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Changes in the state of the ocean affect the well-being
of the planet, its ecosystems, and human societies (IPCC,
2019). The ocean is home to a vast array of plant and ani-
mal species, many of which are still undiscovered (Census
of Marine Life, 2010), and it is hence critical in support-
ing global biodiversity and sustaining complex ecosystems
(Pörtner et al., 2021; IPCC, 2022). The ocean supports vari-
ous industries, such as fishing, shipping, tourism, and renew-
able and non-renewable resources, and provides job oppor-
tunities, income, and economic growth (OECD, 2016; Euro-
pean Commission, 2022). The ocean plays a vital role in reg-
ulating Earth’s climate. It acts as a massive heat sink, absorb-
ing and storing vast amounts of surplus heat accumulated in
the Earth system from human activities (von Schuckmann et
al., 2023). It absorbs significant quantities of anthropogenic
carbon through physical and biological processes, helping
to mitigate climate change by reducing the greenhouse gas
concentration in the atmosphere (Friedlingstein et al., 2022;
Crisp et al., 2022). The ocean is intricately affected by cli-
mate change. Rising sea levels, warming, deoxygenation and
acidification of the ocean, changing currents, and loss of sea
ice and biodiversity all pose significant risks to coastal com-
munities, infrastructure, economies, and vulnerable ecosys-
tems (IPCC, 2021, 2022). In addition, overexploitation and
ocean pollution, including plastic waste and chemical con-
taminants, can harm both marine life and human health, pos-
ing risks through the food chain and direct exposure (e.g.,
Landrigan et al., 2020; Lamb et al., 2018). The degradation
of the ocean and increased pressure on its functioning and
services can lead to economic losses, unemployment, and
reduced opportunities for sustainable development (OECD,
2016). Protecting and preserving the ocean is essential for
ensuring a sustainable future, maintaining biodiversity, reg-
ulating climate, supporting economies, and safeguarding hu-
man health and well-being (IPCC, 2019; Pörtner et al., 2021).

Monitoring and reporting on any change in the state of the
ocean can help to achieve this goal, while at the same time it
allows developing timely strategies for adaptation measures
as well as to raise awareness, inform decision-making, en-
courage action to protect and conserve the ocean, and hence
transition towards sustainable ocean stewardship (e.g., von
Schuckmann et al., 2020; Blunden and Boyer, 2022; IOC-
UNESCO, 2022). Most recently, on 19 June 2023, the Treaty
of the High Seas was adopted by consensus and standing ova-
tion during the United Nations meeting in New York. This
treaty, also known as BBNJ (Biodiversity Beyond National
Jurisdiction), is key to protecting the ocean, promoting eq-
uity and fairness, tackling environmental degradation, fight-
ing climate change, and preventing biodiversity loss in the
high seas (An historic achievement: Treaty of the High Seas
is adopted, 2023).

Regular reporting on the state, variability, and change of
the ocean provides state-of-the-art science-driven findings to
various stakeholders, including policymakers, scientists, in-
dustries, and the general public. Ocean reporting involves
several components as part of a so-called added value chain
(von Schuckmann et al., 2020). Firstly, data collection from
different methods including satellite observations (e.g., sea
level, sea surface temperature (SST), sea surface salinity
(SSS), ocean color, waves) and in situ measurements – au-
tonomous, moored, and taken during research expeditions –
are paramount for building data products from the global to
regional scale (IOC, 2019). Reprocessed data are also used
to feed ocean reanalyses that combine them with numeri-
cal models through data assimilation schemes (Decade Col-
laborative Centre for Ocean Prediction, DCC-OP, 2023). All
these different products build the baseline of the Copernicus
Marine Service and include information about ocean physics
(blue ocean; e.g., temperature, salinity, currents, waves), bio-
geochemistry and biodiversity (green ocean; e.g., chlorophyll
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a, ocean pH), and sea ice parameters (white ocean; e.g., sea
ice concentration, extent, or thickness), which are all rele-
vant to understanding and reporting on the ocean state (Le
Traon et al., 2019). Combined with scientific expertise, they
provide the fundamental ingredients for the development of
ocean monitoring indicators that are fit for purpose for ocean
reporting. At this higher level of the added value chain, the
tools then help identify trends, patterns, and changes in the
ocean environment triggered by climate change and other
human-made pressures, climate variability, and ocean pro-
cesses.

