hourly temperature time series from moorings in the
WMed were uploaded from the Copernicus Marine In
Situ data portal (product ref. no. 3; Table 1; http://www.
marineinsitu.eu/, last access: 19 June 2023) and the Balearic
Islands Coastal Observing and Forecasting System (SO-
CIB) data catalogue (product ref. nos. 4 and 5; Ta-
ble 1; https://thredds.socib.es/thredds/catalog.html, last ac-
cess: 19 June 2023). Fixed stations with data covering the
period 2013–2022 with limited temporal gaps have been se-
lected. In addition, focusing the study on the coastal response
to extreme temperature events means that deep water stations
(off the continental shelf) have been excluded. A total of 10
coastal moorings located at depths shallower than 200 m are
used in this study (Table 2; Fig. 1). Finally, all moorings data
were post-processed to remove spikes and erroneous data.

2.2 Methodology

The commonly used methodology for MHW identification
and characterisation from Hobday et al. (2016) is applied.
MHWs correspond to daily SSTs exceeding the daily 90th
percentile of the local SST distribution over a long-term ref-
erence period during at least 5 consecutive days. In addi-
tion, two successive MHW events with 2 consecutive days or
shorter time break are considered to be a continuous event.
This also allows discarding the unrealistic jumps in the SST
time series due to sparse erroneous daily interpolated data in
the NRT satellite product or in temperature time series from
in situ measurements. Finally, the daily climatological mean
and threshold time series are smoothed using a 30 d moving
window to extract useful climatology from inherently vari-
able data.

First, daily SST from satellites are used to compute clima-
tology over the period 1982–2015 and to detect MHWs from
1982 to 2022, providing valuable information about the 2022
thermal situation over the whole Mediterranean. The chosen
reference period starts as early as possible, covers at least a
30-year period as recommended (Hobday et al., 2016), and is
aligned with the methodology applied in recent publications
in the Mediterranean Sea (Juza and Tintoré, 2021a; Juza et
al., 2022). Then, the computation and detection are applied
to the daily mean temperature time series from mooring and
the nearest satellite point when in situ data are available over
the commonly available period 2013–2022 for their direct
comparison. Although the in situ time series are shorter than
the recommended 30-year minimum for the calculation of
climatology and characterisation of MHWs, the calculation
of MHWs using their own climatology allows quantifying
the amount they differ from their localities (Schlegel et al.,
2017b; Juza et al., 2022).

MHW indices are then calculated to characterise the 2022
MHW event and to estimate changes over the last decade. For
each year, the MHW mean and maximum intensities above
the mean climatology, mean duration, and number of discrete
events are computed. MHW cumulative intensity and total
days are also provided as interesting indicators for ecosystem
stressor, although they are an aggregation of MHW intensity
and duration and of duration and frequency, respectively. Fi-
nally, ocean temperatures exceeding 28 °C are also identified
during the detected MHW events. The combination of abnor-
mal conditions (MHW) and stressful threshold (temperature
ranges) allows identifying high thermal stress situations that
strongly impact marine ecosystems. In this respect, these ex-
treme temperatures are also investigated through the use and
analysis of hourly data, as observed by the moorings.

3 MHWs in the Mediterranean Sea

MHWs are firstly detected using satellite SST with respect
to the reference period 1982–2015. MHW characteristics
are quantitatively sensitive to the baseline period but remain
qualitatively consistent (Dayan et al., 2023). All MHW char-
acteristics have been substantially increasing in the Mediter-
ranean Sea over the last few decades, as studied over 1982–
2020 (Juza et al., 2022), 1987–2019 (Dayan et al., 2023),
and 1982–2021 (Pastor and Khodayar, 2023). Over the re-
cent period 1982–2022, the local trend estimates with 95 %
confidence for the MHW characteristics have reached maxi-
mum values of MHW mean and maximum intensities, mean
duration, frequency, and total days of 0.18 and 0.65 °C per
decade, 12.4 d per decade, 2.4 events per decade, and 42.2 d
per decade, respectively (Juza and Tintoré, 2021b; Vargas-
Yáñez et al., 2023). In 2022, annual mean and maximum
intensities, mean duration, frequency, and total days in the
whole Mediterranean oscillate locally over 0.95–3.10 and
1.24–6.47 °C, 5–235 d, 1–15 events, and 5–291 d, respec-
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Table 2. Characteristics of the study moorings in the western Mediterranean Sea (name, coordinates of the station and the nearest satellite
point, their distance, sensor depth, and bathymetry), as displayed in Fig. 1. The distance is the one to the nearest satellite point and its
orientation from the mooring.

Mooring No. Location mooring Location satellite Distance (km) Sensor depth (m) Bathymetry (m)

Sète 1 43.37° N–3.78° E 43.35° N–3.77° E 1.8 (SSW) 0.0, 0.4 32.4

Leucate 2 42.92° N–3.12° E 42.94° N–3.10° E 2.4 (NW) (Since 16 April 2019) 38.2

Barcelona 3 41.32° N–2.21° E 41.31° N–2.23° E 2.1 (SEE) 0.5 76.8

Tarragona 4 41.07° N–1.19° E 41.06° N–1.19° E 0.8 (SW) 0.5 18.2

Dragonera 5 39.56° N–2.10° E 39.56° N–2.10° E 0.5 (NE) 3 183.4

Palma Bay 6 39.49° N–2.70° E 39.48° N–2.69° E 1.9 (SW) 1 31.8

Cala Millor 7 39.59° N–3.40° E 39.60° N–3.40° E 1.5 (NW) 17 17

Son Bou 8 39.90° N–4.06° E 39.90° N–4.06° E 0.5 (SW) 17 17

Málaga 9 36.66° N–4.44° W 36.65° N–4.44° W 1.4 (SSE) 0.5 21.3

Melilla 10 35.32° N–2.94° W 35.35° N–2.94° W 3.4 (NNE) 0.5 16.2

tively (Fig. 2a for MHW total days). In 2022, there are strong
differences in MHW characteristics between the western and
eastern sub-basins. In the WMed, unprecedented MHWs oc-
curred in 2022, which was the year with the highest annual
total days of MHWs over the period 1982–2022, reaching up
to 291 d locally along the Spanish coast in the Balearic Sea
(Fig. 2a). Spatially integrated in the WMed, annual MHW
characteristics reached the highest records ever registered
since 1982 during the year 2022 (Fig. 2b for MHW total
days). In particular, mean and maximum intensities, mean
duration, and total days reached 2.25 and 4.36 °C, 36.6, and
180 d, respectively.

4 Coastal MHWs in 2022

MHWs are then detected from daily temperature from moor-
ing and satellite with respect to the reference period 2013–
2022, which is the longest common period available in the
moorings of study. The use of shorter time series for clima-
tology induces errors in MHW detection and characterisa-
tion, in particular due to ocean warming trend (Juza et al.,
2022; Izquierdo et al., 2022). More precisely, MHW char-
acteristics detected by satellites at the nearest point from
moorings differ according to the reference period used (not
shown). Since the SST climatologies have higher values over
2013–2022 than 1982–2015, fewer MHW events are detected
using the 2013–2022 reference period. More specifically, an-
nual MHW total days and maximum and cumulative intensi-
ties are underestimated by at least 21 %, 5 %, and 29 %, re-
spectively, according to the year and mooring location over
2013–2022, and up to 100 % in some years when MHWs are
not detected with the recent and short reference period for
climatology (Table 3).

4.1 Results from moorings

In 2022, all moorings of the coastal WMed detected MHWs
(Fig. 3), although MHWs were computed using the reference
period 2013–2022. As mentioned above, the use of recent
baseline periods underestimates these extreme events (Ta-
ble 3) due to ocean warming. Different responses are high-
lighted between the moorings (Fig. 3; Table 4) not only be-
cause of the different depths of the sensor installation but
also because of their geographical location. Indeed, results
from satellite data at the nearest point also indicate the strong
spatial variability. In 2022, the highest mean and maximum
intensities of MHWs detected by moorings are found along
the French coast (Sète and Leucate) and the southern Span-
ish coast (Málaga) up to 3.67 and 5.17 °C, respectively. The
highest mean duration is detected in the nearshore moor-
ings at Cala Millor (40 d) and Son Bou (31 d) installed at
17 m depth, as well as in the coastal Balearic Sea (Tarrag-
ona, Dragonera, and Palma), where the highest total days is
observed with values up to 131 d at Tarragona in 2022. Such
responses have led to highest cumulative intensity and possi-
bly associated thermal stress on ecosystems in the moorings
at Palma, Dragonera, Tarragona, Sète, and Leucate. Finally,
MHW days with temperature exceeding 28 °C are found in
the Balearic Sea, from Barcelona to Cala Millor and Son
Bou, with the highest numbers at Tarragona (47), Dragonera
(53), and Palma (58). In addition, these highly stressful ther-
mal situations with temperatures higher than 28 °C occurred
several times during the summer in 2022, with long periods
of consecutive warm days (up to 33 d at Palma). Moorings
located along the French coast (Leucate and Sète) and in the
Alboran Sea (Málaga and Melilla) did not face daily temper-
atures warmer than 28 °C.
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Figure 2. (a) MHW total days in 2022 from satellite (product ref. no. 1; Table 1) with respect to the historical data (product ref. no. 2;
Table 1) over the period 1982–2015. (b) Time series of annual MHW total days averaged in the western, central, and eastern Mediterranean
sub-basins from 1982 to 2022.

Table 3. Underestimation error (in %) of annual MHW characteristics (maximum and cumulative intensities and total days), as detected by
the nearest satellite points (product ref. nos. 1 and 2; Table 1) from moorings (product ref. nos. 3, 4, and 5; Table 1) over 2013–2022 with
respect to the reference periods 2013–2022 and 1982–2015 (reference for error estimation).

Maximum intensity Cumulative intensity Total days

Sète 5–69 54–95 53–93
Leucate 15–100 52–100 50–100
Barcelona 17–100 64–100 65–100
Tarragona 16–100 58–100 56–100
Dragonera 19–100 51–100 42–100
Palma 26–100 51–100 37–100
Cala Millor 20–100 55–100 43–100
Son Bou 16–100 48–100 34–100
Málaga 8–100 29–100 21–100
Melilla 14–100 49–100 35–100

4.2 Difference between moorings and satellites

Differences between moorings and satellites are found in all
locations, although the satellite points are very close to cor-
responding moorings (Table 4). In 2022, along the French
coast, moorings observed higher MHW mean intensity at

Sète and Leucate (by 0.39 and 0.23 °C, respectively) and
higher MHW maximum intensity at Leucate (by 1.47 °C)
than satellites. On the contrary, satellites detected higher
MHW mean and maximum intensity at Barcelona than moor-
ings, with differences around 0.5 and 1.07 °C, respectively.
Strong differences in MHW maximum intensities are also
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Table 2. Characteristics of the study moorings in the western Mediterranean Sea (name, coordinates of the station and the nearest satellite
point, their distance, sensor depth, and bathymetry), as displayed in Fig. 1. The distance is the one to the nearest satellite point and its
orientation from the mooring.

Mooring No. Location mooring Location satellite Distance (km) Sensor depth (m) Bathymetry (m)

Sète 1 43.37° N–3.78° E 43.35° N–3.77° E 1.8 (SSW) 0.0, 0.4 32.4

Leucate 2 42.92° N–3.12° E 42.94° N–3.10° E 2.4 (NW) (Since 16 April 2019) 38.2

Barcelona 3 41.32° N–2.21° E 41.31° N–2.23° E 2.1 (SEE) 0.5 76.8

Tarragona 4 41.07° N–1.19° E 41.06° N–1.19° E 0.8 (SW) 0.5 18.2

Dragonera 5 39.56° N–2.10° E 39.56° N–2.10° E 0.5 (NE) 3 183.4

Palma Bay 6 39.49° N–2.70° E 39.48° N–2.69° E 1.9 (SW) 1 31.8

Cala Millor 7 39.59° N–3.40° E 39.60° N–3.40° E 1.5 (NW) 17 17

Son Bou 8 39.90° N–4.06° E 39.90° N–4.06° E 0.5 (SW) 17 17

Málaga 9 36.66° N–4.44° W 36.65° N–4.44° W 1.4 (SSE) 0.5 21.3

Melilla 10 35.32° N–2.94° W 35.35° N–2.94° W 3.4 (NNE) 0.5 16.2

tively (Fig. 2a for MHW total days). In 2022, there are strong
differences in MHW characteristics between the western and
eastern sub-basins. In the WMed, unprecedented MHWs oc-
curred in 2022, which was the year with the highest annual
total days of MHWs over the period 1982–2022, reaching up
to 291 d locally along the Spanish coast in the Balearic Sea
(Fig. 2a). Spatially integrated in the WMed, annual MHW
characteristics reached the highest records ever registered
since 1982 during the year 2022 (Fig. 2b for MHW total
days). In particular, mean and maximum intensities, mean
duration, and total days reached 2.25 and 4.36 °C, 36.6, and
180 d, respectively.

4 Coastal MHWs in 2022

MHWs are then detected from daily temperature from moor-
ing and satellite with respect to the reference period 2013–
2022, which is the longest common period available in the
moorings of study. The use of shorter time series for clima-
tology induces errors in MHW detection and characterisa-
tion, in particular due to ocean warming trend (Juza et al.,
2022; Izquierdo et al., 2022). More precisely, MHW char-
acteristics detected by satellites at the nearest point from
moorings differ according to the reference period used (not
shown). Since the SST climatologies have higher values over
2013–2022 than 1982–2015, fewer MHW events are detected
using the 2013–2022 reference period. More specifically, an-
nual MHW total days and maximum and cumulative intensi-
ties are underestimated by at least 21 %, 5 %, and 29 %, re-
spectively, according to the year and mooring location over
2013–2022, and up to 100 % in some years when MHWs are
not detected with the recent and short reference period for
climatology (Table 3).

4.1 Results from moorings

In 2022, all moorings of the coastal WMed detected MHWs
(Fig. 3), although MHWs were computed using the reference
period 2013–2022. As mentioned above, the use of recent
baseline periods underestimates these extreme events (Ta-
ble 3) due to ocean warming. Different responses are high-
lighted between the moorings (Fig. 3; Table 4) not only be-
cause of the different depths of the sensor installation but
also because of their geographical location. Indeed, results
from satellite data at the nearest point also indicate the strong
spatial variability. In 2022, the highest mean and maximum
intensities of MHWs detected by moorings are found along
the French coast (Sète and Leucate) and the southern Span-
ish coast (Málaga) up to 3.67 and 5.17 °C, respectively. The
highest mean duration is detected in the nearshore moor-
ings at Cala Millor (40 d) and Son Bou (31 d) installed at
17 m depth, as well as in the coastal Balearic Sea (Tarrag-
ona, Dragonera, and Palma), where the highest total days is
observed with values up to 131 d at Tarragona in 2022. Such
responses have led to highest cumulative intensity and possi-
bly associated thermal stress on ecosystems in the moorings
at Palma, Dragonera, Tarragona, Sète, and Leucate. Finally,
MHW days with temperature exceeding 28 °C are found in
the Balearic Sea, from Barcelona to Cala Millor and Son
Bou, with the highest numbers at Tarragona (47), Dragonera
(53), and Palma (58). In addition, these highly stressful ther-
mal situations with temperatures higher than 28 °C occurred
several times during the summer in 2022, with long periods
of consecutive warm days (up to 33 d at Palma). Moorings
located along the French coast (Leucate and Sète) and in the
Alboran Sea (Málaga and Melilla) did not face daily temper-
atures warmer than 28 °C.
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Figure 2. (a) MHW total days in 2022 from satellite (product ref. no. 1; Table 1) with respect to the historical data (product ref. no. 2;
Table 1) over the period 1982–2015. (b) Time series of annual MHW total days averaged in the western, central, and eastern Mediterranean
sub-basins from 1982 to 2022.

Table 3. Underestimation error (in %) of annual MHW characteristics (maximum and cumulative intensities and total days), as detected by
the nearest satellite points (product ref. nos. 1 and 2; Table 1) from moorings (product ref. nos. 3, 4, and 5; Table 1) over 2013–2022 with
respect to the reference periods 2013–2022 and 1982–2015 (reference for error estimation).

Maximum intensity Cumulative intensity Total days

Sète 5–69 54–95 53–93
Leucate 15–100 52–100 50–100
Barcelona 17–100 64–100 65–100
Tarragona 16–100 58–100 56–100
Dragonera 19–100 51–100 42–100
Palma 26–100 51–100 37–100
Cala Millor 20–100 55–100 43–100
Son Bou 16–100 48–100 34–100
Málaga 8–100 29–100 21–100
Melilla 14–100 49–100 35–100

4.2 Difference between moorings and satellites

Differences between moorings and satellites are found in all
locations, although the satellite points are very close to cor-
responding moorings (Table 4). In 2022, along the French
coast, moorings observed higher MHW mean intensity at

Sète and Leucate (by 0.39 and 0.23 °C, respectively) and
higher MHW maximum intensity at Leucate (by 1.47 °C)
than satellites. On the contrary, satellites detected higher
MHW mean and maximum intensity at Barcelona than moor-
ings, with differences around 0.5 and 1.07 °C, respectively.
Strong differences in MHW maximum intensities are also
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Table 4. Annual MHW characteristics (mean, maximum, and cumulative intensities, mean duration, frequency, and total days) and number
of MHW days with temperatures warmer than 28 °C, as detected by moorings (product ref. nos. 3, 4, and 5; Table 1; top number) and the
satellite nearest point (product ref. no. 1; Table 1; bottom number in italics) in 2022.

Mean Maximum Cumulative Duration Frequency Total days Total days with
intensity intensity intensity T >28 °C

(consecutive days)

Sète 3.67
(3.28)

5.11
(5.35)

146.68
(118.16)

10
(9)

4
(4)

40
(36)

–
(–)

Leucate 2.72
(2.49)

5.17
(3.70)

212.07
(221.64)

9.8
(14.8)

8
(6)

78
(89)

–
(–)

Barcelona 1.80
(2.30)

2.64
(3.71)

108.07
(188.23)

15
(16.4)

4
(5)

60
(82)

8 [6–2]
(17 [1–16])

Tarragona 2.10
(2.18)

4.21
(4.22)

274.48
(242.01)

21.8
(13.9)

6
(8)

131
(111)

47 [11–19–11–1–4–1]
(22 [2–4–15–1])

Dragonera 1.87
(1.87)

3.34
(3.19

209.58
(253.11)

18.7
(27)

6
(5)

112
(135)

53 [1–9–17–26]
(56 [7–24–9–10–6])

Palma 1.80
(1.91)

2.45
(2.98)

221.27
(237.14)

17.6
(31)

7
(4)

123
(124)

58 [33–25]
(59 [43 10 6])

Cala Millor 1.85
(1.90)

3.09
(3.24)

147.76
(237.71)

40
(25)

2
(5)

80
(125)

20 [3–4–5–1–6–1]
(55 [40–6–3–6])

Son Bou 1.90
(1.90)

2.65
(3.17)

117.91
(235.27)

31
(20.7)

2
(6)

62
(124)

8 [5–1–2]
(45 [4–29–4–3–3–2])

Málaga 3.51
(3.34)

4.38
(4.51)

80.69
(76.82)

7.7
(7.7)

3
(3)

23
(23)

–
(–)

Melilla 1.66
(1.71)

2.75
(3.82)

77.90
(168.37)

9.4
(12.5)

5
(8)

47
(98)

1
(1)

found at Melilla, Palma, and Son Bou (by 1.13, 0.53, and
0.52 °C, respectively). The MHW mean duration is found to
be longer in moorings than satellites, particularly at Cala Mil-
lor, Son Bou, and Tarragona (by 15, 10.3, and 7.9 d, respec-
tively), while it is far longer in satellites than in moorings at
Dragonera and Palma (by 8.3 and 13.4 d, respectively). The
MHW total days and cumulative intensity in 2022 are higher
in moorings at Sète and Tarragona than in satellites at the
nearest point, while they are found higher in satellites at Leu-
cate, Barcelona, the Balearic Islands stations (particularly at
Cala Millor and Son Bou), and Melilla. Finally, where MHW
days with temperatures warmer than 28 °C are found (from
Barcelona to Son Bou), the number of days is higher in satel-
lites than in moorings, except at Tarragona.

Differences between MHWs detected by satellites and
moorings may be explained by several factors, such as the
sensor or platform type, spatial and temporal coverage, spe-
cific bias at a particular platform, instrumental corrections,
validation and calibration, and interpolation methods, as well
as the effective depth of measurements (Alvera-Azcárate et
al., 2011). While satellites provide SST, the selected moor-
ings collected temperatures at surface or subsurface (from

0.4 to 17 m depths; Table 2). However, even for moorings
with sensors installed near the surface (up to 0.5 m), strong
differences with satellites are pointed out, as found at Sète,
Leucate, and Barcelona for MHW mean and maximum inten-
sities (up to 0.5 and 1.47 °C, respectively) and at Tarragona
for MHW mean duration (13.4 d). Also, importantly, results
at Cala Millor and Son Bou strongly differ between satel-
lites at the surface and moorings in subsurface (particularly
in MHW total days and days with temperatures warmer than
28 °C), as well as between satellite locations and between
moorings, highlighting how the coastal ocean response dif-
fers from surface to subsurface and from one location to an-
other at both surface and subsurface even in the same sub-
region (on each side of the Menorca Channel in the Balearic
Islands).

5 Coastal MHWs from 2013 to 2022

MHWs observed by the moorings are now analysed from
2013 to 2022, and the events in 2022 are compared with those
over the last decade (Fig. 4). All years from 2013–2022 suf-
fered from MHWs in several locations of the coastal WMed.
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Figure 3. (a) Daily SST and MHWs from mooring at Dragonera in
2022 with respect to the reference period 2013–2022 (product ref.
no. 3; Table 1). (b) MHW days from study moorings (black) and
satellites at the nearest point (red) during the year 2022 (product
ref. nos. 3, 4, and 5; Table 1).

In 2020 and 2022, all moorings detected MHWs. While 2020
events mostly happened in winter, 2022 MHWs mainly oc-
curred in summer, reaching high ocean temperatures.

Time series of annual MHW characteristics from moor-
ings show strong spatiotemporal variability. Variations in
MHW mean and maximum intensities are highlighted be-
tween years, while the increase in MHW frequency and du-
ration in recent years leads to a clear increase in MHW total
days and cumulative intensity. In recent years, MHWs did
not only occur during their usual season over a longer pe-
riod but also extended over more seasons. While one season
was concerned in 2013 (summer or autumn depending on the
mooring), MHW occurrences covered three seasons in 2022
(mainly spring, summer, and autumn) (not shown).

The analysis over the period 2013–2022 highlights that
many thermal records were reached in 2022. MHW total
days reached the highest number in 2022 for the stations at
Leucate, Barcelona, Tarragona, Dragonera, Palma, and Cala
Millor; the second highest for Sète, Son Bou, and Melilla;
and the fourth highest for Málaga. The MHW cumulative
intensity in 2022 is the warmest observed since 2013 for
the stations at Leucate, Barcelona, Tarragona, Dragonera,
Palma, Cala Millor, and Melilla; the second warmest at Sète
and Son Bou; and the third warmest at Málaga. In addition,
in 2022, the number of MHW days with temperatures ex-

ceeding 28 °C is the highest and can be considered to be a
unique year until now for the moorings at Barcelona, Tar-
ragona, Dragonera, Palma, Cala Millor, and Son Bou, al-
though Palma and Tarragona also experienced 7 and 5 d, re-
spectively, with similar warm temperatures in 2015.

6 Discussion

Hourly measurements from moorings were averaged on a
daily basis to be compared with the daily satellite products.
The associated standard deviations over 2013–2022 oscillate
between 0.23 and 0.39 °C, depending on the stations. In this
section, the temporal resolution impact on the estimation of
thermal stress during MHW events is analysed, in particu-
lar when high temperatures of 28 °C or more are reached. As
highlighted above, the MHW events concerned are those in
2022 at the moorings from Barcelona to Son Bou.

Due to the diurnal cycle, maxima of MHW temperatures
are found in the hourly datasets (Fig. 5). While the maxima
from the daily datasets vary between 28.37 (Barcelona) and
29.95 °C (Palma), in the hourly datasets they oscillated be-
tween 28.96 (Cala Millor) and 31.36 °C (Dragonera), with
this latter temperature range being the highest record ever
registered by the Spanish mooring network Puertos del Es-
tado. The difference between the daily and hourly data max-
ima is the highest at Dragonera (1.52 °C) and the small-
est at Palma (0.05 °C). The distribution of the temperatures
higher than 28 °C is schematically represented by the me-
dian, as well as the 5th and 95th percentiles, whose differ-
ence allows estimating the width (Fig. 5). This latter value
is larger in the hourly than daily datasets due to the diur-
nal cycle. Comparing the moorings between themselves, the
width is larger in both daily and hourly datasets at Dragonera
(1.34 and 1.56 °C, respectively), Palma (1.33 and 1.42 °C, re-
spectively), and Tarragona (1.07 and 1.30 °C, respectively),
where warmer temperatures were reached.

At Palma, the daily and hourly data provide similar re-
sults on the maxima reached and distribution characteristics
of extreme ocean temperatures in summer. At the moorings
located further off the coast of the peninsula (Barcelona, Tar-
ragona, and Dragonera), the temporal resolution of in situ
data clearly impacts the extreme temperature observations.
Such findings are also highlighted in the two nearshore sta-
tions, although their sensors are located at 17 m depth.

7 Conclusions

Society is facing unprecedented challenges arising from
climate change impacts. Among them, marine heatwaves
(MHWs) are becoming more frequent, longer, and more in-
tense worldwide (Frölicher et al., 2018; Oliver et al., 2018),
particularly in the Mediterranean Sea (Juza et al., 2022;
Dayan et al., 2023; Pastor and Khodayar, 2023). Such phys-
ical changes have major ecological impacts, with socioeco-
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Table 4. Annual MHW characteristics (mean, maximum, and cumulative intensities, mean duration, frequency, and total days) and number
of MHW days with temperatures warmer than 28 °C, as detected by moorings (product ref. nos. 3, 4, and 5; Table 1; top number) and the
satellite nearest point (product ref. no. 1; Table 1; bottom number in italics) in 2022.

Mean Maximum Cumulative Duration Frequency Total days Total days with
intensity intensity intensity T >28 °C

(consecutive days)

Sète 3.67
(3.28)

5.11
(5.35)

146.68
(118.16)

10
(9)

4
(4)

40
(36)

–
(–)

Leucate 2.72
(2.49)

5.17
(3.70)

212.07
(221.64)

9.8
(14.8)

8
(6)

78
(89)

–
(–)

Barcelona 1.80
(2.30)

2.64
(3.71)

108.07
(188.23)

15
(16.4)

4
(5)

60
(82)

8 [6–2]
(17 [1–16])

Tarragona 2.10
(2.18)

4.21
(4.22)

274.48
(242.01)

21.8
(13.9)

6
(8)

131
(111)

47 [11–19–11–1–4–1]
(22 [2–4–15–1])

Dragonera 1.87
(1.87)

3.34
(3.19

209.58
(253.11)

18.7
(27)

6
(5)

112
(135)

53 [1–9–17–26]
(56 [7–24–9–10–6])

Palma 1.80
(1.91)

2.45
(2.98)

221.27
(237.14)

17.6
(31)

7
(4)

123
(124)

58 [33–25]
(59 [43 10 6])

Cala Millor 1.85
(1.90)

3.09
(3.24)

147.76
(237.71)

40
(25)

2
(5)

80
(125)

20 [3–4–5–1–6–1]
(55 [40–6–3–6])

Son Bou 1.90
(1.90)

2.65
(3.17)

117.91
(235.27)

31
(20.7)

2
(6)

62
(124)

8 [5–1–2]
(45 [4–29–4–3–3–2])

Málaga 3.51
(3.34)

4.38
(4.51)

80.69
(76.82)

7.7
(7.7)

3
(3)

23
(23)

–
(–)

Melilla 1.66
(1.71)

2.75
(3.82)

77.90
(168.37)

9.4
(12.5)

5
(8)

47
(98)

1
(1)

found at Melilla, Palma, and Son Bou (by 1.13, 0.53, and
0.52 °C, respectively). The MHW mean duration is found to
be longer in moorings than satellites, particularly at Cala Mil-
lor, Son Bou, and Tarragona (by 15, 10.3, and 7.9 d, respec-
tively), while it is far longer in satellites than in moorings at
Dragonera and Palma (by 8.3 and 13.4 d, respectively). The
MHW total days and cumulative intensity in 2022 are higher
in moorings at Sète and Tarragona than in satellites at the
nearest point, while they are found higher in satellites at Leu-
cate, Barcelona, the Balearic Islands stations (particularly at
Cala Millor and Son Bou), and Melilla. Finally, where MHW
days with temperatures warmer than 28 °C are found (from
Barcelona to Son Bou), the number of days is higher in satel-
lites than in moorings, except at Tarragona.

Differences between MHWs detected by satellites and
moorings may be explained by several factors, such as the
sensor or platform type, spatial and temporal coverage, spe-
cific bias at a particular platform, instrumental corrections,
validation and calibration, and interpolation methods, as well
as the effective depth of measurements (Alvera-Azcárate et
al., 2011). While satellites provide SST, the selected moor-
ings collected temperatures at surface or subsurface (from

0.4 to 17 m depths; Table 2). However, even for moorings
with sensors installed near the surface (up to 0.5 m), strong
differences with satellites are pointed out, as found at Sète,
Leucate, and Barcelona for MHW mean and maximum inten-
sities (up to 0.5 and 1.47 °C, respectively) and at Tarragona
for MHW mean duration (13.4 d). Also, importantly, results
at Cala Millor and Son Bou strongly differ between satel-
lites at the surface and moorings in subsurface (particularly
in MHW total days and days with temperatures warmer than
28 °C), as well as between satellite locations and between
moorings, highlighting how the coastal ocean response dif-
fers from surface to subsurface and from one location to an-
other at both surface and subsurface even in the same sub-
region (on each side of the Menorca Channel in the Balearic
Islands).

5 Coastal MHWs from 2013 to 2022

MHWs observed by the moorings are now analysed from
2013 to 2022, and the events in 2022 are compared with those
over the last decade (Fig. 4). All years from 2013–2022 suf-
fered from MHWs in several locations of the coastal WMed.
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Figure 3. (a) Daily SST and MHWs from mooring at Dragonera in
2022 with respect to the reference period 2013–2022 (product ref.
no. 3; Table 1). (b) MHW days from study moorings (black) and
satellites at the nearest point (red) during the year 2022 (product
ref. nos. 3, 4, and 5; Table 1).

In 2020 and 2022, all moorings detected MHWs. While 2020
events mostly happened in winter, 2022 MHWs mainly oc-
curred in summer, reaching high ocean temperatures.

Time series of annual MHW characteristics from moor-
ings show strong spatiotemporal variability. Variations in
MHW mean and maximum intensities are highlighted be-
tween years, while the increase in MHW frequency and du-
ration in recent years leads to a clear increase in MHW total
days and cumulative intensity. In recent years, MHWs did
not only occur during their usual season over a longer pe-
riod but also extended over more seasons. While one season
was concerned in 2013 (summer or autumn depending on the
mooring), MHW occurrences covered three seasons in 2022
(mainly spring, summer, and autumn) (not shown).

The analysis over the period 2013–2022 highlights that
many thermal records were reached in 2022. MHW total
days reached the highest number in 2022 for the stations at
Leucate, Barcelona, Tarragona, Dragonera, Palma, and Cala
Millor; the second highest for Sète, Son Bou, and Melilla;
and the fourth highest for Málaga. The MHW cumulative
intensity in 2022 is the warmest observed since 2013 for
the stations at Leucate, Barcelona, Tarragona, Dragonera,
Palma, Cala Millor, and Melilla; the second warmest at Sète
and Son Bou; and the third warmest at Málaga. In addition,
in 2022, the number of MHW days with temperatures ex-

ceeding 28 °C is the highest and can be considered to be a
unique year until now for the moorings at Barcelona, Tar-
ragona, Dragonera, Palma, Cala Millor, and Son Bou, al-
though Palma and Tarragona also experienced 7 and 5 d, re-
spectively, with similar warm temperatures in 2015.

6 Discussion

Hourly measurements from moorings were averaged on a
daily basis to be compared with the daily satellite products.
The associated standard deviations over 2013–2022 oscillate
between 0.23 and 0.39 °C, depending on the stations. In this
section, the temporal resolution impact on the estimation of
thermal stress during MHW events is analysed, in particu-
lar when high temperatures of 28 °C or more are reached. As
highlighted above, the MHW events concerned are those in
2022 at the moorings from Barcelona to Son Bou.

Due to the diurnal cycle, maxima of MHW temperatures
are found in the hourly datasets (Fig. 5). While the maxima
from the daily datasets vary between 28.37 (Barcelona) and
29.95 °C (Palma), in the hourly datasets they oscillated be-
tween 28.96 (Cala Millor) and 31.36 °C (Dragonera), with
this latter temperature range being the highest record ever
registered by the Spanish mooring network Puertos del Es-
tado. The difference between the daily and hourly data max-
ima is the highest at Dragonera (1.52 °C) and the small-
est at Palma (0.05 °C). The distribution of the temperatures
higher than 28 °C is schematically represented by the me-
dian, as well as the 5th and 95th percentiles, whose differ-
ence allows estimating the width (Fig. 5). This latter value
is larger in the hourly than daily datasets due to the diur-
nal cycle. Comparing the moorings between themselves, the
width is larger in both daily and hourly datasets at Dragonera
(1.34 and 1.56 °C, respectively), Palma (1.33 and 1.42 °C, re-
spectively), and Tarragona (1.07 and 1.30 °C, respectively),
where warmer temperatures were reached.

At Palma, the daily and hourly data provide similar re-
sults on the maxima reached and distribution characteristics
of extreme ocean temperatures in summer. At the moorings
located further off the coast of the peninsula (Barcelona, Tar-
ragona, and Dragonera), the temporal resolution of in situ
data clearly impacts the extreme temperature observations.
Such findings are also highlighted in the two nearshore sta-
tions, although their sensors are located at 17 m depth.

7 Conclusions

Society is facing unprecedented challenges arising from
climate change impacts. Among them, marine heatwaves
(MHWs) are becoming more frequent, longer, and more in-
tense worldwide (Frölicher et al., 2018; Oliver et al., 2018),
particularly in the Mediterranean Sea (Juza et al., 2022;
Dayan et al., 2023; Pastor and Khodayar, 2023). Such phys-
ical changes have major ecological impacts, with socioeco-
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Figure 4. Annual MHW characteristics (mean, maximum, and cumulative intensities, mean duration, frequency, and total days) and number
of MHW days with temperatures exceeding 28 °C, as detected by moorings (product ref. nos. 3, 4, and 5; Table 1) from 2013 to 2022.

nomic implications and compromising carbon storage, par-
ticularly in coastal ocean waters (Smith et al., 2021, 2023).
Although MHWs are mainly induced by large-scale anoma-
lous atmospheric conditions in the Mediterranean Sea (Hol-
brook et al., 2019; Guinaldo et al., 2023; Hamdeno and
Alvera-Azcaráte, 2023), the ocean response strongly differs
from the open-ocean to nearshore areas and from one coastal
location to another (Juza et al., 2022).

In this study, MHWs in the coastal and shallow waters
of the western Mediterranean Sea (WMed) have been in-
vestigated during the year 2022 and the period 2013–2022.
Satellite and moorings observed MHWs along the coast of
the WMed, whose characteristics strongly vary in time and
space. Coastal MHWs were observed almost every year over
the last decade, and they were exceptional in 2022 in inten-
sity, duration, and geographical extension. In 2022, although
the coastal MHW events have a strong spatial variation, all
moorings – from the northern to the southern WMed and
from the surface to the subsurface – observed MHWs reg-
istering new records in intensity (in French waters), duration

(in subsurface in the Balearic Islands), total days, cumulative
intensity (at Tarragona), and number of days with tempera-
tures warmer than 28 °C (at Dragonera and Palma).

Although the satellite products have the great benefit
of monitoring all of the ocean surface, differences with
the moorings have been detected in the characterisation of
MHWs in coastal areas and shallow waters. Compared with
mooring measurements at the surface (between 0 and 3 m
depth) in 2022, satellites underestimate MHW intensities
in French waters and MHW duration at Tarragona, while
they overestimate MHW intensities at Barcelona, Palma,
and Melilla, as well as MHW duration at Dragonera and
Palma. The thermal stress estimation from high-temperature
peaks on the physical and biological oceans is also min-
imised with the use of daily data, which detect underesti-
mated maxima with an up to 1.52 °C difference during the
warm events compared to hourly measurements. Finally, the
coastal ocean response to extreme warm events strongly dif-
fers from the northern to the southern WMed. No coinci-
dence is found between north and south, nor is there a per-
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Figure 5. The 5th, 50th, and 95th percentiles and maxima of the
distribution of MHW temperatures warmer than 28 °C, as detected
with the daily (black) and hourly (blue) data from moorings (prod-
uct ref. nos. 3, 4, and 5; Table 1).

sistent feature in regional differences. Coastal MHWs also
vary within the same sub-region (Sète–Leucate, Barcelona–
Tarragona, Dragonera–Palma, Cala Millor–Son Bou, and
Málaga–Melilla), where extreme events coincide with dif-
ferences in intensity and duration both at the surface and
in subsurface. Such findings assert the importance of multi-
platform, multi-sensor, and sustainable ocean observing sys-
tems from open-ocean to coastal and nearshore waters and
from the surface to the subsurface to continue the investiga-
tion concerning MHWs and conduct an impact assessment.

Data availability. The datasets used in this study can be found in
online repositories. The name of the repositories can be found in the
article in Table 1.

Author contributions. MJ conducted the study and contributed
to the data processing, interpretation of the data, scientific discus-
sion, and writing of the paper. MdA and AFM contributed to the in
situ data collection, data processing (quality control), and the revi-
sion of the paper.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-

lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. We gratefully acknowledge the reviewers
and the handling editor for their revision of the article and their
comments. The study has been conducted using EU Copernicus Ma-
rine Service Information and in situ data which have been collected,
processed, and distributed by the Balearic Islands Coastal Observ-
ing and Forecasting System (SOCIB).

Review statement. This paper was edited by Piero Lionello and
reviewed by Francisco Pastor, Salvatore Marullo, and one anony-
mous referee.

References

Alvera-Azcárate, A., Troupin, C., Barth, A., and Beckers, J. M.:
Comparison between satellite and in situ sea surface temperature
data in the Western Mediterranean Sea, Ocean Dynam., 61, 767–
778, https://doi.org/10.1007/s10236-011-0403-x, 2011.

Bensoussan, N., Chiggiato, J., Buongiorno Nardelli, B., Pisano,
A., and Garrabou, J.: Insights on 2017 marine heat waves
in the Mediterranean Sea, Copernicus marine service ocean
state report: issue 3, J. Oper. Oceanogr., 12, 101–108,
https://doi.org/10.1080/1755876X.2019.1633075, 2019.

Buongiorno Nardelli, B., Tronconi, C., Pisano, A., and Santoleri,
R.: High and Ultra-High resolution processing of satellite Sea
Surface Temperature data over Southern European Seas in the
framework of MyOcean project, Remote Sens. Environ., 129, 1–
16, https://doi.org/10.1016/j.rse.2012.10.012, 2013.

Cerrano, C., Bavestrello, G., Bianchi, C. N., Cattaneo-Vietti,
R., Bava, S., Morganti, C., Morri, C., Picco, P., Sara, G.,
Schiaparelli, S., Siccardi, A., and Sponga, F.: A catastrophic
mass-mortality episode of gorgonians and other organisms
in the Ligurian Sea (North-western Mediterranean), summer
1999, Ecol. Lett., 3, 284–293, https://doi.org/10.1046/j.1461-
0248.2000.00152.x, 2000.

Coll, M., Piroddi, C., Steenbeek, J., Kaschner, K., Lasram, F. B. R.,
Aguzzi, J., Ballesteros, E., Bianchi, C. N., Corbera, J., Dailianis,
T., Danovaro, R., Estrada, M., Froglia, C., Galil, B. S., Gasol, J.
M., Gertwagen, R., Gil, J., Guilhaumon, F., Kesner-Reyes, K.,
Kitsos, M.-S., Koukouras, A., Lampadariou, N., Laxamana, E.,
López-Fé de la Cuadra, C. M., Lotze, H. K. Martin, D., Mouil-
lot, D., Oro, D., Raicevich, S., Rius-Barile, J., Saiz-Salinas, J.
I., San Vicente, C., Somot, S., Templado, J., Turon, X., Vafidis,
D., Villanueva, R., and Voultsiadou, E.: The biodiversity of the
Mediterranean Sea: estimates, patterns, and threats, PLoS One,
5, e11842, https://doi.org/10.1371/journal.pone.0011842, 2010.

Dayan, H., McAdam, R., Juza, M., Masina, S., and Speich, S.: Ma-
rine heat waves in the Mediterranean Sea: An assessment from
the surface to the subsurface to meet national needs, Front. Mar.
Sci., 10, 142, https://doi.org/10.3389/fmars.2023.1045138, 2023.

EU Copernicus Marine Service Product: Mediterranean Sea
High Resolution and Ultra High-Resolution Sea Surface Tem-

https://doi.org/10.5194/sp-4-osr8-14-2024 State Planet, 4-osr8, 14, 2024



CHAPTER4.2

8 M. Juza et al.: Coastal marine heatwaves in the western Mediterranean

Figure 4. Annual MHW characteristics (mean, maximum, and cumulative intensities, mean duration, frequency, and total days) and number
of MHW days with temperatures exceeding 28 °C, as detected by moorings (product ref. nos. 3, 4, and 5; Table 1) from 2013 to 2022.

nomic implications and compromising carbon storage, par-
ticularly in coastal ocean waters (Smith et al., 2021, 2023).
Although MHWs are mainly induced by large-scale anoma-
lous atmospheric conditions in the Mediterranean Sea (Hol-
brook et al., 2019; Guinaldo et al., 2023; Hamdeno and
Alvera-Azcaráte, 2023), the ocean response strongly differs
from the open-ocean to nearshore areas and from one coastal
location to another (Juza et al., 2022).

In this study, MHWs in the coastal and shallow waters
of the western Mediterranean Sea (WMed) have been in-
vestigated during the year 2022 and the period 2013–2022.
Satellite and moorings observed MHWs along the coast of
the WMed, whose characteristics strongly vary in time and
space. Coastal MHWs were observed almost every year over
the last decade, and they were exceptional in 2022 in inten-
sity, duration, and geographical extension. In 2022, although
the coastal MHW events have a strong spatial variation, all
moorings – from the northern to the southern WMed and
from the surface to the subsurface – observed MHWs reg-
istering new records in intensity (in French waters), duration

(in subsurface in the Balearic Islands), total days, cumulative
intensity (at Tarragona), and number of days with tempera-
tures warmer than 28 °C (at Dragonera and Palma).

Although the satellite products have the great benefit
of monitoring all of the ocean surface, differences with
the moorings have been detected in the characterisation of
MHWs in coastal areas and shallow waters. Compared with
mooring measurements at the surface (between 0 and 3 m
depth) in 2022, satellites underestimate MHW intensities
in French waters and MHW duration at Tarragona, while
they overestimate MHW intensities at Barcelona, Palma,
and Melilla, as well as MHW duration at Dragonera and
Palma. The thermal stress estimation from high-temperature
peaks on the physical and biological oceans is also min-
imised with the use of daily data, which detect underesti-
mated maxima with an up to 1.52 °C difference during the
warm events compared to hourly measurements. Finally, the
coastal ocean response to extreme warm events strongly dif-
fers from the northern to the southern WMed. No coinci-
dence is found between north and south, nor is there a per-
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Figure 5. The 5th, 50th, and 95th percentiles and maxima of the
distribution of MHW temperatures warmer than 28 °C, as detected
with the daily (black) and hourly (blue) data from moorings (prod-
uct ref. nos. 3, 4, and 5; Table 1).

sistent feature in regional differences. Coastal MHWs also
vary within the same sub-region (Sète–Leucate, Barcelona–
Tarragona, Dragonera–Palma, Cala Millor–Son Bou, and
Málaga–Melilla), where extreme events coincide with dif-
ferences in intensity and duration both at the surface and
in subsurface. Such findings assert the importance of multi-
platform, multi-sensor, and sustainable ocean observing sys-
tems from open-ocean to coastal and nearshore waters and
from the surface to the subsurface to continue the investiga-
tion concerning MHWs and conduct an impact assessment.
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Abstract. The Mediterranean Sea is a quasi-permanently stratified and oligotrophic basin with intense late-
winter and early-spring phytoplankton blooms typically limited to few regions (i.e. northwestern Mediterranean
Sea, the southern Adriatic Sea, and the Rhodes Gyre). In these areas, blooms are sustained by nutrient injection
to surface layers by winter vertical mixing and convective processes. A markedly intense bloom was predicted
in spring 2022 in an unusual area of the southeastern Mediterranean Sea (i.e. southeast of Crete) by the Mediter-
ranean Sea Copernicus Marine Forecasting Centre (MED MFC) system. Combining Copernicus modelling and
observation products, the 2022 event and a number of driving and concurrent features have been investigated
in a multidisciplinary way. A noticeable cold spell that occurred in Eastern Europe at the beginning of 2022
has been identified as the main driver of an intense deep-water formation event, with associated high nutrient
concentrations in the surface layers. Consequently, an extreme phytoplankton bloom that was 50 % more intense
than usual occurred in the area southeast of Crete, starting nearly 1 month later than usual and lasting for 3–
4 weeks. Impacts on primary production were also relevant in the 2022 event area and were 35 % higher than
the climatological annual primary production. Furthermore, the documented link between primary productivity
and fishery catches suggests possible consequences along the whole food chain up to the marine ecosystem in
the eastern Mediterranean Sea.

1 Introduction

The Mediterranean, the main regional sea of southern Eu-
rope, is a semi-enclosed basin located in a transitional zone
between the midlatitude and subtropical climate regimes
(Coppini et al., 2023; Cossarini et al., 2019; Lazzari et al.,
2012; Siokou-Frangou et al., 2010). The Mediterranean Sea
is an almost permanently stratified and oligotrophic basin
with a few areas exhibiting recurrent late-winter and early-
spring phytoplankton blooms in the northwestern Mediter-
ranean, the southern Adriatic Sea, and the Rhodes Gyre
(Siokou-Frangou et al., 2010). In these regions, the blooms
are driven by winter deep convective processes, which bring

nutrients into the surface layer, and by the subsequent strat-
ification when the phytoplankton is no longer diluted across
the water column. At this moment, conditions are suitable for
the surface phytoplankton bloom onset since both light and
nutrients are available in the surface layer (Habib et al., 2023;
Mayot et al., 2017; D’Ortenzio and Ribera d’Alcalà, 2009).

The eastern Mediterranean experiences particularly sharp
oligotrophic conditions, and productive areas are limited
to the Rhodes Gyre, where deep-water mixing and related
bloom events typically occur (Varkitzi et al., 2020), and to
the coast of Türkiye (Kubin et al., 2019).

Current evidence suggests that the Mediterranean Sea
is facing an increase in marine heat waves and a de-
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Table 1. Datasets used in the present work, together with references and DOIs.

Product Product ID and type Data access Documentation
ref. no.

1 MEDSEA_ANALYSISFORECAST_BGC_006_014,
numerical models

EU Copernicus Marine Service
Product (2022a)

Quality information document (QUID): Feu-
dale et al. (2023); product user manual (PUM):
Lecci et al. (2023a)

2 MEDSEA_MULTIYEAR_BGC_006_008, numerical models EU Copernicus Marine Service
Product (2022b)

Quality information document (QUID): Teruzzi
et al. (2022); product user manual (PUM): Lecci
et al. (2022a)

3 OCEANCOLOUR_MED_BGC_L3_MY_009_143,
satellite observations

EU Copernicus Marine Service
Product (2022c)

Quality information document (QUID): Colella
et al. (2023a); product user manual (PUM):
Colella et al. (2023b)

4 MEDSEA_ANALYSISFORECAST_PHY_006_013,
numerical models

EU Copernicus Marine Service
Product (2022d)

Quality information document (QUID): Goglio
et al. (2024); product user manual (PUM): Lecci
et al. (2023b)

5 MEDSEA_MULTIYEAR_PHY_006_004, numerical models EU Copernicus Marine Service
Product (2022e)

Quality information document (QUID): Escud-
ier et al. (2022); product user manual (PUM):
Lecci et al. (2022b)

6 SST_MED_SST_L4_REP_OBSERVATIONS_010_021,
satellite observations

EU Copernicus Marine Service
Product (2022f)

Quality information document (QUID): Pisano
et al. (2023b); product user manual (PUM):
Pisano et al. (2023b)

7 OMI_VAR_EXTREME_WMF_MEDSEA_area_averaged_mean,
numerical models

EU Copernicus Marine Service
Product (2023g)

Quality information document (QUID):
Lyubartsev et al. (2023b); product user manual
(PUM): Lyubartsev et al. (2023a)

8 ECMWF AST https://www.ecmwf.int/en/
forecasts/datasets/set-i,
atmospheric model high-
resolution 10 d forecast

ECMWF (2021)

crease in cold-spell events (Simon et al., 2022) as a po-
tential consequence of changes in regional climate. How-
ever, in March 2022, a strong and unusual atmospheric cold
spell affected the eastern Mediterranean region (Demirtaş,
2023), with strong surface air temperature negative anoma-
lies recorded over southeastern Europe (up to − 3 °C, ac-
cording to Copernicus Climate Change Service bulletin; C3S
monthly climate bulletin explorer, 2023; Copernicus, 2023).

In the present work, implications for marine physical and
biogeochemical dynamics of the unusual 2022 cold event
are investigated by exploiting the products of the Coperni-
cus Marine Service (CMEMS, 2023). We use both models
and observations to highlight the interplay between biogeo-
chemical and physical processes, considering that intense
cold spells usually drive deep-water column mixing and con-
sequent nutrient injections in the surface layer and onset of
phytoplankton blooms (Auger et al., 2014). In order to de-
scribe the exceptionality of the 2022 event and its possi-
ble implications for the Mediterranean ecosystem, its spatial
and temporal extent are defined based on the phytoplankton
bloom anomaly, and its characteristics in terms of sea surface
temperature, mixed-layer depth, surface chlorophyll, nutrient
concentrations, and primary production are investigated.

2 Methods

The occurrence and mechanism driving the anomalous deep-
convection and phytoplankton bloom episode southeast of
Crete (eastern Mediterranean Sea) in spring 2022 was inves-
tigated using both model- and satellite-based products. The
Mediterranean Sea Copernicus Marine Forecasting Centre
(MED MFC) provides 3D ocean biogeochemical and phys-
ical variables at 1/24° resolution (product ref. 1, 2, 4, and
5; Table 1). The sea surface temperature (SST) and surface
layer chlorophyll concentration are provided by the Coper-
nicus Marine Sea Surface Temperature and Ocean Colour
Thematic Assembly Centre (SST TAC and OC TAC, respec-
tively) (product ref. 3 and 6; Table 1). Both near-real time and
multi-year products are used to characterise the 2022 event.

