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Chapter 1: Introduction and overview

Authors: Karina von Schuckmann, Pierre-Yves Le
Traon

1.1. Introduction

The ocean has never been so high on the international
political agenda as today. The attention to the ocean is
now becoming more in line with the major role it
plays in climate, environment, economy and for society
at large. The European Union’s Missions1 – a novelty of
the Horizon Europe research and innovation pro-
gramme for the years 2021–2027– recognise the impor-
tance of the ocean through their focus on‘Restore Our
Ocean & Waters’,2 helping for example to achieve the
marine of the European Green Deal, such as protecting
30% of the EU’s Sea area and restoring marine eco-sys-
tems. The One Ocean Summit,3 held in Brest in early
February 2022, as part of the French Presidency of the
Council of the European Union is one of the recent tes-
timonies of this political recognition of the importance
of the ocean. The upcoming second UN Ocean Confer-
ence4 with its leitmotif ‘Save our Ocean, Protect our
Future’ is aiming to mobilise science-based innovative
solutions for global ocean action. Understanding and
predicting changes in the ocean are needed to guide
government actions and policies to preserve biodiver-
sity, sustainably manage marine resources, reduce pol-
lution and mitigate and adapt to climate change.
Sustainable management of the ocean must be based
on sound scienti� c understanding and ocean monitor-
ing and forecasting capabilities.

The Copernicus Marine Service provides the Euro-
pean Union with a world-leading capacity for monitor-
ing and forecasting the ocean and unique capabilities to
support a science-based management of the ocean and
its resources. After six years of operations, the Coperni-
cus Marine Service is recognised internationally as one
of the most advanced service capacities in ocean moni-
toring and forecasting and is now used by about forty
thousand expert services and users worldwide (see Le
Traon et al. 2019). Through the development of its
Ocean State Reports (OSRs) and high-level summaries,

the Copernicus Marine Service conveys essential infor-
mation to support policy and decision makers.

The 6th issue of the Copernicus OSR incorporates a
large range of topics for the blue, white and green
ocean for all European regional seas, and the global
ocean over 1993–2020 with a special focus on 2020.
As previous Reports, this Report is organised within
four principal chapters:

. Chapter 1 provides the introduction and a syn-
thesised overview

. Chapter 2 includes various novel scienti� c analyses of
the ocean state and its variability at various space and
time scales.

. Chapter 3 introduces several ocean case studies with
socio-economic relevance.

. Chapter 4 highlights speci� c events during the year
2020.

The analyses are focused on the seven Copernicus
Marine Service regions, i.e. the global ocean, the Arctic,
the North-West-Shelf, Iberia-Biscay-Ireland, the Baltic
Sea, the Mediterranean Sea and the Black Sea. Uncer-
tainty assessment based on a‘multi-product-approach’
is also used (see von Schuckmann et al.2018for more
details). The OSR is predominantly based on Coperni-
cus Marine Service products, but many analyses are
complemented by additional datasets. The Copernicus
Marine Service includes both satellite and in-situ high
level products prepared by the Thematic Assembly
Centres (TACs)– including reprocessed products–
and modelling and data assimilation products prepared
by Monitoring and Forecasting Centres (MFCs). Pro-
ducts are described in Product User Manuals (PUMs)
and their quality in the Quality Information Documents
(QUIDs; CMEMS2016). Within this report, all Coper-
nicus Marine Service products used are cited by their
product name, and download links to corresponding
QUID and PUM documents are provided. The use of
other products has also been documented to provide
further links to their product information, and data
sources.Figure 1.1provides an overview on the major
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outcomes of the 6th issue of the Coperncius Ocean State
Report at global scale, andFigure 1.2focusses on the
European regional seas.

1.2. Summary of outcomes for Chapter 2

Chapter 2 of the 6th issue of the Copernicus Ocean State
Report tackles 5 major ocean topics, i.e. ocean warming,
ocean extremes, ocean-cryosphere connection, large-
scale ocean circulation and ocean natural mitigation.
Ocean warming is discussed for the Artic Mediterra-
nean, which refers to the area including both the Nordic
Seas and the Arctic Ocean (Section 2.3). Results
obtained in OSR6 quantify overall ocean warming
(full-depth, with Atlantic Water contributing� 64%,
Over� ow Water � 31%, Polar Waters� 5%) in the
Artic Mediterranean at rates comparable to global-
scale ocean warming, from which heat uptake by sea
ice melt made up about ¼ of the regional energy imbal-
ance. Ocean heat transport from the Atlantic into the
Arctic Mediterranean is found to be a pacemaker of
observed ocean heat content increase in the Arctic
Mediterranean.

In the last decade, the European regional seas have
been hit by severe storms, causing damage to o�shore
infrastructure and coastal zones. This has drawn public
attention to the importance of reliable and comprehen-
sive wave information tools providing both hindcast
and forecast knowledge on ocean extremes, allowing
for coastal risk management and protection measures,
thereby preventing or minimising human and material
damage and losses. Ocean extremes such as marine
heatwaves (MHWs), extreme sea wind speeds and
extreme waves are one of the most threatening natural
hazards. In Chapter 2 of OSR6, ocean extremes have
been addressed across three di�erent angles, i.e. a global
view on extreme sea wind change over the past (Section
2.1), together with a regional focus on the Black Sea,
including also the e�ect of extreme wave conditions
(Section 2.8); and MHWs in the Mediterranean Sea
(Section 2.7). The OSR6 contains a global scale study
of extreme wind speeds as derived from satellite obser-
vations and a numerical weather prediction model over
the period 2007–2020. The year 2020 has seen record-
high extreme wind speeds in the North Atlantic, and
in the South Indian Ocean. Increase in extreme wind

Figure 1.1.Overview of major outcomes at global scale for the 6th issue of the Copernicus Ocean State Report.

s2 COPERNICUS OCEAN STATE REPORT, ISSUE 6



speed over the past 14 years is reported in the southern
Indian Ocean and the western tropical Paci� c east of the
Solomon Islands, and decrease in the Paci� c Ocean
south of about 40°S (Figure 1.1). OSR6 results obtained
for the Black Sea have revealed that since the year 1993,
there has been an increase of the number of storm
events and a decrease of their event lifetime and maxi-
mum areal extent on basin average. The average lifetime
reached a maximum on the southwestern coast of the
Black Sea over the past quarter of a decade, in an area
which has been also linked to the strongest mean
wave power over this period. Moreover, results have
shown that the average number of storm events had
been highest in the eastern basin of the Black Sea. In
the Mediterranean Sea, MHWs have caused ecological
and economic damage, such as mass-mortality events
and critical seafood losses. Results of OSR6 have disen-
tangled the role of large-scale ocean warming in the
Mediterranean Sea, and the evolution of warm
extremes, highlighting the need for regional speci�c
exploration of MHWs relative to their socioeconomic
impacts. The results show that since the year 1993, the
Levantine Basin has shown more frequent, long-lasting
and intense MHW events; the western Adriatic Sea

experienced an increase in maximum MHW intensity;
and the eastern Adriatic Sea had been characterised by
an increase in MHW event duration (Figure 1.2).

The ocean and cryosphere are interconnected in a
multitude of ways, and OSR6 has set a speci� c spotlight
on the so-called Marginal Ice Zone, i.e. the area where
the Antarctic Sea ice meets the open ocean, which is a
sensitive area for unravelling sea ice change, and a
unique environment for Antarctic biodiversity (Section
2.4). The results indicated that on average, the Antarctic
Marginal Ice Zone, did not experience a trend from
1993 to 2020. However, substantial decrease over 27
years is reported in areas of rapid regional warming,
such as in the Bellingshausen-Amundsen Sea and in
the Ross Sea. Increasing trends are observed in the wes-
tern Weddell Sea and north of the Antarctic Peninsula
and are associated with a combination of wind-driven
and hydrodynamic processes and ocean / ice-sheet
dynamics (Figure 1.1).

One of the major ocean characteristics of the ocean
includes its capacity to move large amounts of heat,
freshwater, carbon and other properties over large dis-
tances, a�ecting the ocean and Earth’s climate locally
to globally, and at all time scales. In particular the

Figure 1.2.Same asFigure 1.1, but for the European regional seas.
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Meridional Overturning Circulation (MOC) has a fun-
damental role in Earth climate, and OSR6 has tackled
two major related topics, i.e. the internationally-driven
monitoring of the North Atlantic MOC across the
observation array under the‘Overturning in the Subpo-
lar North Atlantic Program (OSNAP5) aligned with
Copernicus Marine reanalysis systems (Section 2.2),
and the North Atlantic-Mediterranean Sea overturning
system teleconnection (Section 2.5). Both direct obser-
vations and ocean reanalysis data report stable AMOC
conditions over the past 1–2 decades, albeit with signi� -
cant shorter-term variations (Section 2.2,Figure 1.1).
Results in OSR6 discuss the teleconnections of the
North Atlantic-Mediterranean MOC systems: Changes
in the Gibraltar ocean transport from the Atlantic
Ocean into the Mediterranean Sea trigger sea surface
height variability on average for the entire Mediterra-
nean Sea basin, and that these variations are anti-corre-
lated to variations in the Atlantic MOC (Section 2.5,
Figure 1.2). These new results provide unique insights
into ocean climate variations for the interlinkage of glo-
bal scale ocean climate for Europe.

Finally, this� rst chapter of OSR6 addresses another
important topic, i.e. a naturally-driven process relevant
particularly for marine ecosystem health, biodiversity,
and � sheries aquaculture systems: ocean fertilization
(Section 2.6). This study has been performed in an area
where oligotrophic ocean conditions prevail, which
means that these areas are characterised by low nutrient
concentrations needed for phytoplankton growth. Predo-
minantly during winter time, the oligotrophic state in the
Mediterranean Sea is occasionally mitigated by the injec-
tion of dissolved nutrients in the euphotic layer from the
deep waters, as a consequence, for example, of strong
mixing mostly driven by heat losses and wind forcing
stress acting at the sea surface. This ocean fertilization
of the water column in winter acts to favour a decrease
of the overall oligotrophy of the basin, a� ecting at the
same time for example the size distribution of phyto-
plankton, and hence marine food webs. OSR6 introduces
a new indicator for monitoring the fertilization process.
The basin-wide analysis in the Mediterranean Sea of
this new indicator revealed that potential fertilization in
the Western (Eastern) Mediterranean is predominantly
linked to negative (positive) states of the East Atlantic
(East Atlantic/Western Russian) patterns that shape the
heat � ux losses at the ocean surface and the associated
vertical mixing (Figure 1.2).

1.3. Summary outcomes for Chapter 3

The new outcomes of Chapter 3 in OSR6 presents sev-
eral case studies with socio-economic relevance. The

topics highlight the role of biogeochemistry in the
ocean, ocean extremes and surface and subsurface
ocean warming. Socioeconomic aspects raised in Chap-
ter 3 of OSR6 include for example:

. implications from for example marine pollution (e.g.
eutrophication) in the context of achieving the UN
2030 Sustainable Development Goals (SDGs)

. their relevance for risk assessments for loss and
damage and socioeconomic impacts;

. policy implementations, and assessments for the
good environmental status

. strategic linkages between locally-based and globally-
produced knowledge through an integrated, transdis-
ciplinary, multi-scale approach;

. information in support of sustainable development of
maritime activities and sustainable approaches to
marine spatial planning and to sustainable exploita-
tion of biotic ocean resources

OSR6 presents a new indicator for eutrophication of
European waters in support of Eurostat reporting for
SDG14 (Section 3.1). This indicator is based on satellite
observations of chlorophyll-a to identify areas of poten-
tial eutrophication. This indicator has been not only
developed to report on the eutrophication status, but
also for addressing the status of oligotrophication.
This work presents a method to complement the inter-
nationally driven SDG reporting.6 The results showed
few scattered potential eutrophic areas, while extensive
coastal and shelf waters indicate a potential oligotrophic
status. The distributions point to localities that should
be on a watch to determine the in situ nutrient levels
and whether the chlorophyll-a trend is sustained into
the future. The time series of the potential eutrophica-
tion at the EEZ level showed low percentages across
the area with some remarkable high potential eutrophic
events occurring in the� rst decade of the study period,
followed by an overall reduction in potential eutrophi-
cation from 2013 onwards. Furthermore, for several
European countries, the eutrophication indicator at
the EEZ level was often nil or never exceeded 1% of
the EEZ area. For 2020, results for the European
regional seas indicate few scattered potential eutrophic
areas, while extensive coastal and shelf waters have
been identi� ed to be in potential oligotrophic status.
Few potentially eutrophic areas in 2020 are reported
for the Baltic Sea, the North Atlantic, in the Mediterra-
nean Sea, and in the Black Sea. Larger potentially oligo-
trophic areas in 2020 are reported for in the North
Atlantic, the Mediterranean Sea, and the Black Sea
(seeFigure 1.1for speci� c regions).
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In addition, a speci� c focus had been provided for
eutrophication in the Baltic Sea, which is known to be
largely a�ected by eutrophication from anthropogenic
nutrient inputs (Section 3.2). Eutrophication causes
ecological and socio-economic impacts so measures to
reduce nutrient loads have been implemented. Such pol-
icies depend on accurate and abundant monitoring data
to implement environmental status indicators reliably.
OSR6 reports on outcomes across a regularly measured
FerryBox7 transect, between Finland and Germany,
crossing various sub-basins of the Baltic Sea. Results
shows that inorganic nitrogen (N) and phosphorus (P)
concentrations, the nutrients mainly controlling eutro-
phication, have not decreased during the monitoring
period (2007–2020) despite nutrient load reduction
e�orts. Phosphate and total P concentrations have
instead increased slightly in the Gulf of Finland. More-
over, OSR6 also reports on dissolved silicate concen-
trations, which are intimately related to diatom
productivity – a component of phytoplankton respon-
sible for approximately 40% of marine net primary pro-
ductivity, which makes them an important component
of marine food webs. Along the entire monitored trans-
ect, dissolved silicate concentrations have increased
during the past four years (Figure 1.2). A change (e.g.
increase) of dissolved silicate concentrations can be
linked to changes (e.g. decrease) in diatom abundance
(diatoms utilise silicic acid (=silicate) to construct
their cell walls), and a shift in the phytoplankton com-
munity during the spring bloom, a�ecting the carbon
and nutrient cycle of marine ecosystem. To improve
the monitoring of the ecological status of the seas in
the future, this study calls for a multi-platform sampling
strategy to be combined with the currently implemented
� ne-scale measurements across the FerryBox transect.

Section 3.3 of OSR6 provides insight into pilot
studies in the Paci� c Ocean, highlighting the comp-
lementary use for large-scale and direct coastal ocean
measurements in coastal reefs of Fiji and New Caledo-
nia. The analysis points to the advantage in using
these complementary data types for the same geographi-
cal areas at small spatial scales close to the coast, and in
particular, for high frequencies and extreme events.
Drawing on ongoing initiatives, the section further
advocates for a methodology based on the use of
ocean data to support society and economy in co-con-
struction with stakeholder involvement.

As for Chapter 2, Chapter 3 also emphasises ocean
extremes, here discussed with respect to socioeconomic
implications (Section 3.4). The study of extreme wave
climate and wave storms is very important and of
great relevance to engineering practice, such as for the
design and safety control of marine vessels, of o�shore

and coastal structures (e.g. oil/gas platforms, aquacul-
ture, wind and wave farms), as well as coastal infrastruc-
ture (e.g. ports, roads, touristic facilities). For example,
an increase in the frequency, intensity, and/or duration
of wave storm events over a certain region may require
enhanced protection from coastal hazards, re-direction
of shipping routes or re-enforcement of marine struc-
tures, or may increase downtime of operations at sea
and it might require advanced systems of alert. Results
of OSR6 show that over the past 28 years, most extreme
wave storms (i.e. the annual 99th percentile signi� cant
wave height) has increased in the entire Mediterranean
Sea basin. Maximum increase of extreme wave storms is
identi� ed in the east Levantine Sea associated to an
increase in wave storm intensity and duration. Also,
the eastern Alboran Sea has seen record increase of
extreme wave storms, where wave storm frequency
increased up to 0.2 events per year in the past 28
years. Further, the Adriatic Sea is characterised by
increased wave storm intensity and duration. Finally,
the Tyrrhenian Sea has been identi� ed as another area
a�ected by increase in wave extremes over the past
quarter of a decade (Figure 1.2).

The Tyrrhenian Sea, one of the most potentially vul-
nerable sub-basins of the Mediterranean Sea, has been
further discussed in more detail in Section 3.6.
Science-based information and monitoring at regional
and local scales is necessary for su� cient risk assess-
ment and the development of feasible adaptation strat-
egies. Human communities in close connection with
the ocean environment are particularly exposed to the
occurring changes in the ocean and more than ever a
long term, comprehensive and systematic monitoring,
assessment and reporting of the ocean is required to
ensure a sustainable science-based management for
societal bene� t. Results in OSR6 show that the surface
temperatures in the Tyrrhenian Sea have been rising
over the last 39 years with an average rate of 0.037°C/
y which led to an accumulated warming of more than
1.44°C throughout the entire basin over the past 39
years. This long-term surface warming of the Tyrrhe-
nian Sea was particularly intense during the warm sea-
sons, leading to signi� cantly earlier and longer warm
summer periods with an average extension of roughly
1 day every year. Hence, a lengthening of the warm
summer season by more than a month is expected to
have profound climatological and socio-ecological
impacts. Accordingly, cold spells have become rarer
and less severe, while marine heatwaves have become
more severe, prolonged, and more frequent (Figure 1.2).

Finally, Section 3.7 of this chapter presents a new indi-
cator for ocean fertility (e.g. ocean biological activity) in
support of strategies for a healthy and productive
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ocean. Society is increasingly calling for indicators able to
capture and deliver quantitative information on the
ocean to support the implementation of sustainable
approaches such as for marine spatial planning and
exploitation of biotic ocean resources. Since primary pro-
ductivity relies on nutrient assimilation from the photic
layer, the abundance of nutrients in surface layers just
after the winter mixing determines how fertile a region
can be in the following spring and summer. The indicator
presented in OSR6, and applied to the Mediterranean
Sea, allows for the possibility to predict months in
advance the total amount of phytoplankton biomass to
be developed in the following warm seasons, and in
some cases provide some indications also on� sh land-
ings. This measure can therefore be considered as a
� rst-order index, and a predictor, of ocean fertility, and
is able provide indications on the productivity expected
in the upcoming spring and summer seasons, and for
sea productivity at the� sh level (Figure 1.2).

1.4. Summary outcomes for Chapter 4

As for previous editions, OSR6 highlights the most recent
events in the ocean. This issue focuses on 2020, which
had been characterised by several ocean extreme events
in the European regional seas and abroad, as well as
record-high ocean warming levels, and record low sea
ice conditions. A particularly strong and record-breaking
storm event– the so-called storm‘Gloria’ – impacted the
Spanish Mediterranean coast during the days spanning
19th to 24th January 2020 and caused record-high
waves, sea level and currents, leading to coastal loss and
damage (estimated to be more than 200 million Euros,
with 14 casualties) (Section 4.1). Also, the Ionian Sea
and Thessaly area, from 17th to 20th September 2020,
experienced Medicane Ianos with wind speeds up to
110 km/h, torrential rain and� ooding, all resulting in
signi� cant loss and damage (Section 4.5). OSR6 provides
insights into the impact, relevance and physical evolution
of the two events, thus providing critical information
allowing for future improvements of forecasting skills
and early warning systems (Figure 1.2).

OSR6 has also provided insight into another ocean
phenomenon which is generated through the interplay
of wind conditions and ocean dynamics: coastal upwel-
ling, here analyzed in the Black Sea (Section 4.8). Coastal
upwelling ecosystems are among the most productive
ecosystems in the world, meaning that their monitoring,
and their response to climate variations is of critical
importance. This study has shown that coastal upwelling
along the Turkish coast of the Black Sea undergoes strong

variations on year-to-year scales, and the process and its
change is triggered by the northerly wind regime called
Etesians(Figure 1.2). These new results will pave the
way to increase the understanding of coastal upwelling
in this area, as well as to further unravel its implications
for marine ecosystems in the future.

2020 stands out as one of the years with the least sea
ice in the Arctic since satellite records started in the late
1970s, including prolonged periods of ice-free seas
along the Siberian shelf– extreme conditions in 2020
which have been investigated in OSR6 (Section 4.2).
The preceding record-breaking heatwave in northern
Siberia preconditioned anomalously thin sea ice con-
ditions in this area, exposing the ocean to prolonged
atmospheric heating and changing wind conditions,
which contributed to making the Laptev Sea ice-free
as early as July, and inhibited a re-freeze until the start
of November. Physical condition restabilized to average
conditions at the ocean surface, but the physical
environment of the subsurface ocean had been
modi� ed, most notably a reduction of the vertical stab-
ility by 50%, which in turn a� ected the biology with a
decrease in primary production of 5% (Figure 1.1).

In 2020, extreme warm ocean conditions have been
reported in OSR6 for the Baltic Sea (Section 4.4), the
eastern Mediterranean Sea (Section 4.6), and the north-
east Paci� c Ocean (Section 4.3). In winter 2019/2020,
the upper 50 m of the Baltic Sea experienced a record
high seasonal (December to February) ocean warming
level of 211 MJ/m2 since 1993 in response to unusual
warm weather conditions. Concurrently, the maximum
sea ice extent reached its record low since 1720 cover-
ing only an area of 38,300 km2, which is less than 10%
of the Baltic Sea area (Figure 1.2). In May 2020, the
Mediterranean Sea experienced a marine heatwave of
remarkable intensity, reaching conditions categorised
as extreme in almost the entire eastern basin, exceeding
6°C above the usual state in the middle of the month
(Figure 1.2). In addition, OSR6 reported unusual high
salinity conditions in the South Adriatic Pit (Section
4.7;Figure 1.2). OSR6 also draws attention to an area
in the global ocean which had been hit subsequently
by long-lasting marine heatwave conditions with
devastating impacts for marine ecosystems and econ-
omy, i.e. the northeast Paci� c Ocean (Figure 1.1).
The results further unravel the underlying processes
behind the generation of these ocean extreme events,
identifying a positive feedback loop between the atmos-
phere and the ocean which in turn will pave the way
for improved predictability of marine heatwaves in
the future.
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Notes

1. https://ec.europa.eu/info/research-and-innovation/funding/
funding-opportunities/funding-programmes-and-open-
calls/horizon-europe/eu-missions-horizon-europe_en.

2. https://ec.europa.eu/info/research-and-innovation/
funding/funding-opportunities/funding-programmes-
and-open-calls/horizon-europe/eu-missions-horizon-
europe/healthy-oceans-seas-coastal-and-inland-waters_en.

3. https://presidence-francaise.consilium.europa.eu/media/
1cyhfqqo/brest-commitments-for-the-oceans.pdf.

4. https://www.un.org/en/conferences/ocean2022.
5. https://www.o-snap.org/.
6. https://geoblueplanet.org/blue-planet-activities/eutrophication

/#:~:text=GEO%20Blue%20Planet%20contributed%
20to,marine%20debris%20and%20nutrient%20pollution.

7. https://www.ferrybox.org/.
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Chapter 2: Novel scienti�c analyses of the ocean state and its variability
at various space and time

Section 2.1. Changes in extreme wind speeds
over the global ocean

Authors: Rianne Giesen, Ad Sto�elen
Statement of main outcome:In 2020, the northern
Atlantic experienced both a record-high number of
intense tropical cyclones and several heavy storms at
higher latitudes. On the other hand, tropical cyclone
activity was reduced in the western Northern Paci� c.
To put these anomalies into a longer-term perspective,
we use remotely sensed winds from a scatterometer
over the period 2007–2020 to analyse extreme wind
speeds over the global ocean, based on the 99th per-
centile. We compare the 2020 extreme winds to the
2007–2014 climatology and determine signi� cant
trends in extreme wind speeds. We� nd that the
2020 anomalies in the northern Atlantic and Paci� c
exceed the interannual variability observed over the
period 2007–2019, but cannot be directly associated
with a signi� cant trend over 2007–2020. On the
other hand, large positive extreme wind speed
anomalies are found in the southern Indian Ocean,
that are in line with steadily increasing extreme wind
speeds in this region. Another large positive 2020
anomaly and 2007–2020 trend is observed in the tro-
pical southern Paci� c, east of the Solomon Islands.
Predominantly negative 2020 anomalies and trends
are detected in the southern Paci� c Ocean and north-
west of New Zealand. Compared to the extreme scat-
terometer winds, collocated reanalysis model winds
are systematically lower and generally exhibit smaller
trends.