This 7th edition of the Copernicus Ocean State Report
covers a wide range of topics tackling variations, trends, and
new tools for socioeconomic applications for Europe and on
a global scale. The studies are built on the suite of Copernicus
Marine products and are complemented with other products
from the global community.

1 The ocean in Europe

During summer 2021, two unusual coccolithophore blooms
were observed in Scottish waters, one in the Clyde Sea and
the other by the east coast of the Shetland Islands. These
blooms have attracted lot of public attention because they
turned the sea a turquoise color (BBC News, 2023). The
OSR7 is taking a close look at these events back-boned by
the use of reanalysis and satellite data to examine the en-
vironment that led to these blooms. Unusual weather condi-
tions were a contributory factor in both cases, leading to high
concentrations of nutrients in summer as cold temperatures
restricted the regular spring bloom of diatoms in this area.
These factors provide ideal conditions for coccolithophores
to flourish as temperatures and sunlight increase (see Ren-
shaw et al. in OSR7 Chap. 4). Widespread routine monitor-
ing of nutrient levels and phytoplankton components could
greatly help in understanding future blooms.

The OSR7 explored dissolved oxygen variations in the
Mediterranean Sea, more precisely in the southern Adriatic
Sea, over the period 1999–2021, which is an essential un-
dertaking to further enhance our understanding of marine
ecosystem functioning and for assessing the marine environ-
mental status (see Di Biagio et al. in OSR7 Chap. 3). The re-
sults, derived from a regional ocean reanalysis system, high-
light the critical role of heat fluxes, ocean currents, and bio-
logical production in driving dissolved oxygen variations in
this area. A potential regime shift in the regional circulation
was identified. It can have substantial implications for the
ventilation of the Ionian–Adriatic Ocean region and hence
for marine organisms, and it needs to be further analyzed in
future studies.

Ocean warming is one of the major indicators of monitor-
ing the state and evolution of climate change (von Schuck-
mann et al., 2016). The OSR7 is tackling this indicator aim-
ing to regionalize capacities for reporting on ocean warming

(see de Pascual-Collar et al. in OSR7 Chap. 2), while devel-
oping a multi-product approach based on data from obser-
vations and ocean reanalysis systems for the Iberia–Biscay–
Ireland region. Over the period 1993–2021, the results reveal
that the upper near-surface layer of the ocean (0–150 m) is
dominated by natural variations at the interannual to decadal
scale and that the long-term ocean warming trend is emerg-
ing in the intermediate to deep-ocean layers (> 150 m) in
this region. This trend amounts to about 50 % of the global
ocean warming trend and is strongly affected by interannual-
to decadal-scale variations. Moreover, the study could ele-
vate the major players of these changes that are linked to the
Sub-Arctic Intermediate Water and Mediterranean Outflow
Water variations, leveraging the role of major characteristics
of the ocean in redistributing heat and hence triggering re-
gional variations of ocean warming remotely, i.e., from the
Mediterranean Sea and the North Atlantic Ocean.

In OSR7, a new scientific method has been developed for
monitoring coastal upwelling, a process which is a major
communicator between offshore waters and coastal ecosys-
tems (see Lorente et al. in OSR7 Chap. 2). Any change in
coastal upwelling can have implications for, for example, wa-
ter quality, fisheries, and aquaculture production in coastal
areas (Sydeman et al., 2014). The method incorporates infor-
mation on ocean currents, wind, sea level pressure, and sea
surface temperature, and it has been developed based on var-
ious data products ranging from direct coastal observations
provided by a high-frequency radar (HFR), buoy measure-
ments, and ocean reanalysis. Two pilot areas have been cho-
sen, i.e., the northwestern Iberian Peninsula and the Bay of
Biscay. This new indicator, the so-called coastal upwelling
index, has been scientifically tested in OSR7, and its proof
of concept revealed that this new method can be used for di-
rect upwelling monitoring over any coastal area of the global
ocean.