A daily climatology based on the 1999–2019 MED MFC
biogeochemistry reanalysis (Cossarini et al., 2021; Teruzzi
et al., 2022; product ref. 2; Table 1) was calculated, follow-
ing Hobday et al. (2016), for a subset of variables, namely
surface chlorophyll concentration, phosphocline depth, av-
erage phosphate concentration above the phosphocline, and
primary production integrated in the 0–200 m layer. The nu-
trient analysis was focused on phosphate since it is known to
be the limiting nutrient for the Mediterranean Sea (Siokou-
Frangou et al., 2010). For each variable, a set of percentiles is
calculated to identify specific thresholds (i.e. 1st, 25th, 50th,
75th, and 99th percentile) using a 10 d window centred on
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each date of the climatological year. Comparing the 2022
MED MFC analysis and forecast (Salon et al., 2019; Feu-
dale et al., 2023 version 2.1; product ref. 1; Table 1) with the
corresponding climatology in the time window of the bloom
(20 March–30 April), the chlorophyll concentrations in all
the surface grid points of the investigated area (22–32° E,
32–35° N) resulted in values above the 99th percentile for
at least 20 % of the time window, indicating that the whole
area was affected by intense and anomalous bloom condi-
tions. In order to define the region mostly affected by the
anomalous 2022 bloom, following Hobday et al. (2016), the
maximum difference with respect to climatology between
20 March and 30 April is calculated (Imax), and the event
area is defined as indicated by all the surface grid points
with Imax higher than its 90th percentile (0.23 mg chl m−3)
(Fig. 1). The characteristics of the anomalous convection and
bloom event are investigated by considering marine physi-
cal and biogeochemical properties averaged over the event
area contoured in Fig. 1. Moreover, a daily sea surface tem-
perature (SST) climatology derived from the Mediterranean
SST multi-year satellite product over the period 1982–2021
(Pisano et al., 2023a, b; product ref. 6; Table 1) is used to
compare modelled surface temperatures (i.e. first layer of the
MED MFC SST; product ref. 4) during the 2022 event time
window. To compare the physical and biogeochemical dy-
namics in the event area and in the Rhodes Gyre area, ver-
tical profiles of temperature, phosphate, and chlorophyll are
investigated at two locations (Fig. 1).

Finally, the Copernicus Marine Ocean Monitoring Indica-
tor (Lyubartsev et al., 2023b; product ref. 7; Table 1), com-
puted from the Mediterranean Sea Physics Reanalysis (Es-
cudier et al., 2022; product ref. 6; Table 1), which provides
water mass formation rates in the Mediterranean Sea, is con-
sidered to analyse the exceptionality of the 2022 event. In
particular, the Levantine Deep Water (LDW) formation in-
dex is calculated for 2022 and compared with values that oc-
curred in the past (from 1987 onwards).

3 Results

The signal of the 2022 cold outbreak over Eastern Europe
(Demirtaş, 2023) is clearly detectable in the atmospheric sur-
face temperature (AST) extracted from the ECMWF anal-
ysis products (ECMWF, 2021; product ref. 8; Table 1). In
the second half of January 2022, the AST daily time series
reaches a relative minimum (nearly 15 °C), and it is followed
by two minima in the March–April time window (Fig. 2a).
Accordingly, with a less noticeable variability, sea surface
temperature (SST) gradually decreases in the area of inter-
est (Fig. 2a). The satellite SST (Pisano et al., 2023a; prod-
uct ref. 6; Table 1) shows a constantly negative anomaly of
winter 2022 with respect to its climatology (−0.46 °C on av-
erage) from the beginning of January to the end of March,
indicating that sea surface cooling is the most likely driver of

an anomalous deep-convection event. Even lower SST val-
ues are provided by the MED MFC analysis and forecast
(Goglio et al., 2024 version 2.2; product ref. 4; Table 1),
with a minimum in the second half of March, followed by
a relatively sharp increase towards the SST satellite clima-
tology. According to the relatively low SST and, similarly,
to the typical winter mixing conditions in the Rhodes Gyre
area (Kubin et al., 2019), in the 2022 event area (Fig. 1) the
mean mixed layer (MLD; calculated as the depth at which
the density increases by 0.01 kg m−3 compared to the density
at 10 m depth; product ref. 4; Table 1) is deeper than 500 m
(Fig. 2b) on several occasions from the end of January to the
end of March, which is when the mean MLD gets shallower
(up to 50 m). Consistent with the strong March 2022 sea sur-
face cooling, the mean MLD reaches its maximum in March
(equal to or deeper than 700 m). The daily maps of AST, SST,
SST anomaly, MLD, and heat fluxes during March 2022 pro-
vided in Appendix A (Figs. A1–A5) further detail the spa-
tial extent and temporal sequence of the atmospheric and
oceanic processes summarised in Fig. 2. Two close and sig-
nificant drops in AST are, in fact, observed in the area (11–
14 March and 19–23 March), according to a cold-air intru-
sion from the northwest (Fig. A1). Together with the January
cold spell (Fig. 2), the March cooling events resulted in sig-
nificant negative SST anomalies, especially south of Crete,
which persisted in the area until the end of March (Fig. A2)
with more steady occurrences in the anomalous-event area.
Moreover, relatively cold SSTs are also observed by the L3
satellite product (Fig. A3), although only on 7 March and
from 14 March onwards (the region is cloudy between 9 and
13 March). Modelling products show that the strong mix-
ing event that started on 9 March and ended on 25 March
(Fig. A4) is possibly driven by the cooling and that the area
with the highest mixed-layer depths (larger than 1000 m)
overlaps well with the April 2022 anomalous bloom. The
strong negative heat fluxes into the sea, which occur at the
same dates of the cooling events (Fig. A5), further confirm
that the driving mechanism of the event is represented by
significant heat losses. Considering the Copernicus Marine
Ocean Monitoring Indicator (Lyubartsev et al., 2023b; prod-
uct ref. 7; Table 1), in the Levantine basin, a large dense-
water formation rate of approximately 1.3 Sv is documented
(not shown1) in the winter of 2022. Confirming the relevant
effects of the 2022 cold outbreak on physical marine pro-
cesses, the same LDW formation index was higher only dur-
ing the noteworthy eastern Mediterranean transient (EMT;
1992–1993), which is when the formation rate reached up
to 1.8 Sv. After that, the LDW formation index showed only
two maxima with relatively low values in 2008 and 2012 (0.7
and 1.0 Sv, respectively).

1The Ocean Monitoring Indicator of the water mass formation
will be extended to 2022 and published in the Copernicus Marine
catalogue by 2024.
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Table 1. Datasets used in the present work, together with references and DOIs.

Product Product ID and type Data access Documentation
ref. no.

1 MEDSEA_ANALYSISFORECAST_BGC_006_014,
numerical models

EU Copernicus Marine Service
Product (2022a)

Quality information document (QUID): Feu-
dale et al. (2023); product user manual (PUM):
Lecci et al. (2023a)

2 MEDSEA_MULTIYEAR_BGC_006_008, numerical models EU Copernicus Marine Service
Product (2022b)

Quality information document (QUID): Teruzzi
et al. (2022); product user manual (PUM): Lecci
et al. (2022a)

3 OCEANCOLOUR_MED_BGC_L3_MY_009_143,
satellite observations

EU Copernicus Marine Service
Product (2022c)

Quality information document (QUID): Colella
et al. (2023a); product user manual (PUM):
Colella et al. (2023b)

4 MEDSEA_ANALYSISFORECAST_PHY_006_013,
numerical models

EU Copernicus Marine Service
Product (2022d)

Quality information document (QUID): Goglio
et al. (2024); product user manual (PUM): Lecci
et al. (2023b)

5 MEDSEA_MULTIYEAR_PHY_006_004, numerical models EU Copernicus Marine Service
Product (2022e)

Quality information document (QUID): Escud-
ier et al. (2022); product user manual (PUM):
Lecci et al. (2022b)

6 SST_MED_SST_L4_REP_OBSERVATIONS_010_021,
satellite observations

EU Copernicus Marine Service
Product (2022f)

Quality information document (QUID): Pisano
et al. (2023b); product user manual (PUM):
Pisano et al. (2023b)

7 OMI_VAR_EXTREME_WMF_MEDSEA_area_averaged_mean,
numerical models

EU Copernicus Marine Service
Product (2023g)

Quality information document (QUID):
Lyubartsev et al. (2023b); product user manual
(PUM): Lyubartsev et al. (2023a)

8 ECMWF AST https://www.ecmwf.int/en/
forecasts/datasets/set-i,
atmospheric model high-
resolution 10 d forecast

ECMWF (2021)

crease in cold-spell events (Simon et al., 2022) as a po-
tential consequence of changes in regional climate. How-
ever, in March 2022, a strong and unusual atmospheric cold
spell affected the eastern Mediterranean region (Demirtaş,
2023), with strong surface air temperature negative anoma-
lies recorded over southeastern Europe (up to − 3 °C, ac-
cording to Copernicus Climate Change Service bulletin; C3S
monthly climate bulletin explorer, 2023; Copernicus, 2023).

In the present work, implications for marine physical and
biogeochemical dynamics of the unusual 2022 cold event
are investigated by exploiting the products of the Coperni-
cus Marine Service (CMEMS, 2023). We use both models
and observations to highlight the interplay between biogeo-
chemical and physical processes, considering that intense
cold spells usually drive deep-water column mixing and con-
sequent nutrient injections in the surface layer and onset of
phytoplankton blooms (Auger et al., 2014). In order to de-
scribe the exceptionality of the 2022 event and its possi-
ble implications for the Mediterranean ecosystem, its spatial
and temporal extent are defined based on the phytoplankton
bloom anomaly, and its characteristics in terms of sea surface
temperature, mixed-layer depth, surface chlorophyll, nutrient
concentrations, and primary production are investigated.

2 Methods

The occurrence and mechanism driving the anomalous deep-
convection and phytoplankton bloom episode southeast of
Crete (eastern Mediterranean Sea) in spring 2022 was inves-
tigated using both model- and satellite-based products. The
Mediterranean Sea Copernicus Marine Forecasting Centre
(MED MFC) provides 3D ocean biogeochemical and phys-
ical variables at 1/24° resolution (product ref. 1, 2, 4, and
5; Table 1). The sea surface temperature (SST) and surface
layer chlorophyll concentration are provided by the Coper-
nicus Marine Sea Surface Temperature and Ocean Colour
Thematic Assembly Centre (SST TAC and OC TAC, respec-
tively) (product ref. 3 and 6; Table 1). Both near-real time and
multi-year products are used to characterise the 2022 event.

A daily climatology based on the 1999–2019 MED MFC
biogeochemistry reanalysis (Cossarini et al., 2021; Teruzzi
et al., 2022; product ref. 2; Table 1) was calculated, follow-
ing Hobday et al. (2016), for a subset of variables, namely
surface chlorophyll concentration, phosphocline depth, av-
erage phosphate concentration above the phosphocline, and
primary production integrated in the 0–200 m layer. The nu-
trient analysis was focused on phosphate since it is known to
be the limiting nutrient for the Mediterranean Sea (Siokou-
Frangou et al., 2010). For each variable, a set of percentiles is
calculated to identify specific thresholds (i.e. 1st, 25th, 50th,
75th, and 99th percentile) using a 10 d window centred on
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each date of the climatological year. Comparing the 2022
MED MFC analysis and forecast (Salon et al., 2019; Feu-
dale et al., 2023 version 2.1; product ref. 1; Table 1) with the
corresponding climatology in the time window of the bloom
(20 March–30 April), the chlorophyll concentrations in all
the surface grid points of the investigated area (22–32° E,
32–35° N) resulted in values above the 99th percentile for
at least 20 % of the time window, indicating that the whole
area was affected by intense and anomalous bloom condi-
tions. In order to define the region mostly affected by the
anomalous 2022 bloom, following Hobday et al. (2016), the
maximum difference with respect to climatology between
20 March and 30 April is calculated (Imax), and the event
area is defined as indicated by all the surface grid points
with Imax higher than its 90th percentile (0.23 mg chl m−3)
(Fig. 1). The characteristics of the anomalous convection and
bloom event are investigated by considering marine physi-
cal and biogeochemical properties averaged over the event
area contoured in Fig. 1. Moreover, a daily sea surface tem-
perature (SST) climatology derived from the Mediterranean
SST multi-year satellite product over the period 1982–2021
(Pisano et al., 2023a, b; product ref. 6; Table 1) is used to
compare modelled surface temperatures (i.e. first layer of the
MED MFC SST; product ref. 4) during the 2022 event time
window. To compare the physical and biogeochemical dy-
namics in the event area and in the Rhodes Gyre area, ver-
tical profiles of temperature, phosphate, and chlorophyll are
investigated at two locations (Fig. 1).

Finally, the Copernicus Marine Ocean Monitoring Indica-
tor (Lyubartsev et al., 2023b; product ref. 7; Table 1), com-
puted from the Mediterranean Sea Physics Reanalysis (Es-
cudier et al., 2022; product ref. 6; Table 1), which provides
water mass formation rates in the Mediterranean Sea, is con-
sidered to analyse the exceptionality of the 2022 event. In
particular, the Levantine Deep Water (LDW) formation in-
dex is calculated for 2022 and compared with values that oc-
curred in the past (from 1987 onwards).

3 Results

The signal of the 2022 cold outbreak over Eastern Europe
(Demirtaş, 2023) is clearly detectable in the atmospheric sur-
face temperature (AST) extracted from the ECMWF anal-
ysis products (ECMWF, 2021; product ref. 8; Table 1). In
the second half of January 2022, the AST daily time series
reaches a relative minimum (nearly 15 °C), and it is followed
by two minima in the March–April time window (Fig. 2a).
Accordingly, with a less noticeable variability, sea surface
temperature (SST) gradually decreases in the area of inter-
est (Fig. 2a). The satellite SST (Pisano et al., 2023a; prod-
uct ref. 6; Table 1) shows a constantly negative anomaly of
winter 2022 with respect to its climatology (−0.46 °C on av-
erage) from the beginning of January to the end of March,
indicating that sea surface cooling is the most likely driver of

an anomalous deep-convection event. Even lower SST val-
ues are provided by the MED MFC analysis and forecast
(Goglio et al., 2024 version 2.2; product ref. 4; Table 1),
with a minimum in the second half of March, followed by
a relatively sharp increase towards the SST satellite clima-
tology. According to the relatively low SST and, similarly,
to the typical winter mixing conditions in the Rhodes Gyre
area (Kubin et al., 2019), in the 2022 event area (Fig. 1) the
mean mixed layer (MLD; calculated as the depth at which
the density increases by 0.01 kg m−3 compared to the density
at 10 m depth; product ref. 4; Table 1) is deeper than 500 m
(Fig. 2b) on several occasions from the end of January to the
end of March, which is when the mean MLD gets shallower
(up to 50 m). Consistent with the strong March 2022 sea sur-
face cooling, the mean MLD reaches its maximum in March
(equal to or deeper than 700 m). The daily maps of AST, SST,
SST anomaly, MLD, and heat fluxes during March 2022 pro-
vided in Appendix A (Figs. A1–A5) further detail the spa-
tial extent and temporal sequence of the atmospheric and
oceanic processes summarised in Fig. 2. Two close and sig-
nificant drops in AST are, in fact, observed in the area (11–
14 March and 19–23 March), according to a cold-air intru-
sion from the northwest (Fig. A1). Together with the January
cold spell (Fig. 2), the March cooling events resulted in sig-
nificant negative SST anomalies, especially south of Crete,
which persisted in the area until the end of March (Fig. A2)
with more steady occurrences in the anomalous-event area.
Moreover, relatively cold SSTs are also observed by the L3
satellite product (Fig. A3), although only on 7 March and
from 14 March onwards (the region is cloudy between 9 and
13 March). Modelling products show that the strong mix-
ing event that started on 9 March and ended on 25 March
(Fig. A4) is possibly driven by the cooling and that the area
with the highest mixed-layer depths (larger than 1000 m)
overlaps well with the April 2022 anomalous bloom. The
strong negative heat fluxes into the sea, which occur at the
same dates of the cooling events (Fig. A5), further confirm
that the driving mechanism of the event is represented by
significant heat losses. Considering the Copernicus Marine
Ocean Monitoring Indicator (Lyubartsev et al., 2023b; prod-
uct ref. 7; Table 1), in the Levantine basin, a large dense-
water formation rate of approximately 1.3 Sv is documented
(not shown1) in the winter of 2022. Confirming the relevant
effects of the 2022 cold outbreak on physical marine pro-
cesses, the same LDW formation index was higher only dur-
ing the noteworthy eastern Mediterranean transient (EMT;
1992–1993), which is when the formation rate reached up
to 1.8 Sv. After that, the LDW formation index showed only
two maxima with relatively low values in 2008 and 2012 (0.7
and 1.0 Sv, respectively).

1The Ocean Monitoring Indicator of the water mass formation
will be extended to 2022 and published in the Copernicus Marine
catalogue by 2024.
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Figure 1. Mediterranean Sea analysis and forecast product (product ref. 1; Table 1). Filled contours of the maximum intensity of sur-
face chlorophyll concentration between 20 March and 30 April 2022 and line contour of the 90th percentile of the maximum intensity
(0.23 mg chl m−3). The “+” and “×” markers indicate positions inside and outside of the 2022 event.

Slightly later, with respect to AST minima and during the
strong mixing in March 2022, in the event area southeast of
Crete (Fig. 1), the phosphocline depth (PCLD; depth of the
maximum phosphate vertical gradient; Salon et al., 2019)
is deeper than 400 m, and the PCLD climatology is at the
99th percentile, with two peaks that go down to nearly 600 m
(Fig. 2b). The March 2022 anomalous deepening of the phos-
phocline is preceded in February by a more typical event with
the deepening of the phosphocline that stays within its clima-
tology at the 99th percentile and goes down to nearly 400 m.
Due to its role as the limiting nutrient in the Mediterranean
Sea (Siokou-Frangou et al., 2010), only phosphocline is in-
cluded in Fig. 3, but we verified that nitrate is very similarly
impacted by the 2022 anomalous event processes.

At the bloom peak (8 April), the mean surface chlorophyll
concentration in the event area (Feudale et al., 2023, ver-
sion Q4/2022; Fig. 1, product ref. 1; Table 1) is higher than
0.4 mg m−3, i.e. more than twice the climatological 99th per-
centile (Fig. 2c). Chlorophyll concentrations are higher than
the 99th climatological percentile from 2 to 10 April, indi-
cating that the 2022 bloom event is anomalous, both in terms
of intensity and timing. In fact, according to the chlorophyll
climatology, typical late-winter chlorophyll peaks occur in
the first half of March. With the similar timing of the anoma-
lous surface chlorophyll concentration, the primary produc-
tion integrated over the 0–200 m layer largely exceeds the
99th climatological percentile (Fig. 2d). Related to the strong
mixing event that occurred in the late winter of 2022 and to
the deepening of the phosphocline (Fig. 2b), the mean phos-
phate concentration above the phosphocline is higher than
the 99th percentile in the month preceding the phytoplankton
bloom, with a sharp decrease during the bloom-establishing
phase (Fig. 2e). The delay between the large availability of
nutrients in the surface layer and the bloom peak is consis-
tent with the Sverdrup theory (Mayot et al., 2017), according
to which the surface bloom starts when the MLD becomes

shallower than the euphotic layer. Indeed, when the mixing
is limited to the surface, phytoplankton is no longer diluted
over the water column but remains in the surface layer where
both light and nutrients (brought to the surface by the previ-
ous deep mixing) are available and favourable to the bloom
onset.

The anomalous bloom event is clearly detectable in sur-
face chlorophyll observations (multi-sensor ocean colour
product; Colella et al., 2023a; product ref. 3; Table 1) that
reach values comparable to those simulated by the analy-
sis and forecast system (Fig. 3). In particular, Fig. 3 shows
that high chlorophyll concentrations are observed on 27 and
29 March and on 1 and 6 April, indicating that the event
started at around 27 March, maintained high-concentration
values on 29 March and 1 and 6 April, and possibly ended be-
tween 8 and 9 April. On these dates, the observed chlorophyll
concentration is higher than 0.5 mg m−3 (up to 3 mg m−3 on
29 March). Moreover, high chlorophyll concentrations are
located in an area that differs (southwestern shifted) from the
usual Rhodes Gyre bloom region which, in Fig. 3, is repre-
sented by the magenta contour identifying satellite climatol-
ogy above 0.115 mg m−3 (i.e. half of the threshold used to
define the event area; Fig. 1). Furthermore, we observed that
the area with climatological concentration above the thresh-
old is largest at the beginning of March (not shown). Model
daily maps of model surface chlorophyll concentration pro-
vided in the Appendix (Fig. A6) show that in the simulation,
the bloom started on 4 April, reached a peak between 8 and
9 April with a concentration larger than 0.5 mg m−3 (i.e. sim-
ilar values to the ones observed in satellite maps), and gradu-
ally extinguished from 11 April onwards. An analysis of the
deviation of satellite chlorophyll observations with respect
to the 1999–2020 climatology (Fig. A7) demonstrates that
on 27 and 29 March and on 1 and 8 April, chlorophyll is at
least 3 standard deviations higher than the mean in the event
area.
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Figure 2. Daily time series – spatially averaged over the event area (Fig. 1) – from January to May 2022 for the (a) air surface temperature
(AST), sea surface temperature for satellite (SST satellite, product ref. 6; Table 1) and model (SST MED MFC, product ref. 4; Table 1),
and SST satellite climatology. (b) Mixed-layer depth (MLD; product ref. 4; Table 1) and phosphocline (product ref. 1; Table 1). (c) Surface
chlorophyll concentration. (d) Mean concentration of phosphate above the phosphocline. (e) Primary production integrated in the 0–200 m
layer. Climatological percentiles are shown in panels (b), (c), (d), and (e) (thin vertical line: 1st and 99th percentiles; thick vertical line: 25th
and 75th percentiles; white marker: median).

Since the 2022 anomalous surface bloom is the result of a
sequence of processes (cold spell, sea surface cooling, ver-
tical mixing, fertilisation, and subsequent stratification), un-
certainties in the representation of each of these dynamics
by the atmospheric ocean and biogeochemical models may
combine and result in inaccuracies in the spatiotemporal rep-
resentation of the bloom. However, even if the bloom simu-
lation shows a delay of 5–8 d, the use of 3D modelled data
allowed us to (i) define the temporal and spatial boundaries of
the event and (ii) tackle the sequence of physical and biogeo-
chemical processes that are involved in the bloom dynamics.

The anomalous localisation of the 2022 bloom can be fur-
ther supported by comparing the vertical processes at two
locations (Fig. 4): (i) inside the area of the event and (ii)
in the Rhodes Gyre area where the late winter bloom typi-
cally occurs (“+” and “×” markers in Fig. 1, respectively).
The Hovmöller diagram of temperature inside the event area
reveals the gradual outcropping of deep-water masses that
reached the surface from 2000 m on 25 March (Fig. 4a). At

the same time, the phosphate concentration shows a nearly
vertical uniform distribution with persistent high values in
the surface layer (>0.15 mmol m−3) until the beginning of
the event (4 April), when the nutrient started to be consumed
(Fig. 4c). Starting on 4 April, the large chlorophyll concen-
tration in the surface and subsurface layer follows the nutri-
ent injection (Fig. 4e). Finally, a transition to stratified con-
ditions with the formation of a deep-chlorophyll maximum
(DCM) occurs from 10 April. The location outside the 2022
event (right column of Fig. 4) shows much less intense and
shorter water column mixing with the lower phosphate con-
centration in surface layers (Fig. 4b and d). In the chloro-
phyll Hovmöller diagram (Fig. 4f), a transition phase (non-
negligible surface concentration with subsurface chlorophyll
maximum; Lavigne et al., 2015) toward summer-stratified
DCM conditions is already in place at the end of March.
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Figure 1. Mediterranean Sea analysis and forecast product (product ref. 1; Table 1). Filled contours of the maximum intensity of sur-
face chlorophyll concentration between 20 March and 30 April 2022 and line contour of the 90th percentile of the maximum intensity
(0.23 mg chl m−3). The “+” and “×” markers indicate positions inside and outside of the 2022 event.

Slightly later, with respect to AST minima and during the
strong mixing in March 2022, in the event area southeast of
Crete (Fig. 1), the phosphocline depth (PCLD; depth of the
maximum phosphate vertical gradient; Salon et al., 2019)
is deeper than 400 m, and the PCLD climatology is at the
99th percentile, with two peaks that go down to nearly 600 m
(Fig. 2b). The March 2022 anomalous deepening of the phos-
phocline is preceded in February by a more typical event with
the deepening of the phosphocline that stays within its clima-
tology at the 99th percentile and goes down to nearly 400 m.
Due to its role as the limiting nutrient in the Mediterranean
Sea (Siokou-Frangou et al., 2010), only phosphocline is in-
cluded in Fig. 3, but we verified that nitrate is very similarly
impacted by the 2022 anomalous event processes.

At the bloom peak (8 April), the mean surface chlorophyll
concentration in the event area (Feudale et al., 2023, ver-
sion Q4/2022; Fig. 1, product ref. 1; Table 1) is higher than
0.4 mg m−3, i.e. more than twice the climatological 99th per-
centile (Fig. 2c). Chlorophyll concentrations are higher than
the 99th climatological percentile from 2 to 10 April, indi-
cating that the 2022 bloom event is anomalous, both in terms
of intensity and timing. In fact, according to the chlorophyll
climatology, typical late-winter chlorophyll peaks occur in
the first half of March. With the similar timing of the anoma-
lous surface chlorophyll concentration, the primary produc-
tion integrated over the 0–200 m layer largely exceeds the
99th climatological percentile (Fig. 2d). Related to the strong
mixing event that occurred in the late winter of 2022 and to
the deepening of the phosphocline (Fig. 2b), the mean phos-
phate concentration above the phosphocline is higher than
the 99th percentile in the month preceding the phytoplankton
bloom, with a sharp decrease during the bloom-establishing
phase (Fig. 2e). The delay between the large availability of
nutrients in the surface layer and the bloom peak is consis-
tent with the Sverdrup theory (Mayot et al., 2017), according
to which the surface bloom starts when the MLD becomes

shallower than the euphotic layer. Indeed, when the mixing
is limited to the surface, phytoplankton is no longer diluted
over the water column but remains in the surface layer where
both light and nutrients (brought to the surface by the previ-
ous deep mixing) are available and favourable to the bloom
onset.

The anomalous bloom event is clearly detectable in sur-
face chlorophyll observations (multi-sensor ocean colour
product; Colella et al., 2023a; product ref. 3; Table 1) that
reach values comparable to those simulated by the analy-
sis and forecast system (Fig. 3). In particular, Fig. 3 shows
that high chlorophyll concentrations are observed on 27 and
29 March and on 1 and 6 April, indicating that the event
started at around 27 March, maintained high-concentration
values on 29 March and 1 and 6 April, and possibly ended be-
tween 8 and 9 April. On these dates, the observed chlorophyll
concentration is higher than 0.5 mg m−3 (up to 3 mg m−3 on
29 March). Moreover, high chlorophyll concentrations are
located in an area that differs (southwestern shifted) from the
usual Rhodes Gyre bloom region which, in Fig. 3, is repre-
sented by the magenta contour identifying satellite climatol-
ogy above 0.115 mg m−3 (i.e. half of the threshold used to
define the event area; Fig. 1). Furthermore, we observed that
the area with climatological concentration above the thresh-
old is largest at the beginning of March (not shown). Model
daily maps of model surface chlorophyll concentration pro-
vided in the Appendix (Fig. A6) show that in the simulation,
the bloom started on 4 April, reached a peak between 8 and
9 April with a concentration larger than 0.5 mg m−3 (i.e. sim-
ilar values to the ones observed in satellite maps), and gradu-
ally extinguished from 11 April onwards. An analysis of the
deviation of satellite chlorophyll observations with respect
to the 1999–2020 climatology (Fig. A7) demonstrates that
on 27 and 29 March and on 1 and 8 April, chlorophyll is at
least 3 standard deviations higher than the mean in the event
area.
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Figure 2. Daily time series – spatially averaged over the event area (Fig. 1) – from January to May 2022 for the (a) air surface temperature
(AST), sea surface temperature for satellite (SST satellite, product ref. 6; Table 1) and model (SST MED MFC, product ref. 4; Table 1),
and SST satellite climatology. (b) Mixed-layer depth (MLD; product ref. 4; Table 1) and phosphocline (product ref. 1; Table 1). (c) Surface
chlorophyll concentration. (d) Mean concentration of phosphate above the phosphocline. (e) Primary production integrated in the 0–200 m
layer. Climatological percentiles are shown in panels (b), (c), (d), and (e) (thin vertical line: 1st and 99th percentiles; thick vertical line: 25th
and 75th percentiles; white marker: median).

Since the 2022 anomalous surface bloom is the result of a
sequence of processes (cold spell, sea surface cooling, ver-
tical mixing, fertilisation, and subsequent stratification), un-
certainties in the representation of each of these dynamics
by the atmospheric ocean and biogeochemical models may
combine and result in inaccuracies in the spatiotemporal rep-
resentation of the bloom. However, even if the bloom simu-
lation shows a delay of 5–8 d, the use of 3D modelled data
allowed us to (i) define the temporal and spatial boundaries of
the event and (ii) tackle the sequence of physical and biogeo-
chemical processes that are involved in the bloom dynamics.

The anomalous localisation of the 2022 bloom can be fur-
ther supported by comparing the vertical processes at two
locations (Fig. 4): (i) inside the area of the event and (ii)
in the Rhodes Gyre area where the late winter bloom typi-
cally occurs (“+” and “×” markers in Fig. 1, respectively).
The Hovmöller diagram of temperature inside the event area
reveals the gradual outcropping of deep-water masses that
reached the surface from 2000 m on 25 March (Fig. 4a). At

the same time, the phosphate concentration shows a nearly
vertical uniform distribution with persistent high values in
the surface layer (>0.15 mmol m−3) until the beginning of
the event (4 April), when the nutrient started to be consumed
(Fig. 4c). Starting on 4 April, the large chlorophyll concen-
tration in the surface and subsurface layer follows the nutri-
ent injection (Fig. 4e). Finally, a transition to stratified con-
ditions with the formation of a deep-chlorophyll maximum
(DCM) occurs from 10 April. The location outside the 2022
event (right column of Fig. 4) shows much less intense and
shorter water column mixing with the lower phosphate con-
centration in surface layers (Fig. 4b and d). In the chloro-
phyll Hovmöller diagram (Fig. 4f), a transition phase (non-
negligible surface concentration with subsurface chlorophyll
maximum; Lavigne et al., 2015) toward summer-stratified
DCM conditions is already in place at the end of March.
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Figure 3. Daily maps of satellite surface chlorophyll concentration [mg chl m−3] (product ref. 3; Table 1) from 25 March (upper-left panel)
to 17 April 2022 (lower-right panel), with the orange line contour showing the event area (Fig. 1), and the purple line contour identifying
satellite climatology above 0.115 mg m−3. Areas without satellite observations are masked in light brown.

4 Discussion and conclusions

An anomalous deep-mixing and bloom event in the south-
eastern Mediterranean in the 2022 early-spring period was
detected by means of the Copernicus Marine MED MFC
products. In this region, intense phytoplankton blooms re-
lated to vertical mixing processes and consequent nutrient
supply are usually located in the Rhodes Gyre area and have
been previously investigated using in situ and satellite ob-
servations and modelling products (e.g. Habib et al., 2023;
D’Ortenzio et al., 2021; Varkitzi et al., 2020; Siokou-Frangou
et al., 2010), while the 2022 event was located southeast of
Crete (Fig. 1). In this work, we analysed and described the
2022 event main features and its drivers.

The deep-convection and the phytoplankton bloom events
in the Cretan area are consistent with the anomalous cool-
ing that occurred in southeastern Europe at the beginning
of 2022, showing a dynamic similar to the one of the

Mediterranean marine cold-spell events described in Simon
et al. (2022). For instance, the impact of the 2022 cold
spells on the north–central Aegean Sea has been recently
demonstrated by Potiris et al. (2024), who show that buoy-
ancy losses during the winter 2021–2022 were comparable
to those of 1993–1994, 2002–2003, and 2012, which were
all years of dense-water formation (DWF) in the Aegean Sea,
as discussed in Sect. 3. The findings of Potiris et al. (2024)
further support the fact that the 2022 winter and related ma-
rine processes can be considered anomalous for the east-
ern Mediterranean. Furthermore, the connection between the
2022 atmospheric conditions and sea cooling is corroborated
when considering the impacts of atmospheric modes of vari-
ability on the Mediterranean Sea surface heat exchange dis-
cussed by Josey et al. (2011) and Reale et al. (2020). Indeed,
both pattern indexes that are associated with negative heat
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Figure 4. Hovmöller diagrams in March and April of temperature (a, b), phosphate and chlorophyll concentrations (c, d and e, f, respectively)
inside the event area at 34.02° N–27° E (left panels; white “+” marker in Fig. 1) and outside the event area at 35.1° N–28.5° E (right panels;
white “×” marker in Fig. 1).

fluxes in the eastern Mediterranean were relatively high in
March 2022 (Index of /cwlinks, 2023).

The frequency and the impacts of marine extreme events
in recent years have been investigated in the Mediterranean
Sea (Dayan et al., 2023; Martínez et al., 2023; McAdam et
al., 2023; Simon et al., 2022; Darmaraki et al., 2019), with
the literature also proposing innovative techniques to anal-

yse prolonged episodes in marine ecosystems (Di Biagio et
al., 2020). Together with the relatively high number of vari-
ables exceeding their 99th percentile during the event (Figs. 2
and 3), the recent decrease in the occurrence of cold-marine
extremes in the eastern Mediterranean (Simon et al., 2022)
further highlights the exceptionality of the 2022 event.
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Figure 3. Daily maps of satellite surface chlorophyll concentration [mg chl m−3] (product ref. 3; Table 1) from 25 March (upper-left panel)
to 17 April 2022 (lower-right panel), with the orange line contour showing the event area (Fig. 1), and the purple line contour identifying
satellite climatology above 0.115 mg m−3. Areas without satellite observations are masked in light brown.

4 Discussion and conclusions

An anomalous deep-mixing and bloom event in the south-
eastern Mediterranean in the 2022 early-spring period was
detected by means of the Copernicus Marine MED MFC
products. In this region, intense phytoplankton blooms re-
lated to vertical mixing processes and consequent nutrient
supply are usually located in the Rhodes Gyre area and have
been previously investigated using in situ and satellite ob-
servations and modelling products (e.g. Habib et al., 2023;
D’Ortenzio et al., 2021; Varkitzi et al., 2020; Siokou-Frangou
et al., 2010), while the 2022 event was located southeast of
Crete (Fig. 1). In this work, we analysed and described the
2022 event main features and its drivers.

The deep-convection and the phytoplankton bloom events
in the Cretan area are consistent with the anomalous cool-
ing that occurred in southeastern Europe at the beginning
of 2022, showing a dynamic similar to the one of the

Mediterranean marine cold-spell events described in Simon
et al. (2022). For instance, the impact of the 2022 cold
spells on the north–central Aegean Sea has been recently
demonstrated by Potiris et al. (2024), who show that buoy-
ancy losses during the winter 2021–2022 were comparable
to those of 1993–1994, 2002–2003, and 2012, which were
all years of dense-water formation (DWF) in the Aegean Sea,
as discussed in Sect. 3. The findings of Potiris et al. (2024)
further support the fact that the 2022 winter and related ma-
rine processes can be considered anomalous for the east-
ern Mediterranean. Furthermore, the connection between the
2022 atmospheric conditions and sea cooling is corroborated
when considering the impacts of atmospheric modes of vari-
ability on the Mediterranean Sea surface heat exchange dis-
cussed by Josey et al. (2011) and Reale et al. (2020). Indeed,
both pattern indexes that are associated with negative heat
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Figure 4. Hovmöller diagrams in March and April of temperature (a, b), phosphate and chlorophyll concentrations (c, d and e, f, respectively)
inside the event area at 34.02° N–27° E (left panels; white “+” marker in Fig. 1) and outside the event area at 35.1° N–28.5° E (right panels;
white “×” marker in Fig. 1).

fluxes in the eastern Mediterranean were relatively high in
March 2022 (Index of /cwlinks, 2023).

The frequency and the impacts of marine extreme events
in recent years have been investigated in the Mediterranean
Sea (Dayan et al., 2023; Martínez et al., 2023; McAdam et
al., 2023; Simon et al., 2022; Darmaraki et al., 2019), with
the literature also proposing innovative techniques to anal-

yse prolonged episodes in marine ecosystems (Di Biagio et
al., 2020). Together with the relatively high number of vari-
ables exceeding their 99th percentile during the event (Figs. 2
and 3), the recent decrease in the occurrence of cold-marine
extremes in the eastern Mediterranean (Simon et al., 2022)
further highlights the exceptionality of the 2022 event.
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Our study documents the importance of the value chain
composed by atmospheric, ocean, and biogeochemical pre-
diction models in detecting anomalies with respect to the typ-
ical state and variability. In particular, the strong anomaly in
phytoplankton bloom intensity was revealed to be a suitable
descriptor to define the 2022 event localisation, extent, and
duration. Moreover, the evaluation of the spatial and tem-
poral mismatch of the simulated event with respect to the
Copernicus Marine Ocean Colour product provides an as-
sessment of the capability of the prediction chain to simulate
specific events.

Considering that previous anomalous cooling events
(1992–1993) were among the drivers of the EMT that
impacted the of the whole Mediterranean Sea dynamics
(e.g. Pinardi et al., 2019; Roether et al., 2007; Theocharis
et al., 2002), with consequences on other marine compart-
ments (e.g. nutrients and productivity, biodiversity, and acid-
ification; Tsiaras et al., 2012; Touratier and Goyet, 2011;
Danovaro et al., 2004; Stratford and Haines, 2002; Civitarese
and Gacic, 2001), the 2022 event and the related deep-water
formation might be worth further investigation.

Our results show that the 2022 anomalous event increased
the annual primary production by 35 % in an area of ap-
proximately 35 000 km2 (i.e. 11 % and 1.4 % of the Levan-
tine basin and Mediterranean Sea surface, respectively). As
a consequence of the increased organic matter synthesis, a
non-negligible impact along the whole food chain might have
occurred, given the well-proven link between productivity
and fish catch sizes (Canu et al., 2022; Colloca et al., 2017;
Piroddi et al., 2017; Conti and Scardi, 2010). Due to the rel-
ative time proximity of the event and to the non-trivial work
needed to collect fish catch data, it was not possible to gather
quantitative information on this aspect, although the impact
of the 2022 anomaly on the higher trophic level deserves a
closer look.

Appendix A: Daily maps of observed and simulated
marine properties in the Cretan area

The spatial and temporal extent of the 2022 bloom event
and of its drivers can be further investigated using daily
maps of a range of marine features in the Cretan area dur-
ing March 2022. The atmospheric, model sea surface tem-
perature anomaly, and satellite sea surface temperature are
shown in Figs. A1–A3, providing evidence of the intense
cooling event that occurred in March 2022 and are described
in the Sect. 3. Looking at the MLD daily maps (Fig. A4), it
is worth noting that on 3 and 4 March the bloom event is al-
ready interested by deep mixing (also visible in Fig. 2), pos-
sibly related to the relatively low SST values already present
at the beginning of March (Fig. A2) and resulting from early-
winter cooling events (starting in January 2022, as shown by
the AST time series in Fig. 2). Remarkably, the strong MLD
deepening in the anomalous event area are followed by posi-

tive total heat fluxes in the sea (e.g. 17 March, Fig. A5), due
to the deep water reaching the surface layers, together with
its temperature being lower than the AST.

Finally, the spatiotemporal evolution of the event as sim-
ulated by the Mediterranean Sea Copernicus Marine Fore-
casting Centre is detailed in the modelled daily maps of
surface chlorophyll concentration on the same dates of the
satellite observations provided in Fig. 4 (from 25 March to
17 April 2022; Fig. A6).
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Figure A1. Daily maps of ECMWF atmospheric surface temperature [°C] (product ref. 8; Table 1) from 1 March (upper-left panel) to
24 March 2022 (lower-right panel), together with the orange line contour of the event area (Fig. 1).

Figure A2. Daily maps of the modelled sea surface temperature anomaly [°C] (product ref. 4; Table 1) from 1 March (upper-left panel) to
24 March 2022 (lower-right panel), together with the orange line contour of the event area (Fig. 1).
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Our study documents the importance of the value chain
composed by atmospheric, ocean, and biogeochemical pre-
diction models in detecting anomalies with respect to the typ-
ical state and variability. In particular, the strong anomaly in
phytoplankton bloom intensity was revealed to be a suitable
descriptor to define the 2022 event localisation, extent, and
duration. Moreover, the evaluation of the spatial and tem-
poral mismatch of the simulated event with respect to the
Copernicus Marine Ocean Colour product provides an as-
sessment of the capability of the prediction chain to simulate
specific events.

Considering that previous anomalous cooling events
(1992–1993) were among the drivers of the EMT that
impacted the of the whole Mediterranean Sea dynamics
(e.g. Pinardi et al., 2019; Roether et al., 2007; Theocharis
et al., 2002), with consequences on other marine compart-
ments (e.g. nutrients and productivity, biodiversity, and acid-
ification; Tsiaras et al., 2012; Touratier and Goyet, 2011;
Danovaro et al., 2004; Stratford and Haines, 2002; Civitarese
and Gacic, 2001), the 2022 event and the related deep-water
formation might be worth further investigation.

Our results show that the 2022 anomalous event increased
the annual primary production by 35 % in an area of ap-
proximately 35 000 km2 (i.e. 11 % and 1.4 % of the Levan-
tine basin and Mediterranean Sea surface, respectively). As
a consequence of the increased organic matter synthesis, a
non-negligible impact along the whole food chain might have
occurred, given the well-proven link between productivity
and fish catch sizes (Canu et al., 2022; Colloca et al., 2017;
Piroddi et al., 2017; Conti and Scardi, 2010). Due to the rel-
ative time proximity of the event and to the non-trivial work
needed to collect fish catch data, it was not possible to gather
quantitative information on this aspect, although the impact
of the 2022 anomaly on the higher trophic level deserves a
closer look.

Appendix A: Daily maps of observed and simulated
marine properties in the Cretan area

The spatial and temporal extent of the 2022 bloom event
and of its drivers can be further investigated using daily
maps of a range of marine features in the Cretan area dur-
ing March 2022. The atmospheric, model sea surface tem-
perature anomaly, and satellite sea surface temperature are
shown in Figs. A1–A3, providing evidence of the intense
cooling event that occurred in March 2022 and are described
in the Sect. 3. Looking at the MLD daily maps (Fig. A4), it
is worth noting that on 3 and 4 March the bloom event is al-
ready interested by deep mixing (also visible in Fig. 2), pos-
sibly related to the relatively low SST values already present
at the beginning of March (Fig. A2) and resulting from early-
winter cooling events (starting in January 2022, as shown by
the AST time series in Fig. 2). Remarkably, the strong MLD
deepening in the anomalous event area are followed by posi-

tive total heat fluxes in the sea (e.g. 17 March, Fig. A5), due
to the deep water reaching the surface layers, together with
its temperature being lower than the AST.

Finally, the spatiotemporal evolution of the event as sim-
ulated by the Mediterranean Sea Copernicus Marine Fore-
casting Centre is detailed in the modelled daily maps of
surface chlorophyll concentration on the same dates of the
satellite observations provided in Fig. 4 (from 25 March to
17 April 2022; Fig. A6).
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Figure A1. Daily maps of ECMWF atmospheric surface temperature [°C] (product ref. 8; Table 1) from 1 March (upper-left panel) to
24 March 2022 (lower-right panel), together with the orange line contour of the event area (Fig. 1).

Figure A2. Daily maps of the modelled sea surface temperature anomaly [°C] (product ref. 4; Table 1) from 1 March (upper-left panel) to
24 March 2022 (lower-right panel), together with the orange line contour of the event area (Fig. 1).
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Figure A3. Daily maps of satellite sea surface temperature [°C] (product ref. 6; Table 1) from 1 March (upper-left panel) to 24 March 2022
(lower-right panel), together with the orange line contour of the event area (Fig. 1). Areas without satellite observations are masked with
grey.

Figure A4. Daily maps of mixed-layer depth [m] (product ref. 4; Table 1) from 1 March (upper-left panel) to 24 March 2022 (lower-right
panel), together with the orange line contour of the event area (Fig. 1).
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Figure A5. Daily maps of total heat fluxes in seawater [W m−2] (product ref. 4; Table 1) from 1 March (upper-left panel) to 24 March 2022
(lower-right panel), together with the orange line contour of the event area (Fig. 1).

Figure A6. Daily maps of modelled surface chlorophyll concentration [mg chl m−3] (product ref. 1; Table 1) from 25 March (upper-left
panel) to 17 April 2022 (lower-right panel), together with the orange line contour of the event area (Fig. 1).
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Figure A3. Daily maps of satellite sea surface temperature [°C] (product ref. 6; Table 1) from 1 March (upper-left panel) to 24 March 2022
(lower-right panel), together with the orange line contour of the event area (Fig. 1). Areas without satellite observations are masked with
grey.

Figure A4. Daily maps of mixed-layer depth [m] (product ref. 4; Table 1) from 1 March (upper-left panel) to 24 March 2022 (lower-right
panel), together with the orange line contour of the event area (Fig. 1).

State Planet, 4-osr8, 15, 2024 https://doi.org/10.5194/sp-4-osr8-15-2024

A. Teruzzi et al.: Anomalous 2022 deep-water formation and intense phytoplankton bloom near Crete 11

Figure A5. Daily maps of total heat fluxes in seawater [W m−2] (product ref. 4; Table 1) from 1 March (upper-left panel) to 24 March 2022
(lower-right panel), together with the orange line contour of the event area (Fig. 1).

Figure A6. Daily maps of modelled surface chlorophyll concentration [mg chl m−3] (product ref. 1; Table 1) from 25 March (upper-left
panel) to 17 April 2022 (lower-right panel), together with the orange line contour of the event area (Fig. 1).
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Figure A7. Daily maps of the number of standard deviations over the climatological mean (product ref. 3; Table 1) from 25 March (upper-
left panel) to 17 April 2022 (lower-right panel), together with the orange line contour of the event area (Fig. 1). Areas without satellite
observations are masked with light brown.
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Figure A7. Daily maps of the number of standard deviations over the climatological mean (product ref. 3; Table 1) from 25 March (upper-
left panel) to 17 April 2022 (lower-right panel), together with the orange line contour of the event area (Fig. 1). Areas without satellite
observations are masked with light brown.
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Abstract. In 2022, large parts of the Baltic Sea surface experienced the third-warmest to the warmest tem-
peratures over the summer and autumn months since 1997. Warm temperature anomalies can lead to marine
heatwaves (MHWs), which are discrete periods of anomalous high temperatures relative to the usual local con-
ditions. Here, we describe the overall sea surface temperature (SST) conditions observed in the Baltic Sea in
2022 and provide a spatiotemporal description of surface MHW events based on remote sensing, reanalysis, and
in situ station data. The most MHWs, locally up to seven MHW events, were detected in the western Baltic Sea
and the Inner Danish Straits, where maximum MHW intensities reached values of up to 4.6 °C above the cli-
matological mean. The northern Baltic Proper and the Gulf of Bothnia were impacted mainly by two MHWs at
maximum intensities of 7.3 and 9.6 °C, respectively. Our results also reveal that MHWs in the upper layer occur
at a different period than at the bottom layers and are likely driven by different mechanisms. Reanalysis data
from two exemplary stations, “Lighthouse Kiel (LT Kiel)” and “Northern Baltic”, show a significant increase
in MHW occurrences of +0.73 MHW events per decade at LT Kiel and of +0.64 MHW events per decade
at Northern Baltic between 1993 and 2022. Moreover, we discuss the expected future increased occurrence of
MHWs based on a statistical analysis at both locations.

1 Introduction

Global warming has led to an increase in ocean heat content
(OHC) by about 350 ZJ in the upper 2000 m from 1958 to
2019, with the year 2022 being the warmest on record as of
writing (Cheng et al., 2022; WMO, 2023). Simultaneously,
marine heatwaves (MHWs), extreme events of high water
temperature (Hobday et al., 2016), have increased in fre-
quency, duration, spatial extent, and intensity during the past
4 decades (Sun et al., 2023). In 2022, MHWs were recorded
on 58 % of the ocean surface (WMO, 2023).

The Baltic Sea is one of the marine ecosystems with the
fastest recorded warming of surface temperatures of 1.35 °C
between 1982 and 2006, i.e., 0.54 °C per decade (Belkin,

2009). Sea surface temperature (SST) data operationally pro-
duced by the German Federal Maritime and Hydrographic
Agency (in the following BSH, product ref. no. 1 in Table 1)
show a warming trend of 0.58 °C per decade for the period
1990–2022. High SSTs can affect phytoplankton production,
while unprecedented high temperatures in the subsurface lay-
ers of the sea could have even more devastating effects on
the marine ecosystem (Kauppi et al., 2023). Conditions that
facilitate the fast warming of the Baltic Sea are the limited
exchange between surface and deeper layers due to a perma-
nent halocline at a depth of 60–80 m (Väli et al., 2013) and
the limited water exchange between the Baltic Sea and the
open ocean through the narrow Skagerrak. That is why local
air–sea heat exchange is the main physical factor for the sur-
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Table 1. Product table.

Product Product ID & type Data access Documentation
ref. no.

1 BSH Sea Surface Temperature (AVHRR/3);
satellite data

Upon request; overview and contact
data via
https://www.bsh.de/EN/TOPICS/
Monitoring_systems/Remote_
sensing/remote_sensing_node.html
(last access: 24 April 2024)

https://www.bsh.de/DE/
THEMEN/Beobachtungssysteme/
Fernerkundung/fernerkundung_
node.html
(last access: 24 April 2024)

2 INSITU_GLO_PHYBGCWAV_DISCRETE_
MYNRT_013_030; in situ, near-real-time
observations

EU Copernicus Marine Service
Product (2023a)

Quality Information Document
(QUID): Wehde et al. (2023)
Product User Manual (PUM):
In Situ TAC partners (2023)

3 BALTICSEA_MULTIYEAR_PHY_003_011
(BAL-MYP); numerical model

EU Copernicus Marine Service
Product (2023c)

Quality Information Document
(QUID): Panteleit et al. (2023)
Product User Manual (PUM):
Ringgaard et al. (2023)

4 EMODNET_CHEMISTRY_Baltic_Sea_
aggregated_eutrophication_and_acidity_
datasets_1902-2017_v2018; observations

SMHI (2018) Buga et al. (2018),
Giorgetti et al. (2020)

face layer water temperature and heat content in the Baltic
Sea (Raudsepp et al., 2022).