Product table:

Ref.
No. Product name & type Documentation

2.1.1 WIND_GLO_WIND_L3_
REP_OBSERVATIONS_012_005
Global ocean daily gridded
reprocessed L3 sea surface
winds from scatterometer
and collocated ECMWF
ERA5 model forecast

PUM:https://marine.
copernicus.eu/documents/
PUM/CMEMS-WIND-PUM-
012-002-005.pdf

QUID:
https://marine.copernicus.
eu/documents/QUID/
CMEMS-WIND-QUID-012-
002-003-005.pdf

(Continued)

Continued.
Ref.
No. Product name & type Documentation

2.1.2 European Centre for Medium-
Range Weather Forecasts
(ECMWF) ERA5 Reanalysis,
retrieved from the ECMWF
Meteorological Archival and
Retrieval System (MARS)
Forecast� elds of: neutral wind
at 10 m u- and v-component,
2 m temperature, mean sea
level pressure and speci� c
humidity

https://www.ecmwf.int/en/
forecasts/dataset/ecmwf-
reanalysis-v5

2.1.1. Introduction

Storms are one of the most threatening natural
hazards. Especially in densely populated coastal
regions, the combination of high wind speeds, extreme
waves, storm surges and heavy rainfall in storms
causes severe damage and loss of lives (Bevere et al.
2020). In the tropical regions, the most extreme sur-
face wind speeds occur, regularly reaching category
5 hurricane strengths with wind speeds above
250 km per hour or 70 m sŠ1. At higher latitudes,
extreme wind speeds are generally observed in low-
pressure systems along mid-latitude storm tracks and
in polar lows (Marseille et al.2019). Apart from disas-
trous impacts on society, high wind speeds play an
important role in atmosphere-ocean interaction, for
instance through changes in the upper-ocean circula-
tion and the exchange of momentum, heat and mass
between the atmosphere and the ocean (Russell et al.
2021).

The year 2020 saw a record-breaking number of
named tropical storms in the Atlantic (Bevere et al.
2020). Over the past four decades, the global proportion
of intense tropical cyclones has likely increased (IPCC
2021). Future projections suggest with high con� dence
that peak wind speeds of intense tropical cyclones will
increase with increased global warming (Knutson
et al.2020). On the other hand, there is medium con� -
dence that the overall global frequency of tropical
storms will remain unchanged or decrease (Collins
et al.2019). The future position and intensity of mid-
latitude storm tracks are connected to changes in
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temperature gradients (Shaw et al.2016). Since oppos-
ing e�ects occur, future projections have low con� -
dence, particularly in the northern hemisphere (IPCC
2021). Projections for the southern hemisphere are
more consistent and suggest a strengthening and south-
ward contraction of the storm tracks (Russell et al.
2021).

Since in-situ observations of extreme wind speeds are
rare, especially over the open ocean, satellite instru-
ments are fundamental to monitor changes in extreme
wind occurrence. Several decades of ocean surface
wind measurements are available from active micro-
wave radar instruments (scatterometers and altimeters)
and passive microwave instruments (radiometers)
(Bourassa et al.2019). Scatterometers and radiometers
measure contiguously in broad swaths of typically
1000 km wide and cover about a third of the earth sur-
face in 12 h. Scatterometers provide surface vector
winds up to 40 m sŠ1 since 1992. Radiometers are not
suitable for studying extreme wind statistics, because
they poorly measure wind speed in rain conditions,
which generally coincide with extreme winds. Past alti-
meters have tracks rather than swaths, and have much
less reliable sampling of the wind extremes than scatte-
rometers and radiometers. While homogenised ocean
surface wind climate data records exist, di�erences
among instruments and producers are large (Sto�elen
et al.2020).

While scatterometers provide the most densely
sampled extreme wind observations, their spatiotem-
poral coverage is low compared to present-day numeri-
cal weather prediction models. Reanalyses like the
European Centre for Medium-range Weather Forecasts
(ECMWF) ERA5 are therefore frequently used to ana-
lyse wind speed variability and trends (e.g. Aboobacker
et al.2021; Laurila et al.2021). ERA5 is however sensi-
tive to changes in the assimilated observation datasets
over time and lacks small-scale variability. Although
ERA5 is able to realistically simulate characteristics of
cyclones and storms (Bian et al.2021; Yeasmin et al.
2021), a comparison of Metop-A ASCAT and ERA5
wind speeds in eight (extra)tropical cyclones showed
that ERA5 wind speeds are on average 6.4% lower (Dul-
laart et al.2020).

We use surface wind observations from a single
scatterometer (Metop-A ASCAT) over the period
2007–2020 to calculate a global extreme wind speed cli-
matology and analyse the interannual and latitudinal
variability in extreme winds over the major ocean
basins. Furthermore, trends in the annual extreme
winds over the ocean basins are assessed. By limiting
our study to one highly stable scatterometer, we
exclude possible biases introduced by using multiple

instruments with di�erent characteristics, resolution
and temporal and spatial sampling. We perform an
identical analysis with collocated ERA5 model winds
to identify biases in climatologies and trends between
observed extreme scatterometer winds and model
winds. The uncertainty due to spatiotemporal sampling
e�ects is assessed by comparing the results for the collo-
cated ERA5 winds to an identical analysis performed
with the original ERA5 wind� elds that are homo-
geneous in space and time.

2.1.2. Data and methods

The level 3 (L3) scatterometer climate data record in the
CMEMS catalogue (product reference 2.1.1) starts in
1992 and consists of partly overlapping datasets from
scatterometer instruments with di�erent characteristics.
Despite continuing e�orts to account for di�erences in
sampling, resolution and quality control between the
scatterometer datasets, further intercalibration of the
satellite instruments at high winds speeds needs to be
performed before the datasets can be combined into
one long record. We select the longest single-instrument
record (Metop-A ASCAT, 2007-present, shortly
ASCAT-A) to calculate an extreme wind speed climatol-
ogy (2007–2014), the annual anomaly for 2020 and
trends over the period 2007–2020. The period chosen
for the climatology is consistent with the climatologies
derived for the mean wind, transient wind and Ekman
upwelling (Belmonte Rivas et al.2019).

Our analysis is based on 99th percentile (P99%) wind
speeds over various spatial domains. In statistics, the
99th percentile gives the value below which 99% of
the values in the sample fall. Climatologies and annual
percentiles are calculated for each individual grid cell
and for 1° zonal bands over the three major ocean
basins. Semi-enclosed seas like the Mediterranean
Sea, the Caribbean Sea and the South China Sea are
not included in the zonal bands. Trends in the annual
percentiles are determined for each grid cell and exam-
ined in more detail for speci� c ocean regions with large
extreme wind speed trends. Due to the polar scatte-
rometer orbits, the median number of annual obser-
vations per grid cell varies with latitude from a
minimum at the equator (� 270) to a maximum at lati-
tudes above 70°N (� 720, Figure 2.1.1(b)). Hence, at
grid cell scale, the highest two to eight wind speed
observations occurring within a year are above the
99th percentile value. Areas with large seasonal and
interannual variations in the number of observations
due to sea-ice cover and areas with a reduced number
of observations due to coastal presence are excluded
from the analysis.
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Figure 2.1.1.Latitudinal and interannual variation of extreme wind speeds (99th percentile of 1 degree zonal bands) for the three
major ocean basins. ASCAT-A (a) climatology (2007–2014) and (b) median annual number of observations per grid cell. The numbered
coloured bands in (a) represent the Beaufort scale classi� cation. Di�erence between climatologies for (c) ASCAT-A and collocated ERA5
and (d) original and collocated ERA5. Annual extreme wind speed anomaly for 2020 with respect to the climatology for (e) the Atlantic,
(f) the Paci� c and (g) the Indian Ocean. The spread in wind speed anomalies for the period 2007–2019 is provided for comparison.
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The L3 wind product includes ECMWF ERA5 reana-
lysis 10 m stress-equivalent winds (de Kloe et al.2017)
collocated with scatterometer observations at Level 2
and interpolated to the L3 regular grid in an identical
way.P99%wind speeds were calculated from these collo-
cated, identically sampled ERA5 stress-equivalent winds
to allow for direct comparison with ASCAT-A. To
determine the e�ect of the spatiotemporal sampling
on the results,P99% wind speeds were also computed
from the original ERA5 stress-equivalent wind� elds,
from which the collocated ERA5 winds were sampled.

The horizontal resolutions of ASCAT-A (0.125°) and
ERA5 (0.25°) are not su� cient to resolve the large
spatial wind speed gradients in tropical cyclones. Maxi-
mum wind speeds in tropical cyclones will therefore be
underestimated. These most extreme wind speeds are
generally well above the 99th percentile and therefore
outside the scope of our analysis.

Various wind speed scales and units are used in
weather communication, marine navigation and storm
warnings. Commonly used scales are given inTable
2.1.1 to assist the reader in interpreting the wind
speed values presented in this study. In situ observations
of high and extreme wind speeds in tropical cyclones
mainly originate from dropsondes and from moored
buoys in the extratropical regions. While ASCAT scatte-
rometer winds are calibrated with respect to moored
buoys, airplane passive microwave (SFMR) winds use
dropsondes as in-situ reference. A comparison of
ASCAT and SFMR observations revealed that for
wind speeds above 15 m sŠ1, wind speeds based on
dropsondes are consistently higher than wind speeds
using moored buoys as a reference (Sto�elen et al.
2020). A quadratic relation can be used to derive
ASCAT wind speeds calibrated to the dropsonde refer-
ence:

U� = 0.0095U2 + 1.52U Š 7.6,

with U� the calibrated scatterometer wind speed andU

the scatterometer wind speed above 12 m sŠ1. These
scaled wind speeds are included inTable 2.1.1for
reference.

2.1.3. Results

The latitudinal variation in the extreme wind speed cli-
matology for 2007–2014 is very similar in the three
major ocean basins (Figure 2.1.1(a)). The 99th percen-
tile wind speeds in the Indian Ocean are higher than
in the Atlantic and Paci� c Oceans at most latitudes,
except north of 20°N where the basin becomes narrow.
Especially between 5°N and 15°N, the zonal 99th per-
centiles are considerably higher for the Indian Ocean,
due to strong monsoon winds. While the zonally binned
P99%wind speeds in the northern Atlantic are the high-
est of all basins and latitudes, the Atlantic extreme wind
speeds are generally the lowest at other latitudes.

The global extreme wind climatology map reveals that
the 99th percentile wind speeds range from minima
below 10 m sŠ1 at the equator to local maximum values
exceeding 25 m sŠ1 in the northern Atlantic Ocean
(Figure 2.1.2(a)). The highest wind speeds are found
along the southern and south-eastern coast of Greenland.
Cyclones interact with the high topography of Greenland,
forming barrier winds along the southeastern coast and
tip jets at the southernmost point, Cape Farewell
(Moore and Renfrew2005). The high wind speed regions
in the northern Atlantic, northern Paci� c and around
Antarctica align with the North Atlantic, northern
Paci� c and the southern hemisphere storm tracks (Hos-
kins and Hodges2005; Lee et al.2012; Dong et al.2013).
The highest wind speeds in the subtropical Paci� c are
found in the northwestern part, which is the most active
tropical cyclone region in the world (Schreck et al.2014).
Although typical wind speeds in tropical cyclones are
generally considerably higher than in extratropical
storms, they do not stand out clearly in theP99% wind
speed climatology because of their relatively small size
and lower number compared to extratropical cyclones.

Table 2.1.1.Beaufort scale for wind speed classi� cation, other commonly used wind speed units and associated probable wave
height.

Beaufort number Description
Wind speed

[knots]
Wind speed

[km hŠ1]
Wind speed

[m sŠ1]
Wind speed scaled

[m sŠ1]
Probable wave height

[m]

4 Moderate breeze 11–16 20–28 5.5–7.9 5.5–7.9 1.0–2.0
5 Fresh breeze 17–21 29–38 8.0–10.7 8.0–10.7 2.0–3.0
6 Strong breeze 22–27 39–49 10.8–13.8 10.8–15.3 3.0–4.0
7 Near gale 28–33 50–61 13.9–17.1 15.4–21.3 4.0–5.5
8 Gale 34–40 62–74 17.2–20.7 21.4–28.0 5.5–7.5
9 Strong gale 41–47 75–88 20.8–24.4 28.1–35.2 7.0–10.0
10 Storm 48–55 89–102 24.5–28.4 35.3–43.3 9.0–12.5
11 Violent storm 56–63 103–117 28.5–32.6 43.4–52.0 11.5–16.0
12 Hurricane >63 >117 >32.6 >52.0 >14.0

Notes: For wind speeds above 12 m sŠ1, the wind speed scales from buoys/scatterometers and dropsondes diverge and wind speeds calibrated against drop-
sondes are also shown.
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Figure 2.1.2.ASCAT-A 99th wind speed percentile (a) climatology (2007–2014), (b) annual anomaly for 2020 and (c) annual trend
(2007–2020). Areas with trends signi� cant above the 90% con� dence level are outlined in black. Regions examined in more detail
are indicated with numbered boxes.
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The relatively high wind speeds in the northwestern
Indian Ocean are associated with the monsoon circula-
tion in the Arabian Sea.

The interannual variability in the zonally binnedP99%

wind speeds is in the order of 0.5 m sŠ1 with regional
excursions exceeding 1 m sŠ1 (Figure 2.1.1(e, f, g)).
The interannual variability is larger in the northern
hemisphere, for all three ocean basins. Wind speed
anomalies for the year 2020 compared to the climatol-
ogy were predominantly positive in the Indian Ocean
and exceeded the spread of annual anomalies over
2007–2019 at many latitudes. The largest excursion
from the climatology of more than 1 m sŠ1 is found in
the zonal band around 5°N, where positive anomalies
occur across the entire Indian Ocean basin (Figure
2.1.2(b)). A positive wind anomaly in 2020 is also
found for the western Atlantic (sub)tropics, likely con-
nected with the record number of tropical cyclones in
this area. The largest negative extreme wind speed
anomalies for 2020 are seen in a band crossing the
Paci� c from the western tropics to the eastern subtro-
pics. This corresponds to the below average tropical
cyclone season in the western North Paci� c, linked to
an anomalous anticyclonic circulation pattern (Wang
et al. 2021). In the central northern Atlantic, extreme
wind speeds were also lower than average in 2020.
The largest and most widespread positiveP99% wind
speed anomaly in 2020 occurred in the northeastern
Atlantic, extending from the Irminger Sea near Green-
land to the Bay of Biscay and the Norwegian Coast.
The zonalP99% wind speed anomaly peaked around
65°N with a value above 1.5 m sŠ1, the highest of all lati-
tudes and years in the period 2007–2020. This positive
anomaly is likely associated with Ciara, Dennis and
Jorge, three intense extratropical cyclones that hit
Europe in February 2020 and caused widespread� ood-
ing, particularly in the United Kingdom (Davies et al.
2021). The storm Gloria that impacted the Spanish
Mediterranean coast (discussed in Section 3.1 of this
issue) does not appear as an anomaly in our analysis.

Some extreme wind speed anomalies found for 2020
do not appear to be stand-alone events, but seem to be
part of longer-term changes in extreme wind speeds
(Figure 2.1.2(c)). In general, large and signi� cant
trends appear to be concentrated in the western parts
of the ocean basins. We examined a selection of regions
with large trends in more detail (boxes inFigure 2.1.2
(c)) by considering the annualP99% wind speed time
series.

The strong positiveP99% wind speed anomaly in the
western Paci� c warm pool (east of the Solomon Islands,
box 6) appears both in the 2020 anomaly map as well as
in the trend map for 2007–2020. The extreme wind
speed trend for this region is 0.089 m sŠ1 yrŠ1, the lar-
gest of the regions considered (Table 2.1.2). The large
interannual variability in this region seems linked to
the El Niño Southern Oscillation (Hu et al.2017),
with a large positive wind speed anomaly in the El
Niño year 2015 (Figure 2.1.3). The area around the
Paci� c Islands is particularly vulnerable to ocean
changes and extreme variability as discussed in Section
2.3 of this issue.

A consistent negative 2020 anomaly and trend is
found across the Tasman Front, the eastward branch
of the East Australian Current (box 5). Gradients in
the wind stress curl play a critical role in the separation
point of the eastward� owing branch (Tilburg et al.
2001). Further analysis is needed to establish whether
the reduction in extreme wind speeds is linked to
more southward extension of the East Australian Cur-
rent and recent marine heatwaves near Tasmania
(Oliver et al.2018).

Extreme wind speed trends are generally positive in
the northern hemisphere storm tracks. Because of the
large interannual variability, trends in the selected
regions are not always statistically signi� cant (boxes 1,
2 and 3). The extreme wind speed minimum south of
Iceland in 2010 was also observed in the United King-
dom and associated with a strongly negative North
Atlantic Oscillation index (Earl et al.2013).

Table 2.1.2.Linear trends for ASCAT-A, collocated and original ERA5 [m sŠ1 yrŠ1] in the annual 99th percentiles over the period 2007–
2020 for selected ocean regions.

Region Latitude [°N] Longitude [°E] Metop-A
ASCAT

ECMWF
ERA5-coll

ECMWF
ERA5-origNr Location description min max min max

1 Paci� c Ocean southeast of Kamchatka 39 56 154 182 0.063 0.050 0.051
2 Atlantic Ocean Gulfstream 35 47 311 322 0.085 0.068 0.052
3 Atlantic Ocean south of Iceland 55 63 36 350 0.082 0.064 0.048
4 Indian Ocean southern subtropics Š40 20 60 78 0.066 0.049 0.049
5 Paci� c Ocean Tasman Front Š40 Š23 162 178 � 0.033 Š0.031 Š0.023
6 Paci� c Ocean east of Solomon Islands Š12 2 155 177 0.089 0.084 0.093
7 Southern Indian Ocean Š62 Š40 30 160 0.045 0.033 0.030
8 Southwest Paci� c Ocean Š62 Š44 191 225 � 0.041 � 0.043 � 0.035

Notes: Trends signi� cant at the 90% (95%) con� dence level are given in bold (italic bold). The latitudes and longitudes of the region boundaries are provided
for reference, see alsoFigure 2.1.2(c).
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Compared to the northern hemisphere storm tracks,
the interannual variability in theP99%wind speeds in the
southern hemisphere storm tracks is small (boxes 7 and
8). Contrasts between the ocean basins are large. Predo-
minant and large positive trends are found in the
southern Indian Ocean, while trends in the Paci� c and
Atlantic Ocean are generally small, both positive and
negative and only locally signi� cant. Negative trends
prevail in the central-southern Paci� c.

The bias between scatterometer and collocated ERA5
P99%wind speed climatologies is positive at all latitudes

(Figure 2.1.1(c)), indicating that extreme winds are sys-
tematically lower in ERA5. Biases are typically
0.5 m sŠ1, with maximum values around the equator
and small biases in the Paci� c Ocean around 5°S and
the Indian Ocean near 20°N. The order of magnitude
of the ERA5 biases is similar to the interannual variabil-
ity in the scatterometerP99% wind speeds.

The time series with annualP99%wind speed percen-
tiles for the selected regions corroborate that ERA5
extreme winds are consistently lower than ASCAT-A
extremes (Figure 2.1.3). Biases vary considerably

Figure 2.1.3.Time series (2007–2020) and linear trends of annual 99th percentile extreme wind speeds over selected regions with
large trends (see Figure 2.1.2(c)), for ASCAT-A, collocated and original ERA5. Trends not signi� cant at the 90% con� dence level are
shown with dotted instead of dashed lines.
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between regions, ranging from 0.2 m sŠ1 in the southern
Indian and Paci� c Oceans to 1 m sŠ1 east of the Solo-
mon Islands. Biases� uctuate little from year to year,
but slightly increase over the 2007–2020 period for
nearly all regions, resulting in lower trends with lower
signi� cance derived from ERA5 (Table 2.1.2). The
biases are consistent with the lack of small-scale spatial
variability, particularly meridional, in the ERA5 transi-
ent winds (Belmonte Rivas and Sto�elen 2019), since
the spatially and temporally smooth ERA5� elds capture
less extreme winds.

Spatiotemporal sampling e�ects estimated from the
di�erence between original and collocated ERA5P99%

winds � uctuate around 0 m sŠ1 in the tropics, increas-
ing to positive values around 0.3 m sŠ1 for latitudes
poleward of 30°N and S (Figure 2.1.1(d)). Local di�er-
ences reach ±1 m sŠ1 in the mid-latitude storm tracks
(not shown). The sampling noise magnitude does not
relate to the number of observations, but rather to
wind speed variability which is higher outside the
(sub)tropics. Despite the small-scale noise associated
with the sampling and the general underestimation of
extreme wind speeds in the mid-latitudes, interannual
anomalies and trends are robust on a regional scale
(Figure 2.1.3, Table 2.1.2).

2.1.4. Conclusions and discussion

We have derived a global extreme wind climatology for
the period 2007–2014 based on 99th percentile wind
speeds from Metop-A ASCAT. An earlier global high
wind speed climatology produced using part of the
QuikSCAT SeaWinds scatterometer record (1999–
2006), analysed the frequency of wind speeds exceeding
20 m sŠ1 (Sampe and Xie2007). While only a qualitative
comparison is possible because of the di�erent metrics,
there is agreement on the windiest region (southern-
most Greenland) and the general alignment of high
wind areas with the storm tracks. Extreme wind speeds
in the tropical regions are more distinct in our 99th per-
centile analysis.

Over the period 2007–2020, positive trends in annual
extreme wind speeds were found to prevail on a global
scale, although signi� cant negative trends were
observed in some regions. A trend analysis of extreme
wind speeds (90th percentile) from altimeter obser-
vations over the period 1985–2018 revealed overall posi-
tive trends, with the largest trends (+0.05 m sŠ1 yrŠ1) in
the southern hemisphere oceans below 30°S (Young and
Ribal 2019). Scatterometer trends over the (di�erent)
period 1992–2018 were found to be smaller in the
southern hemisphere and larger in the northern hemi-
sphere. Although the di�erent periods and percentiles

used inhibit a direct comparison with our results,
there is only weak correspondence with the longer-
term study regarding the regions with the largest posi-
tive trends. This suggests that the long-term positive
trends are subject to substantial variability on shorter
timescales or dependent on contributing instruments,
sampling and calibration.

The reference period used in this study represents a
relatively short period in terms of climate variability.
Observed changes reported may be linked to anthropo-
genic climate change, but could also result from natural
variability. By combining multiple scatterometer
records, the analysis could be extended backward to
1992, covering nearly 30 years of observations. How-
ever, zonal biases between available reprocessed scatte-
rometer and ERA5 extreme winds records were found
to be twice as large for Ku-band scatterometers (QuikS-
CAT SeaWinds and Oceansat-2 OSCAT) than for C-
band scatterometers (Metop-A ASCAT, ERS-1 and
ERS-2 SCAT). Improvements to be implemented in
the next scatterometer reprocessing phase include inter-
calibration, a sea-surface temperature correction and
revised quality control. This will likely reduce the biases
between scatterometer instruments (Wang et al.2019)
and lead to a useful extension of this unique densely-
sampled scatterometer record of extreme winds.

