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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 20.001 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 22ms~! 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:
/Iwww.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://feurogoos.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 %200ffice%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 0.2540.03 °C per decade, with the Black Sea,
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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 mmyr~! in the
Black Sea, 2.5 +0.8 mm yr’1 in the Mediterranean Sea, to
4.1 £0.8 mmyr~! 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 (3.4mmyr~! 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’],
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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 65000km?,
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

https://doi.org/10.5194/sp-4-0sr8-2-2024

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 22m s~
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 22ms~! are
particularly pronounced along the southern coast of Green-
land. Extreme wind speeds also reach about 20ms~! 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.,
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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; Drijthout
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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K. von Schuckmann et al.: The state of the ocean in the northeastern Atlantic and adjacent seas 5

Area-averaged SST anomalies

0.4 NEA - annual mean (a)
. = NEA - 5-year mean

- Global - annual mean
SL_), 02 — Global - 5-year mean
>
£
H 0.0
c
]
202
S
B
©
@
e —04
5
'—

-0.6

Ao o o 2 2
Year
SST anomaly trends
BN Global: 0.13+0.01°C per decade Baltic: 0.380.04°C per decade I (b)

0.6 I NEA: 0.25%0.03°C per decade Black Sea: 0.65+0.02°C per decade
-
% IBI: 0.24+0.02°C per decade Med. Sea: 0.41+0.01°C per decade
3 NWS: 0.22+0.02°C per decade
0 0.4 I =L
T
1Y
& =
&) 02 I

0.0 —

N \Y R
0o -« © $\“6 ¢ ce® ce?
[€) S N 66'
x° W

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 20 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 20 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.

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

Percentage of
ocean surface for
the whole area

Selection on trend

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
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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
034+0.1Wm2 (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 Wm™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).

State Planet, 4-0sr8, 2, 2024

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
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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.
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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 mmyr~! over
the period 1993-2010 (Hiinicke et al., 2015; The BACC 11
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
etal., 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+0.95mmyr~! has been reported over
the period 1995-2019, which varies regionally between 1.5
and 3.5mmyr~! 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+ 0.5mmyr~! over the entire basin (Avsar 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‘l. At basin level, the correction
amounts to 0.21 mmyr~' in the Baltic Sea, whereas in the
Mediterranean Sea it is on the order of —0.21 mmyr~'.
On the other hand, in the Black Sea the correction is es-
timated to 0.08 mmyr—!, and it ranges between —0.5 and
—0.69 mmyr~! 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~! with uncertainties on the order of 0.8 mm yr—".
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 (NAQO) (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

State Planet, 4-osr8, 2, 2024

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;

https://doi.org/10.5194/sp-4-0sr8-2-2024
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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 3.4mm yr~! 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 mmyr~! 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

https://doi.org/10.5194/sp-4-0sr8-2-2024

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 (Pérn 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 Labuz, 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 (Leppiranta, 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 yr71 s
yellow colour indicates locations where sea level is increasing at
a range between the global mean trend and 4.3 mm yr_l, 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 000km?2, 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-
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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 CO, 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 CO, uptake (primary production) and release (bac-
terial respiration) (Carstensen and Duarte, 2019).

https://doi.org/10.5194/sp-4-0sr8-2-2024
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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 CO» sinks of the global ocean, storing
about 25 % of the global oceanic anthropogenic CO; 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 CO; 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).
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The Mediterranean Sea has a specifically large capacity to
absorb and buffer atmospheric CO 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 CO; (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 CO, 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 CO, 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 (0-2psu) 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 (Miiller
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
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in precipitations, and ocean primary production (Miiller 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 CO, 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-
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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; Jgrgensen
et al., 2022).

The northward flow of Atlantic water into the Arc-
tic through the Faroe—Shetland Channel amounts to 2.5 Sv
(1Sv=10°m3s~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 Svyr~—! based on observations during the period
1993-2015 (@Dsterhus 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 (Hattin 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 @sterhus et al. (2019), a positive,
significant trend of 0.016 Svyr—! 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-
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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 Frolicher, 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).

State Planet, 4-0sr8, 2, 2024



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

i A L5

T T T T T T T T T T T T T T T T T T T T T T T T T T
ARCTIC OCEAN
(@) Fs 1993-2022 trend: 0.45 Sv/decade i
BARENTS 4
SEA

1 1 1 1 L 1 1 1 1 L 1 L 1 1 1 1 1 1 1 1 1 1 1 L 1 L 1 L 1

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
4 (b) BSO 1993-2022 trend: -0.04 Sv/decade |
&2 i
0 = -

NORTHATLANTE
1 1 Il 1 L 1 1 1 Il 1 Il Il 1 Il 1 1 Il 1 Il 1 1 1 Il 1 1 1 1 L 1
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
(c) FSC 1993-2022 trend: -0.17 Sv/decade
4l ]
a2

0 |- -

1 Il 1 Il 1 1 1 Il 1 Il Il 1 1 Il Il 1 Il 1 1 Il 1 Il 1 1 Il 1

1993 1997 2001 2005 2009 2013 2017 2020
Year

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.

(a) _ — Arkona (b) 1 - . . ’ PR
T Bornholm Southern Baltic Sea
2 f
2 22 o <
> 20 t
5 H ‘
7 it " " \ I *
£ 15 w f' Il \\ fl
8 14| ‘ ' = i
g I Bornholm Basin
o 12 12 14 16 18 20 22
T 1 I I [ L Longitude [°E]
é»" 'ﬁe ’P&’ 3 'v&b’ '\,6)0
Year

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
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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 10d) to 2023 (about 40d). 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

2022 2023 | 2022 2023 | 2022 2023 | 2022 2023

Whole area ‘ Sea ice excluded

All categories 1% 93% B% 97% | %4% 95% 5% 96 %
Max category 1 (moderate) 29% 17% 33% 17% | 24% 8% 28 % 8%
Max category 2 (strong) 49% 45% 53% 49% | 9% 53 % 58% 62%
Max category 3 (severe) T% 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 2022). This basin experienced an exceptionally long-lasting

the year 2023 (Fig. 17). and intense series of marine heatwave events between 2022

The Mediterranean Sea is an area where also a multi- and 2023 (Fig. 17), as MHWs have been continuously de-
decadal increase in the frequency and intensity of marine tected since June 2022 until the end of 2023, particularly
heatwaves has been reported (Juza et al., 2022; Dayan et al., 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] ms™!'] [kmh™!] 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 3949 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 3440 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. (¢) 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). (¢, d) Seasonal storm track density climatology over the period 2007-2023, for spring—summer

(April to September ¢) and autumn—winter (October to March, d), in

is a 5° radius spherical cap (i.e. about 10° km?2), based on the storm tracks detected from product ref. Wind.2 with a threshold of 10~

units of number density per season per unit area, where the unit area
541

for the 850 hPa relative vorticity at T63 resolution, considering systems that last longer than 1d 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-
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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 10d 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
22ms~!), especially between Greenland and Iceland and
along the southern coast of Greenland (more than 26 m s—L
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 ms~.

Another area with strong extreme winds (about 20 m s7h
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
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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
ARG, 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. 19¢). 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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