Global mean air temperature in 2022 was among the six
warmest in the 173-year instrumental record (WMO, 2023).
For Europe especially, the Copernicus Climate Change Ser-
vice/ECMWF (2022a) states that the air temperatures in Au-
gust 2022 were higher than the 1991–2020 average across
most of the continent, especially in a band in Eastern Eu-
rope stretching from the Barents and Kara seas to the Cauca-
sus. In November 2022, air temperatures were higher than
the 1991–2020 average, especially over the west, south-
east, and far north of Europe, and were unusually mild over
the northern European seas (Copernicus Climate Change
Service/ECMWF, 2022b). These large-scale weather pat-
terns likely lead to high sea surface temperatures (SST) in
marginal seas like the Baltic Sea and are a likely driver of
MHWs. This hypothesis is further supported by a study by
Holbrook et al. (2019), which found that MHWs at middle-
and high-latitude regions were driven by large-scale atmo-
spheric pressure anomalies which cause anomalous ocean
warming. Stalled atmospheric high-pressure systems coin-
cide with clear skies, warm air, and reduced wind speeds.
These conditions then lead to quick warming of the upper
ocean and increased thermal stratification due to reduced ver-
tical mixing.

So far, there generally have been only a few studies on
MHWs in the Baltic Sea (Goebeler at al., 2022; She et al.,
2020). In this study, we show that remote sensing data re-
vealed several SST anomalies over the entire Baltic Sea in
2022. We thus use reanalysis and in situ station data to
provide a spatiotemporal description of the corresponding

MHWs. Both datasets contain data collected over a long
enough period to also provide its own respective climatol-
ogy, thereby enabling a consistent representation of MHWs.
While the in situ data provide accurate point-wise measure-
ments of the temperature at selected locations, the reanalysis
data allow for a widespread analysis of MHWs over the entire
Baltic Sea, including their extension into subsurface layers.
Furthermore, we extend our study by providing a climatol-
ogy of MHWs at two specific mooring locations, namely at
the Lighthouse Kiel (LT Kiel) and Northern Baltic stations.
The overall aim of this study is to highlight the areas of the
Baltic Sea that were (most) affected by MHWs and deter-
mine whether surface MHWs can propagate into deeper lay-
ers and thus potentially threaten the subsurface ecosystem.
Furthermore, analyzing the climatology of MHWs can pro-
vide insight into whether the global increase in MHWs can
also be expected to occur on a local scale for the Baltic Sea.

2 Data and methods

2.1 Satellite data

The satellite data service at the BSH compiles daily maps
of SST data (product ref. no. 1 in Table 1). These have con-
tributed, for example, to the assessment of climate change in
the Baltic Sea (The BACC Author Team, 2008) and to the
model evaluation in the Baltic Sea Model Intercomparison
Project (Gröger et al., 2022). The SST data are recorded as
radiances by the Advanced Very High Resolution Radiome-
ter (AVHRR/3) in two thermal infrared channels aboard the
NOAA-19 and MetOp B satellites, providing a spatial reso-
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lution of 1.1 km, swath widths of 1447 km, and orbital pe-
riods of 100 min (EUMETSAT, 2015; Minnett et al., 2019).
The raw data of eight or nine daytime passes over the Baltic
and North Sea are received directly from EUMETSAT and
processed using automated, standardized correction proce-
dures (atmospheric correction, cloud masking, georeferenc-
ing, etc.). Additionally, each flyover is corrected manually in
order to preserve as much data as possible whilst eliminat-
ing any faulty or cloudy pixels. All available single images
from a calendar day are combined and averaged, on a single
pixel basis, into one daily mean image. These daily images
are then used to produce a weekly analysis on an operational
basis. While the BSH has been carrying out the processing of
the satellite data itself on the 1.1 km grid since 1990, opera-
tional SST analysis for the Baltic Sea did not start until the
autumn of 1996. The analysis of the BSH SST dataset pre-
sented in this chapter is therefore limited to the period from
1997–2022.

2.2 Station data

In situ temperature time series from mooring stations lo-
cated in the Baltic Sea are used for (1) model validation
and (2) cross validation of the MHW computation from the
reanalysis data. Except for SST data from Northern Baltic
(Hedi Kanarik, FMI, personal communication, 2023), the
station data are obtained from product ref. no. 2 in Table 1.
Each available dataset has already been quality controlled by
the regional production units (In Situ TAC partners, 2023).
The temporal resolution varies from hourly at the German
stations to half-hourly at the stations in the northern Baltic
Proper and Gulf of Finland. Due to failures, maintenance,
and other circumstances, no mooring station entirely covers
the period from 1 January 1993 until now.

Of all available mooring stations, we selected those that
contain data from 2022 and from at least 10 additional years
from 1993 until 2021 for at least one depth. Out of the re-
maining seven mooring stations that contained surface tem-
perature data, two mooring stations were chosen for the cross
validation of MHWs: Lighthouse Kiel (LT Kiel) and North-
ern Baltic (Fig. 1). Regarding the observation data, LT Kiel
has the greatest time coverage (1989 until the present, miss-
ing data: 9.1 % of days). This mooring station lies in the far
western part of the southern Baltic, and the water depth there
is about 12 m. The station Northern Baltic is located in the
northern Baltic Proper, and the SST observations there cover
the period from 1997 until now (missing data: 8.0 % of days).
No mooring station provides a time series in deeper layers
long or consistent enough to analyze subsurface MHWs, thus
reducing the scope of measurement-based analysis of MHWs
to the surface layers.

Figure 1. Map of the Baltic Sea with relevant locations men-
tioned in the study. Boundaries between subregions are marked with
dashed lines.

2.3 Baltic Sea physics reanalysis data

The Baltic Sea physics reanalysis multi-year product (BAL-
MYP; product ref. no. 3 in Table 1) is a dataset based on the
ocean model NEMO v4.0 (Gurvan et al., 2019). The model
system assimilates satellite observations of SST (EU Coper-
nicus Marine Service Product, 2023b) and in situ tempera-
ture and salinity profile observations from the ICES database
(ICES Bottle and low-resolution CTD dataset, 2022). The
product provides gridded information on SST and subsur-
face temperature conditions. The spatial coverage is 1 nau-
tical mile, i.e., approximately 1.8 km. The grid covers the en-
tire Baltic Sea, including the transition zone to the North Sea,
with a vertical resolution of 56 non-equidistant depth levels.
This multi-year product (MYP) covers the reference period
from 1993 up to 2022. The model setup is described in the
product user manual (PUM; Ringgaard et al., 2023).

2.4 Heatwave detection

Marine heatwaves refer to a discrete period of unusually high
seawater temperatures. While several definitions describe
MHWs quantitatively, the most commonly used method de-
fines them as periods when temperatures exceed the 90th per-
centile of the local climatology for 5 d or more (Hobday et
al., 2016). We use open-source tools to detect MHWs (Oliver,
2016; Zhao and Marin, 2019a) in station and reanalysis data.
The identified MHWs can be classified following Hobday et
al. (2018), in which the MHW category is based on the maxi-
mum intensity in multiples of threshold exceedances, i.e., the
local difference between the 90th percentile threshold and the
climatology. If the threshold is exceeded less than two times,
the MHW is classified as moderate (Category I), at two to
three times it is classified as strong (Category II), at three to
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face layer water temperature and heat content in the Baltic
Sea (Raudsepp et al., 2022).

Global mean air temperature in 2022 was among the six
warmest in the 173-year instrumental record (WMO, 2023).
For Europe especially, the Copernicus Climate Change Ser-
vice/ECMWF (2022a) states that the air temperatures in Au-
gust 2022 were higher than the 1991–2020 average across
most of the continent, especially in a band in Eastern Eu-
rope stretching from the Barents and Kara seas to the Cauca-
sus. In November 2022, air temperatures were higher than
the 1991–2020 average, especially over the west, south-
east, and far north of Europe, and were unusually mild over
the northern European seas (Copernicus Climate Change
Service/ECMWF, 2022b). These large-scale weather pat-
terns likely lead to high sea surface temperatures (SST) in
marginal seas like the Baltic Sea and are a likely driver of
MHWs. This hypothesis is further supported by a study by
Holbrook et al. (2019), which found that MHWs at middle-
and high-latitude regions were driven by large-scale atmo-
spheric pressure anomalies which cause anomalous ocean
warming. Stalled atmospheric high-pressure systems coin-
cide with clear skies, warm air, and reduced wind speeds.
These conditions then lead to quick warming of the upper
ocean and increased thermal stratification due to reduced ver-
tical mixing.

So far, there generally have been only a few studies on
MHWs in the Baltic Sea (Goebeler at al., 2022; She et al.,
2020). In this study, we show that remote sensing data re-
vealed several SST anomalies over the entire Baltic Sea in
2022. We thus use reanalysis and in situ station data to
provide a spatiotemporal description of the corresponding

MHWs. Both datasets contain data collected over a long
enough period to also provide its own respective climatol-
ogy, thereby enabling a consistent representation of MHWs.
While the in situ data provide accurate point-wise measure-
ments of the temperature at selected locations, the reanalysis
data allow for a widespread analysis of MHWs over the entire
Baltic Sea, including their extension into subsurface layers.
Furthermore, we extend our study by providing a climatol-
ogy of MHWs at two specific mooring locations, namely at
the Lighthouse Kiel (LT Kiel) and Northern Baltic stations.
The overall aim of this study is to highlight the areas of the
Baltic Sea that were (most) affected by MHWs and deter-
mine whether surface MHWs can propagate into deeper lay-
ers and thus potentially threaten the subsurface ecosystem.
Furthermore, analyzing the climatology of MHWs can pro-
vide insight into whether the global increase in MHWs can
also be expected to occur on a local scale for the Baltic Sea.

2 Data and methods

2.1 Satellite data

The satellite data service at the BSH compiles daily maps
of SST data (product ref. no. 1 in Table 1). These have con-
tributed, for example, to the assessment of climate change in
the Baltic Sea (The BACC Author Team, 2008) and to the
model evaluation in the Baltic Sea Model Intercomparison
Project (Gröger et al., 2022). The SST data are recorded as
radiances by the Advanced Very High Resolution Radiome-
ter (AVHRR/3) in two thermal infrared channels aboard the
NOAA-19 and MetOp B satellites, providing a spatial reso-
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lution of 1.1 km, swath widths of 1447 km, and orbital pe-
riods of 100 min (EUMETSAT, 2015; Minnett et al., 2019).
The raw data of eight or nine daytime passes over the Baltic
and North Sea are received directly from EUMETSAT and
processed using automated, standardized correction proce-
dures (atmospheric correction, cloud masking, georeferenc-
ing, etc.). Additionally, each flyover is corrected manually in
order to preserve as much data as possible whilst eliminat-
ing any faulty or cloudy pixels. All available single images
from a calendar day are combined and averaged, on a single
pixel basis, into one daily mean image. These daily images
are then used to produce a weekly analysis on an operational
basis. While the BSH has been carrying out the processing of
the satellite data itself on the 1.1 km grid since 1990, opera-
tional SST analysis for the Baltic Sea did not start until the
autumn of 1996. The analysis of the BSH SST dataset pre-
sented in this chapter is therefore limited to the period from
1997–2022.

2.2 Station data

In situ temperature time series from mooring stations lo-
cated in the Baltic Sea are used for (1) model validation
and (2) cross validation of the MHW computation from the
reanalysis data. Except for SST data from Northern Baltic
(Hedi Kanarik, FMI, personal communication, 2023), the
station data are obtained from product ref. no. 2 in Table 1.
Each available dataset has already been quality controlled by
the regional production units (In Situ TAC partners, 2023).
The temporal resolution varies from hourly at the German
stations to half-hourly at the stations in the northern Baltic
Proper and Gulf of Finland. Due to failures, maintenance,
and other circumstances, no mooring station entirely covers
the period from 1 January 1993 until now.

Of all available mooring stations, we selected those that
contain data from 2022 and from at least 10 additional years
from 1993 until 2021 for at least one depth. Out of the re-
maining seven mooring stations that contained surface tem-
perature data, two mooring stations were chosen for the cross
validation of MHWs: Lighthouse Kiel (LT Kiel) and North-
ern Baltic (Fig. 1). Regarding the observation data, LT Kiel
has the greatest time coverage (1989 until the present, miss-
ing data: 9.1 % of days). This mooring station lies in the far
western part of the southern Baltic, and the water depth there
is about 12 m. The station Northern Baltic is located in the
northern Baltic Proper, and the SST observations there cover
the period from 1997 until now (missing data: 8.0 % of days).
No mooring station provides a time series in deeper layers
long or consistent enough to analyze subsurface MHWs, thus
reducing the scope of measurement-based analysis of MHWs
to the surface layers.

Figure 1. Map of the Baltic Sea with relevant locations men-
tioned in the study. Boundaries between subregions are marked with
dashed lines.

2.3 Baltic Sea physics reanalysis data

The Baltic Sea physics reanalysis multi-year product (BAL-
MYP; product ref. no. 3 in Table 1) is a dataset based on the
ocean model NEMO v4.0 (Gurvan et al., 2019). The model
system assimilates satellite observations of SST (EU Coper-
nicus Marine Service Product, 2023b) and in situ tempera-
ture and salinity profile observations from the ICES database
(ICES Bottle and low-resolution CTD dataset, 2022). The
product provides gridded information on SST and subsur-
face temperature conditions. The spatial coverage is 1 nau-
tical mile, i.e., approximately 1.8 km. The grid covers the en-
tire Baltic Sea, including the transition zone to the North Sea,
with a vertical resolution of 56 non-equidistant depth levels.
This multi-year product (MYP) covers the reference period
from 1993 up to 2022. The model setup is described in the
product user manual (PUM; Ringgaard et al., 2023).

2.4 Heatwave detection

Marine heatwaves refer to a discrete period of unusually high
seawater temperatures. While several definitions describe
MHWs quantitatively, the most commonly used method de-
fines them as periods when temperatures exceed the 90th per-
centile of the local climatology for 5 d or more (Hobday et
al., 2016). We use open-source tools to detect MHWs (Oliver,
2016; Zhao and Marin, 2019a) in station and reanalysis data.
The identified MHWs can be classified following Hobday et
al. (2018), in which the MHW category is based on the maxi-
mum intensity in multiples of threshold exceedances, i.e., the
local difference between the 90th percentile threshold and the
climatology. If the threshold is exceeded less than two times,
the MHW is classified as moderate (Category I), at two to
three times it is classified as strong (Category II), at three to
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four times it is classified as severe (Category III), and at four
or more times it is classified as extreme (Category IV).

Here, the occurrence of MHWs in the Baltic Sea in 2022
is analyzed based on the BAL-MYP (product ref. no. 3 in Ta-
ble 1). MHWs are computed at every third surface grid point,
resulting in a resolution of approximately 5.4 km for the fol-
lowing statistical metrics: cumulative intensity, mean inten-
sity, duration of the longest heatwave, number of heatwaves
(frequency), maximum intensity and total days of MHW con-
ditions.

Then, in order to evaluate the development of those MHW
metrics over time, block averages (using a block length of
one year) for each MHW metric are computed for both the
observations (product ref. no. 2 in Table 1) and the BAL-
MYP (product ref. no. 3 in Table 1) at two stations: Light-
house Kiel and Northern Baltic. The yearly MHW metrics
from observations and the reanalysis are correlated for eval-
uation, and linear trends (95 % significance) are calculated
for each of those metrics. Finally, the correlation of the an-
nual MHW metrics to the annual mean temperature based
on reanalysis data was assessed using a linear least-squares
regression and a two-sided t test for significance.

All MHW assessments in the following sections use the
period from 1993 to 2021 for the climatology, except for
Sect. 3.2.1, in which the comparison of the multi-year evolu-
tion of MHWs at Northern Baltic uses the overlapping period
from 1997 to 2021 due to the lack of observations at this sta-
tion before 1997.

2.5 Validation of the Baltic Sea physics reanalysis

The BAL-MYP (product ref. no. 3 in Table 1) has already
been extensively validated in the corresponding quality infor-
mation document (QuID; Panteleit et al., 2023), where the re-
analysis data are validated within the time period from 1 Jan-
uary 1993 to 31 December 2018. The validation in the QuID
shows a negative bias at the surface with a shift towards more
positive values at deeper levels. A variation in statistical val-
ues with depth is also clearly visible in the estimated accu-
racy number (EAN), which represents the root-mean-square
difference (RMSD) of a specific depth layer. The RMSD
varies between 0.29 °C at 200–400 m over 0.63 °C at the sur-
face to 1.3 °C at 5–30 m depth.

For this study, we additionally evaluated the BAL-MYP
data in more detail using a clustering approach, which of-
fers insights into the overall accuracy of the reanalysis by
grouping the errors. This clustering procedure employs the
k-means algorithm (Raudsepp and Maljutenko, 2022). In this
evaluation, all available data within the model’s domain and
simulation period are considered. A two-dimensional error
space (dS, dT ) is established using simultaneously mea-
sured temperature and salinity values as the foundation for
clustering. Here, dS = (Smod −Sobs) and dT = (Tmod −Tobs)
represent the differences between the reanalysis (Smod and
Tmod) and observed (Sobs and Tobs) salinity and tempera-

ture, respectively. The dataset employed in this validation
study was sourced from the EMODNET dataset compiled by
SMHI (product ref. no. 4 in Table 1). It consists of a total of
3 094 089 observations aligning with the simulation period
of the BAL-MYP and covering the years 1993 to 2022. A
comprehensive explanation of the k-means method and de-
tailed results describing the accuracy of the BAL-MYP can
be found in Appendix A. The results can be summarized as
in that approximately 82 % of all validation points exhibit
relatively low temperature bias, standard deviation (SD), and
RMSD (Table A1). The surface layer validation shows that
less than 10 % of comparison points have significant temper-
ature errors (Fig. A1c). Due to the low proportion of these
validation points, we do not expect a significant impact on the
determination of the surface MHWs and their statistics. Be-
low the surface layer, i.e., at depths ranging from 0.5–40 m,
up to 25 % of the points correspond to clusters with tem-
perature errors greater than ±2.0 °C; in deeper layers, this
percentage gets smaller again (Fig. A1c). Consequently, we
anticipate that the reanalysis data provide sufficiently accu-
rate information for calculating both surface and subsurface
MHWs and their statistics for the Baltic Sea.

The BAL-MYP is also validated in terms of how accu-
rately it reproduces the MHWs of 2022 and how well it rep-
resents their characteristics during the overlapping time pe-
riods of data availability at the two locations (1993–2022 for
LT Kiel and 1997–2022 for Northern Baltic). For this, the
reanalysis was compared to the available station data (prod-
uct ref. no. 2 in Table 1 for LT Kiel; Hedi Kanarik, FMI,
personal communication, 2023, for Northern Baltic) at these
locations. Table 2 shows the Pearson correlation coefficients
for the MHW metrics in Fig. 4 between observational and
reanalysis data for the two stations, which show overall good
agreement between the two datasets with respect to MHW
detection.

We also compared the 2022 temperature curves from both
the reanalysis and the station data at each location (Fig. A2).
Overall, the curves show the same progression. The temper-
ature from the BAL-MYP is generally slightly lower, and
consequently this results in a slightly lower temperature cli-
matology and threshold (here, the 90th percentile) on which
MHW detection is based. In general, the MHWs and their re-
spective intensities and lengths are detected equally in both
the station and reanalysis data.

3 Results

3.1 Sea surface temperature anomalies in satellite data

In the summer of 2022, large parts of the Baltic Sea fea-
tured strong warm anomalies based on the BSH SST anal-
ysis (product ref. no. 1 in Table 1, Fig. 2). The highest values
were up to 3 °C above the long-term mean (1997–2021) in
the Bothnian Sea in June and in the Bothnian Bay in July. In
August, however, these areas were neutral or exhibited cold
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Table 2. Pearson correlation coefficients from linear regression between the MHW metrics computed from the station data and the reanalysis
data at the stations Lighthouse Kiel and Northern Baltic.

Station Common MHW MHW MHW Total
climatology count max cumulative MHW

period intensity intensity days

Lighthouse Kiel 1993–2021 0.82 0.88 0.66 0.93
Northern Baltic 1997–2021 0.74 0.89 0.82 0.94

anomalies, while the Baltic Proper, as well as the Gulf of Fin-
land and the Gulf of Riga, showed the warmest anomalies of
+1.5 to 2.5 °C. At the beginning of autumn, the Baltic Sea is
marked by a substantial east-to-west gradient of SST anoma-
lies due to a series of upwelling events along its eastern
shores. In November, the whole Baltic Sea features strong
warm anomalies, again with peak values above +2 °C around
southern Sweden.

To provide some climatological context for the observed
SST anomalies in a straightforward way, we also present
maps ranking the SST anomalies for the summer and au-
tumn months of 2022 against the same months in previous
years (right two columns of Fig. 2). These anomaly rank-
ings provide information on how extreme an anomaly of a
given magnitude is. For every grid point and for each calen-
dar month, the monthly anomalies are ranked by magnitude.
The warm anomalies over large parts of the Baltic Sea during
the summer and autumn of 2022 are among the warmest eight
on record for the respective months. In September, coastal
upwelling led to cold anomalies along the eastern shores, but
the other 5 months of the summer and fall of 2022 (June, July
and August as well as October and November) show large ar-
eas of the Baltic Sea with warm anomalies that are among the
four most pronounced on record. In August and November,
we see several large areas along the coastlines of the Baltic
countries as well as off the Polish coast and around Gotland
that according to the BSH SST analysis dataset featured the
highest ever surface temperatures.

3.2 Marine heatwaves

MHWs describe exceptionally warm temperature anomalies.
As the monthly overview in Fig. 2 already provides an indi-
cation of possible MHW conditions in 2022, the MHW met-
rics defined by Hobday et al. (2016) are assessed using the
BAL-MYP (product ref. no. 3 in Table 1). Each region of the
Baltic Sea experienced different MHW characteristics during
2022 (Fig. 3, Table 3).

The most MHWs during 2022 occurred in the Inner Dan-
ish Straits and the western Baltic Sea (Fig. 3d). In most areas,
four to five MHWs were detected, with some assessed loca-
tions experiencing up to seven MHWs and a maximum of 94
total days of MHW conditions (Fig. 3f). The mean and max-
imum intensities of all MHWs in the Western Baltic reached
up to 3.8 and 4.6 °C, respectively (Fig. 3b and e). The high-

est mean and maximum intensity values were reached in the
northern Baltic Proper and in the Bothnian Sea and Both-
nian Bay (Fig. 3b and e), though these regions were affected
mainly by only two MHWs. The maximum intensity in the
Bothnian Bay even reached 9.6 °C, the highest within the en-
tire studied period from 1993 to 2022. The longest MHW is
found in the Baltic Proper (32 d), followed by the Bothnian
Sea (31 d) and the Inner Danish Straits (29 d) (Fig. 3c). The
highest values of cumulative intensity (of a single MHW),
with up to 119.3 °C d, are found in the Kvarken, a strait be-
tween the Bothnian Sea and the Bothnian Bay (Fig. 3a).

3.2.1 Multi-year evaluation of MHW metrics

Next, we assess the frequency and other characteristics of
the MHWs that occurred in 2022 in a climatological context
based on both observations and reanalysis data for the two
stations, LT Kiel (based on the overlapping climatology pe-
riod 1993–2021, Fig. 4a–h) and Northern Baltic (based on
the overlapping climatology period 1997–2021, Fig. 4i–p).
Overall, the results for the yearly MHW metric calculation
are well correlated between the observations and the reanal-
ysis data (Table 2).

In 2022, a total of five MHWs (four in the BAL-MYP)
occurred throughout the year at LT Kiel (Fig. A2a). Though
none of them was extraordinarily long or intense at LT Kiel,
the time series of yearly MHW metrics shows that, based
on observational data, the number of MHW occurrences in
2022 was the second highest there since 1989 (Fig. 4a). The
time series of MHW frequencies per year suggests that the
occurrence of MHW events has increased over the last 3
decades (Fig. 4a). The linear trend computed from reanal-
ysis data is +0.73 MHWs per decade for the period 1993–
2022. The number of MHW events per year is positively cor-
related (R = 0.76) with the increasing annual mean SST at
this mooring station (Fig. 4b). The maximum (Fig. 4c) and
cumulative intensities (Fig. 4e) of observed MHWs do not
show a clear trend and are not correlated to the warming an-
nual mean temperatures (Fig. 4d and f). There is no signifi-
cant trend in total MHW days (Fig. 4g) at LT Kiel, but there
is a positive correlation (R = 0.71) with rising average tem-
peratures (Fig. 4h).

For Northern Baltic, neither the station data nor the re-
analysis data exhibit a statistically significant trend in MHW
events for the overlapping period (Fig. 4i). However, when
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four times it is classified as severe (Category III), and at four
or more times it is classified as extreme (Category IV).

Here, the occurrence of MHWs in the Baltic Sea in 2022
is analyzed based on the BAL-MYP (product ref. no. 3 in Ta-
ble 1). MHWs are computed at every third surface grid point,
resulting in a resolution of approximately 5.4 km for the fol-
lowing statistical metrics: cumulative intensity, mean inten-
sity, duration of the longest heatwave, number of heatwaves
(frequency), maximum intensity and total days of MHW con-
ditions.

Then, in order to evaluate the development of those MHW
metrics over time, block averages (using a block length of
one year) for each MHW metric are computed for both the
observations (product ref. no. 2 in Table 1) and the BAL-
MYP (product ref. no. 3 in Table 1) at two stations: Light-
house Kiel and Northern Baltic. The yearly MHW metrics
from observations and the reanalysis are correlated for eval-
uation, and linear trends (95 % significance) are calculated
for each of those metrics. Finally, the correlation of the an-
nual MHW metrics to the annual mean temperature based
on reanalysis data was assessed using a linear least-squares
regression and a two-sided t test for significance.

All MHW assessments in the following sections use the
period from 1993 to 2021 for the climatology, except for
Sect. 3.2.1, in which the comparison of the multi-year evolu-
tion of MHWs at Northern Baltic uses the overlapping period
from 1997 to 2021 due to the lack of observations at this sta-
tion before 1997.

2.5 Validation of the Baltic Sea physics reanalysis

The BAL-MYP (product ref. no. 3 in Table 1) has already
been extensively validated in the corresponding quality infor-
mation document (QuID; Panteleit et al., 2023), where the re-
analysis data are validated within the time period from 1 Jan-
uary 1993 to 31 December 2018. The validation in the QuID
shows a negative bias at the surface with a shift towards more
positive values at deeper levels. A variation in statistical val-
ues with depth is also clearly visible in the estimated accu-
racy number (EAN), which represents the root-mean-square
difference (RMSD) of a specific depth layer. The RMSD
varies between 0.29 °C at 200–400 m over 0.63 °C at the sur-
face to 1.3 °C at 5–30 m depth.

For this study, we additionally evaluated the BAL-MYP
data in more detail using a clustering approach, which of-
fers insights into the overall accuracy of the reanalysis by
grouping the errors. This clustering procedure employs the
k-means algorithm (Raudsepp and Maljutenko, 2022). In this
evaluation, all available data within the model’s domain and
simulation period are considered. A two-dimensional error
space (dS, dT ) is established using simultaneously mea-
sured temperature and salinity values as the foundation for
clustering. Here, dS = (Smod −Sobs) and dT = (Tmod −Tobs)
represent the differences between the reanalysis (Smod and
Tmod) and observed (Sobs and Tobs) salinity and tempera-

ture, respectively. The dataset employed in this validation
study was sourced from the EMODNET dataset compiled by
SMHI (product ref. no. 4 in Table 1). It consists of a total of
3 094 089 observations aligning with the simulation period
of the BAL-MYP and covering the years 1993 to 2022. A
comprehensive explanation of the k-means method and de-
tailed results describing the accuracy of the BAL-MYP can
be found in Appendix A. The results can be summarized as
in that approximately 82 % of all validation points exhibit
relatively low temperature bias, standard deviation (SD), and
RMSD (Table A1). The surface layer validation shows that
less than 10 % of comparison points have significant temper-
ature errors (Fig. A1c). Due to the low proportion of these
validation points, we do not expect a significant impact on the
determination of the surface MHWs and their statistics. Be-
low the surface layer, i.e., at depths ranging from 0.5–40 m,
up to 25 % of the points correspond to clusters with tem-
perature errors greater than ±2.0 °C; in deeper layers, this
percentage gets smaller again (Fig. A1c). Consequently, we
anticipate that the reanalysis data provide sufficiently accu-
rate information for calculating both surface and subsurface
MHWs and their statistics for the Baltic Sea.

The BAL-MYP is also validated in terms of how accu-
rately it reproduces the MHWs of 2022 and how well it rep-
resents their characteristics during the overlapping time pe-
riods of data availability at the two locations (1993–2022 for
LT Kiel and 1997–2022 for Northern Baltic). For this, the
reanalysis was compared to the available station data (prod-
uct ref. no. 2 in Table 1 for LT Kiel; Hedi Kanarik, FMI,
personal communication, 2023, for Northern Baltic) at these
locations. Table 2 shows the Pearson correlation coefficients
for the MHW metrics in Fig. 4 between observational and
reanalysis data for the two stations, which show overall good
agreement between the two datasets with respect to MHW
detection.

We also compared the 2022 temperature curves from both
the reanalysis and the station data at each location (Fig. A2).
Overall, the curves show the same progression. The temper-
ature from the BAL-MYP is generally slightly lower, and
consequently this results in a slightly lower temperature cli-
matology and threshold (here, the 90th percentile) on which
MHW detection is based. In general, the MHWs and their re-
spective intensities and lengths are detected equally in both
the station and reanalysis data.

3 Results

3.1 Sea surface temperature anomalies in satellite data

In the summer of 2022, large parts of the Baltic Sea fea-
tured strong warm anomalies based on the BSH SST anal-
ysis (product ref. no. 1 in Table 1, Fig. 2). The highest values
were up to 3 °C above the long-term mean (1997–2021) in
the Bothnian Sea in June and in the Bothnian Bay in July. In
August, however, these areas were neutral or exhibited cold
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Table 2. Pearson correlation coefficients from linear regression between the MHW metrics computed from the station data and the reanalysis
data at the stations Lighthouse Kiel and Northern Baltic.

Station Common MHW MHW MHW Total
climatology count max cumulative MHW

period intensity intensity days

Lighthouse Kiel 1993–2021 0.82 0.88 0.66 0.93
Northern Baltic 1997–2021 0.74 0.89 0.82 0.94

anomalies, while the Baltic Proper, as well as the Gulf of Fin-
land and the Gulf of Riga, showed the warmest anomalies of
+1.5 to 2.5 °C. At the beginning of autumn, the Baltic Sea is
marked by a substantial east-to-west gradient of SST anoma-
lies due to a series of upwelling events along its eastern
shores. In November, the whole Baltic Sea features strong
warm anomalies, again with peak values above +2 °C around
southern Sweden.

To provide some climatological context for the observed
SST anomalies in a straightforward way, we also present
maps ranking the SST anomalies for the summer and au-
tumn months of 2022 against the same months in previous
years (right two columns of Fig. 2). These anomaly rank-
ings provide information on how extreme an anomaly of a
given magnitude is. For every grid point and for each calen-
dar month, the monthly anomalies are ranked by magnitude.
The warm anomalies over large parts of the Baltic Sea during
the summer and autumn of 2022 are among the warmest eight
on record for the respective months. In September, coastal
upwelling led to cold anomalies along the eastern shores, but
the other 5 months of the summer and fall of 2022 (June, July
and August as well as October and November) show large ar-
eas of the Baltic Sea with warm anomalies that are among the
four most pronounced on record. In August and November,
we see several large areas along the coastlines of the Baltic
countries as well as off the Polish coast and around Gotland
that according to the BSH SST analysis dataset featured the
highest ever surface temperatures.

3.2 Marine heatwaves

MHWs describe exceptionally warm temperature anomalies.
As the monthly overview in Fig. 2 already provides an indi-
cation of possible MHW conditions in 2022, the MHW met-
rics defined by Hobday et al. (2016) are assessed using the
BAL-MYP (product ref. no. 3 in Table 1). Each region of the
Baltic Sea experienced different MHW characteristics during
2022 (Fig. 3, Table 3).

The most MHWs during 2022 occurred in the Inner Dan-
ish Straits and the western Baltic Sea (Fig. 3d). In most areas,
four to five MHWs were detected, with some assessed loca-
tions experiencing up to seven MHWs and a maximum of 94
total days of MHW conditions (Fig. 3f). The mean and max-
imum intensities of all MHWs in the Western Baltic reached
up to 3.8 and 4.6 °C, respectively (Fig. 3b and e). The high-

est mean and maximum intensity values were reached in the
northern Baltic Proper and in the Bothnian Sea and Both-
nian Bay (Fig. 3b and e), though these regions were affected
mainly by only two MHWs. The maximum intensity in the
Bothnian Bay even reached 9.6 °C, the highest within the en-
tire studied period from 1993 to 2022. The longest MHW is
found in the Baltic Proper (32 d), followed by the Bothnian
Sea (31 d) and the Inner Danish Straits (29 d) (Fig. 3c). The
highest values of cumulative intensity (of a single MHW),
with up to 119.3 °C d, are found in the Kvarken, a strait be-
tween the Bothnian Sea and the Bothnian Bay (Fig. 3a).

3.2.1 Multi-year evaluation of MHW metrics

Next, we assess the frequency and other characteristics of
the MHWs that occurred in 2022 in a climatological context
based on both observations and reanalysis data for the two
stations, LT Kiel (based on the overlapping climatology pe-
riod 1993–2021, Fig. 4a–h) and Northern Baltic (based on
the overlapping climatology period 1997–2021, Fig. 4i–p).
Overall, the results for the yearly MHW metric calculation
are well correlated between the observations and the reanal-
ysis data (Table 2).

In 2022, a total of five MHWs (four in the BAL-MYP)
occurred throughout the year at LT Kiel (Fig. A2a). Though
none of them was extraordinarily long or intense at LT Kiel,
the time series of yearly MHW metrics shows that, based
on observational data, the number of MHW occurrences in
2022 was the second highest there since 1989 (Fig. 4a). The
time series of MHW frequencies per year suggests that the
occurrence of MHW events has increased over the last 3
decades (Fig. 4a). The linear trend computed from reanal-
ysis data is +0.73 MHWs per decade for the period 1993–
2022. The number of MHW events per year is positively cor-
related (R = 0.76) with the increasing annual mean SST at
this mooring station (Fig. 4b). The maximum (Fig. 4c) and
cumulative intensities (Fig. 4e) of observed MHWs do not
show a clear trend and are not correlated to the warming an-
nual mean temperatures (Fig. 4d and f). There is no signifi-
cant trend in total MHW days (Fig. 4g) at LT Kiel, but there
is a positive correlation (R = 0.71) with rising average tem-
peratures (Fig. 4h).

For Northern Baltic, neither the station data nor the re-
analysis data exhibit a statistically significant trend in MHW
events for the overlapping period (Fig. 4i). However, when
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Figure 2. Anomalies (difference from climatology of 1997–2021) of SST for the Baltic Sea according to the BSH SST analysis (product
ref. no. 1 in Table 1) during the summer and autumn months in 2022 (a) and ranks of these SST anomalies (b) when compared to the full
dataset starting in 1997. In (b), brownish (cyan) colors denote anomalies belonging to the warmest (coldest) eight anomalies found since
1997. Record warm anomalies (rank 1) are highlighted by white contours.

all of the available reanalysis data from 1993–2022 are taken
into account, the trend in MHW occurrences becomes sig-
nificant at the 95 % level, with +0.64 MHWs per decade.
Again, the number of events is positively correlated with
annual mean temperature (R = 0.58, Fig. 4j). The highest
maximum MHW intensities were recorded in recent years
(2016, 2018, 2021, 2022), with 2022 showing the highest
intensity of any MHW, at 7.3 °C (reanalysis data) to 7.4 °C
(station data) above the climatologically expected tempera-
ture (Fig. 4k, l, see also Fig. A2b). The cumulative MHW
intensities show no clear trend or correlation with annual
mean temperatures at this station (Fig. 4m, n). In terms of
total MHW days, 2018 shows the highest numbers (Fig. 4o),
but otherwise no trend is detectable for this metric, though

there is a positive correlation with annual mean temperatures
(R = 0.56, Fig. 4p).

3.2.2 Analysis of vertical MHW distribution at Northern
Baltic

At Northern Baltic, which is about 103 m deep and located
in the western Baltic Proper, the surface temperature has
been measured continuously over several decades. However,
no quality-controlled temperature measurements exist for the
lower layers at this station. The validation of the BAL-MYP
shows that at other locations the reanalysis represents tem-
peratures generally well, both at the surface and in the lower
stratum. In order to obtain further insights into heatwave

State Planet, 4-osr8, 16, 2024 https://doi.org/10.5194/sp-4-osr8-16-2024

A. Lindenthal et al.: Baltic Sea surface temperature analysis 2022 7

Figure 3. Statistical metrics of MHWs in 2022 in the Baltic Sea based on SST data of the BAL-MYP (product ref. no. 3 in Table 1) with the
climatological period covering the years 1993 to 2021: (a) cumulative intensity of the longest heatwave, (b) mean intensity, (c) duration of
the longest heatwave, (d) number of heatwaves during 2022, (e) maximum intensity during the longest heatwave, (f) summed up days of all
heatwave during 2022. The definition of these metrics follows Hobday et al. (2016).

propagation towards the seafloor, we analyzed the reanaly-
sis data along the water column.

A seasonal SST signal is clearly visible in Fig. 5a. In gen-
eral, the temperature tends to decrease with depth while the
bottom temperature is comparably cold and uniform. In early
summer (June), a so-called cold intermediate layer (CIL),
defined as a minimum temperature between the thermocline
and the perennial halocline (Chubarenko et al., 2017; Dutheil
et al., 2023), develops at a depth of 20–60 m and acts as a bar-
rier between the surface and bottom waterbodies. At North-
ern Baltic, the upper boundary of the CIL coincides with
the mixed layer depth (MLD), which is depicted in Fig. 5b–
c. Starting from around June, a water stratum with a sig-
nificantly lower temperature than the climatological mean
(up to −7 °C deviation) is located immediately under the
MLD (Fig. 5b), which suggests that the CIL was signifi-
cantly colder at this time in 2022. This also coincides with

the onset of significantly higher temperatures near the sur-
face, at 0.5 m depth, compared to the climatological mean,
though these were initially not high enough to result in a
MHW (Fig. 5e). At this depth, there is a significant temper-
ature surge of 5 °C above the climatological mean, followed
by abrupt and substantial fluctuations in temperature within
in a brief time frame. This eventually leads to a MHW which
lasts for 15 d starting from the end of June and which con-
tains a 1 d long extreme MHW (Category IV) event at a tem-
perature of 7.4 °C above the climatological mean, followed
by a severe MHW (Category III) for another 3 d. Significant
temperature deviations can also be observed at a depth of
10.8 m, i.e., at the MLD, after 2 July, just after the Cate-
gory IV MHW at 0.5 m depth. However, these temperature
deviations did not result in a MHW at 10.8 m depth. A com-
parably weak MHW can be detected in mid-August at both
0.5 m (Fig. 5e) and 10.8 m (Fig. 5f). Thus, this weaker MHW
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Figure 2. Anomalies (difference from climatology of 1997–2021) of SST for the Baltic Sea according to the BSH SST analysis (product
ref. no. 1 in Table 1) during the summer and autumn months in 2022 (a) and ranks of these SST anomalies (b) when compared to the full
dataset starting in 1997. In (b), brownish (cyan) colors denote anomalies belonging to the warmest (coldest) eight anomalies found since
1997. Record warm anomalies (rank 1) are highlighted by white contours.

all of the available reanalysis data from 1993–2022 are taken
into account, the trend in MHW occurrences becomes sig-
nificant at the 95 % level, with +0.64 MHWs per decade.
Again, the number of events is positively correlated with
annual mean temperature (R = 0.58, Fig. 4j). The highest
maximum MHW intensities were recorded in recent years
(2016, 2018, 2021, 2022), with 2022 showing the highest
intensity of any MHW, at 7.3 °C (reanalysis data) to 7.4 °C
(station data) above the climatologically expected tempera-
ture (Fig. 4k, l, see also Fig. A2b). The cumulative MHW
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mean temperatures at this station (Fig. 4m, n). In terms of
total MHW days, 2018 shows the highest numbers (Fig. 4o),
but otherwise no trend is detectable for this metric, though

there is a positive correlation with annual mean temperatures
(R = 0.56, Fig. 4p).

3.2.2 Analysis of vertical MHW distribution at Northern
Baltic

At Northern Baltic, which is about 103 m deep and located
in the western Baltic Proper, the surface temperature has
been measured continuously over several decades. However,
no quality-controlled temperature measurements exist for the
lower layers at this station. The validation of the BAL-MYP
shows that at other locations the reanalysis represents tem-
peratures generally well, both at the surface and in the lower
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summer (June), a so-called cold intermediate layer (CIL),
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and the perennial halocline (Chubarenko et al., 2017; Dutheil
et al., 2023), develops at a depth of 20–60 m and acts as a bar-
rier between the surface and bottom waterbodies. At North-
ern Baltic, the upper boundary of the CIL coincides with
the mixed layer depth (MLD), which is depicted in Fig. 5b–
c. Starting from around June, a water stratum with a sig-
nificantly lower temperature than the climatological mean
(up to −7 °C deviation) is located immediately under the
MLD (Fig. 5b), which suggests that the CIL was signifi-
cantly colder at this time in 2022. This also coincides with

the onset of significantly higher temperatures near the sur-
face, at 0.5 m depth, compared to the climatological mean,
though these were initially not high enough to result in a
MHW (Fig. 5e). At this depth, there is a significant temper-
ature surge of 5 °C above the climatological mean, followed
by abrupt and substantial fluctuations in temperature within
in a brief time frame. This eventually leads to a MHW which
lasts for 15 d starting from the end of June and which con-
tains a 1 d long extreme MHW (Category IV) event at a tem-
perature of 7.4 °C above the climatological mean, followed
by a severe MHW (Category III) for another 3 d. Significant
temperature deviations can also be observed at a depth of
10.8 m, i.e., at the MLD, after 2 July, just after the Cate-
gory IV MHW at 0.5 m depth. However, these temperature
deviations did not result in a MHW at 10.8 m depth. A com-
parably weak MHW can be detected in mid-August at both
0.5 m (Fig. 5e) and 10.8 m (Fig. 5f). Thus, this weaker MHW

https://doi.org/10.5194/sp-4-osr8-16-2024 State Planet, 4-osr8, 16, 2024



CHAPTER4.4

8 A. Lindenthal et al.: Baltic Sea surface temperature analysis 2022

Table 3. Statistical MHW parameter values in various subregions of the Baltic Sea for 2022 based on the reanalysis data from the BAL-MYP
(product ref. no. 3 in Table 1) using daily values of SST between 1 January 1993 and 31 December 2022. The climatological period covers
the years 1993 to 2021.

Kattegat Inner Danish Western Baltic Gulf of Gulf of Archipelago Bothnian Bothnian
Straits Baltic Proper Riga Finland Sea Sea Bay

Cumulative intensity
of longest MHW
(°C days)

81.5 63.8 64 79.4 63 66.5 61.1 119.3 85.1

Mean intensity (°C) 3.6 3.5 3.8 5.3 4.9 5.8 4.5 6.4 6.5

Duration of longest
MHW (days)

24 29 26 32 17 17 21 31 20

Number of MHWs
(modal) per year

1–6 (3) 2–7 (4) 2–7 (5) 1–7 (3) 1–4 (3) 1–4 (2) 2–4 (3) 1–6 (2) 1–5 (2)

Maximum intensity
(°C)

4.5 4.2 4.6 7.3 5.9 6.8 5.1 8.6 9.6

Total days of MHW
conditions (days)

56 86 94 79 50 48 55 63 47

penetrates past the MLD into slightly deeper levels before
reaching the comparably cold layer of water underneath.

As shown in Fig. 5c and d, the intensity of the MHW tends
to decrease as the depth increases. Four MHWs in regions
close to the seafloor (i.e., below 60 m) were detected dur-
ing specific periods from February to April, September to
October, and in December. These MHWs are mostly mod-
erate, with temperatures reaching up to 1.59 °C above the
climatological mean. At the end of September, only 3 d can
be classified as a Category II MHW in one specific depth
layer close to the seafloor. In the bottom-most depth layer,
the corresponding subsurface MHW is interrupted by 5 d of
temperatures below the 90th percentile. However, as the tem-
peratures are only slightly below the threshold and the MHW
criteria are still met in the depth layers above, one might still
count this as one continuous MHW. Furthermore, Fig. 5c also
shows isolated Category I MHWs at depths between 20 and
50 m.

4 Discussion and conclusions

During August and November 2022, record warm sea surface
temperatures were observed in substantial areas of the Baltic
Sea proper. Large parts of the Baltic Sea exhibited the third-
warmest to the warmest temperatures in summer and autumn
months since 1997. Both periods, in August and November,
coincided with atmospheric temperature anomalies. Over the
entire year of 2022, the distribution in quantity and intensity
of MHWs within the Baltic Sea was twofold: up to seven in-
dividual MHW occurrences were recorded and simulated in
the southwestern part of the Baltic Sea, and as a result this re-
gion experienced the maximum number of total MHW days

of anywhere in the Baltic Sea in 2022. In the northern Baltic
Sea, the number of MHWs was lower, with some locations
registering only one MHW; remarkably, however, this one
MHW led to the highest mean and maximum MHW inten-
sities in the Baltic Sea since the reanalysis started in 1993.
In some areas in the Bothnian Bay, the BAL-MYP revealed
temperatures that exceeded 9 °C above the 90th percentile of
the climatologically expected temperature values (Fig. 3d, e).
This can be considered an extraordinarily high MHW inten-
sity, since maximum SST anomalies above 5 °C have only
been observed in about 5 % of the global ocean, while MHW
intensities normally peak at 2.5 to 3.7 °C (Sen Gupta et al.,
2020). In our case, the area in the Bothnian Bay experienced
a short period with southerly winds and air temperatures up
to 28 °C at the end of June 2022 (SMHI, 2023a, b), which led
to a short but very intense MHW in the shallow areas of the
bay.

A significant increase in MHW occurrences is detectable
over time at our two exemplary stations: +0.73 MHW events
per decade at LT Kiel and +0.64 MHW events per decade at
Northern Baltic. Both MHW frequency and the total num-
ber of MHW days are statistically related to rising mean
temperatures. This confirms that an increasing number of
MHWs can also be expected in the future in the Baltic Sea
due to global warming (Frölicher et al., 2018; Oliver, 2019).
The adverse impact of MHWs on the ecosystem’s various
trophic levels has been widely documented (Smale et al.,
2019; IPCC, 2022; Smith et al., 2023). The Baltic Sea, which
has a relatively vulnerable ecosystem, could experience a sig-
nificant negative impact from MHWs (Kauppi and Villnäs,
2022; Kauppi et al., 2023), and the analysis of subsurface
MHWs opens up further potential ways to study their ef-
fects. At the Northern Baltic mooring station, MHWs were
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Figure 4. Comparison and time series of annual MHW metrics (a, i: MHW events; c, k: maximum intensity (°C); e, m: cumulative intensity
(°C days); g, o: MHW days) for station data (orange bars) and BAL-MYP (blue bars) at the stations LT Kiel (left) and Northern Baltic (right).
The MHW metrics from the reanalysis are plotted against the annual mean SST at that station with the year 2022 marked in red. Statistically
significant (95 %) correlations are indicated with a black line.

found close to the surface, propagating into deeper layers un-
til reaching the CIL, and some were also detected close to the
seafloor. Isolated MHWs were also observed at depths be-
tween 20 and 50 m. However, these are subject to higher un-
certainty compared to the ones in the surface and bottom lay-
ers due to a higher uncertainty in modeling variability in the
pycnocline (QuID; Panteleit et al., 2023). Possible reasons
for the development of the four MHWs close to the seafloor
at Northern Baltic could, for example, be vertical heat trans-
port from the surface or a lateral transport of warmer water
due to bottom currents. However, a more detailed evaluation
would be required to assess their precise cause.

Potential avenues for future studies include examining
whether and how surface MHWs are able to propagate into
the deeper water masses close to the halocline and examining
the correlation between the strength (i.e., the classification
category) of the MHW and its propagation into deeper wa-

ter masses. At Northern Baltic, severe and extreme MHWs
occurred close to the surface when the CIL was particularly
cold compared to the climatology. This therefore raises ques-
tions of whether a strong CIL might be linked to the devel-
opment of MHWs at the surface and whether the one might
even favor the development of the other. Additional studies
could also focus on the positive feedback on the bottom tem-
perature, as was observed in 2022. It might be interesting
to determine if this phenomenon can also be found in other
years and whether it is triggered by the superposition of ei-
ther lateral currents or MHWs or of both together. Under-
standing the effects that potentially lead to the vertical prop-
agation of MHWs like those observed particularly in the late
summer of 2022 will become increasingly crucial in order to
evaluate how the already increasing occurrences of surface
MHWs may affect the ecosystem in subsurface layers.
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penetrates past the MLD into slightly deeper levels before
reaching the comparably cold layer of water underneath.

As shown in Fig. 5c and d, the intensity of the MHW tends
to decrease as the depth increases. Four MHWs in regions
close to the seafloor (i.e., below 60 m) were detected dur-
ing specific periods from February to April, September to
October, and in December. These MHWs are mostly mod-
erate, with temperatures reaching up to 1.59 °C above the
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layer close to the seafloor. In the bottom-most depth layer,
the corresponding subsurface MHW is interrupted by 5 d of
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peratures are only slightly below the threshold and the MHW
criteria are still met in the depth layers above, one might still
count this as one continuous MHW. Furthermore, Fig. 5c also
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50 m.
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temperatures were observed in substantial areas of the Baltic
Sea proper. Large parts of the Baltic Sea exhibited the third-
warmest to the warmest temperatures in summer and autumn
months since 1997. Both periods, in August and November,
coincided with atmospheric temperature anomalies. Over the
entire year of 2022, the distribution in quantity and intensity
of MHWs within the Baltic Sea was twofold: up to seven in-
dividual MHW occurrences were recorded and simulated in
the southwestern part of the Baltic Sea, and as a result this re-
gion experienced the maximum number of total MHW days
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Sea, the number of MHWs was lower, with some locations
registering only one MHW; remarkably, however, this one
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sities in the Baltic Sea since the reanalysis started in 1993.
In some areas in the Bothnian Bay, the BAL-MYP revealed
temperatures that exceeded 9 °C above the 90th percentile of
the climatologically expected temperature values (Fig. 3d, e).
This can be considered an extraordinarily high MHW inten-
sity, since maximum SST anomalies above 5 °C have only
been observed in about 5 % of the global ocean, while MHW
intensities normally peak at 2.5 to 3.7 °C (Sen Gupta et al.,
2020). In our case, the area in the Bothnian Bay experienced
a short period with southerly winds and air temperatures up
to 28 °C at the end of June 2022 (SMHI, 2023a, b), which led
to a short but very intense MHW in the shallow areas of the
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A significant increase in MHW occurrences is detectable
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pycnocline (QuID; Panteleit et al., 2023). Possible reasons
for the development of the four MHWs close to the seafloor
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port from the surface or a lateral transport of warmer water
due to bottom currents. However, a more detailed evaluation
would be required to assess their precise cause.