The spatiotemporal sampling of the ERA5 wind� elds
was found to introduce considerable noise at small
spatial scales and underestimate the absolute extreme
wind speeds outside the tropics. On regional scales,
only minor di�erences in the interannual variability
and trends were found between original and collocated
ERA5 winds. While the ERA5 comparison results pro-
vide valuable insight into sampling e�ects, the scatte-
rometer sampling noise characteristics may di�er from
the ERA5 results because small-scale variability is better
resolved. The growing virtual scatterometer constella-
tion may shed light on this, but only after successful
intercalibration of the instruments.

This study only touched the surface of extreme wind
speed aspects that can be analysed with a single scatte-
rometer record. Future work may include seasonal vari-
ations and links to climate indices like the North
Atlantic Oscillation (NAO) and the El Niño Southern
Oscillation (ENSO). Regional variations and trends
can be examined, as has been done for the Black Sea
(Section 1.8 in this issue). By looking at higher percen-
tiles, for instance the 99.9th percentile, tropical cyclone
statistics can be derived. Last, by expanding the com-
parison of collocated and original (temporally homo-
geneous) ERA5 climatologies and trends, the gap
between observational and model studies of extreme
winds can be bridged.
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Section 2.2. Overturning variations in the
subpolar North Atlantic in an ocean
reanalyses ensemble

Authors: Jonathan Baker, Richard Renshaw, Laura
Jackson, Clotilde Dubois, Doroteaciro Iovino, Hao Zuo
Statement of main outcome:The magnitude and varia-
bility of the North Atlantic subpolar overturning circu-
lation, and the associated heat and freshwater
transports, measured across the OSNAP array from
2014 to 2018, are largely captured by an ocean reana-
lyses ensemble. Ocean reanalyses may therefore be a
useful tool to understand the mechanisms that cause
changes in the subpolar overturning of the North Atlan-
tic, a region that is critically important for the mainten-
ance of the overturning circulation. The ensemble-mean
overturning is relatively stable over the 1993–2019
period, although there are signi� cant shorter-term vari-
ations. Changes across both the east and west sections of
the OSNAP array play an important role in its variabil-
ity, despite a substantially stronger overturning strength
across the east section.

Products used:

Ref.
No. Product name & type Documentation

2.2.1 GLOBAL_REANALYSIS_PHY_001_031,
Reanalysis

QUID:https://marine.
copernicus.eu/
documents/QUID/
CMEMS-GLO-QUID-
001-031.pdf

PUM:https://marine.
copernicus.eu/
documents/PUM/
CMEMS-GLO-PUM-
001-031.pdf

2.2.2 Overturning in the Subpolar North Atlantic
Program (OSNAP), observations from
2014 to 2018.

https://www.ukosnap.
org/observations

2.2.1. Introduction

The Atlantic Meridional Overturning Circulation
(AMOC) has an important role in the climate system
by transporting heat northwards in the Atlantic (Sro-
kosz et al.2012). Since changes in the AMOC can
have substantial impacts on ocean temperatures, and
the wider climate, it is important to understand how
the AMOC is changing. In particular, the AMOC is
expected to have internal variability on many timescales
(subseasonal-centennial) (Buckley and Marshall2016),
and increased greenhouse gases are expected to cause
a long-term weakening trend (Collins et al. [2019]).
Although the RAPID array has measured the AMOC
at 26.5°N since 2004, and has revealed shorter-term
variability, it is not long enough to detect long-term

trends (Srokosz et al.2012). It also only measures the
AMOC at one latitude, however AMOC variability
can be di�erent in the subpolar North Atlantic (Buckley
and Marshall2016). Some studies have suggested that
the AMOC has already weakened over the last century
(Rahmstorf2015; Caesar et al.2018; Thornalley et al.
2018), based on indirect methods relating the AMOC
to observational proxies, however there are uncertain-
ties in these methods (Mo�a-Sánchez et al.2019).

Since August 2014, the Overturning in the Subpolar
North Atlantic Program (OSNAP) has continually
observed the meridional transports of volume, heat and
freshwater across the two sections of the OSNAP array
(Figure 2.2.1): OSNAP East to the east of Greenland
and OSNAP West in the Labrador Sea (Li et al.2017,
2021; Lozier et al.2017). This has improved our under-
standing of the structure and variability of the overturn-
ing circulation in this region (Lozier et al.2019; Zou et al.
2020), and the observations can be used to validate cli-
mate models (Menary et al.2020). Only a 47-month
period of observations is available, so longer-term vari-
ations must be inferred using ocean reanalyses or inverse
models (e.g. Jackson et al.2019; Fu et al.2020).

We aim to extend these studies by comparing an
ensemble of ocean reanalyses directly against OSNAP
observations, to determine their ability to capture the
observed transports. We also use the ensemble to infer
longer-term variations in the meridional overturning cir-
culation (MOC), across each section of the OSNAP array,
prior to the availability of OSNAP observations. Ocean
reanalyses may provide realistic three-dimensional esti-
mates of past changes in the subpolar North Atlantic
MOC and other ocean state variables, and thus could
be a useful tool to infer the nature and cause of past
MOC variability over various timescales. The reanalyses
used in this study capture both the mean strength and
variability of the overturning circulation across the
RAPID array at 26°N with a high degree of accuracy
(Jackson et al.2016, 2018, 2019); thus, they may also
accurately simulate changes across the OSNAP array.

2.2.2. Ocean reanalysis ensemble and methods

We use an ensemble of eddy-permitting (¼ degree hori-
zontal resolution) global ocean reanalyses, product ref
2.2.1 (these are GloSea5 (MacLachlan et al.2015), C-
GLORSv7 (Storto et al.2016), GLORYS2v4 (Lellouche
et al.2013) and ORAS5 (Zuo et al.2019)), constrained
by observations and ERA-Interim atmospheric forcings
(Dee et al.2011) over the period 1993–2019, with C-
GLORSv7 extended to June 2020 and GloSea5 extended
to December 2020. Each reanalysis uses the NEMO
ocean model, but the sea-ice model and the data
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assimilation techniques di�er. Each of the reanalyses
assimilate satellite sea surface temperature (SST), sea
level anomalies, sea-ice concentrations and in-situ
temperature and salinity. Further details of each reana-
lysis product are in the aforementioned studies.

Ensemble-mean and spread over 1993–2019 and over
the 47-month observational period are calculated. We
exclude ORAS5 from the ensemble-mean and spread
across all sections since the MOC across OSNAP West
is an outlier from the ensemble and observations, with
an anomalously large seasonal cycle (Figures 2.2.1(c)
and 2.2.3(a)). We note that the AMOC at 26.5°N in
ORAP6, an updated version of ORAS5, is more realistic
(Zuo et al.2021), suggesting this may also be the case at
OSNAP.

We calculate monthly-mean MOC across OSNAP
East, OSNAP West and across the full OSNAP array
in density coordinates, using methods described in
Zou et al. 2020. We set volume transport to zero at
the ocean� oor (rather than the surface) in both obser-
vations and reanalyses to reduce errors at depth (Zou
et al. 2020). Net transport through each section of
the reanalyses is set equal to the corresponding net
transport used in the observations, which is 1.6,Š1.6
and 0 Sv across OSNAP East, OSNAP West and the
full section respectively, where a positive transport rep-
resents a net northward� ow. The net transports across
these sections are similar among the reanalyses with a

mean value over the observational period, prior to
adjustment, of 1.6,Š3.3 andŠ1.7 Sv respectively. We
also calculate the heat and freshwater transports
using the same methods as the observations (Lozier
et al. 2019). Since there are net volume transports
through sections, heat transports are de� ned as temp-
erature transports and freshwater transports are refer-
enced to the section mean salinity. We note that the
precise de� nition of the transports does not impact
the results signi� cantly.

We use these monthly-mean observations and reana-
lyses data to calculate the overturning pro� les and
monthly-mean variability, with each� gure based on
this data. InTable 2.2.1we also use the Monte Carlo
simulation observational mean and error estimates of
Lozier et al. (2017) and Li et al. (2021) (further details
therein). Since these are referenced to zero at the surface
rather than at the ocean� oor, we use the same method
for the ensemble transports for direct comparison. This
shifts the vertical pro� les (Figure 2.2.1) and maximum
overturning across OSNAP East and OSNAP West by
1.6 andŠ1.6 Sv respectively.

2.2.3. Results

The reanalyses capture the main structure of the
observed overturning pro� le across each section (Figure
2.2.1). AMOC across OSNAP East dominates that

Figure 2.2.1.Vertical pro� le of the overturning transport in potential density space, averaged over the 47-month period of OSNAP
observations, from August 2014 to June 2018, across (a) the full OSNAP section, (b) OSNAP East, and (c) OSNAP West. The reanalyses
ensemble-mean (red, product ref 2.2.1) and spread (green shading) is plotted, along with each ensemble member, and the OSNAP
observations (black, product ref. 2.2.2). The ensemble spread is calculated as two times the standard deviation across the ensemble
members (excluding ORAS5). ORAS5 is excluded from the ensemble-mean and spread across all sections (see text). The map on the
right shows the location of OSNAP East and OSNAP West (red lines).
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across OSNAP West. The maximum overturning
strength across the full section is similar in the reana-
lyses to the observations, with a higher value than the
observations across OSNAP East and a lower value
across OSNAP West (Figure 2.2.1). The southward
� ow below the maximum across OSNAP East and the
full section is spread over a wider density range (i.e.
the overturning strength reduces more gradually with
depth) in the observations, and the reanalyses are miss-
ing transports in the densest layers. Nonetheless, the
overall shape of the pro� les and the densities of the
maximum overturning in the reanalyses are similar to
the observations across these sections.

In contrast, the overturning across OSNAP West is
more diverse among the reanalyses and they diverge
further from the observations (Figure 2.2.1(c)). The
local maxima and minima occur at di�erent densities
(it is worth noting that the vertical density scale in
Figure 2.2.1is non-linear) and therefore the pro� les of
the individual ensemble members rather than the
ensemble-mean provide a more useful comparison to
the observations. The reanalyses also capture the south-
ward and northward� ows observed below the maxi-
mum (Figure 2.2.1(c)), although they do not capture

the observed southward� ow near the ocean� oor. How-
ever, the reanalyses (except ORAS5) provide a reason-
able estimate of the magnitude and structure of the
overturning across OSNAP West.

We now focus on the variation of the monthly-mean
maximum overturning (Figure 2.2.2(a)). We note that
the sum of the MOC across OSNAP East and OSNAP
West is signi� cantly larger than the MOC calculated
across the full section because the peak overturning
across OSNAP East and OSNAP West occur at di�erent
densities (Figure 2.2.1). The time-mean overturning in
the ensemble is stronger than observed across the full
section and OSNAP East, but weaker across OSNAP
West, although their uncertainty ranges overlap across
each section (Table 2.2.1). The overturning variability
in both observations and ensemble is greater across
OSNAP East than OSNAP West (Table 2.2.1andFigure
2.2.2(b)), signi� cant at p= 0.005 over both the whole
reanalyses period and the observational period (using
an F-test for equality of two variances). The ensemble-
mean variability is signi� cantly correlated with the
observations across the full section (r = 0.66, p=
3.7 × 10Š7), OSNAP East (r = 0.61,p= 4.3 × 10Š6) and
OSNAP West (r= 0.43,p= 2.9 × 10Š3).

Figure 2.2.2.(a) Timeseries of the monthly-mean overturning transport, from August 2014 to June 2018 across (top) the full OSNAP
section, (middle) OSNAP East, and (bottom) OSNAP West in the four reanalyses, the ensemble-mean (red, product ref. 2.2.1) and the
OSNAP observations (black, product ref. 2.2.2). Labels and shading as in Figure 2.2.1. The horizontal grey dashed line in the lower plot
divides they-axis into two linear scales, with they-axis compressed above the line. (b) Box plot of the monthly-mean MOC variability in
the observations (green) and in the ensemble-mean (red) across each OSNAP section, over the same time period as in (a). The boxes
represent the interquartile range (IQR) with the median line shown. The whiskers cover a range of values up to 1.5 times the IQR and
the diamonds are outlying values beyond this range.
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There is a signi� cant seasonal cycle in the simulated
overturning (seeFigure 2.2.3(a) and Jackson et al.2019),
in good agreement with the observations. The overturn-
ing is strongest in spring and weakest in winter (Figure
2.2.2(a)). The average seasonal cycle of the ensemble-
mean over the whole reanalyses period of 8.7 Sv is simi-
lar to the seasonal cycle over the 2014–2018 period
(8.6 Sv), but this is smaller than that in the observations
(12.6 Sv). In the observations, the seasonal range
decreases gradually over the four-year observational
period from 16.4 to 9.4 Sv, and tends to be greater
than in the ensemble. This is due primarily to the
monthly-mean overturning minima having a lower
value in the observations.

The 12-month running mean overturning is analysed
over the whole period to infer longer-term variability
(Figure 2.2.3(b)). Although the ensemble appears to
capture interannual variability across OSNAP East
over the observational period, a longer observational
timeseries is required to con� dently analyse these longer
timescale variations.

The reanalyses suggest the overturning has been rela-
tively stable since 1993, with a similar ensemble-mean
overturning across each section over the whole period
to that during the observational period (Table 2.2.1).
While the ensemble-mean (which excludes ORAS5) is
relatively stable over 1993–2019, ORAS5 and GLORYS2
initially weaken, although the weakening in ORAS5 is
likely due to an initialisation issue (Jackson et al.

2019). A decline in the AMOC at 45°N over 1993–
2010 has been inferred in previous studies, with changes
in the North Atlantic Oscillation a signi� cant driver of
this variability (e.g. Robson et al.2012; Danabasoglu
et al. 2016; Desbruyères et al.2019). However, the
MOC across OSNAP only declines over this period in
two of our reanalyses, despite them all decreasing at
45°N (Jackson et al.2019). The ensemble-mean MOC
has a slight decline over 1993–2019 across all sections
(Table 2.2.1), with the long-term trend equivalent to a
weakening of� 1.1,� 1.9 and� 1.5 Sv across the full sec-
tion, OSNAP East and OSNAP West respectively (p=
0.007). However, the decline across the full section is
only signi� cant in GLORYS2 (excluding ORAS5),
equivalent to a weakening over 1993–2019 of� 3.8 Sv.
Hence, there is uncertainty in the long-term trend
from the ensemble at OSNAP.

There is a signi� cant temporary weakening in the
winters of 2008/09 and 2011/12, common to all reana-
lyses. Changes across both OSNAP East and OSNAP
West contribute to these periods of weaker overturning,
with the ensemble-mean across OSNAP West
approaching zero in 2008/09. Variability over 1993–
2019 is only slightly larger across OSNAP East than
OSNAP West, despite the mean OSNAP East overturn-
ing being over four times larger (Table 2.2.1).

We also calculate the heat and freshwater transports
(MHT and MFT) across the sections, although only the
21-months of observational data from August 2014 to

Figure 2.2.3.Timeseries of (a) the monthly-mean and (b) the 12-month running mean, of the overturning transport from January
1993 to December 2020 across (top) the full OSNAP section, (middle) OSNAP East, and (bottom) OSNAP West. Labels, shading and
product information are as inFigures 2.2.1and 2.2.2. The horizontal grey dashed lines divide they-axis into two linear scales,
with they-axis compressed above the line.
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April 2016 are currently available. Mean values are lar-
ger in the ensemble than in the observations, but the
estimates of the ensemble-mean are within the observa-
tional uncertainty, except for the MFT across the full
section (Table 2.2.1). Ensemble-mean MHT and MFT
averaged over the observational period are approxi-
mately the same as over the whole reanalyses period.

2.2.4. Conclusions

An ensemble of global ocean reanalyses provides a rea-
listic estimate of the magnitude and variability of the
subpolar North Atlantic meridional overturning circu-
lation (MOC) that has been measured across the
OSNAP array between 2014 and 2018. The ensemble
also provides a reasonable approximation of the meri-
dional heat and freshwater transports across the
OSNAP array.

The reanalyses slightly overestimate the magnitude
and underestimate the variability of the overturning
across the full section of the OSNAP array. The
monthly-mean overturning is signi� cantly correlated
with the observations across all sections, although less
of the variability is captured across OSNAP West.
Nonetheless, the magnitude and structure of the over-
turning are reasonable approximations to the obser-
vations in all sections.

The overturning in the reanalyses ensemble has a
small long-term decline, although this is not found in
all the reanalyses, so is uncertain. The reanalyses suggest
that there was an anomalously weak overturning in
2009/10 and 2011/12. Given the signi� cance of the sub-
polar North Atlantic overturning on climate, further

research is planned to understand the causes of these
changes. Continual monitoring across the OSNAP
array is critical to determine the ability of the ensemble
to capture longer-term variations of the MOC.

To summarise, an ensemble of ocean reanalyses
appears to be a useful tool to infer changes in the subpo-
lar North Atlantic overturning. They enable variations
prior to OSNAP to be estimated and the causes of
these variations to be studied. Reanalyses and obser-
vations complement each other, to improve our under-
standing of the Atlantic meridional overturning
circulation.

Section 2.3. Atmospheric and oceanic
contributions to observed Nordic Seas and
Arctic Ocean heat content variations 1993 –
2020

Authors: Michael Mayer, Takamasa Tsubouchi, Karina
von Schuckmann, Vanessa Seitner, Susanna Winkel-
bauer, Leopold Haimberger
Statement of Main Outcome:The Arctic Mediterra-
nean (Nordic Seas and Arctic Ocean together) plays
an important role in the global climate system through
its direct link with the Atlantic Meridional Overturn-
ing Circulation. Assessment using budget closure and
validation with observation-based data demonstrates
that the CMEMS ensemble reanalysis product along
with atmospheric reanalysis and satellite data are use-
ful products for exploring variability and trends in this
region. The 1993–2020 rate of full-depth ocean heat
content change in this region amounts to 0.8 (0.4,
1.0) WmŠ2 (bracketed values given the minimum-to-

Table 2.2.1.Time-mean and uncertainty, and monthly-mean variability of the maximum MOC, and the meridional heat and
freshwater transports (MHT and MFT) across the three OSNAP sections, for the ensemble-mean (product ref 2.2.1) and the OSNAP
observations (product ref 2.2.2).

Variable Data

Mean ± uncertainty Monthly-mean variability

Full East West Full East West

MOC
(Sv)

Ensemble
(obs period)

17.6 ± 0.8 18.0 ± 1.9 1.9 ± 1.6 5.3 4.1 2.7

OSNAP obs 16.6 ± 0.7
(15.7)

16.8 ± 0.6
(16.1)

2.6 ± 0.3
(2.1)

7.6 5.8 2.8

Ensemble (1993–2019) 17.6 ± 1.2 18.4 ± 1.6 2.1 ± 1.3 4.8 4.3 3.6
Ensemble trend

(Sv yrŠ1)
Š0.040 Š0.070 Š0.053 – – –

MHT
(PW)

Ensemble
(obs period)

0.49 ± 0.06 0.40 ± 0.04 0.08 ± 0.02 0.09 0.08 0.03

OSNAP obs 0.45 ± 0.02
(0.45)

0.38 ± 0.02
(0.38)

0.08 ± 0.004
(0.08)

0.15 0.15 0.03

Ensemble (1993–2019) 0.51 ± 0.05 0.42 ± 0.04 0.08 ± 0.01 0.10 0.08 0.05
MFT

(Sv)
Ensemble

(obs period)
Š0.42 ± 0.07 Š0.17 ± 0.02 Š0.24 ± 0.06 0.11 0.05 0.10

OSNAP obs Š0.33 ± 0.01
(Š0.34)

Š0.14 ± 0.01
(Š0.14)

Š0.18 ± 0.004
(Š0.18)

0.10 0.08 0.08

Ensemble (1993–2019) Š0.43 ± 0.08 Š0.20 ± 0.05 Š0.23 ± 0.05 0.13 0.09 0.11
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maximum range of estimates based on the employed
datasets), with the Atlantic Water layer contributing
� 64%, the Over� ow Water layer � 31%, and Polar
Waters � 5% to the full-depth warming. Heat uptake
by sea ice melt additionally added 0.2 (0.2,
0.3) WmŠ2 to the Arctic Mediterranean regional
energy imbalance of this region. Ocean heat transport
from the Atlantic into the Arctic Mediterranean is
found to be a pacemaker of observed ocean heat con-
tent increase in the Arctic Mediterranean, and our
results identify two drivers of the transports: wind-dri-
ven variability on interannual time scales, and Subpo-
lar Gyre dynamics on decadal time scales. Since 2018
onwards however, ocean heat transport is decreasing,
which opposes the strengthening over the past decades
and warrants further studies.

Products used:

Ref. No. Product name & type Documentation

2.3.1 Clouds and the Earth’s Radiant
Energy System (CERES)
Energy Balanced and Filled
(EBAF) Top-of-Atmosphere
(TOA) radiative� uxes

Loeb et al. (2018),
https://ceres.larc.
nasa.gov/

2.3.2 Fifth European Reanalysis
(ERA5) from European Centre
for Medium-Range Weather
Forecasts (ECMWF)

Hersbach et al. (2020),
https://cds.climate.
copernicus.eu/
cdsapp#!/home

2.3.3 Japanese 55-year Reanalysis
(JRA55) from Japanese
Meteorological Agency
(JMA)

Kobayashi et al. (2015),
https://rda.ucar.edu/
datasets/ds628.0/

2.3.4 Global Reanalysis Ensemble
Product (GREP)
GLOBAL_REANALYSIS_
PHY_001_031 (GREPv2)

PUM:https://marine.
copernicus.eu/
documents/PUM/
CMEMS-GLO-PUM-
001-031.pdf

QUID:https://marine.
copernicus.eu/
documents/QUID/
CMEMS-GLO-QUID-
001-031.pdf

2.3.5 Mooring-derived ocean heat
transport into Arctic
Mediterranean

Tsubouchi et al. (2021),
https://metadata.
nmdc.no/metadata-
api/landingpage/
0a2ae0e42ef7af767a
920811e83784b1

2.3.6 SEALEVEL_GLO_PHY_L4_REP_
OBSERVATIONS_008_047

https://catalogue.
marine.copernicus.
eu/documents/
QUID/CMEMS-SL-
QUID-008-032-062.
pdf https://
catalogue.marine.
copernicus.eu/
documents/PUM/
CMEMS-SL-PUM-008-
032-062.pdf

2.3.7 North Atlantic Oscillation
(NAO), Arctic Oscillation (AO)
and Paci� c-North-American
Pattern (PNA) indices
provided through National

https://www.cpc.ncep.
noaa.gov/products/
precip/CWlink/pna/
nao.shtml
https://www.cpc.

(Continued)

Continued.
Ref. No. Product name & type Documentation

Oceanic and Atmospheric
Administration (NOAA)

ncep.noaa.gov/
products/precip/
CWlink/daily_ao_
index/ao.shtml

2.3.1. Introduction

The North Atlantic Current transports warm and saline
Atlantic waters northward. Some of this water� ows to
the Nordic Seas and Arctic Ocean (Arctic Mediterra-
nean), where it is gradually cooled, mainly through air–
sea � uxes, on its pathways (e.g. Hansen et al.2008;
Bosse et al.2018). This cooling is strong enough to
form dense waters that eventually contribute to over� ow
waters crossing the Greenland-Scotland ridge (Mauritzen
1996). Open ocean convection in the Nordic Seas is
another mechanism to form dense water (Swift and
Aagaard1981). Since over� ow waters crossing the Green-
land-Scotland ridge feed back to the North Atlantic Mer-
idional Overturning Circulation (AMOC), formation of
dense water in the Nordic Seas and Arctic Ocean is an
integral part of the global climate system (Hansen and
Østerhus2000; Buckley and Marshall2016). In fact,
� 70% of the oceanic heat loss from the AMOC occurs
north of the Greenland-Scotland ridge (Cha� k and
Rossby2019). Through this strong link, variability and
trends in the heat budget of the Arctic Mediterranean
have not only regional impact, but global implications
(e.g. Jackson et al.2015). Quanti� cation of the budget
thus contributes to better understanding of important
global climate processes of great relevance for society.