The OSR7 has also analyzed the interference of extreme
events with ocean processes, like the coastal upwelling of
the Balearic Islands (see Mourre et al. in OSR7 Chap. 4),
and has demonstrated the implications of long-lasting storms
of record strength on the ocean and coasts. In November
2021, an intense and long-lasting storm named “Blas” hit
the area of the Balearic Islands, which resulted in intense
upwelling along the northwestern coasts of the islands of
Mallorca and Ibiza, as well as a reversal of the regional
current system. These record implications have in turn re-
sulted in extreme cold coastal surface temperatures up to 6 ◦C
colder than usual. This study demonstrates the benefits of op-
erational oceanography for the characterization of extreme
events through the provision of time series of high-resolution
modeling results in coastal areas.

Change in ocean salinity can have important implications
for ocean density and ocean currents, the water cycle, and
ocean biodiversity. The OSR7 has tackled an important indi-
cator based on ocean salinity in the Mediterranean Sea during
the last decades using Copernicus Marine reanalysis and ob-
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Figure 1. Overview of major outcomes for the European regional seas in the 7th edition of the Copernicus Ocean State Report.

servation products (see Aydogdu et al. in OSR7 Chap. 2). The
results show that, overall, salinity has increased in the upper
(< 300 m) Mediterranean Sea at particularly strong rates in
the eastern basin. A similar analysis has been performed for
the Baltic Sea area (see Raudsepp et al. in OSR7 Chap. 2).
Particularly, freshwater content has been calculated from the
Copernicus Marine regional reanalysis, which allows mon-
itoring the specific hydro-physical conditions of each sub-
basin of the Baltic Sea. Results show that the total freshwater
content in the Baltic Sea shows a steady decrease on aver-
age over the past 2 decades. However, at the regional scale,
changes in freshwater content are not spatially uniform and
are affected in the Baltic Sea by different processes, such as
changes in ocean circulation, precipitation, river runoff, and
sea ice formation. For example, the Gulf of Bothnia shows
a freshwater content increase, and the freshwater content in
the Baltic proper decreased over the past 2 decades.

Monitoring coastal waters is of uppermost importance to
provide insight into changes in these complex and highly
variable environments. In OSR7, a new algorithm has been
developed to estimate the organic and inorganic particulate

fraction of suspended material needed to monitor particle
dynamics and biogeochemical cycles in coastal waters (see
Loisel et al. in OSR7 Chap. 3). This new algorithm is based
on a neural network approach and has been applied as a test
bed to satellite observations from ocean color radiometry in
the English Channel and the southern North Sea. The scien-
tific evaluations as done in OSR7 have shown that this algo-
rithm can be directly applied to all ocean color radiometry
measurements, which enables routine monitoring of particu-
late composition over the global coastal ocean.

2 The ocean around the globe

Climate change is causing extreme climate events to become
more frequent and more severe (Seneviratne et al., 2021).
Marine heatwaves and marine cold spells are prolonged; dis-
crete periods of anomalously high or low ocean temperatures
have wide-ranging impacts from dramatic shifts in biodiver-
sity to changes in fishery yields. In OSR7, global sea surface
temperature measurements have been used to study the in-
tensity and frequency of marine heatwaves and marine cold
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Figure 2. Overview of major outcomes for the global ocean in the 7th edition of the Copernicus Ocean State Report.

spells over several decades from 1982 to 2021 across differ-
ent categories from moderate (category 1) to extreme (cate-
gory 4). The findings show that in large areas of the ocean it
can be said with 99 % confidence that marine heatwaves have
become more frequent globally, whereas marine cold spells
have become less frequent (see Peal et al. in OSR7 Chap. 2).
An exception is the Southern Ocean where marine heatwaves
are becoming slightly less frequent and marine cold spells are
becoming more frequent. The most extreme events in cat-
egories 3 and 4 follow this trend, but at a lower rate. This
evolution for marine heatwaves is accompanied by an even
faster trend with respect to their spatial extension, whereas
the spatial extent of marine cold spells remained nearly con-
stant.