Potential avenues for future studies include examining
whether and how surface MHWs are able to propagate into
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category) of the MHW and its propagation into deeper wa-
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tions of whether a strong CIL might be linked to the devel-
opment of MHWs at the surface and whether the one might
even favor the development of the other. Additional studies
could also focus on the positive feedback on the bottom tem-
perature, as was observed in 2022. It might be interesting
to determine if this phenomenon can also be found in other
years and whether it is triggered by the superposition of ei-
ther lateral currents or MHWs or of both together. Under-
standing the effects that potentially lead to the vertical prop-
agation of MHWs like those observed particularly in the late
summer of 2022 will become increasingly crucial in order to
evaluate how the already increasing occurrences of surface
MHWs may affect the ecosystem in subsurface layers.
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Appendix A

We apply a clustering approach to evaluate the precision of
the Baltic Sea physics reanalysis multi-year product (BAL-
MYP, product ref. no. 3 in Table 1) in order to highlight
its ability to accurately capture both surface and subsurface
MHWs over the entire domain. This clustering approach of-
fers insights into the overall accuracy of the reanalysis with
respect to temperature and salinity by grouping the respec-
tive errors. The procedure employs the k-means algorithm,
a type of unsupervised machine learning (Jain, 2010). The
original explanation of this technique can be found in a study
by Raudsepp and Maljutenko (2022). In our evaluation, all
available data within the model’s domain and simulation pe-
riod are considered, even if the observation data are unevenly
distributed or occasionally sparse. This strategy enables us
to assess the quality of the reanalysis at each specific loca-
tion and time instance at which measurements have been ac-
quired.

Initially, a two-dimensional error space (dS, dT ) was es-
tablished using simultaneously measured temperature and
salinity values as the foundation for clustering. Here, dS =

(Smod − Sobs) and dT = (Tmod − Tobs) represent the differ-
ences between the model (Smod and Tmod) and observed
(Sobs and Tobs) salinity and temperature, respectively. The
dataset employed in this validation study was sourced from
the EMODNET dataset compiled by SMHI (product ref.
no. 4 in Table 1). It consists of a total of 3 094 089 observa-
tions aligning with the simulation period of the BAL-MYP
and covering the years 1993 to 2022. For each observation,
we extracted the nearest model values from the reanalysis
dataset.

The next stage involves choosing the number of clusters,
and for simplicity we opted in advance for five clusters. Sub-
sequently, the third step entails conducting k-means cluster-
ing on the two-dimensional errors. This clustering process is
applied to the normalized errors achieved through separate
normalization for temperature and salinity errors using the
corresponding standard deviations. The k-means algorithm
then identifies the centroids’ positions within the error space
for the predetermined number of clusters. These centroids’
locations signify the bias of the error set for each cluster. In
the fourth step, statistical metrics for non-normalized clus-
tered errors are computed. Standard deviation (SD), root-
mean-square deviation (RMSD) and the correlation coeffi-
cient are examples of common statistics that can be calcu-
lated for the parameters associated with each cluster.

The fifth step involves examining the spatiotemporal dis-
tributions of errors associated with different clusters. During
the creation of the error space, we retained the coordinates of
each error point (dS,dT )(x,y), allowing us to map the errors
of each cluster back onto the locations where the measure-
ments were conducted. To achieve this, the model domain
is partitioned into horizontal grid cells (i,j ) of 27 × 27 km2

in size. Subsequently, the number of error points attributed

to various clusters at each grid cell (i,j ) is tallied. The total
number of error points linked to the grid cell (i,j ) is the sum
of points from each cluster. The proportion of error points in
each grid cell affiliated with cluster k is determined by the
ratio of the number of error points of cluster k to the total
number of error points in each grid cell.

Figure A1 displays the results of the k-means clustering
for non-normalized errors. Table A1 presents the correspond-
ing metrics. Within cluster k = 5, the salinity and tempera-
ture values closely align with the observations, with a bias
of dS = −0.40 g kg−1 and dT = −0.02 °C, respectively. This
cluster encompasses 57 % of all data points. The points are
distributed throughout the Baltic Sea and the great major-
ity of them exceed 0.5 (Fig. A1b). Clusters k = 3 and k = 4
exhibit relatively even spatial distributions across the Baltic
Sea, accounting for 11 % and 8 % of the points, respectively.
These clusters are particularly noteworthy due to their rela-
tively high temperature biases and variability, both of which
are crucial for the calculation of marine heatwaves. The clus-
ters k = 1 and k = 2 represent points with low temperature
but a high salinity error (Table A1). Spatially, these points
are predominantly located in the southwestern Baltic Sea
(Fig. A1b), which points to the occasional underestimation
or overestimation of the inflow and outflow salinity.

Collectively, approximately 82 % of all validation points
exhibit relatively low temperature bias, SD, and RMSD (Ta-
ble A1). The surface layer validation shows that less than
10 % of comparison points have significant temperature er-
rors (Fig. A1c). Due to the low proportion of these validation
points, we do not expect a significant impact on the deter-
mination of surface MHWs and their statistics. Below the
surface layer, i.e., at depths ranging from 0.5–40 m, up to
25 % of the points correspond to clusters k = 3 and k = 4
(Fig. A1c). Consequently, we anticipate that the reanalysis
data provides sufficiently accurate information for calculat-
ing subsurface MHWs and their statistics for the Baltic Sea.
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Figure 5. Hovmöller diagrams showing absolute water temperature (a) and temperature deviation between the climatology and the BAL-
MYP data for 2022 (b) and MHWs (c) and their classifications (d, 1 – moderate; 2 – strong; 3 – severe; 4 – extreme) including the mixed-layer
depth as the thick black line (b, c) at Northern Baltic based on the BAL-MYP (product ref. no. 3 in Table 1). The time series on the right (e–f)
are located at the vertical positions marked as dashed lines in (a) and show temperature (black), climatology (blue), 90th percentile threshold
for MHW analysis (green), and MHWs (red shading) based on reanalysis data at depths of 0.5 m (e) and 10.8 m (f). The period used for the
climatology is 1993–2021.
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available data within the model’s domain and simulation pe-
riod are considered, even if the observation data are unevenly
distributed or occasionally sparse. This strategy enables us
to assess the quality of the reanalysis at each specific loca-
tion and time instance at which measurements have been ac-
quired.

Initially, a two-dimensional error space (dS, dT ) was es-
tablished using simultaneously measured temperature and
salinity values as the foundation for clustering. Here, dS =

(Smod − Sobs) and dT = (Tmod − Tobs) represent the differ-
ences between the model (Smod and Tmod) and observed
(Sobs and Tobs) salinity and temperature, respectively. The
dataset employed in this validation study was sourced from
the EMODNET dataset compiled by SMHI (product ref.
no. 4 in Table 1). It consists of a total of 3 094 089 observa-
tions aligning with the simulation period of the BAL-MYP
and covering the years 1993 to 2022. For each observation,
we extracted the nearest model values from the reanalysis
dataset.

The next stage involves choosing the number of clusters,
and for simplicity we opted in advance for five clusters. Sub-
sequently, the third step entails conducting k-means cluster-
ing on the two-dimensional errors. This clustering process is
applied to the normalized errors achieved through separate
normalization for temperature and salinity errors using the
corresponding standard deviations. The k-means algorithm
then identifies the centroids’ positions within the error space
for the predetermined number of clusters. These centroids’
locations signify the bias of the error set for each cluster. In
the fourth step, statistical metrics for non-normalized clus-
tered errors are computed. Standard deviation (SD), root-
mean-square deviation (RMSD) and the correlation coeffi-
cient are examples of common statistics that can be calcu-
lated for the parameters associated with each cluster.

The fifth step involves examining the spatiotemporal dis-
tributions of errors associated with different clusters. During
the creation of the error space, we retained the coordinates of
each error point (dS,dT )(x,y), allowing us to map the errors
of each cluster back onto the locations where the measure-
ments were conducted. To achieve this, the model domain
is partitioned into horizontal grid cells (i,j ) of 27 × 27 km2

in size. Subsequently, the number of error points attributed

to various clusters at each grid cell (i,j ) is tallied. The total
number of error points linked to the grid cell (i,j ) is the sum
of points from each cluster. The proportion of error points in
each grid cell affiliated with cluster k is determined by the
ratio of the number of error points of cluster k to the total
number of error points in each grid cell.

Figure A1 displays the results of the k-means clustering
for non-normalized errors. Table A1 presents the correspond-
ing metrics. Within cluster k = 5, the salinity and tempera-
ture values closely align with the observations, with a bias
of dS = −0.40 g kg−1 and dT = −0.02 °C, respectively. This
cluster encompasses 57 % of all data points. The points are
distributed throughout the Baltic Sea and the great major-
ity of them exceed 0.5 (Fig. A1b). Clusters k = 3 and k = 4
exhibit relatively even spatial distributions across the Baltic
Sea, accounting for 11 % and 8 % of the points, respectively.
These clusters are particularly noteworthy due to their rela-
tively high temperature biases and variability, both of which
are crucial for the calculation of marine heatwaves. The clus-
ters k = 1 and k = 2 represent points with low temperature
but a high salinity error (Table A1). Spatially, these points
are predominantly located in the southwestern Baltic Sea
(Fig. A1b), which points to the occasional underestimation
or overestimation of the inflow and outflow salinity.

Collectively, approximately 82 % of all validation points
exhibit relatively low temperature bias, SD, and RMSD (Ta-
ble A1). The surface layer validation shows that less than
10 % of comparison points have significant temperature er-
rors (Fig. A1c). Due to the low proportion of these validation
points, we do not expect a significant impact on the deter-
mination of surface MHWs and their statistics. Below the
surface layer, i.e., at depths ranging from 0.5–40 m, up to
25 % of the points correspond to clusters k = 3 and k = 4
(Fig. A1c). Consequently, we anticipate that the reanalysis
data provides sufficiently accurate information for calculat-
ing subsurface MHWs and their statistics for the Baltic Sea.
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Figure 5. Hovmöller diagrams showing absolute water temperature (a) and temperature deviation between the climatology and the BAL-
MYP data for 2022 (b) and MHWs (c) and their classifications (d, 1 – moderate; 2 – strong; 3 – severe; 4 – extreme) including the mixed-layer
depth as the thick black line (b, c) at Northern Baltic based on the BAL-MYP (product ref. no. 3 in Table 1). The time series on the right (e–f)
are located at the vertical positions marked as dashed lines in (a) and show temperature (black), climatology (blue), 90th percentile threshold
for MHW analysis (green), and MHWs (red shading) based on reanalysis data at depths of 0.5 m (e) and 10.8 m (f). The period used for the
climatology is 1993–2021.
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Figure A1. Distribution of normalized error clusters for the BAL-MYP for k = 5 (a) and the spatial distribution (b, shaded sub-plots), vertical
distribution (c), temporal distribution (d), and seasonal distribution (e) of the share of error points belonging to the five different clusters.

Table A1. The share (%), bias, root-mean-square error (RMSE), standard deviation (SD), and correlation coefficient (Corr) for each of the
five clusters.

Shares Bias SD RMSE Corr

k % dS dT dS dT S T S T dSdT

(g kg−1) (°C) (g kg−1) (°C) (g kg−1) (°C)

1 18.6 −4.14 −0.26 1.80 0.85 4.51 0.89 0.90 0.78 −0.09
2 7.4 3.53 0.39 2.16 1.06 4.14 1.13 0.93 0.75 −0.11
3 10.5 −0.62 2.58 2.12 1.28 2.21 2.88 0.97 0.58 −0.06
4 6.3 0.27 −2.29 1.97 1.21 1.99 2.59 0.95 0.71 −0.14
5 57.2 −0.40 −0.02 0.83 0.54 0.92 0.54 0.99 0.89 0.07
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Figure A2. Comparison of station data with BAL-MYP data at (a) LT Kiel (product ref. no. 2 and 3 in Table 1) and (b) Northern Baltic (Hedi
Kanarik, FMI, personal communication, 2023, and product ref. no. 3 in Table 1). The dashed lines correspond to the reanalysis, while the
continuous lines correspond to the station data. The climatological mean is shown in blue. The green lines show the 90th percentile threshold
for MHW detection, and the black lines are the respective 2022 temperature data. The purple (BAL-MYP) and red (station data) marked
areas show the detected MHWs in 2022. The reference period is 1993–2021 for LT Kiel (a) and 1997–2021 for Northern Baltic (b).

Code availability. The Python-based toolbox for ma-
rine heatwave detection is available at https://github.com/
ecjoliver/marineHeatWaves (Oliver, 2016). The MATLAB
toolbox for marine heat wave detection is available at
https://github.com/ZijieZhaoMMHW/m_mhw1.0 (Zhao and
Marin, 2019b, a).

Data availability. This study is based on public databases,
and the references are listed in Table 1. Weather observations
at Umeå airport (close to southwestern Bothnian Bay) are
available from SMHI at https://www.smhi.se/data/meteorologi/
ladda-ner-meteorologiska-observationer/#param=wind,stations=
core,stationid=140480 (SMHI, 2023b) and https://www.smhi.
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Figure A1. Distribution of normalized error clusters for the BAL-MYP for k = 5 (a) and the spatial distribution (b, shaded sub-plots), vertical
distribution (c), temporal distribution (d), and seasonal distribution (e) of the share of error points belonging to the five different clusters.

Table A1. The share (%), bias, root-mean-square error (RMSE), standard deviation (SD), and correlation coefficient (Corr) for each of the
five clusters.
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k % dS dT dS dT S T S T dSdT

(g kg−1) (°C) (g kg−1) (°C) (g kg−1) (°C)

1 18.6 −4.14 −0.26 1.80 0.85 4.51 0.89 0.90 0.78 −0.09
2 7.4 3.53 0.39 2.16 1.06 4.14 1.13 0.93 0.75 −0.11
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Figure A2. Comparison of station data with BAL-MYP data at (a) LT Kiel (product ref. no. 2 and 3 in Table 1) and (b) Northern Baltic (Hedi
Kanarik, FMI, personal communication, 2023, and product ref. no. 3 in Table 1). The dashed lines correspond to the reanalysis, while the
continuous lines correspond to the station data. The climatological mean is shown in blue. The green lines show the 90th percentile threshold
for MHW detection, and the black lines are the respective 2022 temperature data. The purple (BAL-MYP) and red (station data) marked
areas show the detected MHWs in 2022. The reference period is 1993–2021 for LT Kiel (a) and 1997–2021 for Northern Baltic (b).
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Abstract. Marine heat waves (MHWs) are defined as prolonged periods of anomalously high sea surface tem-
peratures. These events have a profound impact on marine ecosystems, resulting in ecological and economic
impacts such as coral bleaching, reduced surface chlorophyll due to increased surface layer stratification, mass
mortality of marine invertebrates due to heat stress, rapid species migrations, and fishery closures or quota
changes, among others.

This research focuses on the study of the MHWs that occurred in the IBI (Iberia–Biscay–Ireland) region
during the year 2022, assessing their climatologic properties, analyzing the mean values for the year 2022,
and discretizing the events in four subregions representative of the entire domain. Satellite-derived sea surface
temperature data were used to detect and characterize the events, revealing that in some areas the year 2022
showed peak anomaly values of (i) 15 MHW events, (ii) 128 d of mean durations, and (iii) 261 total days of
MHWs. Through observational and modeling data, the discrete events located in the Bay of Biscay were also
examined in the subsurface layers, demonstrating a strong seasonal modulation and heat diffusion through deeper
layers, where cold-season events reach higher MHW mean depth values and subsurface positive anomalies of
temperature can remain for weeks once an MHW has ended.

1 Introduction

Marine heat waves (MHWs) are a physical process which
results in extreme temperatures, at least, on the ocean sur-
face. As they are known to be related to multiple drastic al-
terations in marine ecosystems and services (Holbrook et al.,
2020; Smale et al., 2019), and due to the recently observed
ocean surface warming of 0.88 °C in the last decade (Lee et
al., 2023), which is also related to an increase in the MHW
frequency and the intensity of the events, the scientific com-
munity has shown a growing interest in this topic (Hobday et
al., 2018).

In this contribution, an analysis of the MHWs in the IBI
(Iberia–Biscay–Ireland) domain during the year 2022 is per-
formed. The IBI region is one of the areas handled by the
Monitoring and Forecasting Centers of the Copernicus Ma-
rine Service, located in the northeastern Atlantic Ocean be-

tween the Canary Archipelago in the south and Great Britain
and Ireland in the north (Fig. 1). This region clusters multi-
ple dynamical systems, such as upwelling areas, open waters,
straits, and bays, and it is hence a region characterized by a
remarkable range of physical processes at various spatial and
temporal scales (Sotillo et al., 2015).

To detect and analyze MHWs, the standard method of
Hobday et al. (2016) is used, defining an MHW as a dis-
crete event that lasts for at least 5 consecutive days exhibit-
ing temperatures warmer than the 90th percentile of the cli-
matological distribution. This method has been widely used,
and hence an important number of comparable MHW studies
around the world have been published. Unfortunately, there is
an unsolved issue regarding the Hobday et al. (2016) method:
how to deal with sea surface temperature (SST) trends and
MHW detection. Different authors have assessed this issue,
but a consensus has not been reached yet. It is demonstrated

Published by Copernicus Publications.
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1 Introduction

Marine heat waves (MHWs) are a physical process which
results in extreme temperatures, at least, on the ocean sur-
face. As they are known to be related to multiple drastic al-
terations in marine ecosystems and services (Holbrook et al.,
2020; Smale et al., 2019), and due to the recently observed
ocean surface warming of 0.88 °C in the last decade (Lee et
al., 2023), which is also related to an increase in the MHW
frequency and the intensity of the events, the scientific com-
munity has shown a growing interest in this topic (Hobday et
al., 2018).

In this contribution, an analysis of the MHWs in the IBI
(Iberia–Biscay–Ireland) domain during the year 2022 is per-
formed. The IBI region is one of the areas handled by the
Monitoring and Forecasting Centers of the Copernicus Ma-
rine Service, located in the northeastern Atlantic Ocean be-

tween the Canary Archipelago in the south and Great Britain
and Ireland in the north (Fig. 1). This region clusters multi-
ple dynamical systems, such as upwelling areas, open waters,
straits, and bays, and it is hence a region characterized by a
remarkable range of physical processes at various spatial and
temporal scales (Sotillo et al., 2015).

To detect and analyze MHWs, the standard method of
Hobday et al. (2016) is used, defining an MHW as a dis-
crete event that lasts for at least 5 consecutive days exhibit-
ing temperatures warmer than the 90th percentile of the cli-
matological distribution. This method has been widely used,
and hence an important number of comparable MHW studies
around the world have been published. Unfortunately, there is
an unsolved issue regarding the Hobday et al. (2016) method:
how to deal with sea surface temperature (SST) trends and
MHW detection. Different authors have assessed this issue,
but a consensus has not been reached yet. It is demonstrated
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Table 1. List of Copernicus Marine products used for the computation of marine heat waves (MHWs) in Iberia–Biscay–Ireland (IBI) region.

Product Product ID Data access Documentation:
ref. no. Acronym

Type
QUID: Quality Information Document
PUM: Product User Manual

1 SST_GLO_SST_L4_REP_OBSERVATIONS_010_024
(GLO-REP)
Satellite observations

EU Copernicus Marine
Service Product (2021)

QUID: Good (2021)
PUM: Good (2022)

2 INSITU_IBI_PHYBGCWAV_DISCRETE_MYNRT_
013_033
(ARGO)
In situ observations

EU Copernicus Marine
Service Product (2023a)

QUID: Wehde et al. (2023)
PUM: In Situ TAC Partners (2023)

3 IBI_ANALYSISFORECAST_PHY_005_001
(IBI-NRT)
Numerical models

EU Copernicus Marine
Service Product (2023b)

QUID: Levier et al. (2023)
PUM: Amo-Baladrón et al. (2023)

4 IBI_MULTIYEAR_PHY_005_002
(IBI-REA)
Numerical models

EU Copernicus Marine
Service Product (2022)

QUID: Levier et al. (2022)
PUM: Amo-Baladrón et al. (2022)

Figure 1. Study area with bathymetry from 19° W to 5° E of lon-
gitude and 25 to 59° N of latitude. Black boxes with acronyms rep-
resent the areas in which we discretize the MHW events of 2022
by spatial averaging of SST; areas are the Canary Basin (CAN)
(18.5–15° W, 30–32° N), the Iberian Peninsula (IBE) (10–8.5° W,
36.5–44° N), the Bay of Biscay (BSC) (8–5° W, 44.5–46.5° N), and
the Celtic Sea (CEL) (10–6.5° W, 49–51° N). For the BSC area, the
position of the ARGO profiles is shown with points in different col-
ors. This map has been obtained through Ocean Data View v.5.6.3.
(Schlitzer, 2021).

that long-term trends influence the MHW results; for exam-
ple, the global assessment of Oliver et al. (2018) shows that
just the SST trend may explain the MHW trends in 80 %,
59 %, and 53 % of the ocean surface for the frequency, inten-
sity, and duration, respectively. Also, through the use of syn-
thetic SST time series and sensitivity experiments, Schlegel
et al. (2019) demonstrated that SST long-term linear trends
can have a much greater effect on the trend of MHW prop-
erties than the length of the series or even the presence of
missing data. So, the underlying issue is about considering
the long-term mean modulation to be part of the MHW pro-
cess (not detrending) or consider the MHW just looking into
the modulation of the extreme values independent of the evo-
lution of mean ones (detrending).

Considering the results of the recent MHW global assess-
ments, it is expected for such events to increase in frequency
and duration during the next years in most parts of the world
(Oliver et al., 2018; Yao et al., 2022; Collins et al., 2019;
Fox-Kemper et al., 2021). These predictions also include the
IBI domain, a region characterized by Yao et al. (2022) as
presenting MHWs with an intensity mean close to 1 °C and
approximately 15 to 30 MHW days per year from 1982 to
2020. A wide range of physical processes can be pointed out
as drivers of the occurrence of MHWs depending on the sub-
regions assessed. Specifically, our study area covers the Ca-
nary Basin, the Iberian Peninsula, the Bay of Biscay, and the
Celtic Sea (Fig. 1).

Canary and Iberian MHWs are mostly linked to processes
of atmospheric blocking, the negative phase of the North At-
lantic Oscillation (NAO), the regional air–sea coupling, the
regional changes in wave stress and the jet stream position,
local advective processes, and air–sea heat fluxes (Holbrook
et al., 2019; Varela et al., 2021). In a rare instance, the influ-
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ence of ENSO has also been observed in a record-breaking
event recorded in the area (Hu et al., 2011).

In the case of the Bay of Biscay and the Celtic Sea the
main interannual drivers of MHWs are the NAO and the East
Atlantic pattern (EA) (Izquierdo et al., 2022; Simon et al.,
2023), while other processes such as the inflow from the En-
glish Channel and the strength of the tidal currents also play
a key role in the regional changes in the SST (Cornes et al.,
2023).

In this research we aim to characterize the year 2022 re-
garding the MHWs in the IBI domain, considering not only
the annual mean values but also the 2022 discrete events in
four different subregions representative of the domain. Also,
we shed light on the first steps of learning how MHWs be-
have under the surface by using Copernicus products.

2 Data and methods

In the present work several Copernicus Marine products (de-
scribed in Table 1) have been used to provide a description of
the MHWs which occurred in the IBI region during the year
2022. The diversity of products used is due to our leverage
of their different strengths in the detection and description of
MHWs.

2.1 Data

To detect the MHW events, we used the ESA SST CCI and
C3S global Sea Surface Temperature Reprocessed product
(GLO-REP, Table 1, product ref. 1), which is a homogenous
level 4 analysis. This dataset provides daily gridded gap-free
SST data from 1 September 1981 at 0.05° × 0.05° of spatial
resolution. The input data of the system derive from three
different satellite sensors, the ATSRs, the SLSTR, and the
AVHRR (Merchant et al., 2019), and are processed through
the Operational Sea Surface Temperature and Sea Ice Anal-
ysis (OSTIA) system developed by the UK’s Met Office
(Good et al., 2020). The availability of gridded data for this
product has enabled (i) the generation of a reference clima-
tology and seasonal threshold to detect MHWs and (ii) the
compilation of a catalogue of MHWs that impacted the study
area during 2022.

Once a specific event was located in space and time, we
observed how some of these events behaved under the sur-
face. To achieve this goal, we used seawater temperature data
from the ocean surface down to 350 m of depth from both in
situ observations and numerical models. Thus, we examined
specific events with in situ data and also estimated their de-
velopment during all the MHW days through numerical mod-
eling data, which have no spatial or temporal limitations.

ARGO is the collective name of a global array of 3000
automated free-drifting profiling floats that measure sea-
water temperature and salinity in the upper ocean as well
as, in some cases, bio-geo parameters such as oxygen or
chlorophyll concentration. All collected data are freely avail-

able from the international ARGO project and the national
programs that contribute to it (ARGO, 2019). The spe-
cific Copernicus Marine Environment Monitoring Service
(CMEMS) product that we used is the Atlantic–Iberian
Biscay–Irish Ocean in situ near-real-time observations (here-
after the ARGO product, Table 1, product ref. 2), which
compiles level 2 processed in situ near-real-time data from
ARGO floats and other observational sources in the IBI re-
gion since 1 January 1990 to the current day. They are
hourly-updated and distributed by the Copernicus Marine
In Situ Thematic Assembly Centre (In Situ TAC) within
24–48 h of acquisition. The ARGO observations consist of
instantaneous values, quality-controlled and irregularly dis-
tributed in time and space as a result of the diverse modes of
operation, problems with the sensors, and drifting movement
of the buoys.

With the aim of acquiring data that allow a more detailed
study at a regular daily scale, two three-dimensional, grid-
ded, and gap-free CMEMS datasets from numerical models
have also been used, both run and provided by the IBI Mon-
itoring and Forecasting Center. The first one is the Atlantic–
Iberian–Biscay–Irish Ocean Physics Analysis and Forecast
(IBI-NRT, Table 1, product ref. 3), a product with a spatial
resolution of 0.028° × 0.028° and 50 depth levels down to
5728 m. It provides best estimates with level 4 processing of
different physical variables for the last 2 years, as well as
a forecast with a 5 d horizon, updated daily. Secondly, we
used the Atlantic–Iberian–Biscay–Irish Ocean Physics Re-
analysis (IBI-REA, Table 1, product ref. 4), which extends
from 1 January 1993 to 28 December 2021. It has a spatial
resolution of 0.083° × 0.083° with the same vertical levels
as IBI-NRT and a time resolution that ranges from hourly to
yearly. Observational data assimilated for the reanalysis in-
clude altimeter measurements, in situ temperature and salin-
ity vertical profiles, and satellite sea surface temperature. For
the purposes of this study, we extracted daily averaged values
of potential temperature (θ ) in the water column from 2005 to
2021 for IBI-REA and the year 2022 for IBI-NRT. Thereby,
we obtained a dataset to use as a mean reference (IBI-REA)
and another one to assess the year 2022 (IBI-NRT) deep in-
side the ocean.

2.2 Methods

2.2.1 Surface MHW assessment

The study and detection of the MHWs were accomplished
through the standard definition of Hobday et al. (2016) ap-
plied to the GLO-REP product from January 1982 to Decem-
ber 2022. We chose the usual parameters in order to obtain
results comparable to those of similar studies on this topic:
a minimum duration of 5 d to consider an MHW, a maxi-
mum gap tolerance of 2 d between two events, a threshold
calculated through the 90th percentile, and a climatology and
threshold computed for the whole period smoothed out using
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Table 1. List of Copernicus Marine products used for the computation of marine heat waves (MHWs) in Iberia–Biscay–Ireland (IBI) region.

Product Product ID Data access Documentation:
ref. no. Acronym

Type
QUID: Quality Information Document
PUM: Product User Manual

1 SST_GLO_SST_L4_REP_OBSERVATIONS_010_024
(GLO-REP)
Satellite observations

EU Copernicus Marine
Service Product (2021)

QUID: Good (2021)
PUM: Good (2022)

2 INSITU_IBI_PHYBGCWAV_DISCRETE_MYNRT_
013_033
(ARGO)
In situ observations

EU Copernicus Marine
Service Product (2023a)

QUID: Wehde et al. (2023)
PUM: In Situ TAC Partners (2023)

3 IBI_ANALYSISFORECAST_PHY_005_001
(IBI-NRT)
Numerical models

EU Copernicus Marine
Service Product (2023b)

QUID: Levier et al. (2023)
PUM: Amo-Baladrón et al. (2023)

4 IBI_MULTIYEAR_PHY_005_002
(IBI-REA)
Numerical models

EU Copernicus Marine
Service Product (2022)

QUID: Levier et al. (2022)
PUM: Amo-Baladrón et al. (2022)

Figure 1. Study area with bathymetry from 19° W to 5° E of lon-
gitude and 25 to 59° N of latitude. Black boxes with acronyms rep-
resent the areas in which we discretize the MHW events of 2022
by spatial averaging of SST; areas are the Canary Basin (CAN)
(18.5–15° W, 30–32° N), the Iberian Peninsula (IBE) (10–8.5° W,
36.5–44° N), the Bay of Biscay (BSC) (8–5° W, 44.5–46.5° N), and
the Celtic Sea (CEL) (10–6.5° W, 49–51° N). For the BSC area, the
position of the ARGO profiles is shown with points in different col-
ors. This map has been obtained through Ocean Data View v.5.6.3.
(Schlitzer, 2021).

that long-term trends influence the MHW results; for exam-
ple, the global assessment of Oliver et al. (2018) shows that
just the SST trend may explain the MHW trends in 80 %,
59 %, and 53 % of the ocean surface for the frequency, inten-
sity, and duration, respectively. Also, through the use of syn-
thetic SST time series and sensitivity experiments, Schlegel
et al. (2019) demonstrated that SST long-term linear trends
can have a much greater effect on the trend of MHW prop-
erties than the length of the series or even the presence of
missing data. So, the underlying issue is about considering
the long-term mean modulation to be part of the MHW pro-
cess (not detrending) or consider the MHW just looking into
the modulation of the extreme values independent of the evo-
lution of mean ones (detrending).

Considering the results of the recent MHW global assess-
ments, it is expected for such events to increase in frequency
and duration during the next years in most parts of the world
(Oliver et al., 2018; Yao et al., 2022; Collins et al., 2019;
Fox-Kemper et al., 2021). These predictions also include the
IBI domain, a region characterized by Yao et al. (2022) as
presenting MHWs with an intensity mean close to 1 °C and
approximately 15 to 30 MHW days per year from 1982 to
2020. A wide range of physical processes can be pointed out
as drivers of the occurrence of MHWs depending on the sub-
regions assessed. Specifically, our study area covers the Ca-
nary Basin, the Iberian Peninsula, the Bay of Biscay, and the
Celtic Sea (Fig. 1).

Canary and Iberian MHWs are mostly linked to processes
of atmospheric blocking, the negative phase of the North At-
lantic Oscillation (NAO), the regional air–sea coupling, the
regional changes in wave stress and the jet stream position,
local advective processes, and air–sea heat fluxes (Holbrook
et al., 2019; Varela et al., 2021). In a rare instance, the influ-
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ence of ENSO has also been observed in a record-breaking
event recorded in the area (Hu et al., 2011).

In the case of the Bay of Biscay and the Celtic Sea the
main interannual drivers of MHWs are the NAO and the East
Atlantic pattern (EA) (Izquierdo et al., 2022; Simon et al.,
2023), while other processes such as the inflow from the En-
glish Channel and the strength of the tidal currents also play
a key role in the regional changes in the SST (Cornes et al.,
2023).

In this research we aim to characterize the year 2022 re-
garding the MHWs in the IBI domain, considering not only
the annual mean values but also the 2022 discrete events in
four different subregions representative of the domain. Also,
we shed light on the first steps of learning how MHWs be-
have under the surface by using Copernicus products.

2 Data and methods

In the present work several Copernicus Marine products (de-
scribed in Table 1) have been used to provide a description of
the MHWs which occurred in the IBI region during the year
2022. The diversity of products used is due to our leverage
of their different strengths in the detection and description of
MHWs.

2.1 Data

To detect the MHW events, we used the ESA SST CCI and
C3S global Sea Surface Temperature Reprocessed product
(GLO-REP, Table 1, product ref. 1), which is a homogenous
level 4 analysis. This dataset provides daily gridded gap-free
SST data from 1 September 1981 at 0.05° × 0.05° of spatial
resolution. The input data of the system derive from three
different satellite sensors, the ATSRs, the SLSTR, and the
AVHRR (Merchant et al., 2019), and are processed through
the Operational Sea Surface Temperature and Sea Ice Anal-
ysis (OSTIA) system developed by the UK’s Met Office
(Good et al., 2020). The availability of gridded data for this
product has enabled (i) the generation of a reference clima-
tology and seasonal threshold to detect MHWs and (ii) the
compilation of a catalogue of MHWs that impacted the study
area during 2022.

Once a specific event was located in space and time, we
observed how some of these events behaved under the sur-
face. To achieve this goal, we used seawater temperature data
from the ocean surface down to 350 m of depth from both in
situ observations and numerical models. Thus, we examined
specific events with in situ data and also estimated their de-
velopment during all the MHW days through numerical mod-
eling data, which have no spatial or temporal limitations.

ARGO is the collective name of a global array of 3000
automated free-drifting profiling floats that measure sea-
water temperature and salinity in the upper ocean as well
as, in some cases, bio-geo parameters such as oxygen or
chlorophyll concentration. All collected data are freely avail-

able from the international ARGO project and the national
programs that contribute to it (ARGO, 2019). The spe-
cific Copernicus Marine Environment Monitoring Service
(CMEMS) product that we used is the Atlantic–Iberian
Biscay–Irish Ocean in situ near-real-time observations (here-
after the ARGO product, Table 1, product ref. 2), which
compiles level 2 processed in situ near-real-time data from
ARGO floats and other observational sources in the IBI re-
gion since 1 January 1990 to the current day. They are
hourly-updated and distributed by the Copernicus Marine
In Situ Thematic Assembly Centre (In Situ TAC) within
24–48 h of acquisition. The ARGO observations consist of
instantaneous values, quality-controlled and irregularly dis-
tributed in time and space as a result of the diverse modes of
operation, problems with the sensors, and drifting movement
of the buoys.

With the aim of acquiring data that allow a more detailed
study at a regular daily scale, two three-dimensional, grid-
ded, and gap-free CMEMS datasets from numerical models
have also been used, both run and provided by the IBI Mon-
itoring and Forecasting Center. The first one is the Atlantic–
Iberian–Biscay–Irish Ocean Physics Analysis and Forecast
(IBI-NRT, Table 1, product ref. 3), a product with a spatial
resolution of 0.028° × 0.028° and 50 depth levels down to
5728 m. It provides best estimates with level 4 processing of
different physical variables for the last 2 years, as well as
a forecast with a 5 d horizon, updated daily. Secondly, we
used the Atlantic–Iberian–Biscay–Irish Ocean Physics Re-
analysis (IBI-REA, Table 1, product ref. 4), which extends
from 1 January 1993 to 28 December 2021. It has a spatial
resolution of 0.083° × 0.083° with the same vertical levels
as IBI-NRT and a time resolution that ranges from hourly to
yearly. Observational data assimilated for the reanalysis in-
clude altimeter measurements, in situ temperature and salin-
ity vertical profiles, and satellite sea surface temperature. For
the purposes of this study, we extracted daily averaged values
of potential temperature (θ ) in the water column from 2005 to
2021 for IBI-REA and the year 2022 for IBI-NRT. Thereby,
we obtained a dataset to use as a mean reference (IBI-REA)
and another one to assess the year 2022 (IBI-NRT) deep in-
side the ocean.

2.2 Methods

2.2.1 Surface MHW assessment

The study and detection of the MHWs were accomplished
through the standard definition of Hobday et al. (2016) ap-
plied to the GLO-REP product from January 1982 to Decem-
ber 2022. We chose the usual parameters in order to obtain
results comparable to those of similar studies on this topic:
a minimum duration of 5 d to consider an MHW, a maxi-
mum gap tolerance of 2 d between two events, a threshold
calculated through the 90th percentile, and a climatology and
threshold computed for the whole period smoothed out using
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a moving window of 31 d. The reference period for the cli-
matology corresponds to the entire time series in order to use
all the possible values to compute the mean without arbitrary
selections.

Among the set of parameters available to characterize the
MHW we selected the ones that we understand as fundamen-
tal to evaluate the state of MHWs in the IBI domain during
2022: the frequency of the events, the duration, the maximum
intensity point relative to the climatology and the absolute
value, and the cumulative intensity, which can be assessed as
the total energy of an event.

Regarding the possible presence of linear trends in SST, in
this research we did not apply any kind of trend assessment or
detrending method due to the lack of any standard procedure.

For a deeper analysis of MHWs in the region, we defined
four subregions to be representative of the different oceano-
graphic systems in our study area and performed a spatial av-
erage to assess them. According to this criterion, the selected
subregions were the continental shelf near the British Islands
and English Channel (CEL), the offshore region of the Gulf
of Biscay (BSC), the upwelling region next to the coast of
the Iberian Peninsula (IBE), and the Azores and Canary Is-
lands Basin (CAN) (Fig. 1). In this manner, we were able to
analyze the discrete events in 2022 and the record-breaking
ones for all the years as a reference for each sub-domain.

2.2.2 Subsurface MHW assessment

The ARGO float network is used to assess specific events
from the ocean surface down to a maximum depth of 350 m.
With the aim of computing a temperature anomaly or devi-
ation profile which represents a single event, we first con-
verted pressure into depth by using the UNESCO formula
(Fofonoff and Millard, 1993) and interpolated them to a com-
mon depth scale, which in our case consisted of vertical
steps of 0.5 m. The mean MHW profile is then calculated
as the mean temperature value at each depth level of all the
available data that concur in time and space with the event
recorded by the GLO-REP dataset. The reference profile is
the mean temperature value at each depth level of all the
ARGO observations which agree in space and time for the
year with each MHW singled out in 2022. Lastly, the de-
viation or anomaly profile is computed as the mean MHW
profile minus the reference one for each event. The uncer-
tainty for the deviation profile has been computed through a
bootstrap procedure at 95 % confidence, iterating through the
mean values of the MHW and reference profiles. Also, the
Elzahaby and Schaeffer (2019) method allowed us to com-
pute the mean depth of an MHW according to a threshold
calculated through the accumulated positive anomaly along
the vertical dimension. The threshold modulation depends on
some parameterization, which in our case was chosen arbi-
trarily as the same that was used by the authors in order to
acquire comparable results.

To obtain robust results according to the available data,
we decided to focus on the BSC subregion (Fig. 1), given
that this area contained a substantial number of ARGO pro-
files and MHWs during the year 2022. However, data limita-
tions arose which implied that the long-term reference pro-
files were not consistent among the events, with the year of
the first profile varying between 2004 and 2006 and the year
of the last one between 2019 and 2021. We also had to deal
with some data issues regarding fragmentation and low reli-
ability. In this research, we discarded profiles that were too
fragmented and the specific values that were not labeled as
completely reliable by In Situ TAC.

To analyze the subsurface daily evolution of specific
MHWs we used a Hovmöller diagram of daily mean θ

anomalies. This methodology demands a dataset with reg-
ular data in time and space that is long enough to get a rep-
resentative long-term reference. We achieved these require-
ments by using the IBI-REA from 2005 to 2021 and the IBI-
NRT for 2022, calibrated as an elongation of the IBI-REA
product. The calibration procedure consisted of (i) select-
ing the common period for both datasets (May to Decem-
ber 2021) for the first 100 m, (ii) averaging the IBI-NRT
and IBI-REA θ values horizontally across the entire BSC
region and interpolating both datasets to a common vertical
grid of 0.5 m, (iii) computing the linear regression parame-
ters of IBI-NRT to predict IBI-REA trough the ordinary least
squares method (Chatterjee and Simonoff, 2020), conclud-
ing in β = 0.9767, α = 0.3298, R2

= 0.990, and significant
F statistic, and (iv) correcting 2022 IBI-NRT with the regres-
sion parameters to compute the anomalies.

3 Results and discussion

3.1 MHW characterization

The analysis of the 40-year SST time series (Fig. 2) showed
that the MHWs in the IBI domain during this period took
place from 1 to 2.5 times per year, concurring with the re-
sults of Oliver et al. (2018). The annual total days take annual
mean values close to 30 d, a few more days per year than the
estimations of Yao et al. (2022). As shown in Fig. 2, the fre-
quency and the annual total days do not show any clear cli-
matological zonation over the IBI domain, while for the case
of the maximum intensity, it shows a clear increment near the
coastal areas reaching values of 4 °C relative to the climatol-
ogy; in relation to the duration, the maximum values of 30 d
are located near the English Channel. The presence of abnor-
mal values is also remarkable in some waters of England and
Ireland, for instance the Humber estuary (0° E, 57° N), which
in small areas showed mean values of five MHW events per
year. This is probably due to its semi-enclosed waters, which
have multiple biologically, chemically, and physically dis-
tinctive features (Elliott and Whitfield, 2011).

The annual mean properties from January to December
2022 indicate that the MHWs during this period were un-
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Figure 2. Climatologic values of (a) maximum intensity, (b) frequency, (c) annual total days, and (d) duration for all the recorded events
through the GLO-REP dataset from January 1982 to December 2022.

usual (Fig. 3). Severe positive anomalies of frequency and
total annual days are found in almost all the IBI region, es-
pecially in proximity to the Celtic Sea and the English Chan-
nel, reaching peak anomaly values of 15 events and 261 d
of MHWs. Regarding the duration, it stands out for having
locations with positive anomalies of 128 d and multiple ar-
eas with negative anomalies. As a generalization in the IBI
domain, it seems that near the coast, there were more events
but shorter than normal. The maximum intensity parameter is
the only one with equivalent positive and negative anomaly
values in a range from −3 to 3 °C. The area around 18° W,
37° N shows peak negative anomaly values for the maximum
intensity, but this “low-activity area” is also appreciable for
the rest of the studied parameters (Figs. 2 and 3). It is an in-
teresting feature, but we do not find an explanation in our
results or in the literature.

Despite these results being, at least, quite alarming, we
must point out that we understand that they may be strongly
affected by the SST long-term trend. As mentioned above,
different authors have addressed this issue but there is not a
common agreement about how to deal with SST trends and
MHWs. For the IBI domain, regional studies also corroborate
the influence of the SST trends on the MHWs detected. For
instance, in the Bay of Biscay, Izquierdo et al. (2022) demon-
strated that SST trends may be responsible for a ∼ 20 % in-
crease in the total MHW days during a decade. Also, in the
English Channel, Simon et al. (2023) observed a positive cor-
relation between the SST trend and the MHW duration, fre-
quency, and extent. Furthermore, for the coastal areas sub-
jected to an upwelling system such as the Canary Upwelling
System, it is considered that global warming does not pro-
duce a direct effect on MHW trends (Varela et al., 2021).
In summary, we consider Figs. 2 and 3 to manifest the need
to establish a criterion about how to proceed with SST long-
term trends because this method will be useless if all the days
of the year are considered to be part of an MHW.

Another way to describe 2022 anomalies was by compar-
ing the discrete events that occurred during 2022 and the
record-breaking events over the past 40 years in four dif-
ferent subregions (Fig. 1), choosing for comparisons those
events which reached the most extreme values of maximum
intensity (int. max) and maximum duration (dur. max) (Ta-
ble 3). From Table 2 we deduced that the number of events
in 2022 increased with latitude and were more intense during
the summer period as also shown for previous events by Sen
Gupta et al. (2020). The event of 29 October in CAN almost
reached the cumulative intensity value of the maximum in-
tensity event of 2004 in the same area; almost all the 2022
MHWs in IBE showed bigger absolute maximum intensity
values than the maximum duration event recorded in 1997,
probably due to global warming. In the BSC area, the event
starting on 29 April stands out for having 13 more days of
duration and a greater cumulative intensity by 4.37 °C per
day than the 2018 maximum intensity event. Lastly, from the
CEL subregion we can highlight the event of 7 August for
having 14.86 °C per day more cumulative intensity than the
maximum duration event recorded in 2015–2016. Although
it may not be strictly adequate to make direct comparisons
between maximum duration and maximum intensity events
given that intensity and duration are independent, an event
can be very long and mild in intensity or vice versa, and these
results demonstrate that the MHWs during the year 2022
were present in all the IBI domain with severe properties in
various cases. Also, this comparison allowed us to embrace
a general perspective and observe how, at least regarding the
cumulative intensity, which represents the intensity–duration
interaction fairly well, two 2022 events in two different sub-
regions – the 29 April event in BSC and the 7 August event
in CEL – surpassed two previous record-breaking events in
their respective zones. The last remarkable result lies in the
last events recorded for CAN, IBE, and BSC; in all cases the
last event occurred until the last day of data, starting 29 Octo-
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a moving window of 31 d. The reference period for the cli-
matology corresponds to the entire time series in order to use
all the possible values to compute the mean without arbitrary
selections.

Among the set of parameters available to characterize the
MHW we selected the ones that we understand as fundamen-
tal to evaluate the state of MHWs in the IBI domain during
2022: the frequency of the events, the duration, the maximum
intensity point relative to the climatology and the absolute
value, and the cumulative intensity, which can be assessed as
the total energy of an event.

Regarding the possible presence of linear trends in SST, in
this research we did not apply any kind of trend assessment or
detrending method due to the lack of any standard procedure.

For a deeper analysis of MHWs in the region, we defined
four subregions to be representative of the different oceano-
graphic systems in our study area and performed a spatial av-
erage to assess them. According to this criterion, the selected
subregions were the continental shelf near the British Islands
and English Channel (CEL), the offshore region of the Gulf
of Biscay (BSC), the upwelling region next to the coast of
the Iberian Peninsula (IBE), and the Azores and Canary Is-
lands Basin (CAN) (Fig. 1). In this manner, we were able to
analyze the discrete events in 2022 and the record-breaking
ones for all the years as a reference for each sub-domain.

2.2.2 Subsurface MHW assessment

The ARGO float network is used to assess specific events
from the ocean surface down to a maximum depth of 350 m.
With the aim of computing a temperature anomaly or devi-
ation profile which represents a single event, we first con-
verted pressure into depth by using the UNESCO formula
(Fofonoff and Millard, 1993) and interpolated them to a com-
mon depth scale, which in our case consisted of vertical
steps of 0.5 m. The mean MHW profile is then calculated
as the mean temperature value at each depth level of all the
available data that concur in time and space with the event
recorded by the GLO-REP dataset. The reference profile is
the mean temperature value at each depth level of all the
ARGO observations which agree in space and time for the
year with each MHW singled out in 2022. Lastly, the de-
viation or anomaly profile is computed as the mean MHW
profile minus the reference one for each event. The uncer-
tainty for the deviation profile has been computed through a
bootstrap procedure at 95 % confidence, iterating through the
mean values of the MHW and reference profiles. Also, the
Elzahaby and Schaeffer (2019) method allowed us to com-
pute the mean depth of an MHW according to a threshold
calculated through the accumulated positive anomaly along
the vertical dimension. The threshold modulation depends on
some parameterization, which in our case was chosen arbi-
trarily as the same that was used by the authors in order to
acquire comparable results.

To obtain robust results according to the available data,
we decided to focus on the BSC subregion (Fig. 1), given
that this area contained a substantial number of ARGO pro-
files and MHWs during the year 2022. However, data limita-
tions arose which implied that the long-term reference pro-
files were not consistent among the events, with the year of
the first profile varying between 2004 and 2006 and the year
of the last one between 2019 and 2021. We also had to deal
with some data issues regarding fragmentation and low reli-
ability. In this research, we discarded profiles that were too
fragmented and the specific values that were not labeled as
completely reliable by In Situ TAC.

To analyze the subsurface daily evolution of specific
MHWs we used a Hovmöller diagram of daily mean θ

anomalies. This methodology demands a dataset with reg-
ular data in time and space that is long enough to get a rep-
resentative long-term reference. We achieved these require-
ments by using the IBI-REA from 2005 to 2021 and the IBI-
NRT for 2022, calibrated as an elongation of the IBI-REA
product. The calibration procedure consisted of (i) select-
ing the common period for both datasets (May to Decem-
ber 2021) for the first 100 m, (ii) averaging the IBI-NRT
and IBI-REA θ values horizontally across the entire BSC
region and interpolating both datasets to a common vertical
grid of 0.5 m, (iii) computing the linear regression parame-
ters of IBI-NRT to predict IBI-REA trough the ordinary least
squares method (Chatterjee and Simonoff, 2020), conclud-
ing in β = 0.9767, α = 0.3298, R2

= 0.990, and significant
F statistic, and (iv) correcting 2022 IBI-NRT with the regres-
sion parameters to compute the anomalies.

3 Results and discussion

3.1 MHW characterization

The analysis of the 40-year SST time series (Fig. 2) showed
that the MHWs in the IBI domain during this period took
place from 1 to 2.5 times per year, concurring with the re-
sults of Oliver et al. (2018). The annual total days take annual
mean values close to 30 d, a few more days per year than the
estimations of Yao et al. (2022). As shown in Fig. 2, the fre-
quency and the annual total days do not show any clear cli-
matological zonation over the IBI domain, while for the case
of the maximum intensity, it shows a clear increment near the
coastal areas reaching values of 4 °C relative to the climatol-
ogy; in relation to the duration, the maximum values of 30 d
are located near the English Channel. The presence of abnor-
mal values is also remarkable in some waters of England and
Ireland, for instance the Humber estuary (0° E, 57° N), which
in small areas showed mean values of five MHW events per
year. This is probably due to its semi-enclosed waters, which
have multiple biologically, chemically, and physically dis-
tinctive features (Elliott and Whitfield, 2011).

The annual mean properties from January to December
2022 indicate that the MHWs during this period were un-
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Figure 2. Climatologic values of (a) maximum intensity, (b) frequency, (c) annual total days, and (d) duration for all the recorded events
through the GLO-REP dataset from January 1982 to December 2022.

usual (Fig. 3). Severe positive anomalies of frequency and
total annual days are found in almost all the IBI region, es-
pecially in proximity to the Celtic Sea and the English Chan-
nel, reaching peak anomaly values of 15 events and 261 d
of MHWs. Regarding the duration, it stands out for having
locations with positive anomalies of 128 d and multiple ar-
eas with negative anomalies. As a generalization in the IBI
domain, it seems that near the coast, there were more events
but shorter than normal. The maximum intensity parameter is
the only one with equivalent positive and negative anomaly
values in a range from −3 to 3 °C. The area around 18° W,
37° N shows peak negative anomaly values for the maximum
intensity, but this “low-activity area” is also appreciable for
the rest of the studied parameters (Figs. 2 and 3). It is an in-
teresting feature, but we do not find an explanation in our
results or in the literature.

Despite these results being, at least, quite alarming, we
must point out that we understand that they may be strongly
affected by the SST long-term trend. As mentioned above,
different authors have addressed this issue but there is not a
common agreement about how to deal with SST trends and
MHWs. For the IBI domain, regional studies also corroborate
the influence of the SST trends on the MHWs detected. For
instance, in the Bay of Biscay, Izquierdo et al. (2022) demon-
strated that SST trends may be responsible for a ∼ 20 % in-
crease in the total MHW days during a decade. Also, in the
English Channel, Simon et al. (2023) observed a positive cor-
relation between the SST trend and the MHW duration, fre-
quency, and extent. Furthermore, for the coastal areas sub-
jected to an upwelling system such as the Canary Upwelling
System, it is considered that global warming does not pro-
duce a direct effect on MHW trends (Varela et al., 2021).
In summary, we consider Figs. 2 and 3 to manifest the need
to establish a criterion about how to proceed with SST long-
term trends because this method will be useless if all the days
of the year are considered to be part of an MHW.