Numerous studies quanti� ed di�erent aspects of the
heat budget of the Nordic Seas and the Arctic Ocean,
using models (e.g. Muilwijk et al.2018), reanalyses
(e.g. Mayer et al.2016; Asbjørnsen et al.2019), or obser-
vations (e.g. Tsubouchi et al.2018, 2021). Few attempts
have been made to quantify the coupled ocean-ice-
atmosphere energy budget of the region combining
available observations and reanalyses to obtain a com-
plete picture, informed and constrained by observations
as much as possible. For example, Mayer et al. (2019)
used mass-conserving mooring-derived oceanic trans-
ports through the Arctic Gateways, ocean-ice and
atmospheric reanalyses, and satellite data to provide
an up-to-date estimate of the energy budget of the cen-
tral Arctic with a remarkably small budget residual.

Here we follow a similar approach to explore the
oceanic heat budget of the Arctic Mediterranean, the
ocean bounded by the Greenland-Scotland Ridge
(GSR), Davis Strait, and Bering Strait, with emphasis
on interannual variability and its drivers. Newly
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available information from mooring-derived oceanic
heat transports into the Arctic Mediterranean covering
more than two decades (Tsubouchi et al.2021) allow
us to validate reanalysis-based transport estimates
from the CMEMS GREP at these sections for the� rst
time, which helps to build con� dence in the use of
this product for this type of application.

2.3.2. Data and methods

We study the heat budget of the Arctic Mediterranean
over the 1993–2020 period. The vertically integrated
heat budget of the ocean, including sea ice, is written as:

FS =
�
� t

OHC +
�
� t

ME + � · OHT + � · ILHT (1)

FS denotes the net surface energy� ux (positive down-
ward) at the air–sea/ice interface. It is computed as a
residual from the atmospheric energy budget, as this
has been shown to provide a more accurate estimate
of FS than model-based or purely satellite-based data
(Von Schuckmann et al.2016; Mayer et al.2017; Tren-
berth and Fasullo2017). Input data for evaluation of the
atmospheric energy budget are net radiative� uxes at
top-of-the-atmosphere from CERES-EBAF v4.1 (Loeb
et al.2018; product ref 2.3.1) and atmospheric transport
and storage based on ERA5 (Hersbach et al.2020;
J. Mayer et al.2021; product ref 2.3.2) and JRA55
(Kobayashi et al.2015; Mayer et al.2017; product ref
2.3.3).

OHC denotes the vertically integrated full-depth
ocean heat content, ME sea ice melt energy, OHT verti-
cally integrated ocean heat transport, and ILHT latent
heat transport associated with sea ice. Following
Mayer et al. (2019), ME is computed as ME =Lf he� ,
where Lf is the latent heat of freezing (Š0.33 ×
106 JkgŠ1) and he� is e�ective sea ice thickness. Conse-
quently, energy input to the sea ice, i.e. a positive ME
tendency, leads to melting and vice versa. We compute
OHC, ME, and OHT from the GREP ensemble (consist-
ing of four eddy-permitting reanalyses at ¼° resolution)
using monthly mean data (1993–2019; product ref
2.3.4), extended to 2020 using data from GREP member
Ocean Reanalysis System 5 (ORAS5; Zuo et al.2019,
product ref. 2.3.4) due to the non-availability of the
full GREP extension at time of writing. Sea ice trans-
ports and especially their contribution to budget
anomalies are small at the boundaries of our study
area, and hence only their contribution to the climato-
logical mean ILHT is included based on the values pro-
vided by Tsubouchi et al. (2021).

Following Gauss’theorem, the ocean heat divergence
integrated over our study area can alternatively be

computed as the sum of the oceanic boundary� uxes
into the region. This allows us to additionally use moor-
ing-based observations of OHT from GSR, Davis Strait,
and Bering Strait, available for 1993–2016 (Tsubouchi
et al. 2021; product ref 2.3.5) for computation of the
divergence term.

To gain a better process understanding, we also
explore contributions from Polar waters (PW) and
Atlantic waters (AW) to full-depth OHC. For the
water mass de� nition, we follow Rudels et al. (2008)
by de� ning PW by sPW < 27.70 kg mŠ3, where s is
de� ned as sea water density minus 1000. Additionally,
we de� ne PW to be cooler than 4°C. The threshold
for the lower boundary of AW is determined by check-
ing water density in the GSR east of Iceland at the depth
where water temperature is 4°C. This yields an AW
de� nition of 27.7 , sAW < 30.00 kg mŠ3, where the
latter is similar to the upper boundary of Deep Water
provided by Rudels et al. (2008). The water mass
below AW is termed Over� ow Water (OW).

For additional diagnostics over the study period, we
use reprocessed sea level anomaly (SLA) data from
AVISO (product ref 2.3.6; available 1993–2019) and
Arctic Oscillation (AO), North Atlantic Oscillation
(NAO), and Paci� c North-American Pattern indices
obtained from NOAA (product ref 2.3.7). As the
major objective of this study is to address changes at
interannual and longer time scales, the anomaly time
series have been smoothed using a 12-monthly window,
except for the heat accumulation plotFigure 2.3.1(a).
Values are generally given in WmŠ2 w.r.t area of the
Arctic Mediterranean of 13.08 × 1012m2 (i.e. the con-
version factor to TW is 13.08). Statistical signi� cance
of Pearson’s correlation coe� cients (r) takes auto-corre-
lation of the time series into account, following Oort
and Yienger (1996). Uncertainties are provided as mini-
mum-to-maximum range of di�erent estimates (in
brackets) or as total error standard deviation (±).

2.3.3. Results

2.3.3.1. Arctic water masses in the reanalysis
products
Figure 2.3.1presents the 1993–2020 mean lower bound-
ary of (a) Polar Water (PW) and (b) Atlantic Water
(AW) based on the GREP ensemble mean (product
ref. 2.3.4). The GREP ensemble mean climatological
and area-average PW layer thickness is 70.0 (64.2,
75.9) m for the Arctic Mediterranean. Most of the
layer’s volume is located under sea ice (� 97.5% of the
PW volume are located in regions with >30% sea ice
concentration), with maximum thickness of up to
200 m in the Amerasian Basin. The AW layer is located
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under the PW (where it is present), but outcrops to the
surface primarily in the Norwegian Sea, Barents Sea, and
the western Nansen Basin, north and northeast of Sval-
bard (Bosse et al.2018; Skagseth et al.2020; white areas
in Figure 2.3.1(a)). The AW layer has an area-average
thickness of 227.7 (223.6, 230.1) m (Figure 2.3.1(b,c))
and attains a thickness of more than 400 m in the Nor-
dic Seas.Figure 2.3.1(d) shows a longitude-depth cross-
section of climatological temperatures along the GSR
based on GREP data and also indicates the locations
of the three water masses. The plot shows the large
Atlantic Water body, extending eastward from the East-
ern Denmark Strait to the coast of Norway and down to
depths of� 400 m, in good agreement with observations
(e.g. Hansen et al.2008). Figure 2.3.1(e) shows a cross-
section of climatological currents across GSR, which
show the four main branches of Atlantic Water in� ow
in the North Icelandic Irminger Current (Jónsson and
Valdimarsson2012), the Iceland–Faroe (Hansen et al.

2015) and the Faroe–Shetland Channel branches (Berx
et al.2013), and the European Shelf Branch (Østerhus
et al. 2019), in good qualitative agreement with
observations.

2.3.3.2. Budget closure
Before exploring trends and variability of the heat budget
of the Arctic Mediterranean, we� rst address the closure
of the regional heat budget of the Arctic Mediterranean
to assess the consistency of the used data products. Ide-
ally, the lateral and vertical energy� uxes into the study
area should add to balance the sum of oceanic storage
rates OHCT + MET (appended‘T’ indicates time deriva-
tive of OHC and ME), which is on the order of 1 WmŠ2

(see below, and Mayer et al.2019; compare Equation (1)).
There is good agreement between the 1993–2016 long-
term mean OHT estimated from moorings (23.4 ±
2 WmŠ2, with uncertainties based on values provided
by Tsubouchi et al.2021) and from the GREP ensemble

Figure 2.3.1.Climatologies of lower boundaries of (a) PW and (b) AW layers as well as (c) layer thickness of the AW layer. Light blue
line in (a) indicates the boundaries of the Arctic Mediterranean. GREP (product ref 2.3.4) ensemble mean climatological (d) tempera-
ture along with water masses and their vertical (� -based) and horizontal (temperature-based) boundaries (see section 2.3.2 for
de� nitions) and (e) current cross sections across the Greenland-Scotland-Ridge.
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(20.1 (18.5, 21.6) WmŠ2; values in brackets provide the
range of values from the 4 reanalyses in the GREP).
Note that the provided uncertainty for the GREP-based
OHT is similar to a total error estimate of ±1.7 WmŠ2

derived from adding spread of the four reanalysis-based
long-term means, i.e. systematic error, and the standard
error of annual averages of the GREP ensemble mean,
i.e. random error, in quadrature. The 1993–2020 average
FS in our study area isŠ27.6 andŠ29.4 WmŠ2, when
using atmospheric transports from ERA5 or JRA55,
respectively. The smallest budget residual is obtained
when we combine observation-based OHT and ERA5-
basedFS, with the energetic contribution of sea ice trans-
ports of � 0.4 WmŠ2 (Tsubouchi et al.2021) added,
which yields a long-term� ux convergence or heat
input (=FS+OHT + ILHT) of Š3.8 WmŠ2. This value
indicates an imbalance between diagnosed oceanic heat
input and ocean heat storage (� 1 WmŠ2) on the order
of 5 WmŠ2. Note that the diagnosed budget imbalance
attains up to� 10 WmŠ2 for less favourable combinations
of data sets. This systematic imbalance suggests that
either diagnosed surface heat loss is too strong or OHT
is too weak (or both). The former could arise from a
negative bias in poleward atmospheric energy transports
used for estimation ofFS, and for which in-situ based
measurements for validation do not exist with the
required spatial sampling. CERES-EBAF data going
into FS as well is assumed to have only a small bias
(Loeb et al.2018; Mayer et al.2019). Underestimation
of OHT may arise from spatial undersampling in the
case of observations, while the GREP-based OHT
additionally su� ers from underestimation of eddy trans-
ports due to the use of monthly mean data.

In terms of variability, we� nd high correlation
between anomalies of ocean heat� ux convergence and
the rate of total ocean heat storage (OHCT + MET),
with r � 0.74 (signi� cance levelp< 10Š8) for the full
1993–2020 period andr � 0.9 (p< 10Š8) for the obser-
vation-rich 2005–2020 period (similar for di� erent pro-
ducts). Temporal standard deviation of ocean heat� ux
convergence is� 2.2 WmŠ2 (2.5 WmŠ2) and that of
OHCT + MET is � 2.4 WmŠ2 (2.5 WmŠ2) for the
1993–2020 (2005–2020) period, while that of the budget
residual is � 1.5 WmŠ2 (1.1 WmŠ2). These results
suggest that our estimates of the di� erent physical
terms exhibit consistent temporal variability, with a
reasonably high signal-to-noise ratio especially during
the observation-rich 2005–2020 period.

2.3.3.3. Time evolution of the Arctic Mediterranean
heat budget
Figure 2.3.2(a) presents oceanic heat accumulation aver-
aged over the Arctic Mediterranean for the period

1993–2020. Full-depth ocean heat content increased,
with an ensemble mean trend of 0.8 (0.4, 1.0) WmŠ2.
The ocean warmed in this area at varying pace, with
periods of rapid warming during 2002–2008, 2011–
2012, and 2015–2017.Figure 2.3.2(a) shows that the
Atlantic Water (AW) layer contributes roughly 64% of
the full-depth OHC increase, with an ensemble mean
trend of 0.5 (0.3,0.7) WmŠ2. Moreover, the AW layer
OHC shows very similar periods of rapid and slow
warming compared to the full-depth OHC estimate,
rendering it as a pacemaker of the full-depth OHC.
Polar Water (PW) OHC increased more moderately
(ensemble mean trend is 0.0 (0, 0.3) WmŠ2, or 0.04
(0.01, 0.32) WmŠ2 when allowing for two decimals),
mainly due to its smaller volume of which the majority
is covered by sea ice (see discussion above). The trend in
melt energy over the entire study period amounts to 0.2
(0.2, 0.3) WmŠ2 (Figure 2.3.2(a)).

PW OHC and energy used for sea ice melt exhibit a
coherent evolution, particularly in 2015–2017, con� -
rming the tight coupling between the two terms: anom-
alously strong surface energy input leads to a reduction
of sea ice cover. Consequently, heat absorption by the
newly exposed waters is enhanced. In addition, PW
can also be warmed by enhanced upward mixing of
AW heat, which then in turn contributes to anomalous
sea ice melt (Polyakov et al.2017).

While Figure 2.3.2(a) provides a time-aggregated
perspective on heat accumulation in the Arctic Mediter-
ranean,Figure 2.3.2(b) converts the quantities to rates
of change, which makes them comparable to ocean
heat transport and surface� ux anomalies, and addition-
ally emphasises interannual variations. OHCT of the
AW layer is highly correlated with full-depth OHCT
(r = 0.94,p< 10Š24), con� rming the dominant role of
AW full-depth OHC variability also on interannual
time scales. Correlations of PW and OW with full-
depth OHCT are lower (0.29 and 0.38, respectively),
but nevertheless signi� cant on the 95% con� dence level.

Contributions to the heat content rate of change
from ocean heat transport (OHT) are shown inFigure
2.3.2(c). The OHT estimate from the GREP is in good
agreement with the observation-based estimate as
re� ected by reasonably high correlation (r = 0.68) and
mostly overlapping uncertainty intervals. Uncertainties
of anomalies are estimated from the ensemble spread
(de� ned as the standard deviation across the four mem-
bers) in the case of the GREP. The uncertainty of the
observation-based OHT is based on the total error of
26TW given by Tsubouchi et al. (2021), but reduced
by a factor of 1/

��
2

�
assuming that roughly half of the

total error is a bias and hence irrelevant for anomalies.
This assumption is deemed justi�ed given the

s24 THE COPERNICUS MARINE SERVICE OCEAN STATE REPORT, ISSUE 6



Figure 2.3.2.(a) Heat accumulation of the Arctic Mediterranean, represented as full-depth ocean heat content (OHC) (along with PW
and AW contributions) and heat used for sea ice melt (ME); (b) time derivative (indicated by appended‘T’) of quantities shown in (a);
(c) anomalous ocean heat transport into Arctic Mediterranean from the GREP (product ref 2.3.4; shading represents ensemble spread)
ensemble mean and observations (product ref 2.3.5; shading represents uncertainty based on 26 TW provided by Tsubouchi et al.
(2021), reduced by the factor 1/

��
2

�
as discussed in the text); (d) inferred net surface energy� ux (FS), combining CERES-EBAF (product

ref 2.3.1) net TOA� uxes and atmospheric budgets from ERA5 (product ref 2.3.2) and JRA55 (product ref 2.3.3), respectively, averaged
over the Arctic Mediterranean. All quantities are presented with the annual cycle removed, and a 12-point running mean was applied
to time series in (b) to (d).
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discussion of errors in Berx et al. (2013), Hansen et al.
(2015), and Jónsson and Valdimarsson (2012). The
good agreement of our OHT estimates provides con� -
dence in the signals displayed by the reanalysis product.
Importantly, OHT from GREP shows similarly
increased OHT after� 2002 as found in the observations
(Tsubouchi et al.2021).

Interannual variations of OHT exhibit considerable
co-variability with OHCT. When considering corre-
lation of OHT with OHC tendencies of di�erent water
masses, the correlation is strongest with the AW
OHCT (r = 0.62), similar to the correlation with the
full-depth OHCT (r = 0.62,p< 10Š4). This is consistent
with AW in� ow being an important driver of OHT
across the GSR (Tsubouchi et al.2021), and suggests
that variations in ocean heat transports play an impor-
tant role for modulations of AW OHC and hence also
full-depth OHC of the Arctic Mediterranean. Corre-
lations of PW OHCT and OW OHCT with OHT are
lower, withr = 0.29 andr = 0.06, the latter being statisti-
cally insigni� cant.

Figure 2.3.2(d) presents net surface energy� ux
anomalies (FS) averaged over the Arctic Mediterranean.
FS is highly correlated with AW (r = 0.60) and PW
OHCT (r = 0.39) (r of AW plus PW OHCT withFS is
� 0.65), as these water masses are in touch with the sur-
face (compareFigure 2.3.1). In contrast, correlation of
FS with OW OHCT is close to 0.Figure 2.3.2(b) also
shows two prominent peaks in OHC tendency in 2011
and 2016. Contributions to the heat content rate of
change from ocean heat transport (Figure 2.3.2(c))
and net surface energy� ux (Figure 2.3.2(d)) show that
these two peaks are associated with coinciding peaks
in OHT and FS. Analysis of anomaly maps along with
mean sea level pressure and near-surface winds (not
shown) reveal that the strongest contribution to both
the positive 2011 and 2016FS anomalies came from
the Nordic and Barents Seas and was associated with
southerly wind anomalies over this region. However,
the associated mean sea level pressure pattern projected
on the AO pattern only in 2011 but not in 2016 (com-
pare Figure 2.3.3(d) below). In general, the AO and
NAO indices andFS averaged over the Arctic Mediter-
ranean do not correlate at the interannual time scales
considered here. Similarly weak correlation is found
for area-averagedFS with the Paci� c North-American
Pattern index (not shown). We nevertheless stress that
regional correlations betweenFSand atmospheric circu-
lation indices are higher, e.g. in the Nordic Seas and
Barents Seas for the NAO and AO, but strong spatial
compensation of regional anomalies occurs when aver-
aging across the Arctic Mediterranean. The weak corre-
lation of area-averagedFS with atmospheric circulation

indices also emphasises the important role of additional
factors modulatingFS, such as sea ice concentration
anomalies, which can greatly amplify or damp� ux
anomalies arising from atmospheric circulation
anomalies through modi� cation of the open water
area available for strong turbulent air–sea� uxes (Shu
et al. 2021) and ice-albedo feedback (Curry et al.
1995). Another important factor is the (negative) sur-
face� ux feedback to ocean heat anomalies in the Nordic
Seas (i.e. positive OHC anomalies go with enhanced sur-
face heat loss and vice versa, see, e.g. Muilwijk et al.2018
or Årthun and Eldevik2016), which appears to be more
dominant on interannual timescales than atmospheric
forcing.

2.3.3.4. Drivers of ocean heat transports
We now further explore variability of net OHT into the
Arctic. Figure 2.3.3(a,b) show correlation maps of OHT
and SLA. Both maps show that positive net OHT
anomalies are associated with anomalously high sea levels
in the eastern and low sea levels in the western part of the
Nordic Seas (vice versa for negative OHT anomalies).
Since net OHT into the Arctic Mediterranean is very
strongly correlated with OHT across the GSR (r = 0.98
for GREP andr = 0.99 for observations), we interpret
results fromFigure 2.3.3(a,b) mainly in terms of trans-
ports across the GSR. The correlation patterns inFigure
2.3.3(a,b) suggest that OHT across the GSR is enhanced
with a stronger west–east SLA gradient. This is consistent
with Richter et al. (2012) � nding stronger AW in� ow
over the Iceland Faroe Ridge associated with SLA pat-
terns in the Nordic Seas similar to those shown inFigure
2.3.3(a,b). Performing correlations between OHT and
bottom-pressure-equivalent SLA from ORAS5 gives
similar patterns (not shown). This indicates that the
SLA patterns are mainly related to mass redistribution
in the Nordic Seas and associated changes in geostrophic
currents.

Another salient feature of the correlations between
OHT and SLA is the local maximum in the Northwest
Atlantic, resembling the shape of the North Atlantic
Subpolar Gyre (SPG). This feature is more prominent
in the correlation between SLA and OHT from obser-
vations, but clearly visible also in the correlations with
the reanalysis results. Positive OHT anomalies are
associated with above-average sea level in the SPG
region, which is indicative of a weakened SPG. A corre-
lation map of net OHT with the barotropic stream func-
tion con� rms this result (not shown).

Correlation between net OHT and the Arctic Oscil-
lation (AO) index are 0.42 (p< 0.01) for the GREP
(1993–2020) and 0.33 (p< 0.05) for observations
(1993–2016), much higher than the (insigni� cant)
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correlation with NAO. Hence,Figure 2.3.3(c) shows
contemporaneous (lag 0) correlations of SLA and the
AO Index. Patterns in the Nordic Seas are similar to
those found inFigure 2.3.3(a,b), which suggests that
SLA variability associated with OHT variability is
wind-driven, strongly linked to the AO. In contrast,
the local maximum in the SPG region is not visible
(even signi� cantly negative values when correlating
with NAO, not shown) in Figure 2.3.3(c), suggesting
that the wind forcing associated with the AO (or
NAO) leads to SLA (and ocean circulation) responses
in the SPG and Nordic Seas regions with competing
e�ects on net OHT. We conclude that SLA patterns
associated with net OHT anomalies (i.e. patterns
shown inFigure 2.3.3(a,b)) arise from a favourable com-
bination of wind forcing in the Nordic Seas and longer-
term variability of the SPG. Altogether, these results
indicate that there is (i) strong wind-driven variability
of OHT on interannual timescales (largely in agreement
with earlier studies, e.g. Bringedal et al. [2018]) and (ii),
given the relatively long time scale of SPG variability
(� 5 yrs, see Williams et al.2015), an additional modu-
lation of OHT by the SPG on multi-year timescales.

The strong relationship between the SLA gradient
along the GSR and OHT provides motivation to
de� ne a SLA-based proxy

OHTproxy = , (SLAEastŠ SLAWest) . , (2)

where the eastern box is bounded by 2°W–0°E, 58–60°
N, and the western box is bounded by 20°W–15°W,
63–67°N, and <> denotes standardised anomalies. The
result is shown inFigure 2.3.3(d), along with standar-
dised OHT from GREP and observations. Correlations
between OHTproxy and the explicit OHT estimates
from GREP are 0.64 (1993–2019; p< 10Š4) and for
observations 0.40 (1993–2016; p< 0.1), respectively.
This is higher than the direct correlations of OHT
with AO (given above; series shown inFigure 2.3.3(d)
as well). This result demonstrates that the SLA gradient
along GSR contains more relevant information about
OHT than the AO index alone. We also note that we
performed similar diagnostics using the NAO index,
but correlations were generally lower.

The good agreement between GREP-based and
mooring-derived OHT anomalies during 1993–2016
provides con� dence in the diagnosed OHT variations
in more recent years, when no observations are avail-
able.Figure 2.3.2(b) shows a strong reduction of OHT
2018–19, with the lowest OHT values of the study
period. The SLA-based proxy qualitatively con� rms
this reduction. Further diagnostics suggest that reduced
AW in� ow through the Faroe–Shetland Channel was a
main contributor to this anomaly (not shown). OHT
anomalies show a recovery towards neutral values in
2020, but the 2020 values are based only on one reana-
lysis product (see Section 2.3.2). Hence, whether the

Figure 2.3.3.Contemporaneous correlation (shading) and regression (contours) of Sea Level Anomaly from AVISO (product ref 2.3.6)
with (a) OHT from GREP (product ref 2.3.4), (b) OHT from observations (product ref. 2.3.5), and (c) the Arctic Oscillation (AO) Index
(product ref 2.3.7); Stippling indicates signi� cant correlations at the 95% con� dence level; (d) standardised anomaly time series of
OHT from GREP and observations, AO Index, and the SLA-based proxy of OHT (see Equation (2)).
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2018–19 anomaly is merely an intermittent signal or
marks the end of the period of increased OHT (ongoing
since� 2002) requires further investigations.