Extreme events can induce major hazards along coastlines.
The OSR7 has investigated extreme events and coastal haz-
ards in the southwestern South Atlantic over the past quar-
ter of a decade, which hosts the most economically impor-
tant harbors in South America, high oil and gas production
demands, and rich biodiversity (see Gramcianinov et al. in
OSR7 Chap. 3). Particularly, Copernicus Marine reanalysis

and near-real-time data have been used to investigate extreme
wave indicators impacting offshore regions and the coasts in
this area and have provided a comprehensive overview of the
regional wave climate across timescales and space scales. In
addition, national monitoring and warning system data in the
São Paulo state area have been combined with Copernicus
Marine data, and these results reveal that the increasing num-
ber of coastal hazards in this area are strongly linked to the
increasing number of extreme wave events from the coast to
adjacent offshore regions.

The Southern Ocean region is a major player triggering
changes in the global ocean circulation (Lee et al., 2023),
and the OSR7 has addressed inter-basin transports in this re-
gion (see Baker et al. in OSR7 Chap. 2). To allow for reliable
monitoring of changes in the regional circulation in this sen-
sitive area for global climate, the accuracy and feasibility of
the available ocean products must be analyzed. The analy-
sis in this issue of the ocean state report has investigated the
variability of the South Atlantic meridional overturning cir-
culation and the meridional heat transport focusing on the
period from 2013 to 2017, i.e., when direct observations in
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this region are available. The findings have manifested a sur-
prising discrepancy in seasonal to multi-annual circulation
change between the observations and model results. This pre-
vents a reliable estimate of how the meridional overturning
circulation and heat transport are changing at the latitude
that connects the Atlantic Ocean to the Southern Ocean. The
mean and variation of real-world South Atlantic transports
and the amplitude of their fluctuations are uncertain. This in
turn provides fundamental guidance for future strategies as
well as investments in urgently needed sustained monitoring
and improved modeling in this important area of the ocean
for global climate.

Given its crucial importance, circulation variations linked
to the meridional overturning circulation have also been
analyzed in the North Atlantic in OSR7 (see Mayer et
al. in OSR7 Chap. 4). Particularly, focus had been set on
the oceanic exchange across the Greenland–Scotland Ridge,
which not only links to the meridional overturning circu-
lation, but is also shaping Arctic climate. The results of
this study have uncovered a record-low biennial reduction in
oceanic heat exchange across the Greenland–Scotland Ridge
around the year 2018. This reduction, amounting to 4 %–9 %
of the usual heat exchange with respect to the reference pe-
riod 1993–2020, occurred because of a reduction in the in-
flow of water from the Atlantic into the Arctic area through
the Faroe–Shetland branch, which was exacerbated by the
unusually cold temperatures of Atlantic Water arriving at
the Greenland–Scotland Ridge. These low temperatures have
been triggered by a stronger North Atlantic subpolar gyre
varying naturally at interannual to decadal timescales.

Ocean phytoplankton prevails in the upper part of the
ocean, where sunlight penetrates the water, and constitutes
the base of the marine food web fueling fisheries and regulat-
ing key biogeochemical processes (Xi et al., 2021). There are
different classes of phytoplankton – so-called phytoplankton
functional types – which include haptophytes, prokaryotes,
dinoflagellate, and diatoms. OSR7 investigated the mean sta-
tus, trends, phenology, and most recent anomalies in the At-
lantic Ocean (see Xi et al. in OSR7 Chap. 2). Their phenol-
ogy ranges with different climate zones, reaching seasonal
maximum blooms (Fig. 1). The results also reveal that most
phytoplankton functional types remained stable over the pe-
riod 2002–2021, except for prokaryotes, which slightly de-
clined over this period. The study also uncovered, for exam-
ple, an abrupt increase in diatoms during the years 2018 and
2019 in the northern part of the basin.

Disclaimer. Please note that this article has undergone editorial
review only.
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