Another way to describe 2022 anomalies was by compar-
ing the discrete events that occurred during 2022 and the
record-breaking events over the past 40 years in four dif-
ferent subregions (Fig. 1), choosing for comparisons those
events which reached the most extreme values of maximum
intensity (int. max) and maximum duration (dur. max) (Ta-
ble 3). From Table 2 we deduced that the number of events
in 2022 increased with latitude and were more intense during
the summer period as also shown for previous events by Sen
Gupta et al. (2020). The event of 29 October in CAN almost
reached the cumulative intensity value of the maximum in-
tensity event of 2004 in the same area; almost all the 2022
MHWs in IBE showed bigger absolute maximum intensity
values than the maximum duration event recorded in 1997,
probably due to global warming. In the BSC area, the event
starting on 29 April stands out for having 13 more days of
duration and a greater cumulative intensity by 4.37 °C per
day than the 2018 maximum intensity event. Lastly, from the
CEL subregion we can highlight the event of 7 August for
having 14.86 °C per day more cumulative intensity than the
maximum duration event recorded in 2015–2016. Although
it may not be strictly adequate to make direct comparisons
between maximum duration and maximum intensity events
given that intensity and duration are independent, an event
can be very long and mild in intensity or vice versa, and these
results demonstrate that the MHWs during the year 2022
were present in all the IBI domain with severe properties in
various cases. Also, this comparison allowed us to embrace
a general perspective and observe how, at least regarding the
cumulative intensity, which represents the intensity–duration
interaction fairly well, two 2022 events in two different sub-
regions – the 29 April event in BSC and the 7 August event
in CEL – surpassed two previous record-breaking events in
their respective zones. The last remarkable result lies in the
last events recorded for CAN, IBE, and BSC; in all cases the
last event occurred until the last day of data, starting 29 Octo-
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Table 2. Record of the 2022 MHWs in the IBI area grouped by the subregions shown in Fig. 1. The MHW detection was applied to each
subregion using the GLO-REP product (January 1982–December 2022). The listed events are ordered by the start date.

Start date End date Duration Intensity Cumulative intensity Intensity max
(days) max (°C) (°C d) absolute (°C)

CEL 1 20 January 24 January 5 0.59 2.75 11.02
2 9 February 8 March 28 0.72 17.60 10.81
3 13 March 2 April 21 0.98 15.47 10.86
4 13 April 22 April 10 1.30 10.43 11.64
5 30 April 20 May 21 1.95 34.46 13.21
6 26 May 17 June 23 2.16 40.06 15.69
7 14 July 20 July 7 1.93 11.92 18.58
8 7 August 5 September 30 3.06 57.42 20.31
9 16 September 27 September 12 1.47 16.00 17.34

10 24 October 2 November 10 1.40 12.26 14.96

BSC 1 22 March 29 March 8 0.70 4.92 12.84
2 15 April 19 April 5 1.17 5.33 13.76
3 29 April 12 June 45 2.45 71.89 16.70
4 11 August 15 August 5 1.91 8.10 21.55
5 22 August 2 September 12 1.59 15.49 21.06
6 25 December 31 December 7 0.73 4.69 13.78

IBE 1 3 June 9 June 7 1.36 8.83 18.19
2 14 July 20 July 7 1.35 8.10 19.41
3 8 September 23 September 16 2.13 26.05 20.70
4 10 November 14 November 5 1.26 5.86 18.33
5 12 December 31 December 20 1.50 22.54 16.60

CAN 1 17 May 24 May 8 1.67 11.26 21.37
2 29 October 31 December 64 1.38 71.83 21.07

Table 3. List of the record-breaking MHWs grouped by the subregions shown in Fig. 1. The first row of each group represents the strongest
event in terms of maximum intensity, which is the peak point reached by the MHW relative to the climatology. The second one is the biggest
event in terms of duration.

Start date End date Duration Intensity max Cumulative intensity Intensity max
(days) (°C) (°C d) absolute (°C)

CEL Int. max 26 June 2018 28 July 2018 33 3.86 86.51 20.30
Dur. max 19 December 2015 13 February 2016 57 0.98 42.56 11.28

BSC Int. max 28 June 2018 29 July 2018 32 2.76 67.52 21.34
Dur. max 8 September 2014 15 November 2014 69 2.26 114.17 18.41

IBE Int. max 4 September 2014 12 November 2014 70 2.66 139.27 21.11
Dur. max 26 February 1997 12 May 97 76 2.35 119.32 17.07

CAN Int. max 27 July 2004 10 September 2004 46 2.66 83.10 25.63
Dur. max 15 October 2009 18 February 2010 127 1.36 130.41 21.94

ber in CAN, 12 December in IBE, and 25 December in BSC.
Despite this being something out of the scope of this study
it could be related to abnormal atmospheric patterns not yet
described in the literature. Coinciding in time and almost in
space Marullo et al. (2023) described a record-breaking event
in the Mediterranean Sea which started in May 2022 and
lasted until 2023 spring. In this case, it seems to be related to
persistent anticyclonic conditions and mid-tropospheric sea-

sonal anomalies which could also influence the northeastern
Atlantic.

The extreme events recorded in Table 3 allow us to link
long-term physical processes with MHWs and, consequently,
with some of their impacts. According to the literature, the
influence of the NAO can be considered one of the main
drivers, at least for the cases of 2010 in CAN and 2014 in IBE
and BSC, years when Pereira et al. (2020) found the most
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Figure 3. The 2022 mean values of (a) maximum intensity, (b) fre-
quency, (c) annual total days, and (d) duration and its respective
2022 anomaly for each parameter (a1–d1). The anomaly corre-
sponds to the 2022 mean value minus the climatologic values of
Fig. 2. The 2022 data correspond to the GLO-REP product.

Figure 4. Mean temperature anomaly profiles down to 350 m of
depth for the BSC events with more than three MHW profiles and
uncertainty at 95 % confidence. The position of the MHW profiles is
shown in Fig. 1, and the colors are set for each event. MHW mean
depth estimation by the Elzahaby and Schaeffer (2019) method is
indicated in the legend and through dotted lines. In order to facili-
tate the identification of each event the start date is indicated, as is
the number of profiles used in the computation of the mean profile
during the MHW and the long-term reference for each event. All
these results are from the ARGO dataset.

negative (2010) and positive (2015) NAO index from 1870
to 2020. Also, as described by Hu et al. (2011), the event of
2010 in CAN is even more singular as it is the longest ever
registered for the IBI domain, and it is considered to be influ-
enced not only by the negative NAO but also by the ENSO.
Finally, the event recorded during June 2018 is also remark-
able as it reached the highest values of maximum intensity
not only for CEL but also for BSC. This event can be linked
to the NAO (Simon et al., 2023), and it is known to have
had huge biological impacts in the area such as harmful phy-
toplankton blooms (Brown et al., 2022) and mass mortality
events for mussels (Seuront et al., 2019).

3.2 Subsurface 2022 BSC events

The next paragraphs assess the discrete events recorded for
the BSC subregion. In Fig. 4 we can observe the temperature
anomaly profiles for the events detected in 2022, which fea-
tured more than three ARGO profiles during the MHW, and
for the maximum intensity and maximum duration events in
BSC from 1982 to 2022 (Table 3), as well as the number of
available ARGO profiles during the MHW, the reference pe-
riod for each event, and the mean depth estimations through
the Elzahaby and Schaeffer (2019) method. The anomaly
profiles during the record-breaking events (gray and green
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Table 2. Record of the 2022 MHWs in the IBI area grouped by the subregions shown in Fig. 1. The MHW detection was applied to each
subregion using the GLO-REP product (January 1982–December 2022). The listed events are ordered by the start date.

Start date End date Duration Intensity Cumulative intensity Intensity max
(days) max (°C) (°C d) absolute (°C)

CEL 1 20 January 24 January 5 0.59 2.75 11.02
2 9 February 8 March 28 0.72 17.60 10.81
3 13 March 2 April 21 0.98 15.47 10.86
4 13 April 22 April 10 1.30 10.43 11.64
5 30 April 20 May 21 1.95 34.46 13.21
6 26 May 17 June 23 2.16 40.06 15.69
7 14 July 20 July 7 1.93 11.92 18.58
8 7 August 5 September 30 3.06 57.42 20.31
9 16 September 27 September 12 1.47 16.00 17.34

10 24 October 2 November 10 1.40 12.26 14.96

BSC 1 22 March 29 March 8 0.70 4.92 12.84
2 15 April 19 April 5 1.17 5.33 13.76
3 29 April 12 June 45 2.45 71.89 16.70
4 11 August 15 August 5 1.91 8.10 21.55
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6 25 December 31 December 7 0.73 4.69 13.78

IBE 1 3 June 9 June 7 1.36 8.83 18.19
2 14 July 20 July 7 1.35 8.10 19.41
3 8 September 23 September 16 2.13 26.05 20.70
4 10 November 14 November 5 1.26 5.86 18.33
5 12 December 31 December 20 1.50 22.54 16.60

CAN 1 17 May 24 May 8 1.67 11.26 21.37
2 29 October 31 December 64 1.38 71.83 21.07

Table 3. List of the record-breaking MHWs grouped by the subregions shown in Fig. 1. The first row of each group represents the strongest
event in terms of maximum intensity, which is the peak point reached by the MHW relative to the climatology. The second one is the biggest
event in terms of duration.

Start date End date Duration Intensity max Cumulative intensity Intensity max
(days) (°C) (°C d) absolute (°C)

CEL Int. max 26 June 2018 28 July 2018 33 3.86 86.51 20.30
Dur. max 19 December 2015 13 February 2016 57 0.98 42.56 11.28

BSC Int. max 28 June 2018 29 July 2018 32 2.76 67.52 21.34
Dur. max 8 September 2014 15 November 2014 69 2.26 114.17 18.41

IBE Int. max 4 September 2014 12 November 2014 70 2.66 139.27 21.11
Dur. max 26 February 1997 12 May 97 76 2.35 119.32 17.07

CAN Int. max 27 July 2004 10 September 2004 46 2.66 83.10 25.63
Dur. max 15 October 2009 18 February 2010 127 1.36 130.41 21.94

ber in CAN, 12 December in IBE, and 25 December in BSC.
Despite this being something out of the scope of this study
it could be related to abnormal atmospheric patterns not yet
described in the literature. Coinciding in time and almost in
space Marullo et al. (2023) described a record-breaking event
in the Mediterranean Sea which started in May 2022 and
lasted until 2023 spring. In this case, it seems to be related to
persistent anticyclonic conditions and mid-tropospheric sea-

sonal anomalies which could also influence the northeastern
Atlantic.

The extreme events recorded in Table 3 allow us to link
long-term physical processes with MHWs and, consequently,
with some of their impacts. According to the literature, the
influence of the NAO can be considered one of the main
drivers, at least for the cases of 2010 in CAN and 2014 in IBE
and BSC, years when Pereira et al. (2020) found the most
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Figure 3. The 2022 mean values of (a) maximum intensity, (b) fre-
quency, (c) annual total days, and (d) duration and its respective
2022 anomaly for each parameter (a1–d1). The anomaly corre-
sponds to the 2022 mean value minus the climatologic values of
Fig. 2. The 2022 data correspond to the GLO-REP product.

Figure 4. Mean temperature anomaly profiles down to 350 m of
depth for the BSC events with more than three MHW profiles and
uncertainty at 95 % confidence. The position of the MHW profiles is
shown in Fig. 1, and the colors are set for each event. MHW mean
depth estimation by the Elzahaby and Schaeffer (2019) method is
indicated in the legend and through dotted lines. In order to facili-
tate the identification of each event the start date is indicated, as is
the number of profiles used in the computation of the mean profile
during the MHW and the long-term reference for each event. All
these results are from the ARGO dataset.

negative (2010) and positive (2015) NAO index from 1870
to 2020. Also, as described by Hu et al. (2011), the event of
2010 in CAN is even more singular as it is the longest ever
registered for the IBI domain, and it is considered to be influ-
enced not only by the negative NAO but also by the ENSO.
Finally, the event recorded during June 2018 is also remark-
able as it reached the highest values of maximum intensity
not only for CEL but also for BSC. This event can be linked
to the NAO (Simon et al., 2023), and it is known to have
had huge biological impacts in the area such as harmful phy-
toplankton blooms (Brown et al., 2022) and mass mortality
events for mussels (Seuront et al., 2019).

3.2 Subsurface 2022 BSC events

The next paragraphs assess the discrete events recorded for
the BSC subregion. In Fig. 4 we can observe the temperature
anomaly profiles for the events detected in 2022, which fea-
tured more than three ARGO profiles during the MHW, and
for the maximum intensity and maximum duration events in
BSC from 1982 to 2022 (Table 3), as well as the number of
available ARGO profiles during the MHW, the reference pe-
riod for each event, and the mean depth estimations through
the Elzahaby and Schaeffer (2019) method. The anomaly
profiles during the record-breaking events (gray and green
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Figure 5. (a) Time series from 1 April to 30 June of 2022 (GLO-REP dataset) where the black line represents the original SST signal,
the blue line the climatological series from 1982 to 2022, the green line the seasonal threshold obtained through the 90th percentile, and
the shaded areas the detected MHWs for the BSC during this period described in Table 2. (b) Hovmöller diagram of the mean potential
temperature (θ ) anomalies from 0 to 70 m depth between 1 April and 30 June of 2022. IBI-REA is used as a long-term reference from 2005
to 2021 and calibrated 2022 IBI-NRT for the MHW days. This section corresponds to a spatial average of temperature in the BSC subregion,
where the dotted lines represent the start and end date of events 2 and 3 for the BSC area recorded in Table 2. Notice that the isotherms are
drawn at 0.2 °C.

profiles) show that the subsurface anomalies in BSC lie in
an approximate range between −2.5 and 3 °C, where we as-
cribe the surface positive anomalies to the MHW processes
and the negative ones, appearing at depths of 30 m and be-
low, to the ascension of the thermocline in summer due to
processes such as atmospheric blocking (Talley et al., 2011,
p. 79). Other relevant results from Fig. 4 are the following:
(i) the MHW mean depths calculated through the Elzahaby
and Schaeffer (2019) method point to substantial differences
between events during cold and warm seasons – MHWs dur-
ing cold seasons are less intense but reach higher depths;
(ii) the uncertainty inherent to the long-term reference and
MHW profiles showed that subsurface interpretations had
to be made carefully; (iii) for the maximum duration event
(green profile), we detected a drastic reduction of the uncer-
tainty, probably related to the higher number of ARGO ob-
servations available in this case; and (iv) the event of 22 Au-
gust 2022 bore strong similarities in mean anomaly profile,
mean depth, and also uncertainty ranges to the maximum in-
tensity event for the region (gray profile).

From Fig. 5 we can observe the GLO-REP SST time series
during MHW events 2 and 3 for the BSC (Table 2) and also

a Hovmöller diagram during the same period, obtained using
IBI-REA data as a long-term reference and IBI-NRT data for
the 2022 days. The formation of a layer with an intense ther-
mal gradient of approximately 0.2 to 0.7 °C is observed, ex-
panding from 10 to 30 m in depth. If a suspected subsurface
positive anomaly, which coincides in time with a detected
MHW through the GLO-REP dataset in surface and that is
limited downward by an intense thermal gradient, could be
understood as a subsurface MHW, then MHW 2 and MHW
3 in Table 2 reach 10 and 30 m depth, respectively.

According to the positive anomalies in Fig. 5a and b, they
coincide fairly well, even the peak points of the MHWs. On
the other side, the MHW parameterization seems to fail at
the end of the second event. The period from 12 to 21 June
is not considered to be an MHW despite the fact that there
are days above the threshold due to the default parameteriza-
tion of the Hobday et al. (2016) method. Is this error relevant
enough? We think it is, as we are assuming an error of 9 d
when we consider an MHW from 5 d. Furthermore, if we
want to assess and understand the regional drivers of MHWs
we should probably consider a single event from 15 April to
21 June, as all this period remains in a single abnormal pos-
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itive anomaly and follows an approximate common slope in
the thermal gradient between the two events. In this way, fu-
ture subsurface MHW characterization could help by being
more precise in the parameterization and, in this way, expand
our knowledge of this matter.

4 Conclusions

This study, through the usage of satellite-derived, observa-
tional, and modeling data, has assessed the mean 2022 prop-
erties of the MHWs in the IBI domain, the single events in
four different subregions, and the subsurface structures of
some of the events detected in the Bay of Biscay.

We showed that MHWs in the IBI domain from January
1982 to December 2022 happened on average from 1 to
2.5 times per year, with a maximum mean duration of 31 d
and mean maximum intensities or deviations from the cli-
matology of 4 °C (Fig. 2). For the year 2022, the MHW fre-
quency ranged from 0 to 18 events, with maximum mean du-
ration values of 145 d and mean maximum intensity values
of 6 °C (Fig. 3). According to the observed SST long-term
trends’ effect on MHW detection by Schlegel et al. (2019)
and Oliver et al. (2018), it is probably accurate to assume
that these results are strongly modulated by those tenden-
cies, meaning that we cannot be sure if extreme values are
truly varying or if the MHW temperature threshold is sur-
passed more often due to global warming. From the cata-
logue of 2022 MHWs (Table 2) we singled out two of them
for surpassing record-breaking events in each sub-domain.
These are the 29 April event in BSC and the 7 August event
in CEL, featuring 4.37 and 14.63 °C d more cumulative in-
tensity, an approximation to the total energy of an event, than
the maximum intensity event recorded on 26 June 2018 for
the BSC subregion and the maximum duration event in CEL
recorded on 19 December 2015, respectively (Table 2).

Subsurface MHW assessment in the BSC area through the
ARGO dataset (Table 1) revealed a strong seasonal modula-
tion. Cold-season events reached higher mean MHW depths
of around 200 m, while the warm-season ones remained shal-
lower at close to 20 m; despite the fact that it is out of the
scope of this study, we understand that it may be directly
related to the annual variability of the mixed layer thick-
ness, which also could explain the observed negative ther-
mal anomalies in summer events below 25–30 m (Fig. 4).
Through model source data (Table 1) it is demonstrated how
the increase in sea surface temperature, associated with the
development of an MHW, is vertically moved downward in
such a way that the positive anomalies persist at depth at least
for weeks once the MHW has ended. In the case under inves-
tigation, the formation of a drastic thermal gradient is ob-
served, descending from 10 to 30 m in depth within 1 month
(Fig. 5).
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Figure 5. (a) Time series from 1 April to 30 June of 2022 (GLO-REP dataset) where the black line represents the original SST signal,
the blue line the climatological series from 1982 to 2022, the green line the seasonal threshold obtained through the 90th percentile, and
the shaded areas the detected MHWs for the BSC during this period described in Table 2. (b) Hovmöller diagram of the mean potential
temperature (θ ) anomalies from 0 to 70 m depth between 1 April and 30 June of 2022. IBI-REA is used as a long-term reference from 2005
to 2021 and calibrated 2022 IBI-NRT for the MHW days. This section corresponds to a spatial average of temperature in the BSC subregion,
where the dotted lines represent the start and end date of events 2 and 3 for the BSC area recorded in Table 2. Notice that the isotherms are
drawn at 0.2 °C.

profiles) show that the subsurface anomalies in BSC lie in
an approximate range between −2.5 and 3 °C, where we as-
cribe the surface positive anomalies to the MHW processes
and the negative ones, appearing at depths of 30 m and be-
low, to the ascension of the thermocline in summer due to
processes such as atmospheric blocking (Talley et al., 2011,
p. 79). Other relevant results from Fig. 4 are the following:
(i) the MHW mean depths calculated through the Elzahaby
and Schaeffer (2019) method point to substantial differences
between events during cold and warm seasons – MHWs dur-
ing cold seasons are less intense but reach higher depths;
(ii) the uncertainty inherent to the long-term reference and
MHW profiles showed that subsurface interpretations had
to be made carefully; (iii) for the maximum duration event
(green profile), we detected a drastic reduction of the uncer-
tainty, probably related to the higher number of ARGO ob-
servations available in this case; and (iv) the event of 22 Au-
gust 2022 bore strong similarities in mean anomaly profile,
mean depth, and also uncertainty ranges to the maximum in-
tensity event for the region (gray profile).

From Fig. 5 we can observe the GLO-REP SST time series
during MHW events 2 and 3 for the BSC (Table 2) and also

a Hovmöller diagram during the same period, obtained using
IBI-REA data as a long-term reference and IBI-NRT data for
the 2022 days. The formation of a layer with an intense ther-
mal gradient of approximately 0.2 to 0.7 °C is observed, ex-
panding from 10 to 30 m in depth. If a suspected subsurface
positive anomaly, which coincides in time with a detected
MHW through the GLO-REP dataset in surface and that is
limited downward by an intense thermal gradient, could be
understood as a subsurface MHW, then MHW 2 and MHW
3 in Table 2 reach 10 and 30 m depth, respectively.

According to the positive anomalies in Fig. 5a and b, they
coincide fairly well, even the peak points of the MHWs. On
the other side, the MHW parameterization seems to fail at
the end of the second event. The period from 12 to 21 June
is not considered to be an MHW despite the fact that there
are days above the threshold due to the default parameteriza-
tion of the Hobday et al. (2016) method. Is this error relevant
enough? We think it is, as we are assuming an error of 9 d
when we consider an MHW from 5 d. Furthermore, if we
want to assess and understand the regional drivers of MHWs
we should probably consider a single event from 15 April to
21 June, as all this period remains in a single abnormal pos-
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itive anomaly and follows an approximate common slope in
the thermal gradient between the two events. In this way, fu-
ture subsurface MHW characterization could help by being
more precise in the parameterization and, in this way, expand
our knowledge of this matter.

4 Conclusions

This study, through the usage of satellite-derived, observa-
tional, and modeling data, has assessed the mean 2022 prop-
erties of the MHWs in the IBI domain, the single events in
four different subregions, and the subsurface structures of
some of the events detected in the Bay of Biscay.

We showed that MHWs in the IBI domain from January
1982 to December 2022 happened on average from 1 to
2.5 times per year, with a maximum mean duration of 31 d
and mean maximum intensities or deviations from the cli-
matology of 4 °C (Fig. 2). For the year 2022, the MHW fre-
quency ranged from 0 to 18 events, with maximum mean du-
ration values of 145 d and mean maximum intensity values
of 6 °C (Fig. 3). According to the observed SST long-term
trends’ effect on MHW detection by Schlegel et al. (2019)
and Oliver et al. (2018), it is probably accurate to assume
that these results are strongly modulated by those tenden-
cies, meaning that we cannot be sure if extreme values are
truly varying or if the MHW temperature threshold is sur-
passed more often due to global warming. From the cata-
logue of 2022 MHWs (Table 2) we singled out two of them
for surpassing record-breaking events in each sub-domain.
These are the 29 April event in BSC and the 7 August event
in CEL, featuring 4.37 and 14.63 °C d more cumulative in-
tensity, an approximation to the total energy of an event, than
the maximum intensity event recorded on 26 June 2018 for
the BSC subregion and the maximum duration event in CEL
recorded on 19 December 2015, respectively (Table 2).

Subsurface MHW assessment in the BSC area through the
ARGO dataset (Table 1) revealed a strong seasonal modula-
tion. Cold-season events reached higher mean MHW depths
of around 200 m, while the warm-season ones remained shal-
lower at close to 20 m; despite the fact that it is out of the
scope of this study, we understand that it may be directly
related to the annual variability of the mixed layer thick-
ness, which also could explain the observed negative ther-
mal anomalies in summer events below 25–30 m (Fig. 4).
Through model source data (Table 1) it is demonstrated how
the increase in sea surface temperature, associated with the
development of an MHW, is vertically moved downward in
such a way that the positive anomalies persist at depth at least
for weeks once the MHW has ended. In the case under inves-
tigation, the formation of a drastic thermal gradient is ob-
served, descending from 10 to 30 m in depth within 1 month
(Fig. 5).
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Abstract. The Mediterranean marine heat wave (MHW) during the warm season (May–September) and the fall
period (October–December) of 2022 is analyzed using Argo float in situ observations in the upper 2000 m of
depth. The five study regions (North Western Mediterranean, South Western Mediterranean, central Ionian Sea,
Pelops Gyre, and South Adriatic Pit) most affected by warming in different layers were selected and investigated.
The primary goal is to provide insights into how the water column responds to the onset and progression of the
MHW during the warming period, characterized by peak stratification and reduced vertical mixing. Additionally,
this study aims to examine how the heat accumulated in the upper layers is redistributed to deep layers within
regions with different dynamic characteristics through advection and/or mixing during the subsequent fall period.

Temperature anomaly profiles, Ta (z), computed for each area and for both periods were divided into three
categories based on vertical heat penetration: Category 1 (shallow, 0–150 m), Category 2 (intermediate, 150–
700 m), and Category 3 (deep, > 700 m). During the warm season, Category 1 profiles had a temperature anomaly
near zero or slightly negative in a thin layer between 50 and 150 m depth, while warming was observed in the
0–50 m layer and below the middle layer. Profiles characterized by greater vertical heat penetration (categories 2
and 3) were mainly in mesoscale or subbasin structures and showed the largest positive temperature anomaly
in the surface and intermediate layers. All profile categories showed a warming between 200 and 800 m depth.
This increase is roughly split, with half attributed to the impact of the 2022 MHW and the other half linked to
the ongoing long-term trend in ocean temperatures. During the fall period and in the layer below 200 m depth,
the shapes of the Ta profiles are similar for all sectors with the exception of the South Adriatic Pit, which depicts
a +0.5 °C warming at 800 m depth.

The present work highlights the warming characteristics throughout the entire water column across different
regions of the Mediterranean Sea, and it seeks to connect the impacts of the warm season on the cold period with
oceanic dynamic processes, such as dense water formation, upwelling, or water column stratification. These
regions are characterized by dynamic activities (e.g., dense water formation, upwelling); therefore, any variation
in these ocean processes can influence the thermohaline circulation and, consequently, the climate system.
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0–50 m layer and below the middle layer. Profiles characterized by greater vertical heat penetration (categories 2
and 3) were mainly in mesoscale or subbasin structures and showed the largest positive temperature anomaly
in the surface and intermediate layers. All profile categories showed a warming between 200 and 800 m depth.
This increase is roughly split, with half attributed to the impact of the 2022 MHW and the other half linked to
the ongoing long-term trend in ocean temperatures. During the fall period and in the layer below 200 m depth,
the shapes of the Ta profiles are similar for all sectors with the exception of the South Adriatic Pit, which depicts
a +0.5 °C warming at 800 m depth.

The present work highlights the warming characteristics throughout the entire water column across different
regions of the Mediterranean Sea, and it seeks to connect the impacts of the warm season on the cold period with
oceanic dynamic processes, such as dense water formation, upwelling, or water column stratification. These
regions are characterized by dynamic activities (e.g., dense water formation, upwelling); therefore, any variation
in these ocean processes can influence the thermohaline circulation and, consequently, the climate system.
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Table 1. Product data used to perform the analysis of the present work.

Product
ref. no.

Product ID and type Data access Documentation

1 INSITU_MED_PHYBGCWAV_DISCRETE_
MYNRT_013_035; in situ observations∗

EU Copernicus Marine Service
Product (2022a)

Quality Information Document
(QUID): Wehde et al. (2022);
Product User Manual (PUM):
In Situ TAC partners (2022)

2 MEDSEA_MULTIYEAR_PHY_006_004;
numerical models∗

EU Copernicus Marine Service
Product (2022b)

Quality Information Document
(QUID): Escudier al. (2022);
Product User Manual (PUM):
Lecci et al. (2022)

3 SEALEVEL_EUR_PHY_L4_NRT_008_060;
satellite observations∗

EU Copernicus Marine Service
Product (2023)

Quality Information Document
(QUID): Pujol al. (2023);
Product User Manual (PUM):
Pujol (2022)

4 SEADATANET_MedSea_climatology_V2;
climatology

SeaDataNet Product;
Simoncelli et al. (2020b)

Product Information Document
(PIDoc): Simoncelli et al.
(2020a)

∗ Dataset updated during publication (see the Disclaimer section).

1 Introduction

Marine heat waves (MHWs) are extreme ocean tempera-
ture events occurring over extended periods of time (Hob-
day et al., 2016). Over the past decade, the frequency of
MHW events has increased by 50 % (IPCC, 2023), as well
as their duration and magnitude (Oliver et al., 2018). They
can affect small areas of coastline or span multiple ocean ar-
eas across latitudes with significant impacts on ecosystems,
coastal communities, and economies (Wernberg et al., 2013;
Garrabou et al., 2022; Dayan et al., 2023).

Since the beginning of the 21st century, the particularly
rapid warming trend of the Mediterranean Sea surface layer
has been associated with a strong increase in MHW events
(Bensoussan et al., 2019; Ibrahim et al., 2021; Juza et al.,
2022; Pastor and Khodayar, 2023; Dayan et al., 2023). Sev-
eral studies, with measurements mainly confined at the sur-
face, have addressed this topic covering different aspects of
MHWs using satellite observations and model simulations.
In particular, from basin to subregional scale, previous stud-
ies have analyzed MHW drivers and indicators; estimated the
frequency, duration, and intensity of MHWs; evaluated their
trends; and assessed the risks for and impacts on ecosystems
(Darmaraki et al., 2019; Galli et al., 2017; Garrabou et al.,
2022; Juza et al., 2022; Dayan et al., 2023; Martínez et al.,
2023; Marullo et al., 2023; Pastor and Khodayar, 2023; Si-
mon et al., 2023). However, MHWs are not exclusively lim-
ited to the surface layer, but they can also propagate through-
out the deeper layers of the water column (Darmaraki et al.,
2019; Hu et al., 2021; Scannell et al., 2020; Juza et al., 2022).

This can cause negative ecological consequences, compro-
mising the maintenance of biodiversity, the provision of food,
and the regulation of air quality (Garrabou et al., 2022; Hol-
brook et al., 2020; Santora et al., 2020; Smale et al., 2019;
Schaeffer and Roughan, 2017; Liquete et al., 2016; Martín-
López et al., 2016; Mills et al., 2013). A recent study in the
Mediterranean Sea shows that although MHW frequency is
higher at the surface, the maximum intensity and duration of
MHWs are registered in the subsurface layers (Dayan et al.,
2023). Moreover, in situ data collected in the tropical western
Pacific Ocean show that the maximum intensity of almost ev-
ery MHW event is found in the subsurface layer, and many
of the MHWs occurred even when no significant warming
anomalies were detected at the surface (Hu et al., 2021). Us-
ing satellite data, Marullo et al. (2023) defined the occur-
rence of an event in the Mediterranean Sea from May 2022
to spring 2023, with higher intensity in summer 2022 and in
the band from 0 to 25° E. Starting from this result, the present
work analyzes the subsurface properties of the 2022 MHW
in the upper 2000 m depth using in situ hydrographic Argo
profiles (product ref. no. 1, Table 1; Wong et al., 2020), col-
lected during the period of highest intensity (warm season,
May–September) and in the period thereafter (cold season,
October–December). Focusing on the results by Marullo et
al. (2023) and on the availability of Argo float profiles, five
study areas were selected for our analysis (Fig. 1b).
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Figure 1. (a) Absolute dynamic topography (colors) averaged for the warm season (May–September 2022) along with schematic pathways
(black arrows) of the Algerian Current (AC), Northern Current (NC), Mid-Ionian Jet (MIJ), South Adriatic Pit (SAP), and Pelops Gyre
(PG); (b) Argo float positions for the whole Mediterranean Sea. Black, magenta, cyan, orange, and green boxes indicate the North West
Mediterranean (NWM: 39.5–43.5° N and 1–9° E), South West Mediterranean (SWM: 36–39.5° N and 0–9° E), South Adriatic Pit (SAP:
40.5–42.5° N and 16–20° E), Ionian (ION: 34–37° N and 16–20° E), and Pelops Gyre (PG: 34–37° N and 20–24° E) areas, respectively. (c–
e) The 2022 ocean heat content (OHC) anomaly estimated every meter with respect to the 2001–2018 FLOAT climatology period from Argo
float profiles in different layers: (c) 5–150, (d) 150–700, and (e) 700–2000 m.

Based on the vertical heat penetration (MHW depth; see
the Methods section), the temperature profiles collected in
May–September 2022 from each study area were divided
into three categories (shallow, intermediate, and deep pene-
tration), and the median profile of temperature anomaly (T̃a)
was computed for each of them. Changes in the vertical tem-
perature anomalies were described and analyzed in relation
to the ocean stratification, circulation, and dynamics of each
specific area. Lastly, this study examines the properties of the
water column during the fall period and speculates on its re-
lationship with the dynamics of the previous warm season’s
MHW. An estimation of the horizontal and vertical distribu-
tions of the ocean heat content (OHC) anomaly in 2022 was
also made in the whole Mediterranean Sea (Fig. 1c–e).

2 Methods

The vertical propagation of the 2022 MHW in the Mediter-
ranean Sea was investigated using temperature data collected
by Argo floats in the period 2001–2022 (Fig. 1b). These data
were collected and made freely available by the international
Argo program (which is part of the Global Ocean Observing
System; Argo, 2023) and by the national program Argo-Italy
that contributes to it (https://argo.ucsd.edu, last access: 23
April 2023; https://www.ocean-ops.org, last access: 23 April
2023).

A comprehensive characterization of the event over the
whole Mediterranean Sea was performed starting from the
OHC analysis. The OHC, defined as the total amount of
heat absorbed and stored by the ocean, can be considered
a good indicator for assessing the Earth’s energy imbalance
(Von Schuckmann et al., 2016). A float-derived OHC clima-
tology (OHC2001–2018) for the period 2001–2018 was esti-
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Table 1. Product data used to perform the analysis of the present work.

Product
ref. no.

Product ID and type Data access Documentation

1 INSITU_MED_PHYBGCWAV_DISCRETE_
MYNRT_013_035; in situ observations∗

EU Copernicus Marine Service
Product (2022a)

Quality Information Document
(QUID): Wehde et al. (2022);
Product User Manual (PUM):
In Situ TAC partners (2022)

2 MEDSEA_MULTIYEAR_PHY_006_004;
numerical models∗

EU Copernicus Marine Service
Product (2022b)

Quality Information Document
(QUID): Escudier al. (2022);
Product User Manual (PUM):
Lecci et al. (2022)

3 SEALEVEL_EUR_PHY_L4_NRT_008_060;
satellite observations∗

EU Copernicus Marine Service
Product (2023)

Quality Information Document
(QUID): Pujol al. (2023);
Product User Manual (PUM):
Pujol (2022)

4 SEADATANET_MedSea_climatology_V2;
climatology

SeaDataNet Product;
Simoncelli et al. (2020b)

Product Information Document
(PIDoc): Simoncelli et al.
(2020a)

∗ Dataset updated during publication (see the Disclaimer section).

1 Introduction

Marine heat waves (MHWs) are extreme ocean tempera-
ture events occurring over extended periods of time (Hob-
day et al., 2016). Over the past decade, the frequency of
MHW events has increased by 50 % (IPCC, 2023), as well
as their duration and magnitude (Oliver et al., 2018). They
can affect small areas of coastline or span multiple ocean ar-
eas across latitudes with significant impacts on ecosystems,
coastal communities, and economies (Wernberg et al., 2013;
Garrabou et al., 2022; Dayan et al., 2023).

Since the beginning of the 21st century, the particularly
rapid warming trend of the Mediterranean Sea surface layer
has been associated with a strong increase in MHW events
(Bensoussan et al., 2019; Ibrahim et al., 2021; Juza et al.,
2022; Pastor and Khodayar, 2023; Dayan et al., 2023). Sev-
eral studies, with measurements mainly confined at the sur-
face, have addressed this topic covering different aspects of
MHWs using satellite observations and model simulations.
In particular, from basin to subregional scale, previous stud-
ies have analyzed MHW drivers and indicators; estimated the
frequency, duration, and intensity of MHWs; evaluated their
trends; and assessed the risks for and impacts on ecosystems
(Darmaraki et al., 2019; Galli et al., 2017; Garrabou et al.,
2022; Juza et al., 2022; Dayan et al., 2023; Martínez et al.,
2023; Marullo et al., 2023; Pastor and Khodayar, 2023; Si-
mon et al., 2023). However, MHWs are not exclusively lim-
ited to the surface layer, but they can also propagate through-
out the deeper layers of the water column (Darmaraki et al.,
2019; Hu et al., 2021; Scannell et al., 2020; Juza et al., 2022).

This can cause negative ecological consequences, compro-
mising the maintenance of biodiversity, the provision of food,
and the regulation of air quality (Garrabou et al., 2022; Hol-
brook et al., 2020; Santora et al., 2020; Smale et al., 2019;
Schaeffer and Roughan, 2017; Liquete et al., 2016; Martín-
López et al., 2016; Mills et al., 2013). A recent study in the
Mediterranean Sea shows that although MHW frequency is
higher at the surface, the maximum intensity and duration of
MHWs are registered in the subsurface layers (Dayan et al.,
2023). Moreover, in situ data collected in the tropical western
Pacific Ocean show that the maximum intensity of almost ev-
ery MHW event is found in the subsurface layer, and many
of the MHWs occurred even when no significant warming
anomalies were detected at the surface (Hu et al., 2021). Us-
ing satellite data, Marullo et al. (2023) defined the occur-
rence of an event in the Mediterranean Sea from May 2022
to spring 2023, with higher intensity in summer 2022 and in
the band from 0 to 25° E. Starting from this result, the present
work analyzes the subsurface properties of the 2022 MHW
in the upper 2000 m depth using in situ hydrographic Argo
profiles (product ref. no. 1, Table 1; Wong et al., 2020), col-
lected during the period of highest intensity (warm season,
May–September) and in the period thereafter (cold season,
October–December). Focusing on the results by Marullo et
al. (2023) and on the availability of Argo float profiles, five
study areas were selected for our analysis (Fig. 1b).
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Figure 1. (a) Absolute dynamic topography (colors) averaged for the warm season (May–September 2022) along with schematic pathways
(black arrows) of the Algerian Current (AC), Northern Current (NC), Mid-Ionian Jet (MIJ), South Adriatic Pit (SAP), and Pelops Gyre
(PG); (b) Argo float positions for the whole Mediterranean Sea. Black, magenta, cyan, orange, and green boxes indicate the North West
Mediterranean (NWM: 39.5–43.5° N and 1–9° E), South West Mediterranean (SWM: 36–39.5° N and 0–9° E), South Adriatic Pit (SAP:
40.5–42.5° N and 16–20° E), Ionian (ION: 34–37° N and 16–20° E), and Pelops Gyre (PG: 34–37° N and 20–24° E) areas, respectively. (c–
e) The 2022 ocean heat content (OHC) anomaly estimated every meter with respect to the 2001–2018 FLOAT climatology period from Argo
float profiles in different layers: (c) 5–150, (d) 150–700, and (e) 700–2000 m.

Based on the vertical heat penetration (MHW depth; see
the Methods section), the temperature profiles collected in
May–September 2022 from each study area were divided
into three categories (shallow, intermediate, and deep pene-
tration), and the median profile of temperature anomaly (T̃a)
was computed for each of them. Changes in the vertical tem-
perature anomalies were described and analyzed in relation
to the ocean stratification, circulation, and dynamics of each
specific area. Lastly, this study examines the properties of the
water column during the fall period and speculates on its re-
lationship with the dynamics of the previous warm season’s
MHW. An estimation of the horizontal and vertical distribu-
tions of the ocean heat content (OHC) anomaly in 2022 was
also made in the whole Mediterranean Sea (Fig. 1c–e).

2 Methods

The vertical propagation of the 2022 MHW in the Mediter-
ranean Sea was investigated using temperature data collected
by Argo floats in the period 2001–2022 (Fig. 1b). These data
were collected and made freely available by the international
Argo program (which is part of the Global Ocean Observing
System; Argo, 2023) and by the national program Argo-Italy
that contributes to it (https://argo.ucsd.edu, last access: 23
April 2023; https://www.ocean-ops.org, last access: 23 April
2023).

A comprehensive characterization of the event over the
whole Mediterranean Sea was performed starting from the
OHC analysis. The OHC, defined as the total amount of
heat absorbed and stored by the ocean, can be considered
a good indicator for assessing the Earth’s energy imbalance
(Von Schuckmann et al., 2016). A float-derived OHC clima-
tology (OHC2001–2018) for the period 2001–2018 was esti-
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mated in 1° × 1° bins and in different layers (0–150, 150–
700, 700–2000 m) using the method by Kubin et al. (2023).
Subsequently, Argo temperature data collected in 2022 were
averaged on the same grid as OHC2001–2018 to compute the
2022 OHC (OHC2022). The OHCA2022 (ocean heat content
anomaly) was then calculated as the difference between the
OHC2022 and OHC2001–2018 fields.

The five Mediterranean Sea regions most affected by sur-
face warming (Fig. 1b) were selected using the results of
Marullo et al. (2023) and considering the availability of float
data. In these regions, we analyzed the vertical penetration
of the 2022 MHW signal in the water column during both
the warm and cold seasons. The regions selected are the fol-
lowing: the North Western Mediterranean (NWM), the South
Western Mediterranean (SWM), the Ionian (ION), the South-
ern Adriatic Pit (SAP), and the Pelops Gyre (PG) sectors.

The temperature anomaly Ta at each depth z and for each
profile and sector was computed as

Ta (z) = T (z) − T (z), (1)

where T (z) is the 2022 temperature derived from Argo
floats, while T (z) is the climatological (1985–2018) aver-
aged temperature derived from the SeaDataCloud (SDC)
dataset (product ref. no. 4, Table 1; denoted SDC climatol-
ogy). Specifically, the gridded (0.125° × 0.125°) monthly cli-
matological profiles were linearly interpolated in depth (ev-
ery 10 m) and at the position of each float profile. More-
over, to compare the 2022 MHW event with the aver-
aged conditions estimated by floats in the selected sec-
tors, Ta profiles were also computed for the whole float
dataset in the period 2001–2018 (denoted FLOAT clima-
tology). It is important to highlight that while this study
utilizes the SDC climatology, the FLOAT climatology was
utilized to facilitate a straightforward comparison with the
OHC findings from Kubin et al. (2023). The time win-
dow used for the present work (May–September 2022) was
chosen based on the latest European Space Agency spec-
ification (https://www.esa.int/Applications/Observing_the_
Earth/Mediterranean_Sea_hit_by_marine_heatwave, last ac-
cess: 18 February 2023) and on the estimations by Marullo
et al. (2023). These estimations indicate that the 2022 MHW
developed in the second half of April in the northwest
Mediterranean Sea and extended over the central Mediter-
ranean into September. In this period, Ta profiles were
quality-controlled to remove any inconsistency (e.g., profiles
with negative surface anomalies) and used to estimate the
vertical propagation of the MHW (or MHW depth), follow-
ing the method by Elzahaby and Schaeffer (2019). For each
profile, the positive threshold depth (hereafter ZN ) is defined
as the depth at which the first negative or zero temperature
anomaly occurred:

ZN = min(z (Ta (z) ≤ 0)) . (2)

Knowing ZN , the vertical cumulative temperature anomaly
(CTa), defined as

CTa (ZN ) =

ZN∑
z=0

Ta (z) �z, (3)

with �z = 10 m, was computed for each profile from the sur-
face (z = 0) to the positive threshold depth (z = ZN ). To re-
duce the effect of the insignificant warming at depths per wa-
ter profile, we define the MHW depth as the depth where a
fraction (ε = 0.95) of the cumulative Ta is reached:

MHW depth = max(z (CTa (z) ≤ ε · CTa (ZN ))) . (4)

Based on MHW depth values, Ta profiles were then divided
into three categories: Category 1 (shallow, 0–150 m), Cate-
gory 2 (intermediate, 150–700 m), and Category 3 (deep, >

700 m). It is noteworthy that, within the SAP area, float pro-
files categorized as Categories 2 and 3 consistently exhibit no
negative temperature anomalies. However, they are classified
into these categories based on their respective depths, shal-
lower or deeper than 700 m. Additionally, despite the limited
number of profiles available in this region, they all fall within
the cyclonic gyre. Hence, we are confident in considering
them as representative of the entire SAP region. The median
profile (T̃a) for each category was obtained by spatially av-
eraging all the available data in the different sectors in the
warm period using 2022 and FLOAT climatology Argo data.
Considering that the 2022 MHW extends until the spring of
2023 (Marullo et al., 2023), the median profiles T̃a for the fall
period were also examined to investigate the accumulation of
the heat in the water column. The mean Ta values averaged in
the surface, intermediate, and deep layers as well as other ad-
ditional information (number of profiles, MHW depth, max
Ta, and depth of max) are listed in Table 2.

Lastly, the Brunt–Väisälä frequency squared (N2) for the
year 2022 and in the upper 150 m depth was computed using
monthly averaged temperature and salinity Argo float pro-
files for each sector in order to support the vertical heat pen-
etration. The same procedure was adopted to calculate the
N2 anomaly with respect to the FLOAT climatology.

3 Results and discussion

In the surface layer, the OHCA2022 displayed inhomoge-
neous warming patterns, with positive anomaly areas ad-
jacent to others with strong negative anomalies (Fig. 1c).
Largest positive anomalies were observed in the western
Mediterranean, southern Adriatic, eastern Ionian, and north-
ern Levantine basins. In the intermediate and deep layers, the
warming was more homogeneous and widespread (Fig. 1d,
e), where the majority of bins showed positive values of
OHCA2022; specifically, the western and central Mediter-
ranean areas along with the Aegean Sea showed a more pro-
nounced warming compared to the Levantine basin, which
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Table 2. Characteristics of the 2022 MHW in Category 1 (C1), Category 2 (C2), and Category 3 (C3): MHW depth, surface temperature
anomaly (“Surface”), maximum temperature anomaly (“Max”), and the depth where it occurs (“Depth of max”). Also shown are mean
temperature anomaly values for the surface (0–150 m), intermediate (150–700 m), and deep (700–2000 m) layers for each category and for
the FLOAT climatology (“clim.”).

No. of MHW Temperature anomaly Averaged values

observations depth (m) Surface Max Depth of 0– 150– 700–
(10 m) max (m) 150 m 700 m 2000 m

NWM C1 335 24.8 2.3 5.82 22.5 0.28 0.32 0.097
spring C2 16 571.9 2.2 5.48 50 0.32 0.4 NA
summer C3 43 1457.9 2.92 5.58 19.5 0.8 0.36 0.1

clim. – – – – – 0.12 0.06 0.025

fall
fall 306 – – – – 0.66 0.33 0.11
clim. fall – – – – – 0.08 0.07 0.04

SWM C1 159 25.6 2.13 5.79 22.5 0.19 0.33 0.088
spring C2 5 630 1.83 5.46 24 0.43 0.3 NA
summer C3 27 1409.6 2.24 5.05 24.1 0.86 0.36 0.095

clim. – – – – – 0.028 0.059 0.028

fall
fall 148 – – – – 0.18 0.31 0.11
clim. fall – – – – – 0.1 0.05 0.02

ION C1 105 22.8 1.34 4.58 22.2 0.03 0.27 0.12
spring C2 5 644 2.18 2.87 18 0.58 0.35 0.54
summer C3 3 1383.4 1.39 1.97 20 0.47 0.54 0.15

clim. – – – – – 0.071 0.091 0.057

fall
fall 119 – – – – −0.21 0.26 0.12
clim. fall – – – – – −0.06 0.07 0.05

PG C1 50 37 1.34 3.82 41 0.15 0.32 0.03
spring C2 15 553.4 0.95 6.15 47.3 0.97 0.34 0
summer C3 20 1043.5 0.88 5.34 40 1.14 0.58 0.05

clim. – – – – – 0.3 0.15 0.02

fall
fall 70 – – – – −0.2 0.19 −0.02
clim. fall – – – – – 0.27 0.13 0

SAP C1 9 32.2 1.18 3 24.5 0.57 0.39 0.66
spring C2 10 411 1.95 7.25 27 1.04 0.46 NA
summer C3 17 945.3 0.88 4.36 78.8 0.72 0.4 0.59

clim. – – – – – 0.3 0.21 0.21

fall
fall 44 – – – – 0.27 0.41 0.69
clim. fall – – – – – 0.29 0.2 0.16

NA – not available.

exhibits a slight cooling in some bins of the central and east-
ern sectors. It can be stated that half of this warming in
the intermediate and deep layers is due to the 2022 MHW,
while the other half is due to the long-term warming of the
ocean. This consideration stems from comparing the current
OHCA2022 with OHC trends defined by Kubin et al. (2023).
To perform this study, five regions (NWM, SWM, ION, SAP,
and PG; colored boxes in Fig. 1b) were selected. This choice
was motivated by the highest 2022 sea surface tempera-
ture (SST) anomaly registered in the band from 0 to 25° E
(Marullo et al., 2023) and by the availability of float data in

both May–September and October–December 2022 periods.
Figure 2 shows T̃a profiles for the warm season of each sector
for each MHW depth category and for the FLOAT climatol-
ogy.

In the NWM and SWM sectors, the circulation is strongly
influenced by the presence of two intense and permanent cur-
rents (Fig. 1a): the southwestward Northern Current (Poulain
et al., 2012; Escudier et al., 2021) and the eastward along-
slope Algerian Current (which transports waters of Atlantic
origin in the upper water column; Poulain et al., 2021) in the
NWM and in the SWM, respectively. Therefore, float pro-
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mated in 1° × 1° bins and in different layers (0–150, 150–
700, 700–2000 m) using the method by Kubin et al. (2023).
Subsequently, Argo temperature data collected in 2022 were
averaged on the same grid as OHC2001–2018 to compute the
2022 OHC (OHC2022). The OHCA2022 (ocean heat content
anomaly) was then calculated as the difference between the
OHC2022 and OHC2001–2018 fields.

The five Mediterranean Sea regions most affected by sur-
face warming (Fig. 1b) were selected using the results of
Marullo et al. (2023) and considering the availability of float
data. In these regions, we analyzed the vertical penetration
of the 2022 MHW signal in the water column during both
the warm and cold seasons. The regions selected are the fol-
lowing: the North Western Mediterranean (NWM), the South
Western Mediterranean (SWM), the Ionian (ION), the South-
ern Adriatic Pit (SAP), and the Pelops Gyre (PG) sectors.