2.3.4. Discussion and conclusions

This contribution uses reanalyses and observation-based
products to depict the mean state, variability, and trends
of the Arctic Mediterranean heat budget. We evaluated
the representation of Atlantic (AW), Polar (PW), and
Over� ow (OW) water masses in the GREP reanalysis
product, which is in good qualitative agreement with
observation-based work (Rudels et al.2008). We then
decomposed the full-depth OHC of the Arctic Mediterra-
nean into contributions from the di� erent water masses.
The 1993–2020 full-depth OHC trend in the study area is
0.8 (0.4, 1.0) WmŠ2, which is in good agreement with
results of Mayer et al. (2021), who quanti� ed OHC trends
north of 60°N. AW contributes roughly 64% to the full-
depth warming, and it plays an even more important
role on interannual time scales, where it explains more
than 90% of the variance of full-depth OHC tendencies.
This is because the AW layer is the main water mass
directly exposed to variations in air–sea� uxes (mainly
in the Nordic Seas, compareFigure 2.3.1(a,b); also note
that PW is mostly under sea ice) and current and temp-
erature variations of the in� ow across the GSR directly
impact OHC of this layer.

Assessment of closure of the diagnosed heat budget of
the Arctic Mediterranean reveals long-term mean imbal-
ances ranging from 5 to 10 WmŠ2, depending on the com-
bination of data sets. The smallest imbalances are obtained
when combining satellite-based radiation, atmospheric
energy transports from ERA5, and mooring-derived
OHT. Note that these three products are fully independent
of each other. The OHT diagnosed from the GREP is
biased low by� 14%, which may be related to the use of
monthly mean� elds, leading to neglect of eddy heat trans-
port. Overall, the budget residuals are larger than those
reported by Mayer et al. (2019) for the central Arctic.
More work is needed to identify the main contributor
(inferred air–sea� uxes over the Nordic Seas or OHT
across the GSR or both) to the larger residuals.

Periods of rapid (moderate) OHC increase coincide
with periods of anomalously strong (weak) ocean heat
transport into the Arctic Mediterranean. Correlation
analysis reveals two important drivers of OHT. First,
there is strong wind-driven OHT variability (via modu-
lation of zonal SLA gradients in the Nordic Seas) on
interannual time scales. This is consistent with Richter
et al. (2012) and Bringedal et al. (2018), although the lat-
ter emphasise the role of wind forcing on the seasonal
timescale (which we did not study here) and additionally

� nd increasing importance of the Nordic Seas SLA itself
(rather than the zonal gradient) in forcing the Overturn-
ing Circulation in the Nordic Seas on interannual time-
scales. It is also important to note that Muilwijk et al.
(2018), based on a forced model run without data assim-
ilation, found similar OHT-wind relationships as pre-
sented here but with pronounced decadal variations in
the strength of the relationships, which we cannot assess
given the length of the GREP record. Second, we found a
negative correlation of OHT with the Subpolar Gyre
(SPG), which modulates the transports on decadal time-
scales. This is consistent with earlier studies (e.g. Hátún et
al. 2005; Asbjørnsen et al.2021) who argue that a weak
SPG extends less to the east, which allows more warm
subtropical Atlantic waters to arrive at the GSR, leading
to a temperature-driven enhancement of OHT across
the GSR.

The good agreement of the GREP-based results with
observation-based OHT estimates in terms of mean and
variability builds con� dence in the reanalysis product
for usage as a complement to observations in order to
get a spatially and temporally more complete picture
of the Arctic Mediterranean.
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Section 2.4. Changes in the Antarctic
marginal ice zone

Authors: Doroteaciro Iovino, Julia Selivanova, Thomas
Lavergne, Andrea Cipollone, Simona Masina, Gilles
Garric
Statement of main outcome:The Southern Ocean
plays a crucial role in the regulation of the global cli-
mate system, and the variation of its ice-covered area
modi� es the exchange of heat, mass and momentum
between ocean and atmosphere. Therefore, knowledge
of ice extent and its variability is necessary for an ade-
quate simulation of those� uxes and thus for climate
modelling. This section uses an ensemble of global
eddy-permitting reanalyses (GREP) together with a
Climate Data Record of Passive Microwave Sea Ice
Concentration to investigate changes of Antarctic
extent of the Marginal Ice Zone (MIZ) over the period
1993–2020. We assess the accuracy of GREP in discri-
minating the MIZ from the consolidated pack ice, and
in reproducing their evolution in space/time. Although
the ensemble reanalysis product tends to slightly
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overestimate summer MIZ, results show that it prop-
erly represents the variability of minima and maxima
in MIZ extent as well as its interannual variability
during the growing and melting seasons, particularly
over the winter season. On average, the MIZ advance
needs about 10 months to progress from near the
coast in February to its most equatorward maximum
and about only 2 months to return to a minimum.
The MIZ extent did not experience a signi� cant aver-
age trend over the study period, but the results further
highlight substantial regional trends, particularly for
regions covered by marginal ice.

Products used:

Ref.
No. Product name & type Documentation

2.4.1 GLOBAL_REANALYSIS_PHY_001_031 PUM:https://marine.
copernicus.eu/
documents/PUM/
CMEMS-GLO-PUM-
001-031.pdf
QUID:https://marine.
copernicus.eu/
documents/QUID/
CMEMS-GLO-QUID-
001-031.pdf

2.4.2 non-CMEMS remote sensing product:
NOAA/NSIDC Climate Data Record of
Passive Microwave Sea Ice
Concentration,https://nsidc.org/data/
g02202

Meier et al.2017

2.4.1. Introduction

The Antarctic sea ice plays a crucial role in the regu-
lation of the global climate system, and the variation
of the ice-covered area modi� es the exchange of heat,
mass and momentum between ocean and atmosphere.
Therefore, knowledge of ice extent and its variability
is necessary for an adequate simulation of those� uxes
and thus for climate modelling.

Unlike the Arctic, where sea ice extent (SIE) is
decreasing in the entire region in all seasons, Antarctic
trends are less noticeable and less clear (Simmonds
2015; Maksym2019). While the Southern Ocean around
Antarctica has been warming at an alarming rate contri-
buting to ice sheet melt and consequently to sea-level rise,
Antarctic SIE has remained stable (Parkinson2019): the
long-term SIE trend, on hemispheric scale, is nearly� at,
for the winter maximum, summer minimum and annual
average, although some regions experienced declines.
Since the late 1970s, satellite record of total annual-
mean extent shows a slight overall positive trend (Eayrs
et al. 2021), which masks signi� cantly larger opposing
regional trends. The total Antarctic SIE has increased at
a rate of approximately 1.5% per decade for the 1979–

2015 period (e.g. Comiso et al.2017), with a record
high (of 12.8 × 106 km2) reached in 2014 (Parkinson
2019). Many extreme events have been observed in recent
years, with record-high winter maxima (occurring in
September) in 2012–2015, followed by unprecedented
decline with record low summer minimum extents
(occurring in February/March) in 2016–2018– the low-
est value of 10.7 × 106 km2 reached in 2017 (Parkinson
2019). Despite this marked decrease since late 2016, the
overall long-term trend (1979–2021) remains positive,
but it is of lower magnitude than the 1979–2016 trend,
and is no longer signi�cantly di� erent from zero.
Although several explanations have been proposed for
Antarctic sea ice changes, as changes in upper ocean stra-
ti� cation and in the atmospheric dynamics and winds
(e.g. Hobbs et al.2016), how these changes link with
polar and global climate change is still puzzling.

While the reasons for variability in total extent remain
not completely understood, it is likely that these changes
are not just a� ecting the total Antarctic SIE but also the
distribution and variability of pack ice, marginal ice
zone (MIZ) and sparse ice, in other ways (Stroeve et al.
2016). Knowledge of the spatial pattern of these di� erent
ice classes may help to elucidate the mechanisms contri-
buting towards the expansion of Antarctic ice in some
regions and contraction in others (Maksym et al.2012).
In spite of the vast winter cover, sea ice around Antarctica
forms a very thin layer on the ocean, with less than 1 m
thickness on average, and more compact ice remains all
year around only in a few coastal regions (Worby et al.
2008; Holland et al.2014).

Several criteria for characterising the MIZ have
emerged over the past decades, but� nding a coherent
de� nition is still a challenge. The MIZ was originally
described as the region where polar air, ice and water
masses interact with the ocean temperature and subpo-
lar climate system (Wadhams et al.1981). Now, it is
commonly de� ned as the portion of the ice-covered
ocean where surface gravity waves signi� cantly impact
the dynamics of sea ice (e.g. Wadhams2000; Dumont
et al. 2011), often characterised by highly variable ice
conditions. Given the unknowns in wave-ice interaction
and the large uncertainties in both observed and fore-
casted waves within sea ice, the MIZ can be operation-
ally de� ned through sea ice concentration thresholds,
as the transition zone between open water and consoli-
dated pack ice, where the total area of ocean is covered
by 15–80% sea ice (e.g. Paul et al.2021; Vichi 2021).

The MIZ is fundamental for climate dynamics and
polar ecosystems, as a region of intense atmosphere-sea
ice interactions that forms a physical bu� er for the conso-
lidated pack ice zone from the e� ects of open ocean
dynamics (e.g. Squire2007). The MIZ supports relevant

JOURNAL OF OPERATIONAL OCEANOGRAPHY s29



processes, such as air–sea gas exchange, and carbon
exchange at the air–sea interface, marine primary pro-
duction and delivery of nutrients to the euphotic zone
(Barber et al.2015). Monitoring changes of the MIZ
environment can help us understand the associated
changes in the climate system. Due to the thin and
small broken ice� oes, the MIZ region is highly dynamic
and responsive to external forcing, and its response to cli-
mate variability di� ers from the inner pack ice (Stroeve et
al. 2016). An accurate assessment of variability of
dynamics in the MIZ is still missing, as well as a deep
insight into how surface ocean/waves and atmospheric
� elds correlate with ice conditions, such as ice thickness,
strength, and viscosity (Meylan et al.2014; Sutherland
and Balmforth2019).

There are few in-situ data available on the Antarctic
MIZ properties and still signi� cant di� erences in esti-
mates from satellite data sets depending on the algorithm
employed (Stroeve et al.2016). Numerous methods have
been developed to estimate SIC from passive microwave
instruments (including SMMR, SSMI, SSMIS, AMSR-E
and AMSR-2)� ying on various satellite platforms. The
algorithms applied to the microwave brightness tempera-
tures employ di� erent channel combinations, with di� er-
ent corrections for weather, satellite drift, and other
factors (Ivanova et al.2015; Tonboe et al.2016). When
using estimates of sea ice properties, we should be con-
scious of the di� erences among algorithms and their
attributes (Wright and Polashenski2018), and the
methods for combining di� erent source data into long-
term records (Stroeve et al.2016).

Therefore, ocean/sea ice reanalysis data are essential in
increasing our ability to comprehend total and marginal
ice variability and to monitor their current state and pre-
dict their future changes. In this contribution, we aim to
investigate how the Antarctic extent of MIZ is actually
changing, using sea ice concentration from an ensemble
of global eddy-permitting reanalyses (GREP), and to
determine how realistically this product can capture the
time/space variability of the Antarctic ice in the marginal
ice zone over the period 1993-onward.

2.4.2. Methodology

The Global Reanalysis Ensemble Product (GREP ver-
sion 2, product ref 2.4.1) is based on four global ocean
reanalyses ORAs (GLORYS2v4, Lellouche et al.2013;
GloSea5, MacLachlan et al.2015; C-GLORSv7, Storto
et al.2016; ORAS5, Zuo et al.2019), constrained by sat-
ellite and in-situ observations and driven by ERA-
Interim atmospheric reanalysis (Dee et al.2011).

Each ORA uses the ocean component of the state-of-
the-art NEMO model at eddy-permitting resolution (1/

4° horizontal resolution), but the data assimilation tech-
niques and the sea ice models di� er (three ORAs
employ the LIM2 sea ice model, one CICE4.1 that
includes more complex physics compared to LIM2).
Each of the reanalyses assimilates satellite sea surface
temperature (SST), sea level anomalies, sea-ice concen-
trations and in-situ temperature and salinity. Details of
each reanalysis product are in the above-mentioned
studies. Single products as well as the multi-model
ensemble are available from the beginning of the satel-
lite altimetric era, January 1993 up to December 2020
(only Near Real Time altimetry data are ingested by
the assimilation systems for the last six months).

The total ice is here split into three di� erent zones.
Due to the lack of wave estimations in the region and
the availability of SIC observed-data, we use the concen-
tration-based de� nitions for the GREP (product ref 2.4.1)
output as well as the observational dataset (product ref
2.4.2), on their original grids. The consolidated pack ice
is then de� ned by a SIC from 0.80 to 1. The MIZ is ident-
i� ed by SIC in the 0.15–0.80 range. Sparse sea ice covers
regions with SIC lower than 0.15; it is worth mentioning
that such low SIC can appear inside the pack ice region as
well, in areas of potential polynyas.

To map Antarctic MIZ from satellite data record, we
use the NOAA/NSIDC Climate Data Record (hereafter
CDR, Meier et al.2017, product ref. 2.4.2) that provides
a combination of SIC estimates from two well-estab-
lished algorithms (NASA Team and Bootstrap), redu-
cing the overall low bias in a fully automated
procedure (Peng et al.2013). We use the merged pro-
duct as each algorithm has di�erent pros and cons.
Stroeve et al. (2016) analysed the Antarctic MIZ from
the NASA Team (NT) and Bootstrap (BT) data, and
showed that (1) the BT algorithm halves the MIZ and
doubles the consolidated pack ice area compared to
the NT algorithm; (2) trends are also di�erent with
the BT indicating no statistically signi� cant trends in
the MIZ, and NT statistically signi� cant positive MIZ
trends in spring. The root mean square errors of SIC
between the ensemble mean and NOAA/NSIDC CDR
(product ref 2.4.2) is presented for September and Feb-
ruary climatology over the period 1993–2019 (Figure
2.4.1). A RMSE up to 10% is visible in winter time
over the Antarctic Circumpolar Current location,
while summer SIC di�ers from satellite estimates mainly
along the coastline of Eastern Antarctica where poly-
nyas and ice sheets are present. CMEMS distributes glo-
bal reprocessed SIC data from EUMETSAT OSISAF
CDR and Interim CDR. This data set is ingested by
some of the data assimilation systems employed in the
ORAs constituting GREP (product ref 2.4.1), and
hence not used for comparison in this study.
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For all products, we analyse monthly means of SIC
(the fractional coverage of an ocean grid-cell area cov-
ered with sea ice) to compute SIE as the total ocean
area of all grid-cells with SIC exceeding 0.15. Thus,
the MIZ extent represents the total area of ocean
where SIC is comprised between 0.15 and 0.80. SIE is
widely used as polar climate indicator minimising the
e�ects of uncertainties in passive microwave estimates
(e.g. Meier and Stewart2019) compared to sea ice frac-
tion and area. Our results are presented as hemispheric
average, but we also show that sea ice variability and
trends can regionally di� er from the circumpolar ones.

2.4.3. Results

The climatological mean seasonal cycle of Antarctic
MIZ does not follow total extent seasonality (Figure
2.4.2). While both reach minima in February, the MIZ

extent peaks after the annual total (and pack) sea-ice
maximum, generally occurring in September. On aver-
age, the MIZ advance needs about 10 months to pro-
gress from near the coast in February to its most
equatorward maximum and about only 2 months to
return to a minimum. The seasonal cycle of total SIE
is dominated by the pack ice variability, with a shorter
advance period (about 7 months) and longer retreat
(about 5 months).

Figure 2.4.3compares GREP (product ref 2.4.1) and
CDR (product ref 2.4.2) time evolutions of MIZ and
total SIE in four speci� c months [February (summer
extent), May (growing season), September (winter
extent) and December (melting season)]. There is a gen-
eral good agreement between the observational esti-
mates and the ensemble mean. For each month, GREP
(product ref 2.4.1) is able to correctly reproduce the
amounts of marginal ice and their interannual variabil-
ity. GREP (product ref 2.4.1) SIE stays always within
observational uncertainties. From the melting period
to the summer minimum, GREP (product ref 2.4.1)
MIZ interannual variability is consistent with satellite
estimates, but overestimates MIZ extent indicating
overall lower pack ice extent compared to observed
data (product ref 2.4.2).

While total SIE (and pack ice extent) ranges from a
summer minimum in February (always well under 5 ×
106 km2) to a winter maximum in September (always
well over 18 × 106 km2) in both GREP (product ref
2.4.1) and CDR (product ref 2.4.2) (Figures 2.4.2and
2.4.3), the MIZ presents a minimum in February

Figure 2.4.1.GREP SIC root mean square error for September
(left), and February (right) averaged over 1993–2020 as derived
from NOAA/NSIDC CDR (product ref. 2.4.2).

Figure 2.4.2.Mean seasonal cycle of total SIE (solid) and MIZ extent (dashed), from GREP (red, product ref. 2.4.1) and satellite esti-
mates (black, product ref. 2.4.2), with individual ORA products (thin lines), for the 1993–2020 period. The seasonal cycles of pack ice
(dash-dotted lines) and sparse ice (dotted lines) are also presented.
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(generally higher than the minimum pack ice extent), to
expand during the growing season when sea ice tends to
aggregate and get denser, rapidly increasing the pack ice
zone. In September, MIZ comprises about 25% of the
total maximum extent but it does not reach its widest
extent; it continues to expand toward the end of the
year, to exceed again the pack ice extent during
the melting season. The fraction of MIZ related to the
total SIE is slightly overestimated in December and Feb-
ruary by GREP (product ref 2.4.1), to follow more clo-
sely observed data in the growing season.

Time evolution of MIZ extent in each month has
experienced no or little signi� cant trends for 1993–
2020 in both CDR (product ref 2.4.2) and GREP (pro-
duct ref 2.4.1)– monthly-mean trends are listed in
Table 2.4.1. The reduction in the minimum MIZ extent
after 2016 is clearly visible and properly reproduced in
GREP (product ref 2.4.1), as the extent increase in
2020. Trends in GREP (product ref 2.4.1) generally fol-
low CDR (product ref 2.4.2). The hemispheric-wide SIE

trends for February are negative in both products, dri-
ven by the MIZ decrease. During the ice expansion
phase (in May), the negative trends in total SIE result
from the reduction of the consolidated pack ice. In Sep-
tember, CDR (product ref 2.4.2) and GREP (product ref
2.4.1) exhibit opposing trends in the pack ice and MIZ,
they compensate each other to result in a lack of trend in
the total extent. During the melting period (in Decem-
ber), negative trends in the pack ice are comparable
between the two products, but GREP (product ref
2.4.1) reproduces no trend in the MIZ too, with a larger
decline in the total extent.

As a consequence of the similarities between CDR
(product ref 2.4.2) and GREP (product ref 2.4.1) in esti-
mating total and MIZ extent, the two products agree
also in terms of the average locations of the MIZ. We
illustrate the MIZ expansion and contraction, and assess
the consistency between reanalysis products and
observed estimates of MIZ locations, as shown inFigure
2.4.4. There is close agreement in the average latitude

Figure 2.4.3.Time-series of Antarctic SIE (solid) and MIZ extent (dashed) from GREP (red, product ref 2.4.1) and CDR (black, product
ref. 2.4.2) for February, May, September, and December. Thin lines represent the single ORAs. An error bar of 10% has been applied to
the observational output (product ref. 2.4.2).
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changes between the two products. The time evolution
of the monthly-averaged position of the MIZ shows
that the spatial pattern of the MIZ in GREP (product
ref 2.4.1) and CDR (product ref 2.4.2), and its seasonal
and interannual variability are again consistent, as well
as the timing of MIZ advance and retreat. The location
of the minimum MIZ extent slightly moves toward the
equator in the last decade, while May and December
show a contraction of the MIZ in the most recent
years, from 2016. In the growing season, this is mainly
due to the reduction of total SIE. The averaged latitude
of MIZ is relatively constant in September and persist-
ent at � 62°S. Although the extent of marginal ice
increases until the end of November/December and
then its percentage stays nearly constant at this maxi-
mum extent, the December-average MIZ position and
the outer ice edge move poleward. This is explained
by the quick retreat of the inner pack ice starting in
the end of September.

Satellite observations show that the small changes
in total Antarctic sea ice over the last three decades
mask a dipole pattern of regional changes, with sub-
stantial regional trends of increasing ice extent, pri-
marily in the Ross and Weddell Seas, and decreasing
ice extent in the Bellingshausen and Amundsen Seas
(Parkinson2019). There are complex spatial patterns

of change in advance, retreat and duration, forced
by wind-driven sea ice drift and ice-ocean heat
� uxes. The accuracy of GREP (product ref 2.4.1) per-
formances is investigated also on regional scales using
maps of seasonal trends in sea ice concentration
during 1993–2020 (Figure 2.4.5). The trends of simu-
lated Antarctic SIC have large spatial di�erences that
greatly agree with observed ice. They both show that
the largest trends are present in the regions covered
by marginal ice (see contour lines inFigure 2.4.5).
From a seasonal perspective, summer (DJF) and
autumn (MAM) have the largest and signi� cant trends
in both products. GREP (product ref 2.4.1) SIC exhi-
bits negative trends in the Bellingshausen-Amundsen
Sea and in Ross Sea, areas showing rapid regional
warming. In summer and autumn, pronounced posi-
tive trends occur on the western Weddell Sea and
north of the Antarctic Peninsula– they are due to a
combination of processes, as changes in the atmos-
pheric dynamics and wind patterns (e.g. Holland
and Kwok 2012; Meehl et al.2016; Vichi et al. 2019;
Blanchard-Wrigglesworth et al.2021), changes in the
vertical structure of the near-surface water column
(Goosse and Zunz2014; Venables and Meredith
2014), freezing of low-salinity surface water from the
ice sheet (Bintanja et al.2013; Pauling et al.2016;
Haid et al. 2017). In all regions, the trends start to
grow in spring (SON) resulting in the maximum sum-
mer trends. In winter (JJA), where the extent of the
consolidated pack ice dominates, the largest positive/
negative trends are located close to the ice edge
(where ice distribution is mostly constrained by
ocean dynamics). The spring Antarctic sea ice also
shows a zonal wave-number-two structure, with a
maximum in the Paci� c sector and a minimum
close to Davis Station (located on the Ingrid Christen-
sen Coast in East Antarctica), similar to those in
spring, except for the di�erence in the value.

2.4.4. Discussion and conclusions

The region covered by marginal ice is highly sensitive to
atmospheric and oceanic forcing, changes in the MIZ
extent can a�ect the level of atmosphere-ocean heat
and gas exchanges the area of partially ice-covered
ocean and can have implications for the polar ecosys-
tems. Thus, investigation of changes of Antarctic MIZ
supports understanding the Antarctic sea ice variability
on di� erent spatial and temporal scales.

We have analysed the evolution of the Antarctic MIZ
as represented in the Global Reanalysis Ensemble Pro-
duct (product ref 2.4.1) and compared it to a satellite-
derived dataset (product ref 2.4.2). A detailed

Table 2.4.1.Slopes of trend lines (computed as linear least-
squares regression) for the extent of marginal ice,
consolidated pack ice and total ice for February–December
(1993–2020) for both GREP (product ref 2.4.1) and CDR
(product ref. 2.4.2).
Month Ice classes CDR GREP

February MIZ extent Š7.69 Š18.65
Pack ice extent 4.32 5.97
Total extent Š3.37 Š12.68

May MIZ extent 5.36 1.58
Pack ice extent Š18.79 Š21.56
Total extent Š13.42 Š19.97

September MIZ extent 1.13 Š11.35
Pack ice extent Š0.39 14.12
Total extent Š0.73 Š2.77

December MIZ extent 14.65 Š0.032
Pack ice extent Š14.96 Š17.13
Total extent Š0.303 17.162

Notes: Values are listed in 103 km2 per year. Bold indicates a signi� cant slope
with p< 0.05. The ensemble-mean MOC trend over 1993–2019 is also
shown. All volume transports are referenced to zero at the surface to
allow comparison with observations from Li et al. (2021). The ensemble-
mean is calculated over the OSNAP observational period and over the
full 1993–2019 ensemble period. The ensemble-mean uncertainty is
equal to two times the standard deviation of the time-mean transport
across the ensemble and its monthly-mean variability (and that of the
observations) is equal to two times the standard deviation of the
monthly-mean transports over the timeseries. ORAS5 is excluded from
the ensemble-mean and uncertainty across all sections (see text).
OSNAP observational estimates and uncertainties of the MOC (Li et al.
2021), and MHT and MFT (Lozier et al.2017) are calculated using a
Monte Carlo simulation. Estimates using the observed monthly-mean
transports are in brackets. The OSNAP observational period is 2014–
2018 for the MOC, and 2014–2016 for the MHT and MFT.
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understanding of mechanisms driving Antarctic sea ice
classes is out of the scope of this contribution. Here, we
want to assess the reliability of the sea ice concentration
provided by the GREP ensemble mean (product ref
2.4.1) in discriminating the MIZ from the consolidated
pack ice, and in reproducing the space/time evolution of
the Antarctic MIZ from 1993 through 2020.

A challenge in the validation arises as to which long-
term sea ice concentration data record to use. There are
dozens of algorithms available, whose SICs are not
necessarily consistent with each other (e.g. Ivanova
et al. 2015; Stroeve et al.2016). We derived monthly
SIC � elds from NOAA and the National Snow and Ice
Data Center Climate Data Record (product ref 2.4.2),
a long-term, consistent, satellite-based passive micro-
wave record of sea ice concentration that leverages
two well-validated concentration algorithms. This data
set is not directly included in the data assimilation sys-
tems of the GREP (product ref 2.4.1) components.

GREP (product ref 2.4.1) is shown to properly rep-
resent the variability of minima and maxima in MIZ

extent as well as its interannual variability during the
growing and melting seasons. More evident discrepan-
cies between GREP (product ref 2.4.1) and CDR (pro-
duct ref 2.4.2) occur during summer, when the spread
among individual ORA increases: one product tends
to underestimate MIZ extent and another to overesti-
mate pack ice extent.

The accuracy of the GREP ensemble mean (product
ref 2.4.1) has already been assessed for a range of
ocean applications (Storto et al.2019). Although the
four reanalyses included in GREP (product ref 2.4.1)
employ the same ocean model and atmospheric forcing
dataset, di�erences in ice models, data assimilation sys-
tems and observational datasets, air–sea� ux formu-
lations, initialisation strategy, and model con� guration
parameters, contribute to the ensemble dispersion.
The ensemble-mean GREP always beats individual
members in representing changes in the extent of total
and marginal ice, in the Southern Ocean. The quality
of GREP (product ref 2.4.1) is comparable to that of sat-
ellite data sets and the di�erences between GREP

Figure 2.4.4.Time series of monthly-averaged latitudes of MIZ for GREP (red, product ref. 2.4.1) and CDR (black, product ref. 2.4.2) in
February, May, September, and December.
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Figure 2.4.5.Map of seasonal trend in sea ice concentration (% yrŠ1) from CDR (product ref. 2.4.2) and GREP (product ref. 2.4.1) in (a)
winter (JJA), (b) spring (SON), (c) summer (DJF), and (d) autumn (MAM), for the 1993–2020 period. Contours indicate the SIC at 0.15
(green) and 0.8 (magenta). Dots show 95% signi� cance. JJA: June-July-August; SON: September-October-November, DJF: December-
January-February; MAM: March-April-May.
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(product ref 2.4.1) and CDR (product ref 2.4.2) are com-
parable or even smaller than di� erences between di�er-
ent algorithms (Stroeve et al.2016).

Nevertheless, the potential of the reanalysis ensemble
emerged, but with a list of caveats that might be over-
come in future works. The MIZ is very dynamic, making
it challenging to provide precise delimitations using
monthly SIC that are in turn sensitive to growth/melt
processes and air–sea interface conditions. Future inves-
tigation of the ice classes variability in GREP (product
ref 2.4.1) might bene� t from reanalyses and observed
values at higher time resolution, and focus on regional
changes to better link MIZ extent to dynamical inter-
actions with ocean and atmosphere, and feedback
from rapid extreme events on seasonal and sub-seasonal
scales. Improvement in data assimilation techniques,
space–time data coverage the ice-covered Southern
Ocean regions, and availability of other ice properties
(such as thickness and drift) from satellite measure-
ments will most probably boost the quality of ORAs
and GREP (product ref 2.4.1) in polar regions.

Section 2.5. The Atlantic Meridional
Overturning Circulation forcing the mean sea
level in the Mediterranean Sea through the
Gibraltar transport

Authors: Simona Masina, Nadia Pinardi, Andrea Cipol-
lone, Deep Sankar Banerjee, Vladyslav Lyubartsev, Kar-
ina von Schuckmann, Laura Jackson, Romain Escudier,
Emanuela Clementi, Ali Aydogdu, Doroteaciro Iovino
Statement and main outcome:Understanding the
causes of the variability of the North Atlantic and Med-
iterranean overturning circulations, and the possible
correlation between them is important to disentangle
the processes which link the two ocean basins. In this
study, we hypothesise that the Gibraltar in� ow transport
is the main driver of the basin-mean sea surface height
variability in the Mediterranean Sea and that they are
both anti-correlated to the Atlantic Meridional Over-
turning Circulation (AMOC) in the North Atlantic.

We analyze here the AMOC and the Mediterranean
mean sea surface height (SSH) in an ensemble of
eddy-permitting (¼ degree) global ocean reanalyses
constrained by observations and historical forcing
over the period 1993–2019. Furthermore, we calculate
the Gibraltar in�ow transport, which is part of the Med-
iterranean Zonal Overturning Circulation (ZOC) upper
branch (Pinardi et al.2019), using the latest release of
the 1/24 degree Mediterranean Reanalysis (Escudier et
al. 2020, 2021). In this contribution, � rstly we extend
the results obtained with observations (2004–2017
period) by Volkov et al. (2019) and con� rm the anti-

correlation between the Mediterranean mean sea level
and the upper branch of the AMOC at 26.5°N over
the 1993–2019 period. Secondly, for the� rst time, we
examine the correlation of the di�erent components
of the AMOC and the Gibraltar in�ow transport and
� nd signi� cant anti-correlations at interannual time
scales.

We show that during years of weaker/stronger
AMOC and higher/lower SSH in the Mediterranean
Sea, a stronger/weaker Azores Current results in stron-
ger/weaker Gibraltar in�ow transport. We argue that
the direct wind forcing mechanism suggested by Volkov
et al. (2019) as a common driver for both the AMOC
and the Mediterranean SSH is instead indirect, produ-
cing � rst a changed Gibraltar transport which in turn
triggers a change in Mediterranean Sea mean SSH.

Products used:

Ref.
No. Product name & type Documentation

2.5.1 MEDSEA_MULTIYEAR_PHY_006_004,
Reanalysis

PUM:https://marine.
copernicus.eu/
documents/PUM/
CMEMS-MED-PUM-
006-004.pdf

QUID:https://marine.
copernicus.eu/
documents/QUID/
CMEMS-MED-QUID-
006-004.pdf

2.5.2 GLOBAL_REANALYSIS_PHY_001_031,
Reanalysis

PUM:https://marine.
copernicus.eu/
documents/PUM/
CMEMS-GLO-PUM-001-
031.pdf

QUID:https://marine.
copernicus.eu/
documents/QUID/
CMEMS-GLO-QUID-
001-031.pdf

2.5.1. Introduction

The link between the Atlantic Meridional Overturning
Circulation (AMOC) (Marshall and Speer2012; Buckley
and Marshall2016; Cessi2019) and the Mediterranean
zonal and meridional overturning (Pinardi et al.2019)
has been barely discussed in the literature, including
modelling studies. This is partially due to the fact that
the communities working on the AMOC and the Med-
iterranean circulation have been so far focused on
di�erent aspects.

The overturning circulations in the Atlantic Ocean
and the Mediterranean Sea play a key role in setting
the strati� cation of the respective basins and regulating
the regional ocean carbon budgets and contribute to the
supply of oxygen and other tracers from the surface to
the deep ocean (Jaccard and Galbraith2012). Several
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e�orts have been dedicated to the estimate of temporal
variability of the AMOC in observations (McCarthy
et al.2015among many), model studies (e.g. Danabaso-
glu et al.2016) and reanalyses (Jackson et al.2019) due
to the AMOC impacts on heat, salt and carbon trans-
ports in the Atlantic Ocean and its role in the global
coupled climate system (Buckley and Marshall2016).
A few aspects of the linkages between the North Atlantic
and the Mediterranean Sea intermediate and deep verti-
cal circulation have been investigated, and correlations
have been found between the Mediterranean deep-
water formation in the Gulf of Lion and the North
Atlantic Oscillation (Rixen et al.2005). Other studies
have focused on the impact of the Mediterranean
Over� ow Water (MOW) on the North Atlantic circula-
tion (Swingedouw et al.2009; Ivanovic et al.2014) and
the salt content in the Nordic seas (Jia et al.2007). In
this study our objective is to investigate the correlations
between the AMOC and the Mediterranean Sea circula-
tion on related variables such as the mean sea surface
height and the Gibraltar transport.

The mean sea level in the Mediterranean is connected
to the Gibraltar net volume transport, water� uxes and
air–sea buoyancy� uxes in the Mediterranean Sea
(Pinardi et al.2014). Soto-Navarro et al. (2010) esti-
mated a mean net volume transport through Gibraltar
of � 0.04 Sv for the period October 2004 to January
2009. It is the result of the di�erence between the larger
in� ow of cold and fresher Atlantic waters (� 0.8 Sv) and
the smaller intermediate and deep out� ow transports
(� 0.76 Sv). These transports are evaluated considering,
respectively, the positive (eastward) and negative (west-
ward) zonal velocities integrated along theŠ5.5°E sec-
tion. This two-layer � ow is connected to the upper
and lower branch of the Zonal Overturning Circulation
(ZOC) recently described in Pinardi et al. (2019).

Recently, Volkov et al. (2019) found that the AMOC
is highly anti-correlated with the mean sea level in the
Mediterranean Sea. They suggested the Mediterranean
Sea level responds to a mechanism related to an ocea-
nic-gyre-scale change due to the North Atlantic Oscil-
lation (NAO) which modi� es the AMOC strength.
However, their proposed mechanism correlating
AMOC with the Mediterranean mean sea level did not
take into account the analysis of the water transport at
Gibraltar. In this contribution, we investigate how this
mechanism is related to the Azores Current and the
Gibraltar in� ow transport. Previous works based on
observational data provided evidence of the adjustment
of the Azores Current to large-scale atmospheric forcing
in the North Atlantic (Volkov and Fu2011) and of the
exchange through the Gibraltar Strait driven by the
Azores Current (Carracedo et al.2014).

Usingan ensemble of global and regional reanalyses,
we investigate the correlation between AMOC, the sea
level in the Mediterranean Sea and the Gibraltar
in� ow transport. The ability of the global ensemble rea-
nalysis to capture the observed changes from the RAPID
and OSNAP arrays has been already shown (von
Schuckman et al.2018; Baker et al.2022, this issue)
while the Mediterranean overturning circulation, both
in its meridional and zonal components, have only
been recently computed (Waldman et al.2018; Pinardi
et al.2019; Von Schuckmann et al.2020) but not directly
related to the Atlantic counterparts.

In summary, the� rst objective of this work is to
con� rm the results obtained by Volkov et al. (2019)
using global and regional reanalyses (instead of obser-
vations as in Volkov’s paper) and prove that the corre-
lations between the AMOC and sea level in the
Mediterranean Sea are still valid over longer time
periods (1993–2019 vs 2004–2017). The second objec-
tive is to show that the wind-driven mechanism
suggested by Volkov to explain the anti-correlation
between the AMOC and mean sea level in the Mediter-
ranean Sea is acting to modify the mass in� ow transport
at Gibraltar mainly due to induced changes in the
Azores Current strength.

2.5.2. Methods and data sets

In this paper, we concentrate on the AMOC transport at
26.5°N because the� rst objective is to reproduce Volk-
ov’s analysis with reanalysis data, verifying that the rea-
nalysis contains the signals identi� ed from observations.

The AMOC transport at 26.5°N is approximately
subdivided among three di�erent components (Buckley
and Marshall2016):

TAMOC � TFC + TEK + TUMO (1)

where: (i)TFC is the meridional transport through the
Florida strait; (ii) TEK is the Ekman meridional trans-
port, here calculated from the ERA5 zonal wind stress;
(iii) TUMO is the upper mid-ocean transport down to
1100 m derived at the section between the Bahamas
and the western coast of Africa.

In the RAPID estimate of the AMOC transport, the
three components of Equation (1) are independently
estimated and summed to generate the� nal transport
(Cunningham et al.2007; McCarthy et al.2015). In
the following, the same strategy will be used to construct
the AMOC transport from the model outputs using the
meridional velocities taken from the CMEMS Global
Reanalysis Ensemble Product– GREP (product ref.
2.5.2). The calculations are based on the CDFTOOLS
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diagnostic package (https://github.com/meom-group/
CDFTOOLS) and for simplicity we will refer to (1) as
RAPID-like decomposition.

The Mean Sea Surface Height (MSSH) over the Med-
iterranean Sea, MSSHMS, has been calculated from the
GREP outputs as well, with the addition of the steric
components, calculated from the GREP temperature
(T ) and salinity (S) pro� les. The MSSH is de� ned as:

MSSHMS = hI + hs Š Mg (2)

wherehI is the incompressible component of the sea
level,hs is the steric component andMg is the global
area average of the monthly mean incompressible and
steric components. The brackets indicate the averages
in the Mediterranean basin only, normalised by the sur-
face area of the Mediterranean Sea. The steric com-
ponent is approximated by the density anomaly as
follows:

hs � Š
1
r 0

� 0

ŠH
dr(T, �S)dzŠ

1
r 0

� 0

ŠH
dr(�T, S) dz (3)

where r 0 is the reference sea-water density (1025 kg/
m3), the depth H is� xed at 2000 m and the density
anomaly is de� ned with respect to aT, S time mean
value,�T and �S:

dr(T, �S) = r (T, �S) Š r (�T, �S) anddr(�T, S)

= r (�T, S) Š r (�T, �S) (4)

Following Pinardi et al. (2014), the sea level tendency
can be written as:

d
dt

h = Š
Tr

V
Š qW +

d
dt

hs (5)

whereTr is the net outward transport at Gibraltar,V is
the Mediterranean Sea surface area and
qW = � EŠ PŠ R� is the net freshwater� ux at the air–
sea interface (E is the evaporation,P the precipitation
andRthe runo�) and h = hI + hs. Using the de� nition
of the terms in (2), we obtain:

d
dt

[MSSHMS + Mg] = Š
Tr

V
Š qW +

d
dt

hs (6)

The net outward transport at Gibraltar is furthermore
given by:

Tr = Š Finflow + Foutflow (7)

where the Gibraltar in�ow transportFinflow is de� ned
as:

Finflow(x, t) =
� yB2

yB1

� 0

Šh
H[u(x, y, z, t)]u(x, y, z, t) dz dy

(8)

wherex = 5.5W is the longitude of the narrowest part
of the Gibraltar Strait,H is a Heaviside step function
to process only in�ow eastward currents,h is the bottom
depth. The Finflow is here calculated from the latest
release of the 1/24 of degree Mediterranean Reanalysis
(product ref. 2.5.1).

The Gibraltar out� ow transport is de� ned as in (8)
but for the westward currents. In conclusion:

d
dt

[MSSHMS + Mg] =
Finflow

V
Š

Foutflow

V
Š qW

+
d
dt

hs (9)

Thus, we expect the Gibraltar in�ow transport to be cor-
related with positive tendencies of the mean sea level at
the Mediterranean Sea and global scales (the termMg).
We neglect the freshwater� ux and the time derivative of
the steric component since they have a large seasonal
signal that will be subtracted in the present analysis.
Furthermore, we neglect the out� ow component
which is mainly connected to the water mass transform-
ation processes occurring in the Mediterranean Sea on
longer time scales.

Pinardi et al. (2019) de� ne the Zonal Overturning Cir-
culation (ZOC) of the Mediterranean Sea connecting the
Gibraltar baroclinic transports to the zonal vertical circu-
lation in the upper 600 m, similar to the so-called Wüst
circulation (Wüst1961). The Finflow, partially forced by
the Atlantic waters and currents, is part of the upper
branch of the ZOC and it is expected that a correlation
should exist between the vertically integrated transport
in the Atlantic, as expressed byTAMOC, MSSHMS and
Finflow, the latter two being connected by (9).

2.5.3. Results

In Figure 2.5.1(a) we display the monthly time series of
MSSHMS (annual and semi-annual harmonics removed,
following Volkov et al.2019), TAMOC and Gibraltar
Fin�ow . Their correlations at zero-lag are reported in
Figure 2.5.2. The weakTAMOC events are associated
with high MSSHMS. In particular, the three exceptional
events of AMOC minima in 2010, 2011 and 2018 corre-
spond to maxima in MSSHMS, larger than 5 cm. In gen-
eral, the anticorrelation between the two variables is
particularly strong (Š0.45) during the (2004–2017)
period (seeFigure 2.5.2), in agreement with the� ndings
of Volkov et al. (2019).

We con� rm that the TEK is the component of the
TAMOC most anti-correlated with MSSHMS (Š0.31
over the whole period andŠ0.41 from 2004 to 2017,
close to the value ofŠ0.43 found by Volkov et al.
(2019), seeFigure 2.5.2).
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As shown in Volkov et al. (2019), during years of
high sea level in the Mediterranean the subtropical
and subpolar centres become weaker and shifted south-
ward by about 10 degrees with respect to the climatolo-
gical mean state. These changes are associated with a
southward shift of westerlies, which become more
zonal. At the same time, the usually northward Ekman
transport at 26.5°N (directed to the right of the wind

direction in the Northern Hemisphere) weakened to
almost zero and therefore reduced the AMOC
transport.

We have done a similar analysis but using the ocean
currents and found that during periods when the
MSSHMS is higher than 4 cm the Azores Current
strengthens (Figure 2.5.3) inducing an increased
in� ow transport at Gibraltar. In this work we therefore

Figure 2.5.1.(a) TheTAMOC(black line), MSSHMS(annual and semi-annual harmonics removed) (green line) and the Gibraltar in� ow
transport (red line) over the period 1993–2019. Note that the y axis for theTAMOCtransport is reversed. (b) The 12 month running
mean (also detrended) of totalTAMOC(black line), the MSSHMSaveraged in the Mediterranean basin (green line),TUMO(blue line),
TEK(yellow line) and the Gibraltar in� ow transportFin� ow (red line) over the period 1993–2019 (mean and linear trend also removed).
Note that the y axis for the AMOC transport is reversed. (c) Lagged correlations between the di�erent components of theTAMOC,
MSSHMS and the GibraltarFin� ow over the period 1993–2019. (d) Same as in (c) but for the period used in Volkov et al. (2019):
April 2004, Feb 2017. The 95% signi� cance level for correlation is indicated by the dashed grey line (0.37 and 0.51 at zero lag for
the longer and shorter period, respectively). Signi� cance level over a 12-month running mean is calculated by assuming one inde-
pendent degree of freedom per year. Product ref. 2.5.1 is used for the Gibraltar in� ow transport, and product ref. 2.5.2 for all the
other variables.
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show that the southward shift of westerly winds induces
a strengthened Azores Current which induces an
increased in�ow transport at Gibraltar and, ultimately
an increased sea level in the Med Sea.

The Gibraltar in�ow transport is positively correlated
with MSSHMS and the maximum correlation happens at
time lags of a few months (1 month for the period 1993–
2019 and 3 months for the period 2004–2017, seeFigure
2.5.4) as expected by equation 9 and suggesting a fast sea
level adjustment in the Mediterranean Sea in response
to in� ow changes at Gibraltar. We argue that the Gibral-
tar in� ow represents the upper branch of the ZOC
transport being driven by the mass transport into the
Mediterranean Sea through the Gibraltar Strait at
monthly and interannual time scales. At longer time
scale, other processes are activated, such as water mass
transformation in the Mediterranean Sea, which is
why we have not used more integrated indicators of
the ZOC (such as the maxima of the zonal transport
stream function calculated by Pinardi et al.2019).

Somehow di�erently from Volkov et al. (2019), our
results indicate that the MSSHMS is also signi� cantly
anti-correlated withTUMO (Š0.25 over the whole period

andŠ0.36 in the 2004–2017 period, seeFigure 2.5.2) at
month-to-month time scales. Therefore, our results
seem to indicate that the MSSHMS variability is driven
not only by the Ekman induced transport but also by
the upper-ocean geostrophic AMOC component. How-
ever, we cannot exclude that the di�erent conclusions
with respect to Volkov et al. (2019) could partially
derive from the di�erent products used.

All the correlations remain basically unchanged
when the seasonal cycle (i.e. the annual and semi-annual
harmonics) is removed from all the time series, includ-
ing the transports (right panel ofFigure 2.5.2),
suggesting that at zero-lag the relationship between
TAMOC, MSSHMS and Fin� ow is dominated by month-
to-month variations.

In order to advance our understanding on the lower
frequency co-variability between the AMOC and the
Mediterranean Sea zonal overturning, time lagged cor-
relations have been analyzed using 12-month running
means of the time series; that is, removing the seasonal
and subseasonal variability. InFigure 2.5.1(b), we dis-
play the time series of the 12 month running means of
the MSSHMS, TAMOC, TUMO, TEK and Fin�ow where the

Figure 2.5.2.(Left panel) Correlation coe�cients between MSSHMS,(with annual and semi-annual harmonics removed), the com-
ponents of the meridional transport at 26.5°N (TAMOC,TFC, TEK, TUMO) and the Gibraltar in� ow transport (Fin� ow). (Right panel) Same
as in the left panel but between the time series from which annual and semi-annual harmonics have been removed also in the trans-
ports. The 95% signi� cance level for the correlation is 0.11 and 0.16 for the longer and shorter period, respectively. Grey solid line
(signi� cance) corresponds to the 1993–2019 period, grey dotted line (signi� cance) corresponds to April 2004– February 2017 period.
Product ref. 2.5.1 is used for the Gibraltar in� ow transport, and product ref. 2.5.2 for all the other variables.
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mean and linear trend are also removed. A clear time
lagged co-variability starts to emerge at these longer
time scales. Over the whole period of analysis, the cor-
relation between the MSSHMS and the TAMOC is
Š0.63, with MSSHMS lagging behind theTAMOC by
four months (see black line inFigures 2.5.1(c) and
2.5.4). The lagged correlation is further increased
(Š0.78) if we consider the latest period (2004–2017),
in good agreement with the Volkov et al. (2019) analysis
based on observations only, with the only di�erence
being that we� nd it at 3 months lag while in obser-
vations the lag is 6 months, maybe partially due to the
di�erent method that we use to� lter the seasonal and
sub-seasonal variability.

The negative correlation betweenTEK and MSSHMS

on interannual time scales is also signi� cant, with the
maximum increase with respect to the month-to-
month correlation which occurs over the latest period,
with the MSSHMS lagging behind theTEK by two
months (from –0.41 inFigure 2.5.2to Š0.77 inFigure
2.5.4). Over the whole 1993–2019 period the lagged

correlation is lower, similarly to what happens to the
month-to-month in phase� uctuations. At interannual
time scalesTUMO and MSSHMS are also well anti-corre-
lated in agreement with Volkov et al. (2019). The maxi-
mum correlation isŠ0.57 with the MSSHMS lagging
behind theTUMO by two months over the whole period.
The correlation increases toŠ0.66 in the most recent
period, with the southward/northward anomalies of
TUMO followed by higher/lower sea level anomalies in
the Mediterranean six month later (Figure 2.5.4).
Volkov et al. (2019) claim that theTUMO at 26.5°N is
related to the zonal di�erence in pressure and sea level
between the eastern and western boundaries of the
North Atlantic (see also Wolfe and Cessi2009). In
response to a weaker AMOC there is an increased
TUMO (in balance with the zonal pressure gradient)
which correlates negatively with the SSH at interannual
time scales. They showed that at 26.5°N the upper-mid-
ocean transport is correlated with the meridional heat
transport. This provides evidence that a reduction of
the AMOC, associated with the strengthening of the

Figure 2.5.3.Composite currents (amplitude in m/sec in colour) at 75 m depth for the years when the MSSHMSis >4 cm (panel a) and
<Š4 cm (panel b). Product ref. 2.5.2 is used.
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southwardTUMO, can lead to heat convergence in the
equatorial–tropical band and, consequently, rising sea
levels along the northwest coast of Africa and ultimately
in the Mediterranean Sea. We have reproduced and
con� rmed some of these results (not shown) even if
we found that the time lags betweenTUMO and the
MSSHMS is shorter in our case suggesting a faster read-
justment process.