The temperature anomaly Ta at each depth z and for each
profile and sector was computed as

Ta (z) = T (z) − T (z), (1)

where T (z) is the 2022 temperature derived from Argo
floats, while T (z) is the climatological (1985–2018) aver-
aged temperature derived from the SeaDataCloud (SDC)
dataset (product ref. no. 4, Table 1; denoted SDC climatol-
ogy). Specifically, the gridded (0.125° × 0.125°) monthly cli-
matological profiles were linearly interpolated in depth (ev-
ery 10 m) and at the position of each float profile. More-
over, to compare the 2022 MHW event with the aver-
aged conditions estimated by floats in the selected sec-
tors, Ta profiles were also computed for the whole float
dataset in the period 2001–2018 (denoted FLOAT clima-
tology). It is important to highlight that while this study
utilizes the SDC climatology, the FLOAT climatology was
utilized to facilitate a straightforward comparison with the
OHC findings from Kubin et al. (2023). The time win-
dow used for the present work (May–September 2022) was
chosen based on the latest European Space Agency spec-
ification (https://www.esa.int/Applications/Observing_the_
Earth/Mediterranean_Sea_hit_by_marine_heatwave, last ac-
cess: 18 February 2023) and on the estimations by Marullo
et al. (2023). These estimations indicate that the 2022 MHW
developed in the second half of April in the northwest
Mediterranean Sea and extended over the central Mediter-
ranean into September. In this period, Ta profiles were
quality-controlled to remove any inconsistency (e.g., profiles
with negative surface anomalies) and used to estimate the
vertical propagation of the MHW (or MHW depth), follow-
ing the method by Elzahaby and Schaeffer (2019). For each
profile, the positive threshold depth (hereafter ZN ) is defined
as the depth at which the first negative or zero temperature
anomaly occurred:

ZN = min(z (Ta (z) ≤ 0)) . (2)

Knowing ZN , the vertical cumulative temperature anomaly
(CTa), defined as

CTa (ZN ) =

ZN∑
z=0

Ta (z) �z, (3)

with �z = 10 m, was computed for each profile from the sur-
face (z = 0) to the positive threshold depth (z = ZN ). To re-
duce the effect of the insignificant warming at depths per wa-
ter profile, we define the MHW depth as the depth where a
fraction (ε = 0.95) of the cumulative Ta is reached:

MHW depth = max(z (CTa (z) ≤ ε · CTa (ZN ))) . (4)

Based on MHW depth values, Ta profiles were then divided
into three categories: Category 1 (shallow, 0–150 m), Cate-
gory 2 (intermediate, 150–700 m), and Category 3 (deep, >

700 m). It is noteworthy that, within the SAP area, float pro-
files categorized as Categories 2 and 3 consistently exhibit no
negative temperature anomalies. However, they are classified
into these categories based on their respective depths, shal-
lower or deeper than 700 m. Additionally, despite the limited
number of profiles available in this region, they all fall within
the cyclonic gyre. Hence, we are confident in considering
them as representative of the entire SAP region. The median
profile (T̃a) for each category was obtained by spatially av-
eraging all the available data in the different sectors in the
warm period using 2022 and FLOAT climatology Argo data.
Considering that the 2022 MHW extends until the spring of
2023 (Marullo et al., 2023), the median profiles T̃a for the fall
period were also examined to investigate the accumulation of
the heat in the water column. The mean Ta values averaged in
the surface, intermediate, and deep layers as well as other ad-
ditional information (number of profiles, MHW depth, max
Ta, and depth of max) are listed in Table 2.

Lastly, the Brunt–Väisälä frequency squared (N2) for the
year 2022 and in the upper 150 m depth was computed using
monthly averaged temperature and salinity Argo float pro-
files for each sector in order to support the vertical heat pen-
etration. The same procedure was adopted to calculate the
N2 anomaly with respect to the FLOAT climatology.

3 Results and discussion

In the surface layer, the OHCA2022 displayed inhomoge-
neous warming patterns, with positive anomaly areas ad-
jacent to others with strong negative anomalies (Fig. 1c).
Largest positive anomalies were observed in the western
Mediterranean, southern Adriatic, eastern Ionian, and north-
ern Levantine basins. In the intermediate and deep layers, the
warming was more homogeneous and widespread (Fig. 1d,
e), where the majority of bins showed positive values of
OHCA2022; specifically, the western and central Mediter-
ranean areas along with the Aegean Sea showed a more pro-
nounced warming compared to the Levantine basin, which
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Table 2. Characteristics of the 2022 MHW in Category 1 (C1), Category 2 (C2), and Category 3 (C3): MHW depth, surface temperature
anomaly (“Surface”), maximum temperature anomaly (“Max”), and the depth where it occurs (“Depth of max”). Also shown are mean
temperature anomaly values for the surface (0–150 m), intermediate (150–700 m), and deep (700–2000 m) layers for each category and for
the FLOAT climatology (“clim.”).

No. of MHW Temperature anomaly Averaged values

observations depth (m) Surface Max Depth of 0– 150– 700–
(10 m) max (m) 150 m 700 m 2000 m

NWM C1 335 24.8 2.3 5.82 22.5 0.28 0.32 0.097
spring C2 16 571.9 2.2 5.48 50 0.32 0.4 NA
summer C3 43 1457.9 2.92 5.58 19.5 0.8 0.36 0.1

clim. – – – – – 0.12 0.06 0.025

fall
fall 306 – – – – 0.66 0.33 0.11
clim. fall – – – – – 0.08 0.07 0.04

SWM C1 159 25.6 2.13 5.79 22.5 0.19 0.33 0.088
spring C2 5 630 1.83 5.46 24 0.43 0.3 NA
summer C3 27 1409.6 2.24 5.05 24.1 0.86 0.36 0.095

clim. – – – – – 0.028 0.059 0.028

fall
fall 148 – – – – 0.18 0.31 0.11
clim. fall – – – – – 0.1 0.05 0.02

ION C1 105 22.8 1.34 4.58 22.2 0.03 0.27 0.12
spring C2 5 644 2.18 2.87 18 0.58 0.35 0.54
summer C3 3 1383.4 1.39 1.97 20 0.47 0.54 0.15

clim. – – – – – 0.071 0.091 0.057

fall
fall 119 – – – – −0.21 0.26 0.12
clim. fall – – – – – −0.06 0.07 0.05

PG C1 50 37 1.34 3.82 41 0.15 0.32 0.03
spring C2 15 553.4 0.95 6.15 47.3 0.97 0.34 0
summer C3 20 1043.5 0.88 5.34 40 1.14 0.58 0.05

clim. – – – – – 0.3 0.15 0.02

fall
fall 70 – – – – −0.2 0.19 −0.02
clim. fall – – – – – 0.27 0.13 0

SAP C1 9 32.2 1.18 3 24.5 0.57 0.39 0.66
spring C2 10 411 1.95 7.25 27 1.04 0.46 NA
summer C3 17 945.3 0.88 4.36 78.8 0.72 0.4 0.59

clim. – – – – – 0.3 0.21 0.21

fall
fall 44 – – – – 0.27 0.41 0.69
clim. fall – – – – – 0.29 0.2 0.16

NA – not available.

exhibits a slight cooling in some bins of the central and east-
ern sectors. It can be stated that half of this warming in
the intermediate and deep layers is due to the 2022 MHW,
while the other half is due to the long-term warming of the
ocean. This consideration stems from comparing the current
OHCA2022 with OHC trends defined by Kubin et al. (2023).
To perform this study, five regions (NWM, SWM, ION, SAP,
and PG; colored boxes in Fig. 1b) were selected. This choice
was motivated by the highest 2022 sea surface tempera-
ture (SST) anomaly registered in the band from 0 to 25° E
(Marullo et al., 2023) and by the availability of float data in

both May–September and October–December 2022 periods.
Figure 2 shows T̃a profiles for the warm season of each sector
for each MHW depth category and for the FLOAT climatol-
ogy.

In the NWM and SWM sectors, the circulation is strongly
influenced by the presence of two intense and permanent cur-
rents (Fig. 1a): the southwestward Northern Current (Poulain
et al., 2012; Escudier et al., 2021) and the eastward along-
slope Algerian Current (which transports waters of Atlantic
origin in the upper water column; Poulain et al., 2021) in the
NWM and in the SWM, respectively. Therefore, float pro-
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Figure 2. (a–c, left) Median profiles of temperature anomaly computed for each sector (NWM, SWM, ION, PG, SAP) and for the 2022
warm season (May–September) using Argo float data with respect to the 1985–2018 SDC climatology dataset. Black lines highlight the
FLOAT climatology profiles, while blue, red, and green profiles indicate shallow (0–150 m), intermediate (150–700 m), and deep (> 700 m)
categories, respectively. (d, e, right) Positive and negative contours of the absolute dynamic topography with 1 cm spacing are displayed by
red and blue lines, while the colored dots are associated with the float positions of each category.

files were mainly located along the boundary of cyclonic cir-
culations as highlighted by the absolute dynamic topography
(product ref. no. 3, Table 1; Fig. 2a, b). In the ION sector,
float profiles were mainly distributed in the anticyclonic me-
ander of the Mid-Ionian Jet (Fig. 2c), a strong meandering
current that, together with the Atlantic–Ionian Stream (AIS),
transports Atlantic Water from the western to the eastern
Mediterranean Sea (Poulain et al., 2012, 2013; Menna et al.,
2019a; Fig. 1a). Although the NWM, SWM, and ION sectors
have different oceanographic characteristics, they showed a
similar response to the 2022 MHW (Fig. 2a–c). Most T̃a pro-
files belong to Category 1, and the mean MHW depth falls
into the 20–25 m layer (Table 2). Profiles, characterized by
shallow MHW penetration (blue lines in Fig. 2a–c), showed
a decreasing warming in the first 50 m with the maximum
T̃a close to the surface (22.2–22.5 m; Table 2). The layer be-
tween 50 and 100 m depth showed a negative T̃a with max-
ima of −0.65, −0.2, and −0.53 °C at 50, 70, and 40 m depth,
in the NWM, SWM, and ION sectors, respectively (Fig. 2a–
c). The median profiles derived from the FLOAT climatol-
ogy (black lines in Fig. 2a–c) do not exhibit this negative

anomaly (or only to a very small extent), suggesting, there-
fore, a possible link between this behavior and the occurrence
of the 2022 MHW. Below 100 m depth, T̃a becomes posi-
tive again with mean values of ∼ 0.3 °C in the intermediate
layer and values lower than 0.12 °C in the deep layer. Pro-
files characterized by intermediate MHW penetration (red
lines in Fig. 2a–c; MHW depth between 570 and 650 m, Ta-
ble 2) were located in coastal areas of the western Mediter-
ranean and in frontal zones in the ION sector and showed
positive T̃a throughout the water column, with values in the
range of 0.3–0.6 °C. Profiles, characterized by deep MHW
penetration (green lines in Fig. 2a–c; MHW depth ∼ 1400 m,
Table 2), showed the largest T̃a in the surface layer in the
two sectors of the western Mediterranean (> 0.8 °C), while
the ION sector depicted the largest anomalies in the interme-
diate layer (> 0.5 °C). These results are consistent with the
warming trend of the western Mediterranean Sea over the last
15 years of 0.09 ± 0.02 °C yr−1 and 0.03 ± 0.01 °C yr−1 for
surface waters and intermediate waters, respectively (Kubin
et al., 2023).
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The PG is located on the eastern side of the northern Io-
nian Sea, southwest of the Peloponnese coast (Fig. 1a). It is a
subbasin anticyclonic feature (diameter of ∼ 120 km; Pinardi
et al., 2015) that extends from the surface down to 800–
1000 m depth (Malanotte-Rizzoli et al., 1997; Kovačević et
al., 2015), and it is forced by the Etesian winds (Ayoub et
al., 1998; Mkhinini et al., 2014; Menna et al., 2021). In the
late summer to fall, the Etesian winds amplify their accel-
eration and wind shear in the region of the western Cretan
straits (Mkhinini et al., 2014); therefore, larger anticyclonic
vorticities are observed during these months in the PG re-
gion (Menna et al., 2019a). In the PG sector, T̃a profiles for
the three categories showed positive temperature anomalies
in the first 800 m of the water column, which coincides with
the vertical extension of the gyre itself (Fig. 2d). Profiles that
fall into Category 1 showed a decreasing warming in the first
70 m, anomaly values close to zero in the 70–150 m layer,
and increasing warming in the 150–400 m layer. The mean
anomaly in the intermediate layer of Category 1 is 0.3 °C
(Table 2). Category 2 profiles were retrieved mainly in the
coastal area near the Peloponnese, while Category 3 profiles
were found within the gyre area. Categories 2 and 3 showed
a strong warming in the surface layer (0.97 and 1.14 °C, re-
spectively), a mean warming in the range of 0.3–0.6 °C in
the intermediate layer and no warming compared to the SDC
climatology was observed in the deep layer (Table 2).

The SAP is one of the sites of open ocean convection in the
Mediterranean Sea, characterized by a complex thermohaline
circulation that influences the physical and biogeochemical
properties of the dense waters formed in its interior and the
strength of winter convection (Martellucci et al., 2024; Di
Biagio et al., 2023; Menna et al., 2022, OSR6; Pirro et al.,
2022). This sector showed positive temperature anomalies in
all layers and in all categories (Fig. 2d). Most profiles belong
to Category 3 with a mean MHW depth of ∼ 950 m and max-
imum T̃a at ∼ 80 m depth. The largest mean warming was
observed in the surface layer of each category (0.6–1.04 °C)
followed by the deep layer that had an exceptional warming
of ∼ 0.6 °C and finally by the intermediate layer that had a
mean warming of ∼ 0.4 °C (Table 2).

All five sectors showed a larger warming than the FLOAT
climatology with a mean temperature increase in the 2022
warm season between 0.2 and 0.8 °C in response to the
MHW event (Table 2). Some differences in warming ob-
served among the sectors are related to their peculiar hy-
drological and dynamical characteristics. During the warm
season, the surface layer of the NWM and SWM sectors and
partially of the ION sector was characterized by both larger
stratifications and stratification anomalies compared to the
FLOAT climatology (Fig. 3a, b). Strong stratification pre-
vents vertical heat penetration, causing negative T̃a in the 50–
100 m layer (Fig. 2a–c). In the PG sector, the warm-season
stratification anomaly was consistent with the climatology
(Fig. 3b), and vertical heat penetration was closely related
to the gyre dynamics. In the SAP sector, stratification during

the warm period was lower than the climatology, suggesting
an instability of the water column and, therefore, of the trans-
port of the vertical heat to the deep layers. The median of all
profiles available in the 2022 warm season, when not catego-
rized, closely aligns with the median of profiles in Category 1
(Fig. 3c, d). This condition arises because Category 1 consis-
tently boasts the highest number of profiles across various
sectors.

Larger warming of the water column was observed in fall
2022 compared to the SDC climatology in all sectors, except
for the surface layer of the ION and PG sectors (Fig. 3e). The
stronger warm-season stratification observed in the NWM
and SWM sectors (Fig. 3a, b) corresponds to enhanced ver-
tical heat propagation in the surface and intermediate layers
in fall 2022 (Fig. 3e, Table 2). Negative T̃a values in the sur-
face layer of the ION sector were attributed to an upwelling
event along the southern coast of Sicily between November
and December 2022 as shown by the sea surface tempera-
ture (product ref. no. 2, Table 1; Fig. 3g, h). The northern
part of the Sicily Channel is an area of strong eddy kinetic
energy (Poulain et al., 2012), influenced by Ekman trans-
port and advection of waters from the western to the east-
ern Mediterranean (Molcard et al., 2002; Falcini and Salusti,
2015; Schroeder et al., 2017; Menna et al., 2019b). The cold
waters upwelled off the southern coast of Sicily in Novem-
ber 2022 (Fig. 3g) were advected to the Ionian Sea through
the Atlantic–Ionian Stream and the Mid-Ionian Jet pathways
(Fig. 1a), gradually cooling the waters in the ION sector
(Fig. 3h). The negative anomaly in the surface layer of the
ION sector is not only limited to 2022 but is also a permanent
characteristic of the area related to the upwelling phenomena,
as confirmed by the T̃a profile derived from the FLOAT cli-
matology (orange line in Fig. 3f) and by trends in the OHC
anomaly estimated by Dayan et al. (2023) over the period
1987–2019. Negative T̃a values in the PG sector were at-
tributable to the typical downwelling process of this region
that is associated with the gyre dynamics. The downwelling
contributed to the vertical propagation of the 2022 MHW,
with a strong spring–summer warming in the first 800 m of
the water column (Fig. 2d), keeping the stratification values
similar to the FLOAT climatology (no significant increases
in N2 anomaly were registered due to the 2022 heat wave;
Fig. 3b). In this way, fall cooling can penetrate deep into the
water column, therefore causing negative T̃a values in the sur-
face layer (Fig. 3e; Table 2).

In recent years, the SAP has been experiencing a sig-
nificant temperature increase in the deep layer (trend of
∼ 0.06 °C yr−1 in the 2013–2020 period according to Kubin
et al., 2023) and salinity increase in the surface and inter-
mediate layers (Martellucci et al., 2024; Menna et al., 2022,
OSR6; Mihanović et al., 2021), with possible future impacts
on the entire thermohaline circulation of the Eastern Mediter-
ranean. It is of general understanding that convection sites
contribute to the propagation of the MHW signal from the
surface to the subsurface interior of the water column (Dayan
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Figure 2. (a–c, left) Median profiles of temperature anomaly computed for each sector (NWM, SWM, ION, PG, SAP) and for the 2022
warm season (May–September) using Argo float data with respect to the 1985–2018 SDC climatology dataset. Black lines highlight the
FLOAT climatology profiles, while blue, red, and green profiles indicate shallow (0–150 m), intermediate (150–700 m), and deep (> 700 m)
categories, respectively. (d, e, right) Positive and negative contours of the absolute dynamic topography with 1 cm spacing are displayed by
red and blue lines, while the colored dots are associated with the float positions of each category.

files were mainly located along the boundary of cyclonic cir-
culations as highlighted by the absolute dynamic topography
(product ref. no. 3, Table 1; Fig. 2a, b). In the ION sector,
float profiles were mainly distributed in the anticyclonic me-
ander of the Mid-Ionian Jet (Fig. 2c), a strong meandering
current that, together with the Atlantic–Ionian Stream (AIS),
transports Atlantic Water from the western to the eastern
Mediterranean Sea (Poulain et al., 2012, 2013; Menna et al.,
2019a; Fig. 1a). Although the NWM, SWM, and ION sectors
have different oceanographic characteristics, they showed a
similar response to the 2022 MHW (Fig. 2a–c). Most T̃a pro-
files belong to Category 1, and the mean MHW depth falls
into the 20–25 m layer (Table 2). Profiles, characterized by
shallow MHW penetration (blue lines in Fig. 2a–c), showed
a decreasing warming in the first 50 m with the maximum
T̃a close to the surface (22.2–22.5 m; Table 2). The layer be-
tween 50 and 100 m depth showed a negative T̃a with max-
ima of −0.65, −0.2, and −0.53 °C at 50, 70, and 40 m depth,
in the NWM, SWM, and ION sectors, respectively (Fig. 2a–
c). The median profiles derived from the FLOAT climatol-
ogy (black lines in Fig. 2a–c) do not exhibit this negative

anomaly (or only to a very small extent), suggesting, there-
fore, a possible link between this behavior and the occurrence
of the 2022 MHW. Below 100 m depth, T̃a becomes posi-
tive again with mean values of ∼ 0.3 °C in the intermediate
layer and values lower than 0.12 °C in the deep layer. Pro-
files characterized by intermediate MHW penetration (red
lines in Fig. 2a–c; MHW depth between 570 and 650 m, Ta-
ble 2) were located in coastal areas of the western Mediter-
ranean and in frontal zones in the ION sector and showed
positive T̃a throughout the water column, with values in the
range of 0.3–0.6 °C. Profiles, characterized by deep MHW
penetration (green lines in Fig. 2a–c; MHW depth ∼ 1400 m,
Table 2), showed the largest T̃a in the surface layer in the
two sectors of the western Mediterranean (> 0.8 °C), while
the ION sector depicted the largest anomalies in the interme-
diate layer (> 0.5 °C). These results are consistent with the
warming trend of the western Mediterranean Sea over the last
15 years of 0.09 ± 0.02 °C yr−1 and 0.03 ± 0.01 °C yr−1 for
surface waters and intermediate waters, respectively (Kubin
et al., 2023).
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The PG is located on the eastern side of the northern Io-
nian Sea, southwest of the Peloponnese coast (Fig. 1a). It is a
subbasin anticyclonic feature (diameter of ∼ 120 km; Pinardi
et al., 2015) that extends from the surface down to 800–
1000 m depth (Malanotte-Rizzoli et al., 1997; Kovačević et
al., 2015), and it is forced by the Etesian winds (Ayoub et
al., 1998; Mkhinini et al., 2014; Menna et al., 2021). In the
late summer to fall, the Etesian winds amplify their accel-
eration and wind shear in the region of the western Cretan
straits (Mkhinini et al., 2014); therefore, larger anticyclonic
vorticities are observed during these months in the PG re-
gion (Menna et al., 2019a). In the PG sector, T̃a profiles for
the three categories showed positive temperature anomalies
in the first 800 m of the water column, which coincides with
the vertical extension of the gyre itself (Fig. 2d). Profiles that
fall into Category 1 showed a decreasing warming in the first
70 m, anomaly values close to zero in the 70–150 m layer,
and increasing warming in the 150–400 m layer. The mean
anomaly in the intermediate layer of Category 1 is 0.3 °C
(Table 2). Category 2 profiles were retrieved mainly in the
coastal area near the Peloponnese, while Category 3 profiles
were found within the gyre area. Categories 2 and 3 showed
a strong warming in the surface layer (0.97 and 1.14 °C, re-
spectively), a mean warming in the range of 0.3–0.6 °C in
the intermediate layer and no warming compared to the SDC
climatology was observed in the deep layer (Table 2).

The SAP is one of the sites of open ocean convection in the
Mediterranean Sea, characterized by a complex thermohaline
circulation that influences the physical and biogeochemical
properties of the dense waters formed in its interior and the
strength of winter convection (Martellucci et al., 2024; Di
Biagio et al., 2023; Menna et al., 2022, OSR6; Pirro et al.,
2022). This sector showed positive temperature anomalies in
all layers and in all categories (Fig. 2d). Most profiles belong
to Category 3 with a mean MHW depth of ∼ 950 m and max-
imum T̃a at ∼ 80 m depth. The largest mean warming was
observed in the surface layer of each category (0.6–1.04 °C)
followed by the deep layer that had an exceptional warming
of ∼ 0.6 °C and finally by the intermediate layer that had a
mean warming of ∼ 0.4 °C (Table 2).

All five sectors showed a larger warming than the FLOAT
climatology with a mean temperature increase in the 2022
warm season between 0.2 and 0.8 °C in response to the
MHW event (Table 2). Some differences in warming ob-
served among the sectors are related to their peculiar hy-
drological and dynamical characteristics. During the warm
season, the surface layer of the NWM and SWM sectors and
partially of the ION sector was characterized by both larger
stratifications and stratification anomalies compared to the
FLOAT climatology (Fig. 3a, b). Strong stratification pre-
vents vertical heat penetration, causing negative T̃a in the 50–
100 m layer (Fig. 2a–c). In the PG sector, the warm-season
stratification anomaly was consistent with the climatology
(Fig. 3b), and vertical heat penetration was closely related
to the gyre dynamics. In the SAP sector, stratification during

the warm period was lower than the climatology, suggesting
an instability of the water column and, therefore, of the trans-
port of the vertical heat to the deep layers. The median of all
profiles available in the 2022 warm season, when not catego-
rized, closely aligns with the median of profiles in Category 1
(Fig. 3c, d). This condition arises because Category 1 consis-
tently boasts the highest number of profiles across various
sectors.

Larger warming of the water column was observed in fall
2022 compared to the SDC climatology in all sectors, except
for the surface layer of the ION and PG sectors (Fig. 3e). The
stronger warm-season stratification observed in the NWM
and SWM sectors (Fig. 3a, b) corresponds to enhanced ver-
tical heat propagation in the surface and intermediate layers
in fall 2022 (Fig. 3e, Table 2). Negative T̃a values in the sur-
face layer of the ION sector were attributed to an upwelling
event along the southern coast of Sicily between November
and December 2022 as shown by the sea surface tempera-
ture (product ref. no. 2, Table 1; Fig. 3g, h). The northern
part of the Sicily Channel is an area of strong eddy kinetic
energy (Poulain et al., 2012), influenced by Ekman trans-
port and advection of waters from the western to the east-
ern Mediterranean (Molcard et al., 2002; Falcini and Salusti,
2015; Schroeder et al., 2017; Menna et al., 2019b). The cold
waters upwelled off the southern coast of Sicily in Novem-
ber 2022 (Fig. 3g) were advected to the Ionian Sea through
the Atlantic–Ionian Stream and the Mid-Ionian Jet pathways
(Fig. 1a), gradually cooling the waters in the ION sector
(Fig. 3h). The negative anomaly in the surface layer of the
ION sector is not only limited to 2022 but is also a permanent
characteristic of the area related to the upwelling phenomena,
as confirmed by the T̃a profile derived from the FLOAT cli-
matology (orange line in Fig. 3f) and by trends in the OHC
anomaly estimated by Dayan et al. (2023) over the period
1987–2019. Negative T̃a values in the PG sector were at-
tributable to the typical downwelling process of this region
that is associated with the gyre dynamics. The downwelling
contributed to the vertical propagation of the 2022 MHW,
with a strong spring–summer warming in the first 800 m of
the water column (Fig. 2d), keeping the stratification values
similar to the FLOAT climatology (no significant increases
in N2 anomaly were registered due to the 2022 heat wave;
Fig. 3b). In this way, fall cooling can penetrate deep into the
water column, therefore causing negative T̃a values in the sur-
face layer (Fig. 3e; Table 2).

In recent years, the SAP has been experiencing a sig-
nificant temperature increase in the deep layer (trend of
∼ 0.06 °C yr−1 in the 2013–2020 period according to Kubin
et al., 2023) and salinity increase in the surface and inter-
mediate layers (Martellucci et al., 2024; Menna et al., 2022,
OSR6; Mihanović et al., 2021), with possible future impacts
on the entire thermohaline circulation of the Eastern Mediter-
ranean. It is of general understanding that convection sites
contribute to the propagation of the MHW signal from the
surface to the subsurface interior of the water column (Dayan
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Figure 3. (a) Monthly averaged Brunt–Väisälä frequency squared
(N2) computed in the surface layer (0–150 m) using 2022 Argo
float data. (b) Monthly averaged Brunt–Väisälä frequency squared
anomaly (N2 anomaly) computed in the surface layer with respect
to the FLOAT climatology. (c) Median temperature anomaly (°C)
computed in the warm season (May–September) from Argo float
profiles in 2022 and (d) in 2001–2018 with respect to the SDC cli-
matology. (e) Median temperature anomaly (°C) computed in the
fall period (October–December) from Argo float profiles in 2022
and (f) in 2001–2018 with respect to the SDC climatology. Daily
sea surface temperature (°C) in the ION sector (black box) for (g)
late November 2022 and (h) early December 2022.

et al., 2023; Kubin et al., 2023), but specific analyses at the
local scale are not yet available (Juza et al., 2022). Our results
show a fairly significant warming of the SAP in both spring–
summer (Figs. 2e and 3c) and fall 2022 (light blue line in
Fig. 3f) and a significant positive anomaly of the FLOAT cli-

matology compared to the SDC one (black line in Fig. 2e
and light blue line in Fig. 3f). In fall, the largest T̃a values
in the SAP were observed in the deep layer (∼ 0.69 °C; Ta-
ble 2, Fig. 3e). Mean profiles derived from the FLOAT cli-
matology (black line in Fig. 2e and light blue line in Fig. 3f)
showed positive values compared to the SDC one, confirm-
ing the warming trend throughout the water column over the
past decade. Beyond the impact of global warming on the
Mediterranean Sea, the 2022 MHW led to an additional heat-
ing in the SAP, which was transferred to the deeper layers and
favored by dynamical features of this area.

This study aimed to characterize the 2022 MHW in the
subsurface layers and attempted to explain the mechanisms
that drive the heat penetration to deep layers. However, fur-
ther and more detailed investigations are needed to better
support this last point. We showed that the effects of the
2022 MHW were felt in all layers of the Mediterranean Sea
with vertical heat propagation extending from the surface to
∼ 1500 m depth. In the surface layer, heat penetration and
storage are related to the strength of the stratification and/or
advection from adjacent regions. In contrast, the transport
and the storage of heat in the intermediate and deep layers are
closely linked to the dynamics of each area. These consider-
ations are in line with the findings by Elzahaby et al. (2021)
and Zhang et al. (2023), who noted that shallower MHWs
are primarily influenced by surface air–sea fluxes, whereas
deeper MHWs are predominantly driven by advection, man-
ifesting distinct dynamics across various oceanic regions.

In the western Mediterranean and western Ionian Sea sec-
tors, heat is mainly stored in the surface layer (shallow MHW
depths and stronger stratification), so this layer is signifi-
cantly warmer than the climatology even during the follow-
ing fall. Although deep MHW penetration in these regions
is limited to coastal and frontal/eddy zones, it reaches the
higher MHW depth estimated during the event. Sectors char-
acterized by specific dynamics (downwelling, convection)
quickly distribute the heat in the water column, even dur-
ing the event. Intermediate layers exhibit comparable heating
both during and after the MHW event, implying that heat can
be stored there for extended periods and can be regarded as a
long-term signal.

The warming signal in the intermediate and deep layers
could also be influenced by heat advection from adjacent
basins; however, we are aware that this topic needs to be
studied in more detail in the future. In this context, the use
of two climatologies and the cumulative anomaly threshold
in the present analysis should have eliminated most of the
signal associated with the ocean warming trend and advec-
tion; therefore, the additional warming registered in spring–
summer 2022 compared to the FLOAT climatology can be
attributed to the effects of the 2022 MHW along the entire
water column. Further studies are needed to investigate the
effects that this warming may have on the physical and bio-
logical oceanic processes, with implications for the thermo-
haline circulation of the entire Mediterranean Sea.
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Figure 3. (a) Monthly averaged Brunt–Väisälä frequency squared
(N2) computed in the surface layer (0–150 m) using 2022 Argo
float data. (b) Monthly averaged Brunt–Väisälä frequency squared
anomaly (N2 anomaly) computed in the surface layer with respect
to the FLOAT climatology. (c) Median temperature anomaly (°C)
computed in the warm season (May–September) from Argo float
profiles in 2022 and (d) in 2001–2018 with respect to the SDC cli-
matology. (e) Median temperature anomaly (°C) computed in the
fall period (October–December) from Argo float profiles in 2022
and (f) in 2001–2018 with respect to the SDC climatology. Daily
sea surface temperature (°C) in the ION sector (black box) for (g)
late November 2022 and (h) early December 2022.

et al., 2023; Kubin et al., 2023), but specific analyses at the
local scale are not yet available (Juza et al., 2022). Our results
show a fairly significant warming of the SAP in both spring–
summer (Figs. 2e and 3c) and fall 2022 (light blue line in
Fig. 3f) and a significant positive anomaly of the FLOAT cli-

matology compared to the SDC one (black line in Fig. 2e
and light blue line in Fig. 3f). In fall, the largest T̃a values
in the SAP were observed in the deep layer (∼ 0.69 °C; Ta-
ble 2, Fig. 3e). Mean profiles derived from the FLOAT cli-
matology (black line in Fig. 2e and light blue line in Fig. 3f)
showed positive values compared to the SDC one, confirm-
ing the warming trend throughout the water column over the
past decade. Beyond the impact of global warming on the
Mediterranean Sea, the 2022 MHW led to an additional heat-
ing in the SAP, which was transferred to the deeper layers and
favored by dynamical features of this area.

This study aimed to characterize the 2022 MHW in the
subsurface layers and attempted to explain the mechanisms
that drive the heat penetration to deep layers. However, fur-
ther and more detailed investigations are needed to better
support this last point. We showed that the effects of the
2022 MHW were felt in all layers of the Mediterranean Sea
with vertical heat propagation extending from the surface to
∼ 1500 m depth. In the surface layer, heat penetration and
storage are related to the strength of the stratification and/or
advection from adjacent regions. In contrast, the transport
and the storage of heat in the intermediate and deep layers are
closely linked to the dynamics of each area. These consider-
ations are in line with the findings by Elzahaby et al. (2021)
and Zhang et al. (2023), who noted that shallower MHWs
are primarily influenced by surface air–sea fluxes, whereas
deeper MHWs are predominantly driven by advection, man-
ifesting distinct dynamics across various oceanic regions.

In the western Mediterranean and western Ionian Sea sec-
tors, heat is mainly stored in the surface layer (shallow MHW
depths and stronger stratification), so this layer is signifi-
cantly warmer than the climatology even during the follow-
ing fall. Although deep MHW penetration in these regions
is limited to coastal and frontal/eddy zones, it reaches the
higher MHW depth estimated during the event. Sectors char-
acterized by specific dynamics (downwelling, convection)
quickly distribute the heat in the water column, even dur-
ing the event. Intermediate layers exhibit comparable heating
both during and after the MHW event, implying that heat can
be stored there for extended periods and can be regarded as a
long-term signal.

The warming signal in the intermediate and deep layers
could also be influenced by heat advection from adjacent
basins; however, we are aware that this topic needs to be
studied in more detail in the future. In this context, the use
of two climatologies and the cumulative anomaly threshold
in the present analysis should have eliminated most of the
signal associated with the ocean warming trend and advec-
tion; therefore, the additional warming registered in spring–
summer 2022 compared to the FLOAT climatology can be
attributed to the effects of the 2022 MHW along the entire
water column. Further studies are needed to investigate the
effects that this warming may have on the physical and bio-
logical oceanic processes, with implications for the thermo-
haline circulation of the entire Mediterranean Sea.
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Abstract. During 4–5 April 2022, a record-breaking wave storm hit Melilla harbour (SW Mediterranean Sea)
with the violent overtopping of breakwaters. This unprecedented episode was compared against the six most
extreme events previously registered by the Melilla coastal buoy during 2011–2022 to disentangle their common
atmospheric driving mechanisms. A dipole-like sea level pressure (SLP) pattern, characterised by two adjacent
(northwestern) high- and (southeastern) low-pressure systems, induced intense easterly winds and high waves
over the entire SW Mediterranean Sea. The record-breaking 2022 event differed from the rest in the much
stronger SLP gradient (2 Pa km−1) and northeasterly winds (above 20 m s−1), which concurrently gave rise to
a maximum significant wave height (SWHo) and mean period (Tm) of 7.32 m and 9.42 s, respectively, beating
previous historical records. The associated return period decreased from 53 to 25 years, which must be considered
for updated security protocols and the sound design of future port facilities. Hourly observations from the Melilla
tide gauge covering the 2011–2022 period were used to investigate the relationship between offshore energetic
waves penetrating into the harbour and the sea state inside. The harbour agitation, which also reached a record-
breaking value (1.41 m) during the storm, was proved to be modulated by both the offshore SWHo (correlation
coefficient of 0.87) and Tm. The highest values of agitation (above 1 m) were registered for incident high waves
coming from the angular sector between 50 and 70° (clockwise from true north) with Tm and peak period (Tp)
values above 7 and 10 s, respectively. By contrast, the astronomical tide and the storm surge had negligible
effects on harbour agitation during the seven extreme wave events. Infragravity waves, with periods between
30 and 300 s and maximum values up to 0.58 m during the 2022 storm, were also detected within the harbour
basins and exceeded previously reported peaks. The energy in the infragravity band (IGE) was significantly
correlated (0.96) with an offshore forcing parameter proportional to SWH2

o · Tp, evidencing that energetic swell
was responsible for the highest IGE values (above 2000 m2 s). Furthermore, a 30-year (1993–2022) regional
wave reanalysis was used to characterise the intra-annual variability in the 99th percentile of SWHm over the
Alborán Sea on a monthly timescale and identify the existence of trends. Results revealed that the intensity of
extreme wave events impacting Melilla harbour and surrounding areas increased for April, while observed trends
indicate a significant decrease of the 99th percentile of SWHm for June and October. Finally, outcomes from this
work could be useful for implementing a multi-hazard early warning system and ad hoc mitigation plans within
the harbour territory.

1 Introduction

Over recent decades, climate change and extreme weather
events have attracted growing public concern and political
attention due to their widespread detrimental impact on the
marine environment and human well-being (Konisky et al.,
2015). While the global ocean is already experiencing an-

thropogenically driven variations such as gradual warming,
acidification, and sea level rise (IPCC, 2022), sustained pres-
sure from climate change is even more significant in semi-
enclosed basins like the Mediterranean Sea (Chiggiato et al.,
2023; Juza and Tintoré, 2021) and also in exposed sectors
like harbour systems (Verschuur et al., 2023; Izaguirre et al.,
2021).
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Abstract. During 4–5 April 2022, a record-breaking wave storm hit Melilla harbour (SW Mediterranean Sea)
with the violent overtopping of breakwaters. This unprecedented episode was compared against the six most
extreme events previously registered by the Melilla coastal buoy during 2011–2022 to disentangle their common
atmospheric driving mechanisms. A dipole-like sea level pressure (SLP) pattern, characterised by two adjacent
(northwestern) high- and (southeastern) low-pressure systems, induced intense easterly winds and high waves
over the entire SW Mediterranean Sea. The record-breaking 2022 event differed from the rest in the much
stronger SLP gradient (2 Pa km−1) and northeasterly winds (above 20 m s−1), which concurrently gave rise to
a maximum significant wave height (SWHo) and mean period (Tm) of 7.32 m and 9.42 s, respectively, beating
previous historical records. The associated return period decreased from 53 to 25 years, which must be considered
for updated security protocols and the sound design of future port facilities. Hourly observations from the Melilla
tide gauge covering the 2011–2022 period were used to investigate the relationship between offshore energetic
waves penetrating into the harbour and the sea state inside. The harbour agitation, which also reached a record-
breaking value (1.41 m) during the storm, was proved to be modulated by both the offshore SWHo (correlation
coefficient of 0.87) and Tm. The highest values of agitation (above 1 m) were registered for incident high waves
coming from the angular sector between 50 and 70° (clockwise from true north) with Tm and peak period (Tp)
values above 7 and 10 s, respectively. By contrast, the astronomical tide and the storm surge had negligible
effects on harbour agitation during the seven extreme wave events. Infragravity waves, with periods between
30 and 300 s and maximum values up to 0.58 m during the 2022 storm, were also detected within the harbour
basins and exceeded previously reported peaks. The energy in the infragravity band (IGE) was significantly
correlated (0.96) with an offshore forcing parameter proportional to SWH2

o · Tp, evidencing that energetic swell
was responsible for the highest IGE values (above 2000 m2 s). Furthermore, a 30-year (1993–2022) regional
wave reanalysis was used to characterise the intra-annual variability in the 99th percentile of SWHm over the
Alborán Sea on a monthly timescale and identify the existence of trends. Results revealed that the intensity of
extreme wave events impacting Melilla harbour and surrounding areas increased for April, while observed trends
indicate a significant decrease of the 99th percentile of SWHm for June and October. Finally, outcomes from this
work could be useful for implementing a multi-hazard early warning system and ad hoc mitigation plans within
the harbour territory.

1 Introduction

Over recent decades, climate change and extreme weather
events have attracted growing public concern and political
attention due to their widespread detrimental impact on the
marine environment and human well-being (Konisky et al.,
2015). While the global ocean is already experiencing an-

thropogenically driven variations such as gradual warming,
acidification, and sea level rise (IPCC, 2022), sustained pres-
sure from climate change is even more significant in semi-
enclosed basins like the Mediterranean Sea (Chiggiato et al.,
2023; Juza and Tintoré, 2021) and also in exposed sectors
like harbour systems (Verschuur et al., 2023; Izaguirre et al.,
2021).
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Table 1. Products from the Copernicus Marine Service and other complementary datasets used in this study, including the Product User
Manual (PUM) and Quality Information Document (QUID). For complementary datasets, the links to the product description, data access,
and scientific references are provided. Last access for all web pages cited in this table: 11 January 2024.

Product ref.
no.

Product ID & type Data access Documentation

1 INSITU_IBI_PHYBGCWAV_DISCRETE_MYNRT_013_033,
in situ observations

EU Copernicus Marine Service Product
(2023a)

PUM: in situ TAC partners (2023)
QUID: Wehde et al. (2023)

2 2 Hz data, high-frequency sea level oscillations and agitation
parameters from the Melilla tide gauge, in situ observations

Puertos del Estado websites:
https://portus.puertos.es,
https://portuscopia.puertos.es/,
http://opendap.puertos.es/thredds/
catalog/tidegauge_meli/catalog.html

Product description:
García Valdecasas et al. (2021)
https://bancodatos.puertos.es/BD/
informes/INT_3.pdf

3 ERA5 global reanalysis, numerical models Hersbach et al. (2023) Product description: https://confluence.
ecmwf.int/display/CKB/ERA5:
+data+documentation

4 MEDSEA_MULTIYEAR_WAV_006_012, numerical models EU Copernicus Marine Service Product
(2023b)

PUM: Denaxa et al. (2023)
QUID: Zacharioudaki et al. (2023)

The Mediterranean Sea has long been recognised as a vul-
nerable climate change hot spot (Tuel and Eltahir, 2020), se-
riously jeopardised by marine pollution episodes or litter ac-
cumulation (Soussi et al., 2020; Ramirez-Llodra et al., 2013).
This region is often affected by marine heat waves, mass
mortality events, and violent hazards, ranging from storm
surges and flash floods to rogue waves and medicanes (Dayan
et al., 2023; Clementi et al., 2022; Garrabou et al., 2022;
Milglietta and Rotunno, 2019; Wolff et al., 2018; Cavaleri
et al., 2012). To serve as examples, Medicane Zorbas (2018)
and Storm Gloria (2020) caused several casualties and multi-
million-euro damage in susceptible coastal areas (Lorente et
al., 2021; de Alfonso et al., 2021; Pérez-Gómez et al., 2021;
Sotillo et al., 2021; Scicchitano et al., 2021).

Consequently, there is an increasing awareness not only of
the potential anthropogenic influence on the intensity of these
extreme weather episodes (Eyring et al., 2021) but also of the
unavoidable need to gain deeper insight into the underlying
physical processes, already identified as one of the World
Climate Research Programme’s Grand Challenges (WCRP
website, 2024). The accurate monitoring of extreme events
is crucial for implementing adaptation policies and adopting
prevention strategies that should eventually result in the en-
hancement of coastal communities’ resilience (Linnenluecke
et al., 2012). In response to this requisite, successive editions
of the Copernicus Ocean State Report initiative have tradi-
tionally placed special emphasis on the multi-parameter anal-
ysis of severe sea states previously occurring in the Mediter-
ranean Basin (Álvarez-Fanjul et al., 2022; Clementi et al.,
2022; Giesen et al., 2021; de Alfonso et al., 2020; Berta et
al., 2020; Bensoussan et al., 2019; Notarstefano et al., 2019;
Kokkini and Notarstefano, 2018).

Recent initiatives like ECCLIPSE (assEssment of CLI-
mate change in Ports of Southwest Europe) Interreg Su-
doe project (ECCLIPSE website, 2024) have focused on
analysing the impact of climate change on seaports. Al-

though this topic has historically received less consideration
than the corresponding impact for beach systems (Sánchez-
Arcilla et al., 2016a), the central role of ports in coun-
tries’ growth and a globalised economy have motivated a
plethora of new studies (Portillo Juan et al., 2022; Izaguirre
et al., 2021), some of them devoted to the Mediterranean Sea
(Sierra et al., 2015 and 2017; Sánchez-Arcilla et al., 2016b).
In this sense, one of the main objectives of ECCLIPSE was
to establish the fundamentals of a climate change observatory
for Spanish ports, aimed at monitoring essential ocean vari-
ables and gaining a holistic understanding of violent weather
from its physical drivers to its impact on port operability and
infrastructure. Climate-driven extreme coastal hazards have
been acknowledged as imposing heavy socio-economic tolls,
as port downtime leads to a reduction in safety levels and
wide trade losses due to the interruption of both the maritime
transport and global supply-chain networks (Verschuur et al.,
2022).

Following in the footprints of ECCLIPSE, this work at-
tempts to characterise the record-breaking storm that hit the
Alborán Sea (SW Mediterranean Sea; Fig. 1a) with wave
heights above 7 m during 4–5 April 2022 and evaluate the
energetic response of Melilla harbour basins (Fig. 1b) under
the penetrating wave action. Port operations were disrupted
as a precaution due to the prevailing harsh weather conditions
and the violent overtopping of breakwaters. While one ship
was evacuated from its berth and later sheltered at the lee
of the Ras Taksefi cape (Fig. 1b), structural damages were
reported in the seawall tip and in several boats and marina
pontoons.

A retrospective comparison of the present study case to ex-
treme wave events previously registered at the Melilla coastal
buoy (Fig. 1b) during 2011–2022 was conducted not only to
put the former into a broader historical context but also to dis-
entangle their common driving mechanisms (i.e. the predom-
inant atmospheric conditions on a synoptic scale). The return
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Figure 1. Wave storm in the SW Mediterranean Sea. (a) Hourly map (4 April 2022, 21:00 local time) of SWHm on a synoptic scale during
the peak storm as derived from ERA5 reanalysis (product ref. no. 3 in Table 1). (b) Hourly map of SWHm and MWDm on a coastal scale
during the peak storm as derived from MED reanalysis (product ref. no. 4 in Table 1). Isobath depths are labelled every 50 m. The magenta
dot and the magenta square represent the Melilla tide gauge and coastal buoy location, respectively. The green triangle and the green square
indicate the location of the Ras Taksefi cape and the grid point of MED reanalysis closest to the Melilla coastal buoy, respectively. In the
lower-left corner is the Melilla harbour configuration: map by © ArcgGis. (c) Hourly time series of SWHo and MWHo recorded at the Melilla
coastal buoy for 2011–2022 (product ref. no. 1 in Table 1). Black dots and stars indicate the seven extreme events examined, labelled from E1
to E7. The 99.9th (P99.9), 99th (P99), and 95th (P95) percentiles are represented by horizontal dotted black lines. (d) Hourly time series of
Tm and Tp for 2011–2022 (product ref. no. 1 in Table 1). (e) Wave rose illustrating the main incoming directions (MWDo) during 2011–2022
– product ref. no. 1 (Table 1). (f) Wave rose showing the MWDo associated with SWHo values above P99 (3.01 m) during 2011–2022.

period associated with these extreme wave episodes, which is
defined as the average time interval between two consecutive
events exceeding a specific wave height value, was also cal-
culated. This concept is often used in marine engineering for
the design of port facilities and the identification of danger-
ous events, providing a means for rational decision-making
and risk assessment (Salvadori et al., 2013). For instance,
harbour breakwaters are commonly designed to withstand
100-year-return-period metocean conditions without signif-
icant damage while having service lifetimes of similar dura-
tions (Todd et al., 2012; Gutiérrez-Serret et al., 2009).

Additionally, following the approach of Pérez-Gómez et
al. (2021) for Storm Gloria (2020), high-frequency (2 Hz) sea
level data and agitation observations provided by the Melilla

tide gauge (Fig. 1b) during 2011–2022 were used to inves-
tigate the relationship between offshore energetic conditions
and the sea state within the harbour. Precise estimations of
agitation (i.e. oscillations within the port due to wind waves)
are essential for downtime analysis and efficient port man-
agement (Romano-Moreno et al., 2022). Equally, infragrav-
ity (IG) waves with periods between 30 and 300 s (Bellafont,
2019; Elgar et al., 1992; Munk, 1950) were examined, since
their presence in semi-closed ports of small to intermediate
size (where the surface water area and depth are about 1–
10 km2 and 5–10 m, respectively) may cause excessive ship
motions at berth and unacceptable forces on mooring lines
and fenders that could result in ship collisions and signifi-
cant damage to vessels and port facilities (Costas et al., 2022;
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Table 1. Products from the Copernicus Marine Service and other complementary datasets used in this study, including the Product User
Manual (PUM) and Quality Information Document (QUID). For complementary datasets, the links to the product description, data access,
and scientific references are provided. Last access for all web pages cited in this table: 11 January 2024.
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2 2 Hz data, high-frequency sea level oscillations and agitation
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https://bancodatos.puertos.es/BD/
informes/INT_3.pdf
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+data+documentation

4 MEDSEA_MULTIYEAR_WAV_006_012, numerical models EU Copernicus Marine Service Product
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PUM: Denaxa et al. (2023)
QUID: Zacharioudaki et al. (2023)

The Mediterranean Sea has long been recognised as a vul-
nerable climate change hot spot (Tuel and Eltahir, 2020), se-
riously jeopardised by marine pollution episodes or litter ac-
cumulation (Soussi et al., 2020; Ramirez-Llodra et al., 2013).
This region is often affected by marine heat waves, mass
mortality events, and violent hazards, ranging from storm
surges and flash floods to rogue waves and medicanes (Dayan
et al., 2023; Clementi et al., 2022; Garrabou et al., 2022;
Milglietta and Rotunno, 2019; Wolff et al., 2018; Cavaleri
et al., 2012). To serve as examples, Medicane Zorbas (2018)
and Storm Gloria (2020) caused several casualties and multi-
million-euro damage in susceptible coastal areas (Lorente et
al., 2021; de Alfonso et al., 2021; Pérez-Gómez et al., 2021;
Sotillo et al., 2021; Scicchitano et al., 2021).

Consequently, there is an increasing awareness not only of
the potential anthropogenic influence on the intensity of these
extreme weather episodes (Eyring et al., 2021) but also of the
unavoidable need to gain deeper insight into the underlying
physical processes, already identified as one of the World
Climate Research Programme’s Grand Challenges (WCRP
website, 2024). The accurate monitoring of extreme events
is crucial for implementing adaptation policies and adopting
prevention strategies that should eventually result in the en-
hancement of coastal communities’ resilience (Linnenluecke
et al., 2012). In response to this requisite, successive editions
of the Copernicus Ocean State Report initiative have tradi-
tionally placed special emphasis on the multi-parameter anal-
ysis of severe sea states previously occurring in the Mediter-
ranean Basin (Álvarez-Fanjul et al., 2022; Clementi et al.,
2022; Giesen et al., 2021; de Alfonso et al., 2020; Berta et
al., 2020; Bensoussan et al., 2019; Notarstefano et al., 2019;
Kokkini and Notarstefano, 2018).

Recent initiatives like ECCLIPSE (assEssment of CLI-
mate change in Ports of Southwest Europe) Interreg Su-
doe project (ECCLIPSE website, 2024) have focused on
analysing the impact of climate change on seaports. Al-

though this topic has historically received less consideration
than the corresponding impact for beach systems (Sánchez-
Arcilla et al., 2016a), the central role of ports in coun-
tries’ growth and a globalised economy have motivated a
plethora of new studies (Portillo Juan et al., 2022; Izaguirre
et al., 2021), some of them devoted to the Mediterranean Sea
(Sierra et al., 2015 and 2017; Sánchez-Arcilla et al., 2016b).
In this sense, one of the main objectives of ECCLIPSE was
to establish the fundamentals of a climate change observatory
for Spanish ports, aimed at monitoring essential ocean vari-
ables and gaining a holistic understanding of violent weather
from its physical drivers to its impact on port operability and
infrastructure. Climate-driven extreme coastal hazards have
been acknowledged as imposing heavy socio-economic tolls,
as port downtime leads to a reduction in safety levels and
wide trade losses due to the interruption of both the maritime
transport and global supply-chain networks (Verschuur et al.,
2022).

Following in the footprints of ECCLIPSE, this work at-
tempts to characterise the record-breaking storm that hit the
Alborán Sea (SW Mediterranean Sea; Fig. 1a) with wave
heights above 7 m during 4–5 April 2022 and evaluate the
energetic response of Melilla harbour basins (Fig. 1b) under
the penetrating wave action. Port operations were disrupted
as a precaution due to the prevailing harsh weather conditions
and the violent overtopping of breakwaters. While one ship
was evacuated from its berth and later sheltered at the lee
of the Ras Taksefi cape (Fig. 1b), structural damages were
reported in the seawall tip and in several boats and marina
pontoons.

A retrospective comparison of the present study case to ex-
treme wave events previously registered at the Melilla coastal
buoy (Fig. 1b) during 2011–2022 was conducted not only to
put the former into a broader historical context but also to dis-
entangle their common driving mechanisms (i.e. the predom-
inant atmospheric conditions on a synoptic scale). The return
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Figure 1. Wave storm in the SW Mediterranean Sea. (a) Hourly map (4 April 2022, 21:00 local time) of SWHm on a synoptic scale during
the peak storm as derived from ERA5 reanalysis (product ref. no. 3 in Table 1). (b) Hourly map of SWHm and MWDm on a coastal scale
during the peak storm as derived from MED reanalysis (product ref. no. 4 in Table 1). Isobath depths are labelled every 50 m. The magenta
dot and the magenta square represent the Melilla tide gauge and coastal buoy location, respectively. The green triangle and the green square
indicate the location of the Ras Taksefi cape and the grid point of MED reanalysis closest to the Melilla coastal buoy, respectively. In the
lower-left corner is the Melilla harbour configuration: map by © ArcgGis. (c) Hourly time series of SWHo and MWHo recorded at the Melilla
coastal buoy for 2011–2022 (product ref. no. 1 in Table 1). Black dots and stars indicate the seven extreme events examined, labelled from E1
to E7. The 99.9th (P99.9), 99th (P99), and 95th (P95) percentiles are represented by horizontal dotted black lines. (d) Hourly time series of
Tm and Tp for 2011–2022 (product ref. no. 1 in Table 1). (e) Wave rose illustrating the main incoming directions (MWDo) during 2011–2022
– product ref. no. 1 (Table 1). (f) Wave rose showing the MWDo associated with SWHo values above P99 (3.01 m) during 2011–2022.

period associated with these extreme wave episodes, which is
defined as the average time interval between two consecutive
events exceeding a specific wave height value, was also cal-
culated. This concept is often used in marine engineering for
the design of port facilities and the identification of danger-
ous events, providing a means for rational decision-making
and risk assessment (Salvadori et al., 2013). For instance,
harbour breakwaters are commonly designed to withstand
100-year-return-period metocean conditions without signif-
icant damage while having service lifetimes of similar dura-
tions (Todd et al., 2012; Gutiérrez-Serret et al., 2009).

Additionally, following the approach of Pérez-Gómez et
al. (2021) for Storm Gloria (2020), high-frequency (2 Hz) sea
level data and agitation observations provided by the Melilla

tide gauge (Fig. 1b) during 2011–2022 were used to inves-
tigate the relationship between offshore energetic conditions
and the sea state within the harbour. Precise estimations of
agitation (i.e. oscillations within the port due to wind waves)
are essential for downtime analysis and efficient port man-
agement (Romano-Moreno et al., 2022). Equally, infragrav-
ity (IG) waves with periods between 30 and 300 s (Bellafont,
2019; Elgar et al., 1992; Munk, 1950) were examined, since
their presence in semi-closed ports of small to intermediate
size (where the surface water area and depth are about 1–
10 km2 and 5–10 m, respectively) may cause excessive ship
motions at berth and unacceptable forces on mooring lines
and fenders that could result in ship collisions and signifi-
cant damage to vessels and port facilities (Costas et al., 2022;
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Bellotti and Franco, 2011). Under adverse circumstances, IG
waves can be highly amplified by the basin geometry due
to resonant processes (commonly referred to as seiches), re-
sulting in large water level fluctuations and strong horizontal
currents that disturb port operations (unsafe and inefficient
cargo activities) and negatively impact cost–time efficiency
(López and Iglesias, 2014; Okihiro et al., 1993).

Finally, a 30-year (1993–2022) regional wave reanalysis
product developed in the framework of the Copernicus Ma-
rine Service for the Mediterranean Sea was analysed to char-
acterise the spatiotemporal variability in the long-term ex-
treme wave climate along the Alborán Sea. The intra-annual
variability in the 99th percentile (P99 hereinafter) for the sig-
nificant wave height was examined over this subregion on a
monthly timescale to identify potential trends, thereby com-
plementing similar studies previously focused on the intra-
seasonal (Barbariol el al., 2021) or the inter-annual (Zachari-
oudaki et al., 2022; Morales-Márquez et al., 2020) climate
variability in extreme waves in the entire Mediterranean
Basin.

This work is structured as follows: Sect. 2 outlines the ob-
servational and modelled data sources. Section 3 describes
the methodology adopted. Results are presented and dis-
cussed in Sect. 4. Finally, principal conclusions are drawn
in Sect. 5.

2 Data

All the observational and modelled datasets used in this
study are briefly described below. Complementary informa-
tion about them is gathered in Tables 1 and 2.

2.1 In situ observational data

Although the two in situ instruments used in this work were
deployed before 2009, the time span for the observational
datasets was standardised to 2011–2022 for consistency rea-
sons, as the collection of directional wave data started on
April 2010 (Table 2).

2.1.1 Melilla coastal buoy

A Datawell scalar buoy was moored at 15 m depth in
April 2008, close to Melilla harbour (Fig. 1b). It was re-
placed in April 2010 by a TRIAXYS buoy able to provide di-
rectional information. This in situ device, operated by Puer-
tos del Estado, collects hourly averaged estimations of di-
verse wave parameters (product ref. no. 1 in Table 1), encom-
passing the significant wave height (SWHo), maximum wave
height (MWHo), mean period (Tm), peak period (Tp), and in-
coming mean wave direction (MWDo). The quality control
applied to data time series, defined by the Copernicus Ma-
rine In situ Team (Copernicus Marine In Situ Team, 2020),
consisted of a battery of automatic checks performed to flag
and filter inconsistent values. For the Mediterranean Sea, the

spike test was based on the difference between sequential
measurements of SWHo, Tm, and Tp so they were discarded,
respectively, when the difference exceeded 3 m, 4 s, and 10 s.
Occasional gaps (not larger than 6 h) were linearly interpo-
lated to ensure the continuity of the records.

2.1.2 Melilla port tide gauge

A radar tide gauge, manufactured by Miros and operated by
Puertos del Estado as part of its REDMAR network (Pérez-
Gómez et al., 2008 and 2014), was deployed inside of Melilla
harbour in October 2007 (Fig. 1b). Quality-controlled 2 Hz
sea level data (product ref. no. 2 in Table 1) contain informa-
tion on sea level oscillations with periods above 1 s, captur-
ing all sea surface height variability including waves, high-
frequency sea level oscillations (HFSLOs), and tides. Sea
level oscillations with periods over 1 h were extracted using
a 10th-order Chebyshev low-pass filter with a cut frequency
of 1/3600, whereas wave agitation (with periods below 30 s)
was obtained using an 8th-order Butterworth high-pass dig-
ital filter with a cut frequency of 1/30. HFSLOs (with peri-
ods between 30 s and 1 h) were obtained by subtracting the
two previous time series from the raw 2 Hz data signal. Then,
a simplified four-band energy spectrum was also calculated
to facilitate the understanding of the energy distribution in
the HFSLO band: (i) the period between 30 s and 5 min (IG
waves), (ii) the period between 5 and 15 min, (iii) the period
between 15 and 30 min, and (iv) the period between 30 min
and 1 h. For further details about the frequency domain anal-
ysis (used to describe how energy is distributed among all
frequencies and to determine the most energetic frequency on
an hourly basis) and time domain analysis (used to determine
the hourly amplitudes of the HFSLO, where the maximum is
denoted by HFSLOmax and the average of the highest-third
heights is denoted by HFSLO13), the reader is referred to
García-Valdecasas et al. (2021). Finally, 20 min estimations
of HFSLOmax, HFSLO13, IG wave energy (IGE), and agita-
tion were subsampled at hourly intervals (Table 2) and exam-
ined to assess the impact of extreme wave storms inside the
harbour. Likewise, hourly estimations of total water fluctu-
ations, astronomical tides, and storm surge component were
qualitatively analysed to infer any potential sea level rise that
could take place simultaneously (or in close sequence) with
the extreme wave storms.

2.2 Modelled data

The time span for the modelled datasets was standardised to
1993–2022 for consistency reasons (Table 2).

2.2.1 ERA5 reanalysis

ERA5 reanalysis (product ref. no. 3 in Table 1), which is gen-
erated by the European Centre for Medium-Range Weather
Forecasts (ECMWF), provides hourly estimates from 1940
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Table 2. Complementary information about the data sources used in this study.

Source Type Location (coverage) Variable (unit) Temporal Time span Spatial resolution
(product ref.) resolution used

In situ sensor (1) Buoy Coastal location SWHo (m) Hourly 2011–2022 Point-wise location
(2.94° W–35.33° N) MWHo (m)

Tm (s)
Tp (s)
MWDo (° )

In situ sensor (2) Tide gauge Port location Agitation (m) Hourly 2011–2022 Point-wise location
(2.93° W–35.29° N) HFSLO13 (m)

HFSLOmax (m)
IGE (m2 s)

Numerical model (3) ERA5 reanalysis Regional domain SLP (Pa) Hourly 1993–2022 0.25°
(19° W–5° E W10 (m s−1) 0.25°
26–56° N) SWHm (m) 0.5°

Numerical model (4) MED reanalysis Subregional domain SWHm (m) Hourly 1993–2022 1/24°
(6–1° W MWDm (° )
35–37° N)

onwards for a large number of atmospheric and oceanic pa-
rameters which are regridded, respectively, to a 0.25 and 0.5°
regular grid. In this work, hourly maps of modelled sea level
pressure (SLP), wind at 10 m height (W10), and significant
wave height (SWHm) were analysed on a synoptic scale (26–
56° N, 19° W–5° E) for the 1993–2022 period (Table 2) in
order to disentangle the common atmospheric configurations
that drove the most extreme wave events registered by the
Melilla buoy.

2.2.2 Multi-year wave product

The multi-year wave product of the Mediterranean Sea
Waves forecasting system (product ref. no. 4 in Table 1)
is based on a Wave Model (WAM) suite that predicts
hourly wave parameters at a 1/24° horizontal grid resolu-
tion. The atmospheric wind forcing used in WAM consists
of hourly 0.25° horizontal-resolution ERA5 reanalysis from
the ECMWF. The multi-year product consists of a reanaly-
sis dataset (MED reanalysis hereinafter), which spans 1 Jan-
uary 1993 to 31 December 2022, and an interim dataset cov-
ering the period after the reanalysis until 1 month before
the present. In the present work, only the MED reanalysis
was used: hourly SWHm estimations were examined for the
selected 30-year period (Table 2) to characterise the spa-
tiotemporal variability in the long-term extreme wave cli-
mate affecting the Alborán Sea in general and specifically
the Melilla harbour area. Equally, hourly maps of propaga-
tion direction (MWDm) were depicted to assess the prevalent
wave directionality during the extreme events.

3 Methodology

As not all extreme metocean hazards necessarily have de-
structive impacts on coastal areas, there is not a worldwide

consensus on the protocol for their categorisation (Radovic
and Iglesias, 2018). In this work, the 99.9th percentile (P99.9
hereinafter) of SWHo for the 12-year time series (2011–
2022) provided by the Melilla coastal buoy was used as a
threshold to select and chronologically tag a manageable
number of extreme wave events that previously occurred.
Once shortlisted, these episodes were characterised in terms
of intensity (magnitude of diverse wave parameters) and du-
ration (hours above the P99 of SWHo), placing the focus on
the joint occurrence of interconnected extremes that might
exacerbate the coastal impact compared to individual haz-
ards occurring in isolation. Complementarily, hourly maps of
SWHm were depicted to explore if the extreme wave events
shared similar synoptic features in terms of severity and spa-
tial distribution.

In order to elucidate the potential existence of a common
driving mechanism, the predominant atmospheric conditions
(in terms of SLP and W10) on a synoptic scale that led to
the record-breaking storm were retrospectively compared to
those giving rise to previous extreme wave events. Addition-
ally, the temporal distribution of extreme hourly wave data
(above P99) affecting the Melilla area was derived from the
12-year observational time series of SWHo and Tm to eluci-
date if they showed a relevant preference for a specific stage
of the year. The annual cycle was split into six evenly spaced
50 d intervals and a longer 65 d summertime interval that did
not negatively impact the consistency of the percentages of
occurrence obtained, as extreme wave events during summer
remained marginal regardless of the interval length selected.

The return period associated with these extreme wave
episodes was derived from hourly time series of SWHo

for two different periods: 2011–2021 (before the record-
breaking storm) and 2011–2022 (including the storm). For
this purpose, we assumed the following:
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Bellotti and Franco, 2011). Under adverse circumstances, IG
waves can be highly amplified by the basin geometry due
to resonant processes (commonly referred to as seiches), re-
sulting in large water level fluctuations and strong horizontal
currents that disturb port operations (unsafe and inefficient
cargo activities) and negatively impact cost–time efficiency
(López and Iglesias, 2014; Okihiro et al., 1993).

Finally, a 30-year (1993–2022) regional wave reanalysis
product developed in the framework of the Copernicus Ma-
rine Service for the Mediterranean Sea was analysed to char-
acterise the spatiotemporal variability in the long-term ex-
treme wave climate along the Alborán Sea. The intra-annual
variability in the 99th percentile (P99 hereinafter) for the sig-
nificant wave height was examined over this subregion on a
monthly timescale to identify potential trends, thereby com-
plementing similar studies previously focused on the intra-
seasonal (Barbariol el al., 2021) or the inter-annual (Zachari-
oudaki et al., 2022; Morales-Márquez et al., 2020) climate
variability in extreme waves in the entire Mediterranean
Basin.

This work is structured as follows: Sect. 2 outlines the ob-
servational and modelled data sources. Section 3 describes
the methodology adopted. Results are presented and dis-
cussed in Sect. 4. Finally, principal conclusions are drawn
in Sect. 5.

2 Data

All the observational and modelled datasets used in this
study are briefly described below. Complementary informa-
tion about them is gathered in Tables 1 and 2.

2.1 In situ observational data

Although the two in situ instruments used in this work were
deployed before 2009, the time span for the observational
datasets was standardised to 2011–2022 for consistency rea-
sons, as the collection of directional wave data started on
April 2010 (Table 2).

2.1.1 Melilla coastal buoy

A Datawell scalar buoy was moored at 15 m depth in
April 2008, close to Melilla harbour (Fig. 1b). It was re-
placed in April 2010 by a TRIAXYS buoy able to provide di-
rectional information. This in situ device, operated by Puer-
tos del Estado, collects hourly averaged estimations of di-
verse wave parameters (product ref. no. 1 in Table 1), encom-
passing the significant wave height (SWHo), maximum wave
height (MWHo), mean period (Tm), peak period (Tp), and in-
coming mean wave direction (MWDo). The quality control
applied to data time series, defined by the Copernicus Ma-
rine In situ Team (Copernicus Marine In Situ Team, 2020),
consisted of a battery of automatic checks performed to flag
and filter inconsistent values. For the Mediterranean Sea, the

spike test was based on the difference between sequential
measurements of SWHo, Tm, and Tp so they were discarded,
respectively, when the difference exceeded 3 m, 4 s, and 10 s.
Occasional gaps (not larger than 6 h) were linearly interpo-
lated to ensure the continuity of the records.

2.1.2 Melilla port tide gauge

A radar tide gauge, manufactured by Miros and operated by
Puertos del Estado as part of its REDMAR network (Pérez-
Gómez et al., 2008 and 2014), was deployed inside of Melilla
harbour in October 2007 (Fig. 1b). Quality-controlled 2 Hz
sea level data (product ref. no. 2 in Table 1) contain informa-
tion on sea level oscillations with periods above 1 s, captur-
ing all sea surface height variability including waves, high-
frequency sea level oscillations (HFSLOs), and tides. Sea
level oscillations with periods over 1 h were extracted using
a 10th-order Chebyshev low-pass filter with a cut frequency
of 1/3600, whereas wave agitation (with periods below 30 s)
was obtained using an 8th-order Butterworth high-pass dig-
ital filter with a cut frequency of 1/30. HFSLOs (with peri-
ods between 30 s and 1 h) were obtained by subtracting the
two previous time series from the raw 2 Hz data signal. Then,
a simplified four-band energy spectrum was also calculated
to facilitate the understanding of the energy distribution in
the HFSLO band: (i) the period between 30 s and 5 min (IG
waves), (ii) the period between 5 and 15 min, (iii) the period
between 15 and 30 min, and (iv) the period between 30 min
and 1 h. For further details about the frequency domain anal-
ysis (used to describe how energy is distributed among all
frequencies and to determine the most energetic frequency on
an hourly basis) and time domain analysis (used to determine
the hourly amplitudes of the HFSLO, where the maximum is
denoted by HFSLOmax and the average of the highest-third
heights is denoted by HFSLO13), the reader is referred to
García-Valdecasas et al. (2021). Finally, 20 min estimations
of HFSLOmax, HFSLO13, IG wave energy (IGE), and agita-
tion were subsampled at hourly intervals (Table 2) and exam-
ined to assess the impact of extreme wave storms inside the
harbour. Likewise, hourly estimations of total water fluctu-
ations, astronomical tides, and storm surge component were
qualitatively analysed to infer any potential sea level rise that
could take place simultaneously (or in close sequence) with
the extreme wave storms.

2.2 Modelled data

The time span for the modelled datasets was standardised to
1993–2022 for consistency reasons (Table 2).

2.2.1 ERA5 reanalysis

ERA5 reanalysis (product ref. no. 3 in Table 1), which is gen-
erated by the European Centre for Medium-Range Weather
Forecasts (ECMWF), provides hourly estimates from 1940
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Table 2. Complementary information about the data sources used in this study.

Source Type Location (coverage) Variable (unit) Temporal Time span Spatial resolution
(product ref.) resolution used

In situ sensor (1) Buoy Coastal location SWHo (m) Hourly 2011–2022 Point-wise location
(2.94° W–35.33° N) MWHo (m)

Tm (s)
Tp (s)
MWDo (° )

In situ sensor (2) Tide gauge Port location Agitation (m) Hourly 2011–2022 Point-wise location
(2.93° W–35.29° N) HFSLO13 (m)

HFSLOmax (m)
IGE (m2 s)

Numerical model (3) ERA5 reanalysis Regional domain SLP (Pa) Hourly 1993–2022 0.25°
(19° W–5° E W10 (m s−1) 0.25°
26–56° N) SWHm (m) 0.5°

Numerical model (4) MED reanalysis Subregional domain SWHm (m) Hourly 1993–2022 1/24°
(6–1° W MWDm (° )
35–37° N)

onwards for a large number of atmospheric and oceanic pa-
rameters which are regridded, respectively, to a 0.25 and 0.5°
regular grid. In this work, hourly maps of modelled sea level
pressure (SLP), wind at 10 m height (W10), and significant
wave height (SWHm) were analysed on a synoptic scale (26–
56° N, 19° W–5° E) for the 1993–2022 period (Table 2) in
order to disentangle the common atmospheric configurations
that drove the most extreme wave events registered by the
Melilla buoy.

2.2.2 Multi-year wave product

The multi-year wave product of the Mediterranean Sea
Waves forecasting system (product ref. no. 4 in Table 1)
is based on a Wave Model (WAM) suite that predicts
hourly wave parameters at a 1/24° horizontal grid resolu-
tion. The atmospheric wind forcing used in WAM consists
of hourly 0.25° horizontal-resolution ERA5 reanalysis from
the ECMWF. The multi-year product consists of a reanaly-
sis dataset (MED reanalysis hereinafter), which spans 1 Jan-
uary 1993 to 31 December 2022, and an interim dataset cov-
ering the period after the reanalysis until 1 month before
the present. In the present work, only the MED reanalysis
was used: hourly SWHm estimations were examined for the
selected 30-year period (Table 2) to characterise the spa-
tiotemporal variability in the long-term extreme wave cli-
mate affecting the Alborán Sea in general and specifically
the Melilla harbour area. Equally, hourly maps of propaga-
tion direction (MWDm) were depicted to assess the prevalent
wave directionality during the extreme events.

3 Methodology

As not all extreme metocean hazards necessarily have de-
structive impacts on coastal areas, there is not a worldwide

consensus on the protocol for their categorisation (Radovic
and Iglesias, 2018). In this work, the 99.9th percentile (P99.9
hereinafter) of SWHo for the 12-year time series (2011–
2022) provided by the Melilla coastal buoy was used as a
threshold to select and chronologically tag a manageable
number of extreme wave events that previously occurred.
Once shortlisted, these episodes were characterised in terms
of intensity (magnitude of diverse wave parameters) and du-
ration (hours above the P99 of SWHo), placing the focus on
the joint occurrence of interconnected extremes that might
exacerbate the coastal impact compared to individual haz-
ards occurring in isolation. Complementarily, hourly maps of
SWHm were depicted to explore if the extreme wave events
shared similar synoptic features in terms of severity and spa-
tial distribution.

In order to elucidate the potential existence of a common
driving mechanism, the predominant atmospheric conditions
(in terms of SLP and W10) on a synoptic scale that led to
the record-breaking storm were retrospectively compared to
those giving rise to previous extreme wave events. Addition-
ally, the temporal distribution of extreme hourly wave data
(above P99) affecting the Melilla area was derived from the
12-year observational time series of SWHo and Tm to eluci-
date if they showed a relevant preference for a specific stage
of the year. The annual cycle was split into six evenly spaced
50 d intervals and a longer 65 d summertime interval that did
not negatively impact the consistency of the percentages of
occurrence obtained, as extreme wave events during summer
remained marginal regardless of the interval length selected.

The return period associated with these extreme wave
episodes was derived from hourly time series of SWHo

for two different periods: 2011–2021 (before the record-
breaking storm) and 2011–2022 (including the storm). For
this purpose, we assumed the following:
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i. An exceedance threshold based on the 95th percentile
(P95) value of the dataset following the approach pro-
posed by Harley (2017) and Fanti et al. (2023) for
coastal storm analysis.

ii. A distance of 5 d between two independent storms. Al-
though there is some subjectivity in how a time series is
partitioned into separate storms, the broadly accepted
criteria state that the independence between consecu-
tive events is achieved by imposing the separation of
storm peaks by a time period longer than 3 d, which
is the average lifetime of extra-tropical cyclones (Trigo
et al., 1999). For instance, the most intense activity pe-
riod of Storm Gloria in the western Mediterranean Sea
was between 20 and 23 January 2020 (Amores et al.,
2020; Lorente et al., 2021). Since adjacent peaks sep-
arated by 5 d will correspond to waves generated from
different low-pressure systems, meteorologically inde-
pendent events were identified by applying a moving
time window of 5 d length between consecutive storms,
in accordance with Mackay and Johanning (2018a and
b).

The long-term extreme sea state was characterised by us-
ing the Peaks-Over-Threshold (POT) method (Goda, 1988)
with the fitting of a three-parameter Weibull probability dis-
tribution to the SWHo observations. The POT method is
based on extracting, from the recorded time series, those
individual storms which surpass the aforementioned ex-
ceedance threshold of SWHo at the peak of the storm and
are not dependent upon another one due to their proximity
in time. The three-parameter Weibull distribution was com-
puted following the approach proposed by de Alfonso et
al. (2021) to obtain the return period for the maximum SWHo

registered during the selected extreme wave events.
Furthermore, the relationship between offshore sea states

and IG waves within Melilla harbour was investigated. Here
we focused on the most common type of IG waves: those in-
duced by the non-linear interactions between incident wind
short waves (Belloti and Franco, 2011). While IG waves tend
to elude human perception in deep waters (heights of the or-
der of a few centimetres), they can abruptly increase near the
coastline and even exceed 1 m (Aucan and Ardhuin, 2013),
contributing significantly to nearshore processes (beach ero-
sion) and affecting coastal structures (Okihiro et al., 1993).
Significant efforts have previously been devoted to analysing
the connection between offshore wave parameters and IGE,
either at the shore (in the form of run-up) or in the nearshore
area (surf zone). While Guza and Thornton (1982) found that
the IG component of wave run-up increased linearly with in-
creasing offshore SWHo, Stockdon et al. (2006) concluded
that the IG component scaled better with SWHo · L (where L

represents the deep-water wavelength) and was actually in-
dependent of the foreshore slope. In the same vein, Senechal
et al. (2011) reported that IG wave run-up during extreme

storm conditions was significantly less scattered when cor-
related with SWHo · L than with SWHo only. By contrast,
Inch et al. (2017) reported that nearshore IG waves were best
predicted using an offshore forcing parameter that is propor-
tional to SWH2

o · Tp. These contradictory findings reveal that
further research on the subject is required and suggest that
nearshore IGE is unlikely to be a function of any single en-
vironmental factor (Lashley et al., 2020).

While the four aforementioned field studies focused on
low-sloping to mildly sloping sandy beaches, the present
work attempts to relate IGE measured within a harbour with
offshore wave parameters. To this aim, a rough approxima-
tion approach (based on three simplifications) was adopted:

i. Local slope effects were not included, similarly to
Stockdon et al. (2006).

ii. IGE registered at the Melilla tide gauge was scaled
with SWH2

o, SWHo · L, and SWH2
o · Tp despite the fact

that IGE is affected by wave–structure interaction pro-
cesses (diffraction and reflection, to name the main
ones) which are not so relevant on open sandy beaches.

iii. Although the Melilla coastal buoy is moored at 15 m
depth (d), the deep-water approximation is broadly ac-
cepted since the relative depth (defined as d/L) is
above 0.5 for 78 % of the time during 2011–2022 (not
shown). Therefore, the wavelength can be defined as
L = (g · T 2

m)/2π , where the gravity acceleration g is
9.8 m s−2. As a consequence, we can derive from point
(ii) that IGE was scaled with SWH2

o, SWHo · T 2
m, and

SWH2
o · Tp.

Additionally, HFSLO (with periods between 30 s and 1 h)
and harbour agitation (with periods below 30 s) data recorded
by the Melilla tide gauge during 2011–2022 were thoroughly
examined. On the one hand, HFSLO heights observed during
the selected extreme events were categorised based on spe-
cific IG wave thresholds which are universally common to
all locations (McComb et al., 2020; McComb, 2011). This
approach is valid since spectra of the 2 Hz data (not shown),
generated to identify energetic sea level variability inside the
port, were dominated by energy in the IG band during these
storms. On the other hand, total seawater levels were exam-
ined to disentangle if they exerted a relevant role in the sharp
increase in harbour agitation during the extreme wave events
and if astronomical tides were thereby enhanced by storm
surge effects. In this context, connected extremes are of par-
ticular concern for harbour operability, as their individual ef-
fects may interact synergistically and cause more damage in
port structures than isolated extreme events do (Velpuri et al.,
2023).

Finally, potential long-term changes in the extreme sea
state climate during the 30-year period analysed (1993–
2022) were assessed over the Alborán Sea. As a prelimi-
nary step, the accuracy of MED reanalysis was evaluated
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at the grid point 35.354° N, 2.916° W (denoted by a green
rectangle in Fig. 1b) closest to the Melilla coastal buoy and
located at a distance of 3450 m. Concurrent estimations of
hourly SWHo and SWHm were compared for the period
2011–2022, and the best linear fit of the scatter plot was
computed. The statistical metrics used in the present study
to compare two datasets included the mean, the standard de-
viation, and the Pearson correlation coefficient (Emery and
Thompson, 2001). Afterwards, maps of linear trend for the
P99 of SWHm were obtained over the entire Alborán Sea on
a monthly timescale. The attention was particularly focused
on the intra-annual variability in order to complement prior
research dealing with intra-seasonal and inter-annual vari-
ability in extreme waves in the entire Mediterranean Basin
(Amarouche et al., 2022a; Barbariol el al., 2021; Zachari-
oudaki et al., 2022; Morales-Márquez et al., 2020). The pres-
ence of temporal trends in the P99 of SWHm time series was
evaluated with two well-known non-parametric tests, which
have been recently documented as the most used for trend
detection in the Mediterranean Sea (De Leo et al., 2023).

i. Trends were calculated using the Sen’s slope estimator
of P99 because it is not subject to the influence of ex-
treme values (outliers); therefore, it is more consistent
than simple linear regression methods (Sen, 1968). Al-
though P95 is also commonly used (Fanti et al., 2023),
P99 was selected as the reference percentile for the most
extreme wave events affecting the Melilla area, in agree-
ment with previous approaches reported in the literature
(Zacharioudaki et al., 2022; Barbariol et al., 2021).

ii. The statistical significance at the 90 % confidence
interval was assessed at each grid point with the
Mann–Kendall test (Mann, 1945; Kendall, 1962), in
accordance with similar works previously published
(Caloiero and Aristodemo, 2021; Barbariol et al., 2021).
Afterwards, a specific subdomain (35.02–35.48° N,
2.70–3.00° W) in the vicinity of Melilla harbour was
selected, and the statistical significance was spatially
averaged to infer if this area is affected by meaningful
trends.

4 Results

4.1 Extreme events analysis

The P99.9 of SWHo (set to 4.45 m and derived from the 12-
year time series provided by the Melilla coastal buoy) was
used as a threshold to detect the most extreme wave events
(Fig. 1c). A total of seven storms were identified and tagged
chronologically from E1 to E7. They presented values rang-
ing from 5.05 (E3) to 7.32 m (E7), as shown in Table 3. The
associated Tm values, which ranged from 6.83 (E2) to 9.42 s
(E7), surpassed the P99 (set to 6.25 s; Fig. 1d). The seven
episodes also showed concurrent high values of MWHo and
Tp, emerging in the ranges 6.83–12.11 m and 9.13–10.75 s,

respectively (Table 3). The storm that hit Melilla harbour
during 4–5 April 2022 (E7) exhibited unprecedented val-
ues for each wave parameter: the peak of SWHo (7.32 m)
was coincident with the greatest values of MWHo (12.11 m)
and Tm (9.42 s), jointly beating all previous historical records
(Fig. 1c–d). In terms of storm duration (Table 3), defined as
the number of consecutive hours above the P99 of SWHo

(set to 3.01 m), E1 and E6 were significantly shorter (<20 h)
than the long-lasting E2 and E4 events (>50 h). The duration
of the E3 and E5 (27–31 h) events can be considered simi-
lar to E7 (37 h). From a directional perspective, the prevail-
ing incoming wave directions during 2011–2022 were NE
(41 %) and NE–E (43 %), with an overall associated mean
value of 58° ± 37° (Fig. 1e). These are the most common
origins of waves recorded at the Melilla coastal buoy due
to its particular emplacement, sheltered to the east of the
Ras Taksefi cape (Fig. 1b). As a result, the shadow effect
of this coastal promontory prevents the angular spreading of
the storms coming from the westernmost sector. For extreme
wave events with SWHo above P99 (3.01 m), the predomi-
nant incoming wave direction was NE–E with 72 % of oc-
currence, whereas the remaining 28 % corresponded to the
NE sector (Fig. 1f).

Hourly maps of SWHm for E1–E6 events (Fig. A1) and E7
(Fig. 1a) shared common synoptic features such as the peak
of SWHm (above 4.5 m) over the entire Alborán Sea. A sec-
ondary peak could be found over the Gulf of Cádiz for the
E1, E2, E4, E5, and E7 episodes, while E3 barely showed it.
In the case of the E6 event, the peak of SWHm over the east-
ernmost part of the Alborán Sea was not so high (around 4 m)
but affected broader areas of the SW Mediterranean Sea. The
spatial patterns of SWHm and MWDm, zoomed in on the ar-
eas surrounding Melilla harbour (small maps in the lower-
right corner of each panel in Fig. A1), revealed a similar
visual resemblance for SWHm and a uniform MWDm field
from the NE. The record-breaking E7 event stood out from
the rest due to the severity of the storm, with SWHm above
5.5 m over the entire Alborán Sea (Fig. 1a) but also in the
vicinity of Melilla harbour (Fig. 1b).

4.2 Return period analysis

For the period 2011–2021, the entire hourly time series of
SWHo was fitted to a three-parameter Weibull distribution,
leading to return periods of 3.25–4.51 years for the extreme
wave events E1 to E6 (Table 4). However, the E7 event
was associated with a 53-year return period which highlights
the extraordinary magnitude of this twice-in-a-century high-
impact episode. For the period 2011–2022, which already in-
cluded the record-breaking E7 storm (April 2022), a new fit-
ting of the three-parameter Weibull probability distribution
to the SWHo observations was performed, and the associ-
ated Weibull parameters (threshold, scale, and shape) were
updated (Table 4). Results revealed that the return period
related to the E1 to E6 events decreased by 17 %–22 % to
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i. An exceedance threshold based on the 95th percentile
(P95) value of the dataset following the approach pro-
posed by Harley (2017) and Fanti et al. (2023) for
coastal storm analysis.

ii. A distance of 5 d between two independent storms. Al-
though there is some subjectivity in how a time series is
partitioned into separate storms, the broadly accepted
criteria state that the independence between consecu-
tive events is achieved by imposing the separation of
storm peaks by a time period longer than 3 d, which
is the average lifetime of extra-tropical cyclones (Trigo
et al., 1999). For instance, the most intense activity pe-
riod of Storm Gloria in the western Mediterranean Sea
was between 20 and 23 January 2020 (Amores et al.,
2020; Lorente et al., 2021). Since adjacent peaks sep-
arated by 5 d will correspond to waves generated from
different low-pressure systems, meteorologically inde-
pendent events were identified by applying a moving
time window of 5 d length between consecutive storms,
in accordance with Mackay and Johanning (2018a and
b).

The long-term extreme sea state was characterised by us-
ing the Peaks-Over-Threshold (POT) method (Goda, 1988)
with the fitting of a three-parameter Weibull probability dis-
tribution to the SWHo observations. The POT method is
based on extracting, from the recorded time series, those
individual storms which surpass the aforementioned ex-
ceedance threshold of SWHo at the peak of the storm and
are not dependent upon another one due to their proximity
in time. The three-parameter Weibull distribution was com-
puted following the approach proposed by de Alfonso et
al. (2021) to obtain the return period for the maximum SWHo

registered during the selected extreme wave events.
Furthermore, the relationship between offshore sea states

and IG waves within Melilla harbour was investigated. Here
we focused on the most common type of IG waves: those in-
duced by the non-linear interactions between incident wind
short waves (Belloti and Franco, 2011). While IG waves tend
to elude human perception in deep waters (heights of the or-
der of a few centimetres), they can abruptly increase near the
coastline and even exceed 1 m (Aucan and Ardhuin, 2013),
contributing significantly to nearshore processes (beach ero-
sion) and affecting coastal structures (Okihiro et al., 1993).
Significant efforts have previously been devoted to analysing
the connection between offshore wave parameters and IGE,
either at the shore (in the form of run-up) or in the nearshore
area (surf zone). While Guza and Thornton (1982) found that
the IG component of wave run-up increased linearly with in-
creasing offshore SWHo, Stockdon et al. (2006) concluded
that the IG component scaled better with SWHo · L (where L

represents the deep-water wavelength) and was actually in-
dependent of the foreshore slope. In the same vein, Senechal
et al. (2011) reported that IG wave run-up during extreme

storm conditions was significantly less scattered when cor-
related with SWHo · L than with SWHo only. By contrast,
Inch et al. (2017) reported that nearshore IG waves were best
predicted using an offshore forcing parameter that is propor-
tional to SWH2

o · Tp. These contradictory findings reveal that
further research on the subject is required and suggest that
nearshore IGE is unlikely to be a function of any single en-
vironmental factor (Lashley et al., 2020).

While the four aforementioned field studies focused on
low-sloping to mildly sloping sandy beaches, the present
work attempts to relate IGE measured within a harbour with
offshore wave parameters. To this aim, a rough approxima-
tion approach (based on three simplifications) was adopted:

i. Local slope effects were not included, similarly to
Stockdon et al. (2006).

ii. IGE registered at the Melilla tide gauge was scaled
with SWH2

o, SWHo · L, and SWH2
o · Tp despite the fact

that IGE is affected by wave–structure interaction pro-
cesses (diffraction and reflection, to name the main
ones) which are not so relevant on open sandy beaches.

iii. Although the Melilla coastal buoy is moored at 15 m
depth (d), the deep-water approximation is broadly ac-
cepted since the relative depth (defined as d/L) is
above 0.5 for 78 % of the time during 2011–2022 (not
shown). Therefore, the wavelength can be defined as
L = (g · T 2

m)/2π , where the gravity acceleration g is
9.8 m s−2. As a consequence, we can derive from point
(ii) that IGE was scaled with SWH2

o, SWHo · T 2
m, and

SWH2
o · Tp.

Additionally, HFSLO (with periods between 30 s and 1 h)
and harbour agitation (with periods below 30 s) data recorded
by the Melilla tide gauge during 2011–2022 were thoroughly
examined. On the one hand, HFSLO heights observed during
the selected extreme events were categorised based on spe-
cific IG wave thresholds which are universally common to
all locations (McComb et al., 2020; McComb, 2011). This
approach is valid since spectra of the 2 Hz data (not shown),
generated to identify energetic sea level variability inside the
port, were dominated by energy in the IG band during these
storms. On the other hand, total seawater levels were exam-
ined to disentangle if they exerted a relevant role in the sharp
increase in harbour agitation during the extreme wave events
and if astronomical tides were thereby enhanced by storm
surge effects. In this context, connected extremes are of par-
ticular concern for harbour operability, as their individual ef-
fects may interact synergistically and cause more damage in
port structures than isolated extreme events do (Velpuri et al.,
2023).

Finally, potential long-term changes in the extreme sea
state climate during the 30-year period analysed (1993–
2022) were assessed over the Alborán Sea. As a prelimi-
nary step, the accuracy of MED reanalysis was evaluated
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at the grid point 35.354° N, 2.916° W (denoted by a green
rectangle in Fig. 1b) closest to the Melilla coastal buoy and
located at a distance of 3450 m. Concurrent estimations of
hourly SWHo and SWHm were compared for the period
2011–2022, and the best linear fit of the scatter plot was
computed. The statistical metrics used in the present study
to compare two datasets included the mean, the standard de-
viation, and the Pearson correlation coefficient (Emery and
Thompson, 2001). Afterwards, maps of linear trend for the
P99 of SWHm were obtained over the entire Alborán Sea on
a monthly timescale. The attention was particularly focused
on the intra-annual variability in order to complement prior
research dealing with intra-seasonal and inter-annual vari-
ability in extreme waves in the entire Mediterranean Basin
(Amarouche et al., 2022a; Barbariol el al., 2021; Zachari-
oudaki et al., 2022; Morales-Márquez et al., 2020). The pres-
ence of temporal trends in the P99 of SWHm time series was
evaluated with two well-known non-parametric tests, which
have been recently documented as the most used for trend
detection in the Mediterranean Sea (De Leo et al., 2023).

i. Trends were calculated using the Sen’s slope estimator
of P99 because it is not subject to the influence of ex-
treme values (outliers); therefore, it is more consistent
than simple linear regression methods (Sen, 1968). Al-
though P95 is also commonly used (Fanti et al., 2023),
P99 was selected as the reference percentile for the most
extreme wave events affecting the Melilla area, in agree-
ment with previous approaches reported in the literature
(Zacharioudaki et al., 2022; Barbariol et al., 2021).

ii. The statistical significance at the 90 % confidence
interval was assessed at each grid point with the
Mann–Kendall test (Mann, 1945; Kendall, 1962), in
accordance with similar works previously published
(Caloiero and Aristodemo, 2021; Barbariol et al., 2021).
Afterwards, a specific subdomain (35.02–35.48° N,
2.70–3.00° W) in the vicinity of Melilla harbour was
selected, and the statistical significance was spatially
averaged to infer if this area is affected by meaningful
trends.

4 Results

4.1 Extreme events analysis

The P99.9 of SWHo (set to 4.45 m and derived from the 12-
year time series provided by the Melilla coastal buoy) was
used as a threshold to detect the most extreme wave events
(Fig. 1c). A total of seven storms were identified and tagged
chronologically from E1 to E7. They presented values rang-
ing from 5.05 (E3) to 7.32 m (E7), as shown in Table 3. The
associated Tm values, which ranged from 6.83 (E2) to 9.42 s
(E7), surpassed the P99 (set to 6.25 s; Fig. 1d). The seven
episodes also showed concurrent high values of MWHo and
Tp, emerging in the ranges 6.83–12.11 m and 9.13–10.75 s,

respectively (Table 3). The storm that hit Melilla harbour
during 4–5 April 2022 (E7) exhibited unprecedented val-
ues for each wave parameter: the peak of SWHo (7.32 m)
was coincident with the greatest values of MWHo (12.11 m)
and Tm (9.42 s), jointly beating all previous historical records
(Fig. 1c–d). In terms of storm duration (Table 3), defined as
the number of consecutive hours above the P99 of SWHo

(set to 3.01 m), E1 and E6 were significantly shorter (<20 h)
than the long-lasting E2 and E4 events (>50 h). The duration
of the E3 and E5 (27–31 h) events can be considered simi-
lar to E7 (37 h). From a directional perspective, the prevail-
ing incoming wave directions during 2011–2022 were NE
(41 %) and NE–E (43 %), with an overall associated mean
value of 58° ± 37° (Fig. 1e). These are the most common
origins of waves recorded at the Melilla coastal buoy due
to its particular emplacement, sheltered to the east of the
Ras Taksefi cape (Fig. 1b). As a result, the shadow effect
of this coastal promontory prevents the angular spreading of
the storms coming from the westernmost sector. For extreme
wave events with SWHo above P99 (3.01 m), the predomi-
nant incoming wave direction was NE–E with 72 % of oc-
currence, whereas the remaining 28 % corresponded to the
NE sector (Fig. 1f).

Hourly maps of SWHm for E1–E6 events (Fig. A1) and E7
(Fig. 1a) shared common synoptic features such as the peak
of SWHm (above 4.5 m) over the entire Alborán Sea. A sec-
ondary peak could be found over the Gulf of Cádiz for the
E1, E2, E4, E5, and E7 episodes, while E3 barely showed it.
In the case of the E6 event, the peak of SWHm over the east-
ernmost part of the Alborán Sea was not so high (around 4 m)
but affected broader areas of the SW Mediterranean Sea. The
spatial patterns of SWHm and MWDm, zoomed in on the ar-
eas surrounding Melilla harbour (small maps in the lower-
right corner of each panel in Fig. A1), revealed a similar
visual resemblance for SWHm and a uniform MWDm field
from the NE. The record-breaking E7 event stood out from
the rest due to the severity of the storm, with SWHm above
5.5 m over the entire Alborán Sea (Fig. 1a) but also in the
vicinity of Melilla harbour (Fig. 1b).

4.2 Return period analysis

For the period 2011–2021, the entire hourly time series of
SWHo was fitted to a three-parameter Weibull distribution,
leading to return periods of 3.25–4.51 years for the extreme
wave events E1 to E6 (Table 4). However, the E7 event
was associated with a 53-year return period which highlights
the extraordinary magnitude of this twice-in-a-century high-
impact episode. For the period 2011–2022, which already in-
cluded the record-breaking E7 storm (April 2022), a new fit-
ting of the three-parameter Weibull probability distribution
to the SWHo observations was performed, and the associ-
ated Weibull parameters (threshold, scale, and shape) were
updated (Table 4). Results revealed that the return period
related to the E1 to E6 events decreased by 17 %–22 % to
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Table 3. Characterisation of the seven most extreme wave events registered by the Melilla coastal buoy during the 12-year period analysed
(2011–2022).

Event Date SWHo Time above MWHo Mean period Peak period Mean direction
YYYY-MM-DD (hh:mm) (m) P99 (h)∗ (m) (s) (s) (°)

E1 2016-02-21 (00:00) 5.25 16 9.46 7.15 9.13 63
E2 2017-02-21 (01:00) 5.21 57 7.22 6.83 9.25 66
E3 2017-03-15 (01:00) 5.05 27 7.79 6.99 9.98 51
E4 2017-04-21 (15:00) 5.36 58 6.97 7.03 9.34 69
E5 2019-03-27 (00:00) 5.21 31 8.03 6.88 9.91 69
E6 2021-03-20 (21:00) 5.09 14 6.83 6.91 9.69 55
E7 2022-04-04 (21:00) 7.32 37 12.11 9.42 10.75 55

∗ Consecutive hours above the 99th percentile of SWHo .

2.69–3.51 years, while the updated E7 return period dropped
by 53 % from 53 years to 25 years. These relevant outcomes
should be applicable in the design and construction of new
facilities at Melilla harbour and also integrated into the port
operations planning and day-to-day logistics activities.

4.3 Driving atmospheric conditions

The prevailing atmospheric conditions on a synoptic scale
during the seven extreme wave storms were inferred from
the ERA5 reanalysis of SLP and W10. The SLP map for
the E7 event (Fig. 2a) exhibited the so-called hybrid Rex
block (Sousa et al., 2021; Lupo, 2021; Rex, 1950), a large-
scale blocking pattern characterised by two adjacent (north-
western) high- and (southeastern) low-pressure systems. This
type of blocking is usual during the transition phase from an
omega block (midlatitude high-pressure centre surrounded
by two low-pressure systems on its western and eastern
flanks) to a pure Rex shape (a north–south dipole pattern
of SLP). Blocking episodes in Europe have long been ac-
knowledged as persistent atmospheric disturbances that can
lead to weather extremes (Kautz et al., 2022). As a conse-
quence, this dipole was visible for the whole investigation
period, whereas it followed a clockwise rotation. The de-
rived pressure gradient (above 2 Pa km−1) gave rise to very
strong northeasterly winds (above 20 m s−1) that affected
broad areas of the SW Mediterranean and Alborán seas,
while extremely intense easterlies were channelled through
the Strait of Gibraltar due to its specific geometric configu-
ration (Fig. 2b). In the Gulf of Cádiz (denoted in Fig. 1a),
the wind field exhibited an anticlockwise rotation around the
low-pressure core.

The analysis of the six previous extreme events revealed
that all of them shared very similar meteorological condi-
tions: (i) a northwestern–southeastern hybrid Rex pattern of
SLP anomalies (Fig. A2), in contrast to the climatological
mean (Fig. 2c) that shows two well-known semi-permanent
pressure systems (i.e. the Azores High at middle latitudes and
the Icelandic Low at subpolar latitudes), and (ii) a peak of
wind speed (>15 m s−1) over the entire Alborán Sea, where

easterlies blew strongly along both sides of the Strait of
Gibraltar (Fig. A3). Only the event E6 showed a slightly
different structure (Fig. A3f), with moderately strong winds
(13–15 m s−1) blowing from the NE and massively affect-
ing the entire western Mediterranean Sea. In terms of per-
sistence, intense winds steadily affected the study area for
1–2.5 d, except in the case of the E1 and E6 events where
the duration was shorter (14–16 h), as derived indirectly from
the time that the SWHo consecutively exceeded the P99 (Ta-
ble 3).

The primary factors that jointly triggered the record-
breaking E7 wave storm were the short distance (1400 km)
between the two main pressure systems and the relatively
deep (below 1000 hPa) system of low pressures over the Gulf
of Cádiz (Fig. 2a). The resulting SLP gradient was anoma-
lously powerful (above 2 Pa km−1), leading to very strong
easterlies (up to 20 m s−1, as shown in Fig. 2b) that ulti-
mately induced high (∼ 6 m) waves over the entire Alborán
Sea (Fig. 1a).

The previous six episodes also presented intense (al-
beit 25 %–50 % weaker) SLP gradients, ranging from
1.01 Pa km−1 (E4; Fig. A2d) to 1.48 Pa km−1 (E6; Fig. A2f),
due to the usually longer distances (ranging from 1900 to
3000 km) between the two pressure systems (Fig. A2). Al-
though the E1 event exhibited SLP cores with similar separa-
tion (1438 km, shown in Fig. A2a), the low-pressure system
was not so deep (1016 hPa), in contrast to the E7 event where
minimum SLP values dropped below 1000 hPa (Fig. 2a).

Finally, it should be noted that the seven extreme episodes
took place during the same stage of the year, a 50 d pe-
riod between late February and early April (Fig. 2d and Ta-
ble 3). Therefore, it might be deduced that large-scale atmo-
spheric blocks leading to severe sea states (above the P99 of
SWHo and Tm) in Melilla tend to be more probable during
the winter-to-spring transition period, in agreement with pre-
vious blocking climatologies for the eastern North Atlantic
(Kautz et al., 2022; Barriopedro et al., 2006).
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Table 4. Return period computed for two different periods, as derived from hourly in situ observations from the Melilla coastal buoy. The
long-term extreme sea state was characterised by using the POT method with the fitting of a three-parameter Weibull probability distribution
to the observed significant wave height (SWHo).

Parameter 2011–2021 2011–2022 Decrease

Weibull parameter: threshold (or location) 1.82 1.88 –
Weibull parameter: scale 1.19 1.10 –
Weibull parameter: shape (or Weibull slope) 1.20 1.07 –
Return period for events with SWHo = 3 m 1.02 years 1.02 years 0.00 %
Return period for events with SWHo = 4 m 1.38 years 1.34 years 2.89 %
Return period for events with SWHo = 5 m 3.09 years 2.59 years 16.18 %
Return period for E1 extreme event (SWHo = 5.25 m) 4.00 years 3.19 years 20.25 %
Return period for E2 extreme event (SWHo = 5.21 m) 3.83 years 3.08 years 19.58 %
Return period for E3 extreme event (SWHo = 5.05 m) 3.25 years 2.69 years 17.23 %
Return period for E4 extreme event (SWHo = 5.36 m) 4.51 years 3.51 years 22.17 %
Return period for E5 extreme event (SWHo = 5.21 m) 3.83 years 3.08 years 19.58 %
Return period for E6 extreme event (SWHo = 5.09 m) 3.38 years 2.78 years 17.75 %
Return period for E7 extreme event (SWHo = 7.32 m) 53.06 years 24.91 years 53.23 %

4.4 Sea state within the port

An accurate estimation of the historical harbour wave agita-
tion is fundamental for many practical applications such as
port downtime analysis (Romano-Moreno et al., 2022). The
analysis of hourly time series of agitation provided by the
Melilla tide gauge revealed that there was a record-breaking
value during the E7 event (1.41 m; Fig. 2e), while the six
previous events also exceeded the P99.9 threshold (0.56 m;
Fig. 3a). The agitation response is usually determined by
wave penetration into the harbour arising from the combina-
tion of diverse parameters: SWHo, Tm, MWDo, astronomical
tide, and storm surge outside the port (Camus et al., 2018).
As shown in Figs. 2e and A4, the impact of the last two ele-
ments on harbour agitation during the seven extreme events
was negligible due to a number of factors: (i) Melilla harbour
waters are characterised by a maximum tidal range of 0.40 m;
(ii) for each extreme event, the evolution of harbour agitation
was independent from the tidal phase as the peak of agitation
was not coincident with high tides; (iii) during E7, the low-
pressure core (∼ 1000 hPa) was located in the Gulf of Cádiz
(western side of the Strait of Gibraltar; Fig. 2a), so the storm
surge affecting Melilla harbour was small (∼ 5 cm; Fig. 2e);
and (iv) during the previous six extreme events (E1–E6), the
meteorological residual was even negative (Fig. A4), ranging
from −2 (E3) to −14 cm (E2).