At interannual time scales, the Gibraltar in� ow trans-
port shows a dramatic increase in the correlation with
TAMOC reaching a maximum (Š0.75) over the short
period (2004–2017) with the transport lagging three
months behindTAMOC. The correlation remains quite
high (Š0.53) even over the whole analysis period (see
left panel inFigure 2.5.4). The analysis over the shorter
time period shows that bothTUMO andTEK are signi� -
cantly anti-correlated with the Gibraltar in� ow at di�er-
ent time lags:Fin�ow is correlated at zero-time lag with
TEK, while TUMO precedesFin�ow by two months (see
right panel in Figure 2.5.4). We argue that the North
Atlantic wind-driven component of the overturning cir-
culation transport is 180 degree out of phase with the

Gibraltar in� ow transport at interannual time scales
while, as expected, there are a few months delay in the
correlation maxima betweenTAMOC, TUMO and Fin�ow .
This can be understood considering thatTUMO involves
the transport on the upper 1100 m water column pro-
cesses, whileFin�ow at Gibraltar is concentrated approxi-
mately in the� rst 150 m of the water column.

2.5.4. Conclusions

In this study, we discuss the connections between the
North Atlantic overturning circulation and the Mediter-
ranean Sea mean sea surface height at monthly and
interannual time scales through the Gibraltar in� ow
transport. The usage of the GREP reanalysis product
available for the period 1993–2019 allowed us to extend
the results obtained by Volkov et al. (2019) with the
observational time series at 26.5°N over the shorter
period 2004–2017. Our analysis is fully consistent with
their results. They showed that the Mediterranean
mean sea level, MSSHMS, is anti-correlated with the
upper branch of the Atlantic Meridional Overturning

Figure 2.5.4.(Left panel) Lagged correlation coe�cients between MSSHMS(annual and semi-annual harmonics removed), the com-
ponents of the meridional transport at 26.5°N (TAMOC,TFC,TEK,TUMO) and the Gibraltar in� ow transport (Fin� ow). Grey solid line (sig-
ni� cance) corresponds to the 1993–2019 period, grey dotted line (signi� cance) corresponds to April 2004– February 2017 period.
The 95% signi� cance level for correlation is 0.37 and 0.51 at zero lag for the longer and shorter period, respectively. Signi� cance
level over a 12-month running mean is calculated by assuming one independent degree of freedom per year. (Right panel) Time
lags (in month) for which the correlations in the left panel are maxima. Product ref. 2.5.1 is used for the Gibraltar in� ow transport,
and product ref. 2.5.2 for all the other variables.
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Circulation (AMOC), so-calledTAMOC, and some of its
components. When the AMOC transport is small, the
mean sea surface height of the Mediterranean Sea is
high. In addition, in this work we show that the
MSSHMS is correlated with the Gibraltar in� ow trans-
port, Fin�ow, which is representative of the upper branch
of the Mediterranean Zonal Overturning Circulation.

The novel result here is to show a clear anti-corre-
lation between theTAMOC and its components with
Fin�ow at interannual time scales, which has never
been discussed before. We argue that the wind-driven
induced changes in the North Atlantic are responsible
not only for the AMOC variability but largely also for
the variability of the Gibraltar in� ow transport through
Azores Current changes and ultimately to the Mediter-
ranean Sea overturning circulation.

We show that during years of weaker/stronger
AMOC and higher/lower SSH in the Mediterranean,
stronger/weaker Azores Current re� ects into stronger/
weaker Gibraltar in�ow transport. The direct wind dri-
ven mechanism suggested by Volkov et al. (2019) for the
AMOC is instead indirect on the Mediterranean Sea
mean SSH, producing� rst a changed Gibraltar trans-
port which in turn produces a change in Mediterranean
Sea SSH.

The correlations have maximum values at di� erent
time lags, but these depend on the speci� c time period
used for the analysis and we expect these values to have
large uncertainties. Limitations to our analysis are
inherent to the short time series (1993–2019) since deca-
dal variability cannot be resolved by the 27-year period.

In conclusion, we have connected for the� rst time the
integrated transport of the AMOC with the Mediterra-
nean Sea Gibraltar transport and suggested that the
Azores Current plays an important role. We believe
this correlation could be of great importance in the future
climate scenarios where the North Atlantic is undergoing
major changes due to Greenland ice melting and changes
in the wind forcing. Future work should consider extend-
ing this analysis to longer time series in order to be able to
discern the longer time scale correlations.

Section 2.6. Winter fertilization in the
Mediterranean Sea euphotic layer and its
relationship with Northern Hemisphere large-
scale circulation patterns

Authors: Marco Reale, Gianpiero Cossarini, Stefano
Salon, Valeria Di Biagio, Anna Teruzzi, Gianluca Coi-
dessa, Emanuela Clementi
Statement of main outcomes:The fertilization of the
Mediterranean Sea euphotic layer during winter, as a
result, for example, of strong vertical mixing driven by

the air–sea interaction, acts in the direction of mitigat-
ing the overall oligotrophic state of the basin, in� uen-
cing at the same time the size distribution of
phytoplankton and the food webs in the marine ecosys-
tems of the basin. Here we introduce marine trophic
state indicators based on the climatological 90th percen-
tile of daily winter concentration of nutrients to assess
locally the potential fertilization of the euphotic layer
and its link to Northern Hemisphere large-scale circula-
tion patterns. We found that potential fertilization in
the Western (Eastern) Mediterranean is predominantly
linked to negative (positive) states of the East Atlantic
(East Atlantic/Western Russian) patterns that shape
the heat� ux losses at the ocean surface and the associ-
ated vertical mixing.

Products used:

Ref.
No. Product name & type Documentation

2.6.1 MEDSEA_MULTIYEAR_PHY_006_004https://marine.
copernicus.eu/
documents/QUID/
CMEMS-MED-QUID-
006-004.pdf
https://marine.
copernicus.eu/
documents/PUM/
CMEMS-MED-PUM-
006-004.pdf

2.6.2 MEDSEA_MULTIYEAR_BGC_006_008https://catalogue.
marine.copernicus.
eu/documents/QUID/
CMEMS-MED-QUID-
006-008.pdf
https://catalogue.
marine.copernicus.
eu/documents/PUM/
CMEMS-MED-PUM-
006-008.pdf

2.6.3 Time series of the monthly values of the
indexes for large-scale circulation
patterns used in the present
contribution are available at NOAA
climate prediction centre

https://www.cpc.ncep.
noaa.gov/data/
teledoc/telecontents.
shtml

2.6.1. Introduction

The Mediterranean Sea is widely recognised as an oligo-
trophic basin (ultra-oligotrophic in the Eastern part),
thus characterised by low levels of nutrients concen-
tration (e.g., PO4 and NO3) and integrated net primary
production compared to the global ocean and a charac-
teristic east–west trophic gradient (Moutin and Raim-
bault 2002; Siokou-Frangou et al.2010; Lazzari et al.
2012; Di Biagio et al.2019; Reale et al.2020a). These fea-
tures result from the overlapping of di�erent physical
and biogeochemical processes, such as the anti-estuar-
ine circulation at the Gibraltar Strait, the biological
pump in the basin, water column strati� cation and the
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spatial distribution of phytoplankton-limiting growth
nutrient (e.g. PO4 and NO3) sources (Crise et al.1999;
Crispi et al.2001; Huertas et al.2012).

In some areas of the basin the oligotrophic state is
occasionally mitigated (typically in winter) by the injec-
tion of dissolved nutrients in the euphotic layer from the
deep waters, as a consequence, for example, of strong
mixing mostly driven by heat losses and wind forcing
stress acting at the sea surface (Reale et al.2020b).
This ‘fertilization’ of the water column in winter acts
to favour a decrease of the overall oligotrophy of the
basin (Siokou-Frangou et al.2010).

Over the last years, di�erent indicators have been
developed to assess the eutrophication of the European
regional basins based on satellite-derived 90th percen-
tile of the daily value of chlorophyll-a concentrations
(see Gohin et al.2019; Pardo et al.2021for a review).
On the other hand, indicators evaluating the fertiliza-
tion of the euphotic layer in winter and the relationship
between these indicators and the large-scale circulation
patterns driving the physical forcing acting on the water
column (Josey et al.2011; Papadopoulos et al.2012;
Ulbrich et al.2012; Reale et al.2020b) are still poorly
investigated. Should this relationship be established, it
could pave the way to develop seasonal forecasts of
the eutrophication tendency in the basin.

In this work, we� rst introduce two‘potential fertili-
zation indicators’, de� ned in each point of the Mediter-
ranean Sea, for each of the most relevant limiting
nutrients for phytoplankton growth (PO4 and NO3),
based on their climatological daily winter 90th percen-
tile (hereafter: 90th). Secondly, we associate the indi-
cators with the temporal variability of the main
Northern Hemisphere large-scale circulation patterns
(North Atlantic Oscillation, East Atlantic, East Atlantic/
Western Russia and Scandinavian pattern). Thirdly, we
discuss the possibility of using the established link to
develop seasonal forecasts for the eutrophication ten-
dencies in some areas of the basin.

2.6.2. Materials and methods

We derived the‘potential fertilization indicators’ for
dissolved nutrients in the Mediterranean Sea using 3D
daily PO4 and NO3 � elds provided by the 1999–2019
CMEMS biogeochemical reanalysis at 1/24° horizontal
resolution and 125 vertical levels (MEDSEA_MUL-
TIYEAR_BGC_006_008, product reference 2.6.2). The
CMEMS biogeochemical reanalysis is produced by the
OGSTM-BFM-3DVarBio model (Salon et al.2019; Cos-
sarini et al.2021; Teruzzi et al.2021) coupled o�-line
with the physical NEMO-OceanVar model (Escudier
et al. 2021) that is forced with ERA5 atmospheric

� elds. The biogeochemical reanalysis assimilates surface
chlorophyll-a estimates from satellite ocean colour
while NEMO-OceanVar model assimilates satellite sea
surface height and in-situ pro� les of temperature and
salinity (MEDSEA_MULTIYEAR_PHY_006_004, pro-
duct reference 2.6.1). The two reanalyses have been
extensively validated (Cossarini et al.2021; Escudier
et al.2021) following the CMEMS product quality stan-
dard guidelines (Hernandez et al.2018).

Recently, several indicators to assess the eutrophic
state of the mid-latitude lakes or ocean basins were
developed using di�erent percentile thresholds (75th,
90th, 95th) of the daily values distribution computed
for the entire water bodies or locally in each point of
the basin (e.g. Poik� ne et al.2010; Desmit et al.2018;
Gohin et al.2019; Greenwood et al.2019; Brito et al.
2020; Pardo et al.2021). Here we use the 90th percentile
as a measure of the richness in nutrients or fertilization
of the euphotic layer in each point of the domain before
the onset of strati� ed spring conditions, which lead to
the phytoplankton blooms. Although arbitrary, the
90th percentile has been chosen in several other studies
to characterise the mid-latitude basins eutrophic state
(Desmit et al.2018; Gohin et al.2019; Pardo et al.2021).

In order to compute the climatological 90th percen-
tile we� rst averaged the concentration of both nutrients
over the� rst 100 m of the water column, which can be
considered approximately the thickness of the euphotic
layer in the basin. Secondly, we considered in each grid
point of the domain the 90th percentile of the daily win-
ter concentration of PO4 and NO3 (hereafter: 90thPO4

and 90thNO3) in the period 1999–2019, where winter
corresponds to December, January and February (here-
after: DJF). The 90th percentile threshold is calculated
in each point of the basin in order to evaluate the poten-
tial fertilization in relation to the local mean trophic
level, as recently proposed for local extreme events in
Di Biagio et al. (2020).

Then, we de� ned for each point of the basin a‘poten-
tial fertilization indicator’ for PO4 and NO3 (hereafter:
FEPO4 and FENO3) as the number of days (not necess-
arily consecutive) in each winter month of the period
1999–2019 when the value of PO4 and NO3 is greater
than 90thPO4 and 90thNO3, respectively. In this work
the term‘fertilization’ refers to the accumulation of phy-
toplankton limiting-growth nutrients in the euphotic
layer because of di�erent processes acting locally such
as input (e.g. vertical mixing, riverine input) or lack of
consumption. The higher is the value of the index, the
more e� cient are these processes to accumulate the dis-
solved nutrients in the euphotic layer. On the other
hand, the adjective‘potential’ refers to the fact that the
presence of high values of nutrients in the euphotic
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layer is a necessary but not su� cient condition for the
development of the phytoplankton blooms. In fact,
beside the nutrient content of the euphotic layer,
other processes may impact the intensity and temporal
evolution of the spring blooms (Mayot et al.2017).

This formulation allows us to investigate whether the
highest values of both FEPO4and FENO3 at each point of
the basin could correspond to a particular state of the
Northern Hemisphere large-scale atmospheric circula-
tion patterns which shape heat� uxes and, in turn, the
vertical mixing in the basin, which is one of the main
drivers of the nutrients’dynamics in the euphotic
layer (Josey et al.2011; Papadopoulos et al.2012;
Reale et al.2020b).

In this work, in order to characterise the temporal
variability of large-scale circulation patterns we use their
available monthly indexes that are standardised with
respect to the climatology of 1981–2010 (product refer-
ence 2.6.3). The large-scale circulation patterns here con-
sidered are: North Atlantic Oscillation (NAO), East
Atlantic (EA), East Atlantic/Western Russian (EAWR)
and Scandinavian pattern (SCAN), which have been
widely recognised as important drivers of the physical for-
cing and of the biogeochemical dynamics of the Mediter-
ranean basin in winter (Josey et al.2011; Papadopoulos et
al. 2012; Ulbrich et al. 2012; Reale et al.2020b).

In order to investigate at which extent the highest
monthly values of FEPO4 and FENO3 in each point of
the basin correspond to a particular large-scale circulation
pattern monthly state, we selected all those winter months
when FEPO4and FENO3 are greater than seven and com-
puted the mean values of the four large-scale circulation
patterns indexes for those months (hereafter: SP+). The
threshold of seven days per month has been chosen
after a sensitivity analysis of the statistical signi� cance of
the relationship between large-scale circulation patterns
and the potential fertilization indicators (not shown).

Finally, we assessed if these values are statistically
di�erent from the climatological means of the four

indexes during the winter months (SPclim). The statisti-
cal signi� cance of the observed di�erence of the two
means have been assessed using a Mann–Whitney test
with p< 0.05.

2.6.3. Results

Figure 2.6.1shows the spatial distribution in the Medi-
terranean Sea of 90thPO4and 90thNO3 percentile in DJF
during the period 1999–2019. The distribution is
characterised by an east–west/south–north gradient
for PO4/NO3 whose existence has been already pointed
out in previous works (Crise et al.1999; Manca et al.
2004; Lazzari et al.2016; Richon et al.2018a,2018b;
Di Biagio et al.2019; Richon et al.2019; Reale et al.
2020a,2020b). The highest values are observed in the
deep convective areas of the basin, namely the Gulf of
Lion, Southern Adriatic Sea and the area of Rhodes
Gyre (Macias et al.2018b). Moreover, additional strong
signals can be found in the Alboran Sea, associated with
the coastal upwelling and in�ow of Atlantic water at the
Gibraltar Strait (Macias et al.2018a), in the Northern
Ionian as a consequence of the deepening of the
mixed layer depth in the area in winter (D’Ortenzio
et al.2005; Lavigne et al.2018), in the area of Northern
Tyrrhenian, Pelops and Shikmona gyres (Pinardi et al.
2015) and along the coastlines of the basin, for example
in the area of Rhone and Ebro river plumes (Western
Mediterranean Sea), in the Northern Adriatic Sea (Po
river) and in the Levantine basin at the mouth of the
Nile river. The Mediterranean riverine inputs are
characterised by high values of the N:P ratio (Lazzari
et al. 2016), thus explaining the higher NO3 concen-
trations near the river mouths which are, at least,
more than one order of magnitude greater with respect
to what is observed in the case of PO4.

During the winter season, the highest values of FE for
both nutrients are observed mainly in February in the
o�shore areas of the basin when the mixed layer depth

Figure 2.6.1.Spatial distribution of 90thPO4(a) and 90thNO3(b) percentile in the Mediterranean Sea in DJF (period 1999–2019). Values
in both panels are in mmol/m3 and have been computed using the CMEMS biogeochemical reanalysis (product reference 2.6.2)
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in the basin is at its maximum (D’Ortenzio et al.2005;
Houpert et al. 2015), whilst relatively lower values
occur at the river mouths (such as the Po and Nile),
in the Gulf of Gabes and in the Alboran Sea. In this
case vertical mixing plays a twofold role: (i) it enriches
nutrients in the euphotic layer eroding the nutricline;
and (ii) it prevents concentration of phytoplankton at
the surface by dilution. Moreover, sunlight is minimum
during the winter months and thus further limits the
phytoplankton capabilities to make the photosynthesis
and to consume the available nutrients.Figure 2.6.2
(a,b) show the correlation coe� cient between the
monthly time series of FEPO4 and FENO3 and the
monthly time series of the mixed layer depth (during
DJF). The highest correlation values are observed in
the Gulf of Lion, Tyrrhenian Sea, Southern Adriatic
Sea, Northern Ionian Sea, around Crete and in the
area of Rhodes, Pelops and Shikmona gyres, con� rming
the role of vertical mixing in in�uencing the distribution
of nutrients along the water column. On the other hand,
in the coastal areas, the correlation coe� cients are weak
and negative or even not signi� cant, pointing to the
importance of river loads in shaping the variability of
nutrients in these areas. In fact, relative lower values
of FE are observed in the o�shores areas of the basin
in December, when the nutrient load from the rivers
is prevalent with respect to the injection of nutrients
in the euphotic zone from the intermediate/deep layer
through vertical mixing (not shown).

The spatial distribution of the relationship between
the winter fertilization indicators and the atmospheric
drivers is shown inFigure 2.6.3, which reports, for
each grid point, the large-scale circulation pattern
with the highest value of the di�erence between SP+

and SPclim for FEPO4 and FENO3.

In the case of FEPO4, EA is the large-scale circulation
pattern driving the variability of potential fertilization
indicators in the Western Mediterranean Sea (more
speci� cally in the area of the Gulf of Lion, around the
Balearic Island and in the Tyrrhenian Sea) and in
the Southern Ionian, around Crete and at centre of
the Aegean Sea. In the case of FENO3, we can again
observe the same signal in the Gulf of Lion and around
the Balearic Island, while it is weaker in the Aegean Sea
and completely absent in the Tyrrhenian Sea and
Southern Ionian Sea. Tyrrhenian Sea and Southern
Ionian Sea are under the in�uence of the Middle Tyr-
rhenian current and Atlantic-Ionian stream which
results from the bifurcation of the Atlantic Water enter-
ing the Mediterranean Sea at the Gibraltar Strait
(Pinardi et al.2015). Thus, it is likely that the boundary
conditions set in the Gibraltar Strait play an additional
role with respect to the vertical mixing in smearing
the variability of FENO3 in the two subbasins. The signal
related to EA observed in the Western Mediterranean
Sea is in agreement with the� ndings of previous studies
that pointed out the importance of EA in shaping the
heat� uxes variability over the region and, in turn, the
dense water formation processes and nutrient dynamics
in the area (Schroeder et al.2010; Josey et al.2011; Reale
et al.2020b). Additionally, EAWR also appears to play
an important role for both nutrients in the area of the
Rhodes gyre and around Cyprus (Josey et al.2011;
Reale et al.2020b). No signi� cant relevant signals have
been observed in the rest of the basin, in particular in
the Southern Adriatic. There, the in� uence of large-
scale circulation patterns is probably masked by the
local circulation dynamics (BiOS phenomenon, Ga� i�
et al.2010; Civitarese et al.2010). Moreover, the analysis
does not show any relevant signal associated with NAO

Figure 2.6.2.Spatial distribution of the correlation between the monthly DJF winter time series of the mixed layer depth and FEPO4(a)
and FENO3(b) respectively in the period 1999–2019. Only correlation values statistically signi� cant at 95% are shown. Mixed layer
depth data are based on the CMEMS physical reanalysis (product reference 2.6.1). FEPO4and FENO3have been calculated using the
CMEMS biogeochemical reanalysis (product reference 2.6.2).
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in the basin, as it is already reported in previous studies
(Josey et al.2011; Reale et al.2020b).

Figure 2.6.4shows the slope of the linear regression
between the monthly DJF concentration of PO4 and
NO3 and the EA monthly index. In fact, provided the
existence of a link between the intensity of the fertiliza-
tion and the atmospheric pattern variability, we assessed
the magnitude of this link by computing the regression
between the monthly nutrient concentration and that
particular large-scale circulation pattern monthly
index, with the objective to provide a potential seasonal
forecast indicator. The highest values of the slope are
observed in the Gulf of Lion area and can get up to
Š0.04 mmol/m3/month and Š0.4 mmol/m3/month,
respectively for PO4 and NO3. The 0–100 m average
winter value of PO4 and NO3 amount is equal about
0.2 and 2 mmol/m3 respectively, and the monthly vari-
ation of nutrient concentration (in %) for a unit of posi-
tive monthly index value of EA is nearly equal to 5%.
This estimation is consistent with the results provided
in Reale et al. (2020b), who considered the extended

winter season October-March (for the past period
1961–1999) and observed a total variation of the nutri-
ent concentration ranging between 2% and 3% for a unit
of positive EA index value in the same area. Although
long-term analysis (Reale et al.2020b) and future pro-
jections based on CMIP5 models (Ullmann et al.
2014) found no signi� cant tendencies in the EA pattern,
the robustness of the link observed mainly in the Gulf of
Lion could pave the way to develop seasonal forecasts
for the potential fertilization of the area based on the
forecast of atmospheric drivers which have become
recently available (Lledó et al.2020).

2.6.4. Discussion and conclusions

We introduced an indicator to monitor locally the
euphotic layer potential fertilization during the winter
season in the Mediterranean Sea and we associated,
for each point of the basin, its temporal variability
with the large-scale circulation patterns driving the
atmospheric circulation over the region. As shown in

Figure 2.6.4.Spatial distribution of the slope of the linear regression between monthly December-January-February time series of
PO4 (a) and NO3 (b) and monthly December-January-February EA index time series in the period 1999–2019. Only values statistically
signi� cant at 95% are shown. Slopes have been calculated using the CMEMS biogeochemical reanalysis (product reference 2.6.2) and
the time series of the monthly values of the indexes for large-scale circulation patterns (product reference 2.6.3)

Figure 2.6.3.Spatial distribution of the highest value of SP+-SPclim for PO4 (a) and NO3 (b) in the Mediterranean Sea in the period
1999–2019. The size of each dot is equal to the absolute value of SP+-SPclim. The large-scale circulation patterns considered are NAO
(black), EA (red), EAWR (blue) and SCAN (green). The resolution of the gridded data has been downgraded from 1/24° to 0.5° for sake
of clarity. Values have been computed using the time series of the monthly values of the indexes for large-scale circulation patterns
(product reference 2.6.3). Only di�erences statistically signi� cant withp< 0.05 according to a Mann-Withney test are shown.
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Di Biagio et al. (2020), the choice of a speci� c threshold
in each point of the basin allowed us to analyze the
potential fertilization in relation to the local ecosystem
properties. We found a relevant in� uence of the EA
on the fertilization indicators in the Gulf of Lion. In par-
ticular, a negative state of EA results in an increase in
the nutrients’ concentration in the o�shore areas of
the Gulf of Lion as well as in the Tyrrhenian Sea,
Alboran Sea, Balearic Island, and Southern Ionian Sea
(Figure 2.6.4). To a lesser extent, an increase of nutri-
ents’ concentration around the Iberian Peninsula, Sardi-
nia, Gulf of Genoa and Northern Adriatic is related to
negative EAWR and positive SCAN states. On the
other hand, a positive EAWR state corresponds to
higher nutrients‘concentration in the euphotic layer
of the areas around Crete, in the Aegean Sea and the
Rhodes Gyre (not shown).