Hourly scatter plots evidenced the strong relationship be-
tween the agitation inside the port and the wave condi-
tions outside the port registered by the Melilla coastal buoy
(Fig. 3b–d). The best linear fit of the scatter plot between
the agitation and SWHo revealed a significantly high corre-
lation coefficient (0.87). During the 12-year period analysed
(2011–2022), there were 967 hourly agitation values above
the P99 threshold (0.36 m): 89 % of them were associated
with waves coming from the predominant sector between 50

and 70° (clockwise from true north), while 6 % of them were
related to incoming waves with angles emerging from 70 to
90° (Fig. 3b). The remaining 5 % were assigned to waves
with an angular spread ranging from 30 to 50°. Therefore,
the overall agitation is direction-dependent due to the har-
bour orientation (Fig. 1b) and its inherent structural design
(mouth width, port layout configuration, etc.). Additionally,
harbour agitation was also importantly modulated by off-
shore period, as shown in Fig. 3c–d. Agitation values above
the P99 were generally observed when Tm and Tp values were
above 4 and 6 s, respectively. Equally, the highest values of
agitation (above 1 m height) were associated with Tm and Tp
values above 7 and 10 s, respectively. It seems reasonable to
deduce that the record-breaking harbour agitation (1.41 m)
registered during the E7 event was caused by the combined
effect of unprecedented values of SWHo (7.32 m), MWHo

(12.11 m), and Tm (9.42 s) in tandem with a very high value
of Tp (10.75 s) and a MWDo (55°) within the predominant
angular sector (50–70°) previously mentioned.

Operational thresholds in the IG band, which are common
to all locations, have been historically proposed for safe con-
ditions during port operations (McComb et al., 2020; Mc-
Comb, 2011). Since the spectra of 2 Hz sea level oscillations
measured inside the harbour by the Melilla tide gauge (not
shown) revealed a high energy content in the IG band dur-
ing the seven storms, HFSLO13 values registered during the
seven extreme events (which contained not only the predomi-
nant contribution of oscillations in the IG band but also of os-
cillations with periods between 5 min–1 h) were categorised
according to this methodology (Fig. 3e). The exploration
of hourly time series of HFSLO13 showed that the E1 and
E6 events surpassed the 0.15 m threshold (denoted as “ex-
treme caution” in Fig. 3e), while the remaining five events
also exceeded the “danger” threshold (0.20 m), with an un-
precedented value of 0.31 m during the E7 episode. Likewise,
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Table 3. Characterisation of the seven most extreme wave events registered by the Melilla coastal buoy during the 12-year period analysed
(2011–2022).

Event Date SWHo Time above MWHo Mean period Peak period Mean direction
YYYY-MM-DD (hh:mm) (m) P99 (h)∗ (m) (s) (s) (°)

E1 2016-02-21 (00:00) 5.25 16 9.46 7.15 9.13 63
E2 2017-02-21 (01:00) 5.21 57 7.22 6.83 9.25 66
E3 2017-03-15 (01:00) 5.05 27 7.79 6.99 9.98 51
E4 2017-04-21 (15:00) 5.36 58 6.97 7.03 9.34 69
E5 2019-03-27 (00:00) 5.21 31 8.03 6.88 9.91 69
E6 2021-03-20 (21:00) 5.09 14 6.83 6.91 9.69 55
E7 2022-04-04 (21:00) 7.32 37 12.11 9.42 10.75 55

∗ Consecutive hours above the 99th percentile of SWHo .

2.69–3.51 years, while the updated E7 return period dropped
by 53 % from 53 years to 25 years. These relevant outcomes
should be applicable in the design and construction of new
facilities at Melilla harbour and also integrated into the port
operations planning and day-to-day logistics activities.

4.3 Driving atmospheric conditions

The prevailing atmospheric conditions on a synoptic scale
during the seven extreme wave storms were inferred from
the ERA5 reanalysis of SLP and W10. The SLP map for
the E7 event (Fig. 2a) exhibited the so-called hybrid Rex
block (Sousa et al., 2021; Lupo, 2021; Rex, 1950), a large-
scale blocking pattern characterised by two adjacent (north-
western) high- and (southeastern) low-pressure systems. This
type of blocking is usual during the transition phase from an
omega block (midlatitude high-pressure centre surrounded
by two low-pressure systems on its western and eastern
flanks) to a pure Rex shape (a north–south dipole pattern
of SLP). Blocking episodes in Europe have long been ac-
knowledged as persistent atmospheric disturbances that can
lead to weather extremes (Kautz et al., 2022). As a conse-
quence, this dipole was visible for the whole investigation
period, whereas it followed a clockwise rotation. The de-
rived pressure gradient (above 2 Pa km−1) gave rise to very
strong northeasterly winds (above 20 m s−1) that affected
broad areas of the SW Mediterranean and Alborán seas,
while extremely intense easterlies were channelled through
the Strait of Gibraltar due to its specific geometric configu-
ration (Fig. 2b). In the Gulf of Cádiz (denoted in Fig. 1a),
the wind field exhibited an anticlockwise rotation around the
low-pressure core.

The analysis of the six previous extreme events revealed
that all of them shared very similar meteorological condi-
tions: (i) a northwestern–southeastern hybrid Rex pattern of
SLP anomalies (Fig. A2), in contrast to the climatological
mean (Fig. 2c) that shows two well-known semi-permanent
pressure systems (i.e. the Azores High at middle latitudes and
the Icelandic Low at subpolar latitudes), and (ii) a peak of
wind speed (>15 m s−1) over the entire Alborán Sea, where

easterlies blew strongly along both sides of the Strait of
Gibraltar (Fig. A3). Only the event E6 showed a slightly
different structure (Fig. A3f), with moderately strong winds
(13–15 m s−1) blowing from the NE and massively affect-
ing the entire western Mediterranean Sea. In terms of per-
sistence, intense winds steadily affected the study area for
1–2.5 d, except in the case of the E1 and E6 events where
the duration was shorter (14–16 h), as derived indirectly from
the time that the SWHo consecutively exceeded the P99 (Ta-
ble 3).

The primary factors that jointly triggered the record-
breaking E7 wave storm were the short distance (1400 km)
between the two main pressure systems and the relatively
deep (below 1000 hPa) system of low pressures over the Gulf
of Cádiz (Fig. 2a). The resulting SLP gradient was anoma-
lously powerful (above 2 Pa km−1), leading to very strong
easterlies (up to 20 m s−1, as shown in Fig. 2b) that ulti-
mately induced high (∼ 6 m) waves over the entire Alborán
Sea (Fig. 1a).

The previous six episodes also presented intense (al-
beit 25 %–50 % weaker) SLP gradients, ranging from
1.01 Pa km−1 (E4; Fig. A2d) to 1.48 Pa km−1 (E6; Fig. A2f),
due to the usually longer distances (ranging from 1900 to
3000 km) between the two pressure systems (Fig. A2). Al-
though the E1 event exhibited SLP cores with similar separa-
tion (1438 km, shown in Fig. A2a), the low-pressure system
was not so deep (1016 hPa), in contrast to the E7 event where
minimum SLP values dropped below 1000 hPa (Fig. 2a).

Finally, it should be noted that the seven extreme episodes
took place during the same stage of the year, a 50 d pe-
riod between late February and early April (Fig. 2d and Ta-
ble 3). Therefore, it might be deduced that large-scale atmo-
spheric blocks leading to severe sea states (above the P99 of
SWHo and Tm) in Melilla tend to be more probable during
the winter-to-spring transition period, in agreement with pre-
vious blocking climatologies for the eastern North Atlantic
(Kautz et al., 2022; Barriopedro et al., 2006).
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Table 4. Return period computed for two different periods, as derived from hourly in situ observations from the Melilla coastal buoy. The
long-term extreme sea state was characterised by using the POT method with the fitting of a three-parameter Weibull probability distribution
to the observed significant wave height (SWHo).

Parameter 2011–2021 2011–2022 Decrease

Weibull parameter: threshold (or location) 1.82 1.88 –
Weibull parameter: scale 1.19 1.10 –
Weibull parameter: shape (or Weibull slope) 1.20 1.07 –
Return period for events with SWHo = 3 m 1.02 years 1.02 years 0.00 %
Return period for events with SWHo = 4 m 1.38 years 1.34 years 2.89 %
Return period for events with SWHo = 5 m 3.09 years 2.59 years 16.18 %
Return period for E1 extreme event (SWHo = 5.25 m) 4.00 years 3.19 years 20.25 %
Return period for E2 extreme event (SWHo = 5.21 m) 3.83 years 3.08 years 19.58 %
Return period for E3 extreme event (SWHo = 5.05 m) 3.25 years 2.69 years 17.23 %
Return period for E4 extreme event (SWHo = 5.36 m) 4.51 years 3.51 years 22.17 %
Return period for E5 extreme event (SWHo = 5.21 m) 3.83 years 3.08 years 19.58 %
Return period for E6 extreme event (SWHo = 5.09 m) 3.38 years 2.78 years 17.75 %
Return period for E7 extreme event (SWHo = 7.32 m) 53.06 years 24.91 years 53.23 %

4.4 Sea state within the port

An accurate estimation of the historical harbour wave agita-
tion is fundamental for many practical applications such as
port downtime analysis (Romano-Moreno et al., 2022). The
analysis of hourly time series of agitation provided by the
Melilla tide gauge revealed that there was a record-breaking
value during the E7 event (1.41 m; Fig. 2e), while the six
previous events also exceeded the P99.9 threshold (0.56 m;
Fig. 3a). The agitation response is usually determined by
wave penetration into the harbour arising from the combina-
tion of diverse parameters: SWHo, Tm, MWDo, astronomical
tide, and storm surge outside the port (Camus et al., 2018).
As shown in Figs. 2e and A4, the impact of the last two ele-
ments on harbour agitation during the seven extreme events
was negligible due to a number of factors: (i) Melilla harbour
waters are characterised by a maximum tidal range of 0.40 m;
(ii) for each extreme event, the evolution of harbour agitation
was independent from the tidal phase as the peak of agitation
was not coincident with high tides; (iii) during E7, the low-
pressure core (∼ 1000 hPa) was located in the Gulf of Cádiz
(western side of the Strait of Gibraltar; Fig. 2a), so the storm
surge affecting Melilla harbour was small (∼ 5 cm; Fig. 2e);
and (iv) during the previous six extreme events (E1–E6), the
meteorological residual was even negative (Fig. A4), ranging
from −2 (E3) to −14 cm (E2).

Hourly scatter plots evidenced the strong relationship be-
tween the agitation inside the port and the wave condi-
tions outside the port registered by the Melilla coastal buoy
(Fig. 3b–d). The best linear fit of the scatter plot between
the agitation and SWHo revealed a significantly high corre-
lation coefficient (0.87). During the 12-year period analysed
(2011–2022), there were 967 hourly agitation values above
the P99 threshold (0.36 m): 89 % of them were associated
with waves coming from the predominant sector between 50

and 70° (clockwise from true north), while 6 % of them were
related to incoming waves with angles emerging from 70 to
90° (Fig. 3b). The remaining 5 % were assigned to waves
with an angular spread ranging from 30 to 50°. Therefore,
the overall agitation is direction-dependent due to the har-
bour orientation (Fig. 1b) and its inherent structural design
(mouth width, port layout configuration, etc.). Additionally,
harbour agitation was also importantly modulated by off-
shore period, as shown in Fig. 3c–d. Agitation values above
the P99 were generally observed when Tm and Tp values were
above 4 and 6 s, respectively. Equally, the highest values of
agitation (above 1 m height) were associated with Tm and Tp
values above 7 and 10 s, respectively. It seems reasonable to
deduce that the record-breaking harbour agitation (1.41 m)
registered during the E7 event was caused by the combined
effect of unprecedented values of SWHo (7.32 m), MWHo

(12.11 m), and Tm (9.42 s) in tandem with a very high value
of Tp (10.75 s) and a MWDo (55°) within the predominant
angular sector (50–70°) previously mentioned.

Operational thresholds in the IG band, which are common
to all locations, have been historically proposed for safe con-
ditions during port operations (McComb et al., 2020; Mc-
Comb, 2011). Since the spectra of 2 Hz sea level oscillations
measured inside the harbour by the Melilla tide gauge (not
shown) revealed a high energy content in the IG band dur-
ing the seven storms, HFSLO13 values registered during the
seven extreme events (which contained not only the predomi-
nant contribution of oscillations in the IG band but also of os-
cillations with periods between 5 min–1 h) were categorised
according to this methodology (Fig. 3e). The exploration
of hourly time series of HFSLO13 showed that the E1 and
E6 events surpassed the 0.15 m threshold (denoted as “ex-
treme caution” in Fig. 3e), while the remaining five events
also exceeded the “danger” threshold (0.20 m), with an un-
precedented value of 0.31 m during the E7 episode. Likewise,
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Figure 2. (a–b) Hourly synoptic patterns of sea level pressure (SLP) and wind at 10 m height (W10) during the extreme event E7. (c) Cli-
matology (1993–2022) of SLP. Maps derived from ERA5 reanalysis (product ref. no. 3 in Table 1). (d) Bar diagram with the temporal
distribution of hourly data (significant wave height, SWHo, and mean wave period, Tm) above the 99th percentile (P99) derived from the
12-year time series (2011–2022) provided by the Melilla coastal buoy (product ref. no. 1 in Table 1). The annual time span was divided
into seven 50 d periods, except period 5 (20 July–22 September), which is composed of 65 d. (e) Time series of total sea level height (blue
line) and port agitation (black line) observations during the E7 extreme event as provided by the Melilla tide gauge (product ref. no. 2 in
Table 1). Astronomical tides and storm surge component (meteorological residuals) are represented by the red and green lines, respectively.
The vertical dashed black line indicates the peak of E7 wave storm.

hourly values of HFSLOmax clearly went beyond 0.35 m dur-
ing the extreme episodes, reaching the record-breaking value
of 0.58 m during the E7 event. Furthermore, IGE was scaled
with SWH2

o, SWHo · T 2
m, and SWH2

o · Tp (Fig. 3f–h). The best
linear fit of each scatter plot showed very high correlations:
0.94, 0.93, and 0.96, respectively. Therefore, IGE was best
predicted using an offshore forcing parameter that is propor-
tional to SWH2

o · Tp, in accordance with Inch et al. (2017).
As expected, the highest IGE values (above 1500 m2 s) were
observed for energetic swell waves with SWHo and Tp above
5 m and 10 s, respectively.

4.5 Trends in extreme wave climate

The evolution of the extreme wave conditions over the Al-
borán Sea during the 30-year period analysed (1993–2022)
was assessed. As a preliminary step, SWHm estimations from
MED reanalysis were compared with hourly in situ SWHo

observations provided by the Melilla coastal buoy during
the concurrent 12-year period (2011–2022). To this aim, the
MED reanalysis grid point (35.354° N, 2.916° W) closest to
the moored buoy (located at a distance of 3450 m) was se-
lected, and both time series were compared. A significantly
high correlation coefficient (0.96) for a set of 77 100 hourly
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Figure 3. (a) Hourly time series of agitation inside the harbour for the period 2011–2022 (product ref. no. 2 in Table 1) as provided by the
Melilla tide gauge. (b–d) Best linear fit (solid black line) of scatter plots of the harbour agitation against SWHo observations provided by the
Melilla coastal buoy. Statistical metrics are presented in the white box, where N represents the number of hourly observations. (e) Hourly
time series of high-frequency sea level oscillations (HFSLO) with periods between 30 s and 1 h: maximum height (cyan line) and average
of the highest-third heights (blue line) for the period 2011–2022 (product ref. no. 2 in Table 1), as registered by the Melilla tide gauge. The
seven extreme events analysed in this work are denoted by black stars and dots. Thresholds for port management, which are universally
common to all locations (McComb et al., 2020; McComb, 2011), are indicated with horizontal dotted lines. (f–h) Best linear fit (solid black
line) of scatter plots of the energy in the IG band (IGE) against offshore wave observations from the Melilla coastal buoy.
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Figure 2. (a–b) Hourly synoptic patterns of sea level pressure (SLP) and wind at 10 m height (W10) during the extreme event E7. (c) Cli-
matology (1993–2022) of SLP. Maps derived from ERA5 reanalysis (product ref. no. 3 in Table 1). (d) Bar diagram with the temporal
distribution of hourly data (significant wave height, SWHo, and mean wave period, Tm) above the 99th percentile (P99) derived from the
12-year time series (2011–2022) provided by the Melilla coastal buoy (product ref. no. 1 in Table 1). The annual time span was divided
into seven 50 d periods, except period 5 (20 July–22 September), which is composed of 65 d. (e) Time series of total sea level height (blue
line) and port agitation (black line) observations during the E7 extreme event as provided by the Melilla tide gauge (product ref. no. 2 in
Table 1). Astronomical tides and storm surge component (meteorological residuals) are represented by the red and green lines, respectively.
The vertical dashed black line indicates the peak of E7 wave storm.

hourly values of HFSLOmax clearly went beyond 0.35 m dur-
ing the extreme episodes, reaching the record-breaking value
of 0.58 m during the E7 event. Furthermore, IGE was scaled
with SWH2

o, SWHo · T 2
m, and SWH2

o · Tp (Fig. 3f–h). The best
linear fit of each scatter plot showed very high correlations:
0.94, 0.93, and 0.96, respectively. Therefore, IGE was best
predicted using an offshore forcing parameter that is propor-
tional to SWH2

o · Tp, in accordance with Inch et al. (2017).
As expected, the highest IGE values (above 1500 m2 s) were
observed for energetic swell waves with SWHo and Tp above
5 m and 10 s, respectively.

4.5 Trends in extreme wave climate

The evolution of the extreme wave conditions over the Al-
borán Sea during the 30-year period analysed (1993–2022)
was assessed. As a preliminary step, SWHm estimations from
MED reanalysis were compared with hourly in situ SWHo

observations provided by the Melilla coastal buoy during
the concurrent 12-year period (2011–2022). To this aim, the
MED reanalysis grid point (35.354° N, 2.916° W) closest to
the moored buoy (located at a distance of 3450 m) was se-
lected, and both time series were compared. A significantly
high correlation coefficient (0.96) for a set of 77 100 hourly
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Figure 3. (a) Hourly time series of agitation inside the harbour for the period 2011–2022 (product ref. no. 2 in Table 1) as provided by the
Melilla tide gauge. (b–d) Best linear fit (solid black line) of scatter plots of the harbour agitation against SWHo observations provided by the
Melilla coastal buoy. Statistical metrics are presented in the white box, where N represents the number of hourly observations. (e) Hourly
time series of high-frequency sea level oscillations (HFSLO) with periods between 30 s and 1 h: maximum height (cyan line) and average
of the highest-third heights (blue line) for the period 2011–2022 (product ref. no. 2 in Table 1), as registered by the Melilla tide gauge. The
seven extreme events analysed in this work are denoted by black stars and dots. Thresholds for port management, which are universally
common to all locations (McComb et al., 2020; McComb, 2011), are indicated with horizontal dotted lines. (f–h) Best linear fit (solid black
line) of scatter plots of the energy in the IG band (IGE) against offshore wave observations from the Melilla coastal buoy.
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data was derived from the best linear fit of the scatter plot
(Fig. A5a). Equally, the slope and intercept values were close
to 1 (0.85) and moderately low (0.15), respectively.

These results revealed that MED reanalysis, albeit accu-
rate in the Melilla region, seems to underestimate SWHo, es-
pecially for extreme waves. Such systematic underestimation
has been previously reported for the entire domain (Fanti et
al., 2023; Zacharioudaki et al., 2022), since shallow water
processes cannot properly be captured by global and regional
reanalysis, because (i) the coastline and the bottom topog-
raphy are not well resolved as the grid mesh is too coarse,
(ii) there are fetch limitations, and (iii) there are inherent un-
certainties in the wind field used to force the wave model.
These limitations are even more pronounced in regions with
complex coastal configurations (sheltered by islands, head-
lands, and reefs) and in port-approach areas where sharp
topo-bathymetric gradients pose special difficulties for ac-
curate local predictions (Sánchez-Arcilla et al., 2016a). Nev-
ertheless, according to Zacharioudaki et al. (2022), the re-
analysis skill can be considered robust and good enough to
conduct further investigations into the wave climate affect-
ing the Melilla area and the related intra-annual variability in
the Alborán Sea.

Thus, the monthly P50 and P99 of SWHm were com-
puted over the entire Alborán Sea for the 1993–2022 pe-
riod (Fig. A5b–e). In particular, we selected only April and
July as representative months of the stormy and calm sea-
sons, respectively. According to homogeneous spatial pat-
terns of P50, the mean wave climate is rather similar for
April and July, only differing in the magnitude: while April
is characterised by a P50 slightly above 1.1 m over Alborán
open waters (Fig. A5b), P50 is around 0.7–0.8 m in July
(Fig. A5c). By contrast, significant differences can be found
in the most energetic sea states (Fig. A5d–e). In April, the
P99 values around Melilla are up to 3 m, while they reach
4 m offshore (Fig. A5d). Peaks of 4.3 m are attained in the
easternmost sub-basin, probably as a consequence of strong
easterly winds. On the contrary, during July the largest P99
barely reaches 3 m in the central part of Alborán Sea, while
the spatial distribution of P99 generally remains uniformly
below 2 m in the rest of the spatial domain, including littoral
areas and nearby regions of Melilla harbour (Fig. A5e).

The climate variability over the Alborán Sea was as-
sessed by analysing the intra-annual variations in the ex-
treme SWHm conditions (Fig. 4). Monthly trend maps of P99
were calculated for the period 1993–2022, revealing statisti-
cally significant changes in the vicinity of Melilla harbour
for a few specific months: while an increase of 2 cm year−1

was observed for April (Fig. 4a), a downward P99 trend of
1.5–2 cm year−1 was detected for June (Fig. 4b) and Octo-
ber (Fig. 4c). The temporal trends for each month (Fig. 4d–
f), computed over the subdomain surrounding Melilla har-
bour (black box in Fig. 4a–c), visually supported the previous
statement: the trends were statistically significant at the 90 %
confidence interval for April, June, and October. By contrast,

during both the second part of summer (July–September) and
the transitional season (November–February), monthly maps
of P99 trends (not shown) did not exhibit statistically signif-
icant values over the entire Alborán Sea. The trend map of
P99 for March and May (not shown) showed large areas with
positive trends and negative trends, respectively, but delim-
ited over the easternmost part (2–1° W) of the Alborán basin.

The long-term changes detected in the extreme wave cli-
mate over Melilla are, to a certain extent, comparable to
those previously exposed by Barbariol et al. (2021). Al-
though the wave reanalysis used and its associated temporal
coverage (1980–2019) were different, this previous work re-
ported both an upward trend for the P99 of SWHm (about
0.8–1.2 cm year−1) and a non-significant trend in the vicinity
of Melilla harbour for the extended winter (defined as ND-
JFM) and for summer (defined as JJA), respectively. From a
broader perspective focused on the entire western Mediter-
ranean Sea, Barbariol et al. (2021) also documented a rele-
vant positive trend (1.2 cm year−1) during winter in the Gulf
of Lion (denoted in Fig. 1a) due to strong northwesterly mis-
tral winds. By contrast, Amarouche et al. (2022b) examined a
41-year (1979–2020) hindcast database and determined that
the west coast of the Gulf of Lion was affected by a signifi-
cant upward trend for all seasons, with a considerable annual
increase (4 cm year−1) in maximum values of SWHm. Com-
plementarily, Amarouche et al. (2022a) demonstrated signif-
icant decadal increases in wave storm intensity and duration
not only over the eastern part of the Alborán Sea but also in
the Balearic basin. All these findings highlighted both the ex-
istence of an inter-seasonal variability in P99 of SWHm and
the importance of multi-temporal scale analysis.

5 Conclusions

Gaining a deeper, holistic understanding of extreme weather
events and the related driving mechanisms has been iden-
tified as one of the World Climate Research Programme’s
Grand Challenges (WCRP website, 2024) due to their detri-
mental impact on ecosystem health and societal assets
(Hochman et al., 2022). Concerning the latter, climate-driven
extreme coastal hazards have long been recognised as im-
posing heavy socio-economic tolls, particularly aggravated
in vulnerable semi-enclosed regions like the Mediterranean
Sea and in exposed sectors like harbour systems (Verschuur
et al., 2023).

As port downtime leads to a reduction in safety levels
and wide trade losses through maritime transport and global
supply-chain networks (Verschuur et al., 2022), the accurate
monitoring of violent weather-related episodes is a deciding
factor in adopting prevention strategies (i.e. wise design of
safe port infrastructures) and mitigation measures that should
eventually result in the enhancement of coastal communities’
resilience.
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Figure 4. (a, b, c) Monthly trend maps of the 99th percentile (P99) of significant wave height (SWHm) over the Alborán Sea for the 1993–
2022 period as derived from MED reanalysis (product ref. no. 4 in Table 1). Areas with statistically significant trends at the 90 % confidence
intervals are denoted by black dots. (d, e, f) Temporal trends computed over the Melilla subdomain (represented by a black box on the
associated maps).

In the present work, the attention is focused on the un-
precedented storm that hit Melilla harbour (Alborán Sea;
Fig. 1a) during 4–5 April 2022 with heavy rainfall and strong
easterly winds, which induced extremely high waves (above
7 m) with associated long mean periods (above 9 s) that si-
multaneously beat previous historical records (Fig. 1c–d).
The return period associated with this extreme wave event
decreased from 53 years to 25 years. These outcomes are es-
sential for the safe design of future facilities at Melilla port
(Naseef et al., 2019). Conversely, it is worth pointing out that
the port is also subjected to a constant geometric modifi-
cation (in the docks, basins, bathymetry, breakwaters, etc.)
which in turn can induce additional variations in the port
response to extreme wave events that should be further as-
sessed.

The analysis of hourly time series of SWHo (2011–2022)
revealed that there were seven episodes that exceeded the
P99.9 threshold (4.45 m), denoted chronologically from E1

to E7 in Fig. 1c. The retrospective comparison of the record-
breaking E7 event with six previous extreme wave episodes
(E1 to E6) revealed that all of them were connected with sim-
ilar large-scale atmospheric blocks: a dipole-like SLP pat-
tern, characterised by two adjacent (northwestern) high- and
(southeastern) low-pressure systems, induced strong easterly
winds channelled over the entire Alborán Sea (Figs. 2a–b,
A2, and A3). Furthermore, this common atmospheric config-
uration seems to predominantly feature during the same stage
of the year, a 50 d period between late February and early
April (Fig. 2d). These findings contrast with other Spanish
harbours (i.e. NW Iberian Peninsula) where the storm sea-
son typically spans from November to March (Ribeiro et al.,
2023), highlighting the strong need to conduct a tailored as-
sessment for each specific port and oceanographic region.
Therefore, it might be deduced that large-scale atmospheric
blocks leading to severe sea states in Melilla tend to be more
probable during the winter-to-spring transition period. This
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data was derived from the best linear fit of the scatter plot
(Fig. A5a). Equally, the slope and intercept values were close
to 1 (0.85) and moderately low (0.15), respectively.

These results revealed that MED reanalysis, albeit accu-
rate in the Melilla region, seems to underestimate SWHo, es-
pecially for extreme waves. Such systematic underestimation
has been previously reported for the entire domain (Fanti et
al., 2023; Zacharioudaki et al., 2022), since shallow water
processes cannot properly be captured by global and regional
reanalysis, because (i) the coastline and the bottom topog-
raphy are not well resolved as the grid mesh is too coarse,
(ii) there are fetch limitations, and (iii) there are inherent un-
certainties in the wind field used to force the wave model.
These limitations are even more pronounced in regions with
complex coastal configurations (sheltered by islands, head-
lands, and reefs) and in port-approach areas where sharp
topo-bathymetric gradients pose special difficulties for ac-
curate local predictions (Sánchez-Arcilla et al., 2016a). Nev-
ertheless, according to Zacharioudaki et al. (2022), the re-
analysis skill can be considered robust and good enough to
conduct further investigations into the wave climate affect-
ing the Melilla area and the related intra-annual variability in
the Alborán Sea.

Thus, the monthly P50 and P99 of SWHm were com-
puted over the entire Alborán Sea for the 1993–2022 pe-
riod (Fig. A5b–e). In particular, we selected only April and
July as representative months of the stormy and calm sea-
sons, respectively. According to homogeneous spatial pat-
terns of P50, the mean wave climate is rather similar for
April and July, only differing in the magnitude: while April
is characterised by a P50 slightly above 1.1 m over Alborán
open waters (Fig. A5b), P50 is around 0.7–0.8 m in July
(Fig. A5c). By contrast, significant differences can be found
in the most energetic sea states (Fig. A5d–e). In April, the
P99 values around Melilla are up to 3 m, while they reach
4 m offshore (Fig. A5d). Peaks of 4.3 m are attained in the
easternmost sub-basin, probably as a consequence of strong
easterly winds. On the contrary, during July the largest P99
barely reaches 3 m in the central part of Alborán Sea, while
the spatial distribution of P99 generally remains uniformly
below 2 m in the rest of the spatial domain, including littoral
areas and nearby regions of Melilla harbour (Fig. A5e).

The climate variability over the Alborán Sea was as-
sessed by analysing the intra-annual variations in the ex-
treme SWHm conditions (Fig. 4). Monthly trend maps of P99
were calculated for the period 1993–2022, revealing statisti-
cally significant changes in the vicinity of Melilla harbour
for a few specific months: while an increase of 2 cm year−1

was observed for April (Fig. 4a), a downward P99 trend of
1.5–2 cm year−1 was detected for June (Fig. 4b) and Octo-
ber (Fig. 4c). The temporal trends for each month (Fig. 4d–
f), computed over the subdomain surrounding Melilla har-
bour (black box in Fig. 4a–c), visually supported the previous
statement: the trends were statistically significant at the 90 %
confidence interval for April, June, and October. By contrast,

during both the second part of summer (July–September) and
the transitional season (November–February), monthly maps
of P99 trends (not shown) did not exhibit statistically signif-
icant values over the entire Alborán Sea. The trend map of
P99 for March and May (not shown) showed large areas with
positive trends and negative trends, respectively, but delim-
ited over the easternmost part (2–1° W) of the Alborán basin.

The long-term changes detected in the extreme wave cli-
mate over Melilla are, to a certain extent, comparable to
those previously exposed by Barbariol et al. (2021). Al-
though the wave reanalysis used and its associated temporal
coverage (1980–2019) were different, this previous work re-
ported both an upward trend for the P99 of SWHm (about
0.8–1.2 cm year−1) and a non-significant trend in the vicinity
of Melilla harbour for the extended winter (defined as ND-
JFM) and for summer (defined as JJA), respectively. From a
broader perspective focused on the entire western Mediter-
ranean Sea, Barbariol et al. (2021) also documented a rele-
vant positive trend (1.2 cm year−1) during winter in the Gulf
of Lion (denoted in Fig. 1a) due to strong northwesterly mis-
tral winds. By contrast, Amarouche et al. (2022b) examined a
41-year (1979–2020) hindcast database and determined that
the west coast of the Gulf of Lion was affected by a signifi-
cant upward trend for all seasons, with a considerable annual
increase (4 cm year−1) in maximum values of SWHm. Com-
plementarily, Amarouche et al. (2022a) demonstrated signif-
icant decadal increases in wave storm intensity and duration
not only over the eastern part of the Alborán Sea but also in
the Balearic basin. All these findings highlighted both the ex-
istence of an inter-seasonal variability in P99 of SWHm and
the importance of multi-temporal scale analysis.

5 Conclusions

Gaining a deeper, holistic understanding of extreme weather
events and the related driving mechanisms has been iden-
tified as one of the World Climate Research Programme’s
Grand Challenges (WCRP website, 2024) due to their detri-
mental impact on ecosystem health and societal assets
(Hochman et al., 2022). Concerning the latter, climate-driven
extreme coastal hazards have long been recognised as im-
posing heavy socio-economic tolls, particularly aggravated
in vulnerable semi-enclosed regions like the Mediterranean
Sea and in exposed sectors like harbour systems (Verschuur
et al., 2023).

As port downtime leads to a reduction in safety levels
and wide trade losses through maritime transport and global
supply-chain networks (Verschuur et al., 2022), the accurate
monitoring of violent weather-related episodes is a deciding
factor in adopting prevention strategies (i.e. wise design of
safe port infrastructures) and mitigation measures that should
eventually result in the enhancement of coastal communities’
resilience.
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Figure 4. (a, b, c) Monthly trend maps of the 99th percentile (P99) of significant wave height (SWHm) over the Alborán Sea for the 1993–
2022 period as derived from MED reanalysis (product ref. no. 4 in Table 1). Areas with statistically significant trends at the 90 % confidence
intervals are denoted by black dots. (d, e, f) Temporal trends computed over the Melilla subdomain (represented by a black box on the
associated maps).

In the present work, the attention is focused on the un-
precedented storm that hit Melilla harbour (Alborán Sea;
Fig. 1a) during 4–5 April 2022 with heavy rainfall and strong
easterly winds, which induced extremely high waves (above
7 m) with associated long mean periods (above 9 s) that si-
multaneously beat previous historical records (Fig. 1c–d).
The return period associated with this extreme wave event
decreased from 53 years to 25 years. These outcomes are es-
sential for the safe design of future facilities at Melilla port
(Naseef et al., 2019). Conversely, it is worth pointing out that
the port is also subjected to a constant geometric modifi-
cation (in the docks, basins, bathymetry, breakwaters, etc.)
which in turn can induce additional variations in the port
response to extreme wave events that should be further as-
sessed.

The analysis of hourly time series of SWHo (2011–2022)
revealed that there were seven episodes that exceeded the
P99.9 threshold (4.45 m), denoted chronologically from E1

to E7 in Fig. 1c. The retrospective comparison of the record-
breaking E7 event with six previous extreme wave episodes
(E1 to E6) revealed that all of them were connected with sim-
ilar large-scale atmospheric blocks: a dipole-like SLP pat-
tern, characterised by two adjacent (northwestern) high- and
(southeastern) low-pressure systems, induced strong easterly
winds channelled over the entire Alborán Sea (Figs. 2a–b,
A2, and A3). Furthermore, this common atmospheric config-
uration seems to predominantly feature during the same stage
of the year, a 50 d period between late February and early
April (Fig. 2d). These findings contrast with other Spanish
harbours (i.e. NW Iberian Peninsula) where the storm sea-
son typically spans from November to March (Ribeiro et al.,
2023), highlighting the strong need to conduct a tailored as-
sessment for each specific port and oceanographic region.
Therefore, it might be deduced that large-scale atmospheric
blocks leading to severe sea states in Melilla tend to be more
probable during the winter-to-spring transition period. This
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outcome is in line with prior blocking climatologies for the
eastern North Atlantic (Kautz et al., 2022; Barriopedro et al.,
2006). In this context, previous works have also explored the
dynamical links between blocking patterns and the North At-
lantic Oscillation (NAO), which is the leading mode of atmo-
spheric circulation variability over the Euro-Atlantic sector
and is characterised by a seesaw of atmospheric mass be-
tween the Iceland Low and the Azores High (e.g. Hurrell and
Deser 2009). The NAO appeared as the leading variability
pattern during winter, accounting for 45 % of the blocking
frequency variance (Barriopedro et al., 2006).

High-frequency (2 Hz) sea level and agitation observations
during the 2011–2022 period, provided by the Melilla tide
gauge, were used to investigate the relationship between off-
shore energetic waves and the sea state inside of the har-
bour (Fig. 3). A record-breaking value of harbour agitation
(1.41 m) was recorded during the E7 event (Fig. 3a). The
highest agitation records (above 1 m) were registered for in-
cident high waves coming predominantly from the sector be-
tween 50 and 70° (clockwise from true north) with Tm and
Tp values above 7 and 10 s, respectively (Fig. 3b–d). Extreme
sea level oscillations (30 s to 1 h), which also reached record
heights (up to 0.58 m), were linked to the highest values in
the IG energy band (Fig. 3e). The seven extreme events in the
Alborán Sea led to harsh sea conditions within the port: the
energy in the IG band was significantly correlated (0.96) with
an offshore parameter proportional to SWHo · T 2

p , with ener-
getic swell being responsible for the highest energies (above
2000 m2 s), as shown in Fig. 3f–h. Therefore, the IG waves
related to energetic swell commonly observed on the NW
Iberian coast can also be present during extreme wave events
on the Mediterranean coast, as previously reported for Storm
Gloria (2020) by Pérez-Gómez et al. (2021) and Álvarez-
Fanjul et al. (2022).

Additionally, MED reanalysis was used to characterise the
long-term mean (Fig. A5) and extreme (Fig. 4) wave cli-
mate over the Alborán Sea for the period 1993–2022. The
intra-annual variability in the P99 of SWHm was examined
on a monthly timescale to identify the existence of potential
trends. Results seem to suggest that the intensity of extreme
wave events impacting Melilla harbour increased for April
(Fig. 4a and d), while observed trends indicate a significant
decrease in P99 for the SWHm during June (Fig. 4b and e)
or October (Fig. 4c and f). Such alterations of outer-harbour
wave climate conditions might impact in-port wave agitation
response as the amount of energy penetrating into the har-
bour would be different, as previously indicated by Sierra et
al. (2015).

Still, it should be noted that the present work does not
focus on the duration of extreme wave events over the SW
Mediterranean Sea, so future endeavours should address this
relevant aspect to complement the results presented here.
Moreover, long-term historical changes in wave period and
directionality are receiving increasing attention and should
be further analysed to assess their specific impact on the op-

erability of harbours (Erikson et al., 2022; Casas-Prat and
Sierra, 2012). Permanent modifications in the wave direc-
tion might result in enhanced wave penetration into the har-
bour and thereby larger agitation, as port protective structures
were originally designed to dampen wind and short waves
coming from a predetermined sector (Casas-Prat and Sierra,
2012). Likewise, the offshore wave period also plays a pri-
mary role in the modulation of harbour agitation, as derived
from Fig. 3c–d. As a consequence, any sharp increase in both
wave period and SWHo could lead to severe sea states within
the port. Regardless of the reported limitations of global and
regional reanalyses (inherent to their coarse spatial resolu-
tion) when used on coastal and port scales (Fanti et al., 2023;
Zacharioudaki et al., 2022), the MED reanalysis used in this
work can be considered a robust first-guess estimator for the
present intra-annual variability assessment of extreme waves
in Melilla. This statement is supported not only by the com-
prehensive Quality Information Document (Zacharioudaki et
al., 2023) but also by the 12-year skill assessment conducted
against in situ hourly observations from the Melilla coastal
buoy (Fig. A5a). The comparison yielded a correlation co-
efficient of 0.96 and revealed a slight underestimation of
extreme SWHo values. To overcome such a drawback, fu-
ture works should include the implementation of a dynam-
ical downscaling methodology to improve wave reanalysis
accuracy on finer coastal scales (Vannucchi et al., 2021). Of
course, this would necessarily require finding the right trade-
off between adequate spatial resolutions and the available in-
house computational resources. Complementarily, additional
efforts should be devoted to assessing the dominant modes of
extreme wave variability and their relationship with the most
important climatic indices since this could enhance the prog-
nostic skills of extreme wave events and benefit the adapta-
tion plans in the entire Spanish harbour system.

Finally, it is worth mentioning that most of the outcomes
derived from this work could not only feed the incoming cli-
mate change observatory for the Spanish ports (which should
be fully operational by 2025) but also be integrated into
tailored multi-hazard early warning systems. They would
act as a key component of robust capacity analysis frame-
works, covering a wide range of dimensions, such as legisla-
tive, planning, infrastructure, technical, scientific, and insti-
tutional partnerships (Haigh et al., 2018). Special attention
should be focused on the thorough revision of security pro-
tocols and the implementation of mitigation plans within the
harbour territory based on the updated return periods pre-
sented in this work. The design lifetime risk should be re-
calculated accordingly, as coastal structures in the vicinity of
the harbour must resist growing stresses during their lifespan
and operations, such as wave overtopping, flooding, or reso-
nance, to name a few. While the current port layout configu-
ration must be adapted to the increasing frequency and mag-
nitude of these stressors, future maritime facilities at Melilla
harbour should be wisely designed and constructed taking
into account these outcomes in order to withstand extreme
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wave regimes imposed by the changing marine environment
(Vanem et al., 2019). Albeit methodologically robust, the re-
turn periods exposed in this work are based on a short (12-
year) time series of quality-controlled in situ wave observa-
tions. Therefore, they should be further complemented by re-
turn periods computed by means of longer modelled time se-
ries from very-high-resolution wave reanalysis.

Appendix A

Figure A1. Hourly maps of significant wave height (SWHm), derived from ERA5 reanalysis (product ref. no. 3 in Table 1), corresponding to
six extreme wave events (E1–E6) affecting the Melilla area. Small maps in the bottom-right corner of each panel represent the hourly SWHm
and wave propagation direction in the vicinity of Melilla harbour as derived from MED reanalysis (product ref. no. 4 in Table 1). The hour
represents local time.
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outcome is in line with prior blocking climatologies for the
eastern North Atlantic (Kautz et al., 2022; Barriopedro et al.,
2006). In this context, previous works have also explored the
dynamical links between blocking patterns and the North At-
lantic Oscillation (NAO), which is the leading mode of atmo-
spheric circulation variability over the Euro-Atlantic sector
and is characterised by a seesaw of atmospheric mass be-
tween the Iceland Low and the Azores High (e.g. Hurrell and
Deser 2009). The NAO appeared as the leading variability
pattern during winter, accounting for 45 % of the blocking
frequency variance (Barriopedro et al., 2006).

High-frequency (2 Hz) sea level and agitation observations
during the 2011–2022 period, provided by the Melilla tide
gauge, were used to investigate the relationship between off-
shore energetic waves and the sea state inside of the har-
bour (Fig. 3). A record-breaking value of harbour agitation
(1.41 m) was recorded during the E7 event (Fig. 3a). The
highest agitation records (above 1 m) were registered for in-
cident high waves coming predominantly from the sector be-
tween 50 and 70° (clockwise from true north) with Tm and
Tp values above 7 and 10 s, respectively (Fig. 3b–d). Extreme
sea level oscillations (30 s to 1 h), which also reached record
heights (up to 0.58 m), were linked to the highest values in
the IG energy band (Fig. 3e). The seven extreme events in the
Alborán Sea led to harsh sea conditions within the port: the
energy in the IG band was significantly correlated (0.96) with
an offshore parameter proportional to SWHo · T 2

p , with ener-
getic swell being responsible for the highest energies (above
2000 m2 s), as shown in Fig. 3f–h. Therefore, the IG waves
related to energetic swell commonly observed on the NW
Iberian coast can also be present during extreme wave events
on the Mediterranean coast, as previously reported for Storm
Gloria (2020) by Pérez-Gómez et al. (2021) and Álvarez-
Fanjul et al. (2022).

Additionally, MED reanalysis was used to characterise the
long-term mean (Fig. A5) and extreme (Fig. 4) wave cli-
mate over the Alborán Sea for the period 1993–2022. The
intra-annual variability in the P99 of SWHm was examined
on a monthly timescale to identify the existence of potential
trends. Results seem to suggest that the intensity of extreme
wave events impacting Melilla harbour increased for April
(Fig. 4a and d), while observed trends indicate a significant
decrease in P99 for the SWHm during June (Fig. 4b and e)
or October (Fig. 4c and f). Such alterations of outer-harbour
wave climate conditions might impact in-port wave agitation
response as the amount of energy penetrating into the har-
bour would be different, as previously indicated by Sierra et
al. (2015).

Still, it should be noted that the present work does not
focus on the duration of extreme wave events over the SW
Mediterranean Sea, so future endeavours should address this
relevant aspect to complement the results presented here.
Moreover, long-term historical changes in wave period and
directionality are receiving increasing attention and should
be further analysed to assess their specific impact on the op-

erability of harbours (Erikson et al., 2022; Casas-Prat and
Sierra, 2012). Permanent modifications in the wave direc-
tion might result in enhanced wave penetration into the har-
bour and thereby larger agitation, as port protective structures
were originally designed to dampen wind and short waves
coming from a predetermined sector (Casas-Prat and Sierra,
2012). Likewise, the offshore wave period also plays a pri-
mary role in the modulation of harbour agitation, as derived
from Fig. 3c–d. As a consequence, any sharp increase in both
wave period and SWHo could lead to severe sea states within
the port. Regardless of the reported limitations of global and
regional reanalyses (inherent to their coarse spatial resolu-
tion) when used on coastal and port scales (Fanti et al., 2023;
Zacharioudaki et al., 2022), the MED reanalysis used in this
work can be considered a robust first-guess estimator for the
present intra-annual variability assessment of extreme waves
in Melilla. This statement is supported not only by the com-
prehensive Quality Information Document (Zacharioudaki et
al., 2023) but also by the 12-year skill assessment conducted
against in situ hourly observations from the Melilla coastal
buoy (Fig. A5a). The comparison yielded a correlation co-
efficient of 0.96 and revealed a slight underestimation of
extreme SWHo values. To overcome such a drawback, fu-
ture works should include the implementation of a dynam-
ical downscaling methodology to improve wave reanalysis
accuracy on finer coastal scales (Vannucchi et al., 2021). Of
course, this would necessarily require finding the right trade-
off between adequate spatial resolutions and the available in-
house computational resources. Complementarily, additional
efforts should be devoted to assessing the dominant modes of
extreme wave variability and their relationship with the most
important climatic indices since this could enhance the prog-
nostic skills of extreme wave events and benefit the adapta-
tion plans in the entire Spanish harbour system.

Finally, it is worth mentioning that most of the outcomes
derived from this work could not only feed the incoming cli-
mate change observatory for the Spanish ports (which should
be fully operational by 2025) but also be integrated into
tailored multi-hazard early warning systems. They would
act as a key component of robust capacity analysis frame-
works, covering a wide range of dimensions, such as legisla-
tive, planning, infrastructure, technical, scientific, and insti-
tutional partnerships (Haigh et al., 2018). Special attention
should be focused on the thorough revision of security pro-
tocols and the implementation of mitigation plans within the
harbour territory based on the updated return periods pre-
sented in this work. The design lifetime risk should be re-
calculated accordingly, as coastal structures in the vicinity of
the harbour must resist growing stresses during their lifespan
and operations, such as wave overtopping, flooding, or reso-
nance, to name a few. While the current port layout configu-
ration must be adapted to the increasing frequency and mag-
nitude of these stressors, future maritime facilities at Melilla
harbour should be wisely designed and constructed taking
into account these outcomes in order to withstand extreme
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wave regimes imposed by the changing marine environment
(Vanem et al., 2019). Albeit methodologically robust, the re-
turn periods exposed in this work are based on a short (12-
year) time series of quality-controlled in situ wave observa-
tions. Therefore, they should be further complemented by re-
turn periods computed by means of longer modelled time se-
ries from very-high-resolution wave reanalysis.

Appendix A

Figure A1. Hourly maps of significant wave height (SWHm), derived from ERA5 reanalysis (product ref. no. 3 in Table 1), corresponding to
six extreme wave events (E1–E6) affecting the Melilla area. Small maps in the bottom-right corner of each panel represent the hourly SWHm
and wave propagation direction in the vicinity of Melilla harbour as derived from MED reanalysis (product ref. no. 4 in Table 1). The hour
represents local time.
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Figure A2. Hourly maps of sea level pressure (SLP), derived from ERA5 reanalysis (product ref. no. 3 in Table 1), corresponding to six
extreme wave events (E1–E6) affecting the Melilla area. Maximum and minimum values of SLP are marked with white dots and linked with
a dashed white line. The distance between the two pressure centres and the related SLP gradient are indicated in the upper-right corner. The
hour represents local time.
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Figure A3. Hourly maps of wind at 10 m height (W10), derived from ERA5 reanalysis (product ref. no. 3 in Table 1), corresponding to six
extreme wave events (E1–E6) affecting the Melilla area. The hour represents local time.
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Figure A2. Hourly maps of sea level pressure (SLP), derived from ERA5 reanalysis (product ref. no. 3 in Table 1), corresponding to six
extreme wave events (E1–E6) affecting the Melilla area. Maximum and minimum values of SLP are marked with white dots and linked with
a dashed white line. The distance between the two pressure centres and the related SLP gradient are indicated in the upper-right corner. The
hour represents local time.
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Figure A3. Hourly maps of wind at 10 m height (W10), derived from ERA5 reanalysis (product ref. no. 3 in Table 1), corresponding to six
extreme wave events (E1–E6) affecting the Melilla area. The hour represents local time.
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Figure A4. Hourly time series of sea level height (blue line) and port agitation (grey line) observations corresponding to the six extreme
wave events detected before the study case and labelled in Fig. 1d. Observations provided by the Melilla tide gauge (product ref. no. 2 in
Table 1). Astronomical tides and meteorological residuals are represented by the red and green lines, respectively. The vertical dashed black
line indicates the peak of the wave storm for each of the six events analysed.

State Planet, 4-osr8, 19, 2024 https://doi.org/10.5194/sp-4-osr8-19-2024

P. Lorente et al.: Monitoring the record-breaking wave event in Melilla harbour 19

Figure A5. (a) Skill assessment of MED reanalysis (product ref.
no. 4 in Table 1) at the grid point closest to the Melilla coastal buoy
(product ref. no. 1 in Table 1): best linear fit (solid black line) of
the scatter plot between hourly estimations of modelled (SWHm)
and observed (SWHo) significant wave height for the concurrent
12-year period (2011–2022). The dotted black line represents the
result of perfect agreement with slope 1.0 and intercept 0. Statistical
metrics are presented in the white box. Spatial distribution of the
50th (P50) (b, c) and 99th (P99) (d, e) percentiles of SWHm over
the Alborán Sea for April (b, d) and July (c, e), as derived from
MED reanalysis for the 1993–2022 period.
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Figure A4. Hourly time series of sea level height (blue line) and port agitation (grey line) observations corresponding to the six extreme
wave events detected before the study case and labelled in Fig. 1d. Observations provided by the Melilla tide gauge (product ref. no. 2 in
Table 1). Astronomical tides and meteorological residuals are represented by the red and green lines, respectively. The vertical dashed black
line indicates the peak of the wave storm for each of the six events analysed.
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Figure A5. (a) Skill assessment of MED reanalysis (product ref.
no. 4 in Table 1) at the grid point closest to the Melilla coastal buoy
(product ref. no. 1 in Table 1): best linear fit (solid black line) of
the scatter plot between hourly estimations of modelled (SWHm)
and observed (SWHo) significant wave height for the concurrent
12-year period (2011–2022). The dotted black line represents the
result of perfect agreement with slope 1.0 and intercept 0. Statistical
metrics are presented in the white box. Spatial distribution of the
50th (P50) (b, c) and 99th (P99) (d, e) percentiles of SWHm over
the Alborán Sea for April (b, d) and July (c, e), as derived from
MED reanalysis for the 1993–2022 period.
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