The link observed can be attributed to the impor-
tance of EA in shaping the heat� uxes at the surface
and thus the vertical mixing along the water column
(Josey et al.2011; Papadopoulos et al.2012; Reale
et al.2020b). In fact, the vertical mixing acts in such a
way to enrich the euphotic layer with nutrients but
also to prevent the phytoplankton to concentrate at
the surface.

This conclusion is further supported by the spatial
distribution of the maximum value of FEPO4 and
FENO3 during the winter months of 2020 (Figure
2.6.5) which shows a limited fertilization of the euphotic
layer of the Mediterranean, in particular in the North-
ern Western Mediterranean. This limited fertilization
appears to be associated with anomalous positive values
observed in the EA index in January and February (1.74
and 1.38 respectively).

Only limited signi� cant signals are observed in most
of the Adriatic Sea and Aegean Sea where the long-term
in� uence of large-scale circulation patterns on the ferti-
lization indicators is probably masked by the substantial
nutrient in� ow associated with the presence of the Dar-
danelles Strait (e.g. Aegean Sea, Souvermezoglou et al.
2014) and local dynamics such as the BiOS phenom-
enon (e.g. Adriatic and Ionian Sea, Ga� i� et al. 2010;
Civitarese et al.2010).

Although the approach adopted to derive the indi-
cators could strongly bene�t from a longer time series
to compute the 90thPO4 and 90thNO3 percentiles, the
preliminary results are promising, because they pro-
vided for the� rst time an overview of the in�uence of
the atmospheric forcing acting over the Mediterranean
region on the interannual variability of the local fertili-
zation in the basin measured by the indicators proposed
here. Moreover, the approach adopted here is robust,
since it uses physical and biogeochemical assimilated
datasets which are based on a physical model forced
by the high-resolution atmospheric reanalysis ERA5
(Hersbach et al.2020). Although the physical and bio-
geochemical reanalyses contain uncertainty, as
described in Escudier et al. (2021) and Cossarini et al.
(2021), the use of data assimilation and of ERA5 forcing
can contribute to reduce the errors associated with the
model’s parametrization and boundary conditions,
also imposing a constraint on the physics and biogeo-
chemistry of the euphotic layer, and thus providing a
better representation of their response to the atmos-
pheric forcing acting over the basin.

Being based on the assessment of the links with the
Northern Hemisphere large-scale circulation patterns,
the present analysis is focused on one of the possible

Figure 2.6.5.Spatial distribution (in number of days) of the maximum monthly value of FEPO4(a) and FENO3(b) in the Mediterranean
Sea during DJF 2020. Contour lines (with colour legend in the� gure) shows the mixed layer depth (in m). Mixed layer depth data are
based on the CMEMS physical reanalysis (product reference 2.6.1) FEPO4and FENO3have been calculated using the CMEMS biogeo-
chemical reanalysis (product reference 2.6.2).
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fertilization mechanisms a�ecting the Mediterranean
oligotrophic areas. In fact, additional analysis of the riv-
erine inputs, internal dynamics and local mesoscale and
sub-mesoscale processes inducing vertical nutrient
transport is needed to better understand the variability
of the biogeochemical state and the fertilization e�ects
in the euphotic layer of the Mediterranean Sea.
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Section 2.7. Diversity of marine heatwave
trends across the Mediterranean Sea over the
last decades

Authors: Hugo Dayan, Ronan McAdam, Simona
Masina, Sabrina Speich.
Statement of main outcome:Over the past three decades,
marine heatwaves (MHWs) in the Mediterranean Sea have
caused mass-mortality events in various marine species,
and critical losses for seafood industries. MHWs are pre-
dicted to become more intense and more frequent under
anthropogenic warming, embodying a growing threat to
both marine ecosystems and human society. To better
understand how global warming has led to changes in
these events so far, this study assesses past-to-present
variability of MHWs in the Mediterranean Sea. Here, we
assess the diversity of marine heatwave trends over
1993–2019 across the Mediterranean Sea. Three di� erent
surface temperature products show that the maximum
intensity, frequency and duration of MHWs have all
increased on average over the Mediterranean Sea since
1993. We show that the means of these metrics display a
quite inhomogeneous spatial extent across the Mediterra-
nean Sea over 1993–2019, and the trend of these metrics
di� er between Mediterranean sub-regions. The di�erences
in the changing behaviours of MHW events, depending on
the sub-regions, highlight the need for more local-scale
risk-assessments and forecasts.

Product table:

Ref.
No. Product name & type Documentation

2.7.1 SST_MED_SST_L4_REP_
OBSERVATIONS_010_021

PUM:https://marine.
copernicus.eu/
documents/PUM/CMEMS-
SST-PUM-010-021-022.pdf

(Continued)

Continued.
Ref.
No. Product name & type Documentation

QUID:https://marine.
copernicus.eu/
documents/QUID/CMEMS-
SST-QUID-010-021-022.
pdf

2.7.2 GLOBAL_REANALYSIS_PHY_001_031 PUM:https://marine.
copernicus.eu/
documents/PUM/CMEMS-
GLO-PUM-001-031.pdf

QUID:https://marine.
copernicus.eu/
documents/QUID/
CMEMS-GLO-QUID-001-
031.pdf

2.7.3 MED_MULTIYEAR_PHYS_006_004 PUM:https://marine.
copernicus.eu/
documents/PUM/CMEMS-
MED-PUM-006-004.pdf

QUID:https://marine.
copernicus.eu/
documents/QUID/
CMEMS-MED-QUID-006-
004.pdf

2.7.4 OCEANCOLOUR_MED_CHL_L4_REP_
OBSERVATIONS_009_078

PUM:https://marine.
copernicus.eu/
documents/PUM/CMEMS-
OC-PUM-009-ALL.pdf

QUID:https://marine.
copernicus.eu/
documents/QUID/
CMEMS-OC-QUID-009-
038to045-071-073-078-
079-095-096.pdf

2.7.1. Introduction

In recent years, marine heatwaves (MHWs)– de� ned
as prolonged periods of anomalously high ocean
temperature (Hobday et al.2016) – have drawn
attention due to their impacts across the global
ocean (IPCC2014; Oliver et al.2018, 2021). In the
Mediterranean Sea, MHWs have caused ecological
and economic damage, such as mass-mortality events
and critical seafood losses (e.g. in the summer 1999:
Cerrano et al.2000; Perez et al.2000; Garrabou et al.
2001; Linares et al.2005; in the summer 2003: Gar-
rabou et al. 2009; Schiaparelli et al.2007; Diaz-
Almela et al. 2007; Munari 2011; in the summer
2006: Marba and Duarte2010; Kersting et al.2013;
and in the summer 2008: Cebrian et al.2011;
Huete-Stau�er et al. 2011). The record-breaking
2003 MHW a�ected the Mediterranean sub-regions
di�erently, particularly impacting benthic populations
covering tens to thousands of kilometres of coastlines
in the western side of the basin (Garrabou et al.
2009). Over the 1982–2018 period, the basin-averaged
Mediterranean Sea SST has displayed a positive trend
of 0.41°C/decade, with more rapid warming in the
eastern part than in the western part (0.48°C/decade
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compared to 0.36°C/decade) (Pisano et al.2020). As
a result of this warming, MHWs are predicted to
become more intense and more frequent, and
embody a growing threat to both marine ecosystems
and human society (Oliver et al.2018). In the future,
MHWs may undermine the many bene�ts and ser-
vices that Mediterranean ecosystems provide, such
as food, maintenance of biodiversity, and regulation
of air quality (Liquete et al.2016; Martín-López
et al. 2016).

Despite representing only 0.82% of the global ocean
surface area, the Mediterranean Sea is one of the main
reservoirs of marine biodiversity, containing between
4% and 18% of the world’s marine species (Bianchi

and Morri 2000). Generally, abrupt temperature
changes can a�ect the concentration of phytoplankton
and, consequently, represent a permanent threat to the
biodiversity of marine waters (Colella et al.2016). In
the Mediterranean Sea, the western part of the basin is
more productive than the extremely oligotrophic (i.e.
limited supply of nutrients) eastern side (D’Ortenzio
and Ribera d’Alcala2009). As a result, the Ionian and
Levantine Sea are much less‘biodiverse’ than the rest
of the Mediterranean Basin (Coll et al.2010). However,
a lack of biodiversity, such as in the eastern part of the
basin, may cause ecosystem fragility (e.g. Cadotte et al.
2012; Mori et al.2013) and potentially greater sensitivity
to extreme events for the fewer species that are present.

Figure 2.7.1.Maps of the 1998–2020 chlorophyll concentration climatology (top) and trend (bottom), provided at 1 km spatial
resolution (product ref. 2.7.4). The white lines highlight the borders between the four sub-regions investigated in this study:
West (the western Mediterranean Sea); East (the eastern Mediterranean Sea); Adriatic (the Adriatic Sea); Aegean (the Aegean
Sea). The trend values are displayed as percentages ofthe initial value (1998 annual mean) only when signi� cant at the 95% con� -
dence level.
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Knowledge of MHW characteristics and the biological
context of a target region will be vital in addressing eco-
logical and societal impacts.

Further evaluating past-to-present variability of
MHWs is crucial to better understand how global
warming has led to changes in these events so far and
to predict the heightened local socio-economic risk
that they cause. Previous studies of the Mediterranean
Sea have covered past MHW trends across the basin
(Darmaraki et al.2019a) and in speci� c areas (Bensous-
san et al.2019; Ibrahim et al.2021), as well as predic-
tions of future scenarios (Galli et al.2017; Darmaraki
et al. 2019b) across the basin. There even exists a
MHW tracking website for the region (https://t-
mednet.org/t-resources/2020-marine-heatwaves). Galli
et al. (2017) explicitly consider the impact on ecosys-
tems by considering MHWs de� ned by species-relevant
temperature thresholds, which is a crucial step for cur-
rent and future MHW studies. Another way to under-
stand ecosystem impacts of MHWs is to study the
trends of MHW characteristics in regions with di�erent
levels of biodiversity, and to question how ecosystems in
di�erent regions will respond to speci� c trends. A key
contributor to biodiversity is the abundance of phyto-
plankton biomass (Naeem2012). Phytoplankton is
measured indirectly by using chlorophyll (Chl-a) as a
proxy (Cullen1982). In the Mediterranean Sea speci� -
cally, regions of low biodiversity roughly match regions
of low chl-a concentration (Coll et al.2010; Colella et al.
2016). Given the heterogeneity in chlorophyll concen-
trations across the Mediterranean Sea (Colella et al.
2016; Figure 2.7.1), it is necessary to study MHWs
across all‘sections’ of the Mediterranean Sea individu-
ally. The ‘sections’ of interest in the Mediterranean
Sea should be de� ned biologically rather than geo-
graphically (e.g. Bianchi et al.2012).

In this study, we explore the diversity of surface MHW
trends in sub-regions of the Mediterranean Sea over
1993–2019. To help provide context for future ecological
and economic impact studies, we chose to split the Med-
iterranean Sea into four sub-regions characterised by
their distribution of chlorophyll concentrations. We
focus on MHW frequency, duration, maximum intensity
and category (a measure of the‘exceptionality’). It is not
within the scope of this study to comment on how
extreme events have a� ected productivity. Instead, we
highlight that the ecologically-diverse regions in the
Mediterranean Sea are each experiencing a di� erent evol-
ution of MHW characteristics. To increase con� dence in
results, we used three surface temperature records. First,
we will present the data and the MHW detection
methods (Section 2.7.2). Then, we will discuss the spatial

distribution of MHWs trends in each sub-region com-
paring each dataset (Section 2.7.3). Finally, we will dis-
cuss the di� erences in the changing behaviours of
MHWs across the biologically-diverse sub-regions, high-
lighting potential risks and the need for more local-scale
studies.

2.7.2. Materials and methods

In this study, we apply an MHW detection algorithm,
described in Hobday et al. (2016) and made available
online,1 to daily SST datasets. First, we calculate the
90th-percentile for each day of the year over the refer-
ence period 1993–2014. Then, percentiles are smoothed
with a 31-day moving window average to remove
inherent variability. A MHW occurs when the tempera-
ture is greater than the 90th-percentile for 5 or more
consecutive days. In this study, we apply the algorithm
on an individual grid-cell basis. In this paper, we
de� ne an ‘event’ as a point wise occurrence of a
MHW, instead of an MHW event which is commonly
de� ned using a spatial extent larger than a grid cell.
For each grid-cell, the annual number of MHWs and
the annual average of duration and maximum intensity
(i.e. the highest temperature anomaly during a MHW,
with respect to the local climatology for that day of
the year) are determined. We also compute the duration
for each degree of severity (DS) of a MHW event. DS is
de� ned as the ratio between the SST anomaly with
respect to the 90th percentile and the di�erence between
the 90th percentile and the mean climatology. A MHW
is de� ned as moderate if 1 < DS < 2, strong if 2� DS < 3,
severe if 3� DS < 4 and extreme if DS� 4. Lastly, the
annual grid-cell values are averaged within each sub-
region to allow for regional trend analysis. We use
three state-of-the-art SST datasets, which are freely dis-
tributed by CMEMS, to inter-compare the results, and
to provide an ensemble approach for the MHW indi-
cators. First, there is a satellite-derived SST record (pro-
duct ref. 2.7.1) built from Level 3 Advanced Very High
Resolution Radiometer (AVHRR) data interpolated
onto a 1/20° grid (Buongiorno Nardelli et al.2013;
Pisano et al.2016). It has been used to study changes
in the Mediterranean Sea over longer periods and with
higher resolution than available in earlier satellite-
derived climate data records (Pisano et al.2016). Next,
the Global ocean Reanalysis Ensemble Product
(GREP) is the ensemble mean of four global ocean rea-
nalysis products which use the NEMO ORCA 1/4° grid
(product ref. 2.7.2); the major di�erences between them
are in the data assimilation methods and surface for-
cings used. The ensemble nature of this product allows
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for an estimate of SST uncertainty, which is very low for
Mediterranean SST (Storto et al.2019). Lastly, we also
use a high resolution (1/24°) regional model of the Med-
iterranean Sea (product ref. 2.7.3). Both reanalyses
assimilate satellite altimetry and in-situ T-S pro� les;
all GREP products assimilate SST� elds as well, while
the regional analysis instead uses SST to correct heat
� ux. MHWs trends and spatial distributions are studied
over the period 1993–2019, which is the longest period
common to all datasets (using 1993–2014 as the clima-
tological period).

The 1998–2019 chlorophyll concentration climatology
is provided as monthly-averaged� elds at 1 km spatial res-
olution (product ref. 2.7.4). The product is derived from
multi-sensor (MODIS-AQUA, NOAA20-VIIRS, NPP-
VIIRS, Sentinel3A-OLCI) ocean colour images which
are converted to chl-a using a Mediterranean-speci� c
algorithm (Lee et al.2002; Berthon and Zibordi2004;
Mélin and Vantrepotte2015; Volpe et al.2007, 2019).

2.7.3. Results

We split the Mediterranean Basin into four sub-regions
according to biological productivity, using chlorophyll
as a proxy (seeFigure 2.7.1). We present our results
for each of the metrics comparing the four biological-
de� ned sub-regions of the Mediterranean Sea.

2.7.3.1. Frequency of MHWs
Based on the satellite observations over the period
1993–2019, the number of MHWs showed an inhomo-
geneous spatial distribution in the entire Mediterranean
Sea (between 1 and 3 events;Figure 2.7.2), with lower
number of events per year in the southeastern Mediter-
ranean Sea (between 1 and 2;Figure 2.7.2) and slightly
more events in the western Mediterranean Sea,
especially in the northwestern area, as well as the Adria-
tic Sea (between 2 and 3;Figure 2.7.2).

On average, the number of MHWs substantially
increased in the whole Mediterranean Sea by approxi-
mately 1 event per decade (Figure 2.7.3). The temporal
evolution of MHW number per decade agrees very well
between high-resolution satellite observations and both
the global and regional reanalyses. The linear trend gives
a 95% signi� cant interval of 1.08 ± 0.10 MHWs per decade
in the satellite observations, compared to about 1.06 ± 0.10
and 1.05 ± 0.10 MHWs per decade in the global and
regional reanalyses, respectively (Figure 2.7.3).

The number of MHWs increased signi� cantly in dis-
tinct ways in the four sub-regions. Satellite observations
show that the number of MHWs has increased the most
in the Adriatic Sea (1.61 ± 0.17 per decade), followed by
the Aegean Sea (1.30 ± 0.23 per decade), the western
Mediterranean Sea (1.13 ± 0.12 per decade) and� nally
the eastern Mediterranean Sea (1.01 ± 0.14 per decade;
Figure 2.7.3).

Figure 2.7.2.Spatial distribution of the marine heatwave (MHW) metrics from satellite-derived SST record (product ref. 2.7.1) over the
period 1993–2019. a, c, e, mean (per year) and b, d, f, trend (per decade) of annual MHW number, MHW duration and MHW maximum
intensity. The trend values are displayed only when signi� cant at the 95% con� dence level.
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2.7.3.2. Duration of MHWs
Based on the satellite observations over the period
1993–2019, on average, MHWs lasted longer in the
Balearic Sea, in the Levantine Basin and in the Aegean

southeastern and northwestern coasts (between 10 and
20 days;Figure 2.7.2), than in the south-eastern Medi-
terranean Sea, the Alboran and the Adriatic seas
(between 6 and 12 days;Figure 2.7.2).

Figure 2.7.3.Annual changes (full lines) and linear trends (dashed lines) of MHW metrics averaged over the whole Mediterranean Sea
comparing satellite-derived SST record (product ref. 2.7.1) and reanalyses (product 2.7.2 and 2.7.3). a MHW count, b MHW duration
and c MHW maximum intensity. Trend values are given with a 95% con�dence interval. d, e, f, trend of the MHWs metrics (d frequency
per decade, e duration per decade and f maximum intensity per decade) over 1993–2019 for each product and each selected (sub)-
region. Purple lines indicate the 95% con� dence interval.
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Figure 2.7.4.Annual variability (full lines) and trend (dashed lines; trend values are given with a 95% con�dence interval) in the
duration of MHW in the whole Mediterranean Sea, and e, f, g, h, trend in the duration of MHW for each selected (sub)-region (referred
in Figure 2.7.1), for di�erent degrees of severity (as de� ned in section 2.7.2). Values compare satellite-derived SST record (product ref.
2.7.1) and reanalyses (product 2.7.2 and 2.7.3). Purple lines indicate the 95% con�dence interval.
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On average, the duration of MHWs signi� cantly
increased in the Levantine Basin, the western Aegean,
the Adriatic and the Balearic seas (between 2 and 7
days per decade;Figure 2.7.2). In the whole Mediterra-
nean Sea the linear trend gives a 95% signi� cant interval
of 2.27 ± 0.35 days per decade in the satellite obser-
vations, compared to about 3.66 ± 0.65 and 2.79 ± 0.51
days per decade in the global and regional reanalyses,
respectively (Figure 2.7.3).

In the biological-de� ned sub-regions, satellite obser-
vations highlight that the duration of MHWs increased
the most in the Adriatic Sea (3.36 per decade ± 0.51),
followed by the Aegean Sea (3.28 per decade ± 0.86),
the eastern Mediterranean Sea (2.41 per decade ± 0.37)
and� nally the western Mediterranean Sea (2.14 per dec-
ade ± 0.56;Figure 2.7.3).

The duration of moderate MHWs signi� cantly
increased in the whole Mediterranean Sea (16.97 ±
1.64 days per decade in satellite observations), com-
pared to the duration of strong MHWs (1.94 ± 0.31
days per decade), severe MHWs (0.15 ± 0.08 days per
decade) and extreme MHWs (0.50 ± 0.15 days per dec-
ade;Figure 2.7.4). Satellite observations reveal that the
duration of moderate and strong MHWs increased the
most in the Adriatic Sea (23.01 days ± 2.67 and 3.22 ±
0.53 days per decade, respectively), while the duration
of severe and extreme MHWs increased the most in
the Aegean Sea (0.59 ± 0.18 days per decade) and the
western Mediterranean Sea (0.53 ± 0.15 days per decade;
Figure 2.7.4), respectively.

2.7.3.3. Maximum intensity of MHWs
Based on the satellite observations over the period
1993–2019, on average, the maximum intensity of
MHWs were stronger in the western Mediterranean
Sea, especially in the Gulf of Lion and the Ligurian
Sea (more than 3.5°C;Figure 2.7.2), than elsewhere in
the Mediterranean Sea (around 2°C).

The maximum intensity of MHWs signi� cantly
increased in the Alboran Sea and the Balearic Sea
(between 0.3°C and 0.5°C per decade;Figure 2.7.2),
and to a lesser extent in the Ionian Sea, the Adriatic
Sea and the Levantine Sea. It signi� cantly decreased in
the Gulf of Sidra (extreme south-eastern Mediterranean
Sea) and the Gulf of Lion. Temporal evolution of MHW
maximum intensity is well correlated between each pro-
duct, but biases remain between satellite observations
and the reanalysis products (Figure 2.7.3). The linear
trend of maximum intensity is overall weak with a
95% signi� cant interval of 0.11 ± 0.04 deg C per decade
in the satellite observations, compared to about 0.16 ±
0.04 and 0.12 ± 0.04 deg C in product ref. 2.7.2 and pro-
duct ref. 2.7.3, respectively.

In the biological-de� ned sub-regions, satellite obser-
vations show that the maximum intensity of MHWs
increased the most signi� cantly in the western Mediter-
ranean Sea (0.20 deg C per decade ± 0.06), while it
increased very slightly in the Adriatic Sea (0.08deg C
per decade ± 0.08), the eastern Mediterranean Sea
(0.07 deg C per decade ± 0.03) and the Aegean Sea
(0.06 deg C per decade ± 0.06) (Figure 2.7.3).

2.7.4. Conclusion and discussion

In this study, we present 1993–2019 trends of key
MHW characteristics for sub-sections of the Mediter-
ranean Sea, de� ned by their distinct patterns of biologi-
cal productivity (Figure 2.7.1). These regions are
known to have very di� erent levels of biodiversity,
and therefore any changes in MHW occurrence will
have a di�erent range of impacts. We� nd that changes
in MHW characteristics over the past 27 years are geo-
graphically inhomogeneous. Previous studies produced
similar statistics on a basin-scale (e.g. Darmaraki et al.,
2019a; Ibrahim et al.2021), and we also identify
increases in MHW frequency, duration and intensity.
However, a direct comparison is not possible due to
the di�erent reference periods and di�erent MHW
thresholds. Interestingly the trend patterns identi� ed
here do not directly match the pattern of SST trends
in the same time period (Pisano et al.2020), implying
that SST trends do not simply translate to equivalent
trends in MWH characteristics. The drivers of MHW
are therefore more complex, and vary between regions.

Changes in MHW events can a�ect ecosystem
response in the sub-regions di�erently. For example,
the Ionian Sea and the Levantine Basin are the most oli-
gotrophic parts of the basin (Figure 2.7.1), yet the
MHWs in each area have evolved di�erently; the latter
is home to more frequent, long-lasting and intense
events, while the former is experiencing weaker events.
Likewise, the western Adriatic Sea has experienced a
greater increase in maximum intensity, while the east-
ern Adriatic Sea has instead experienced a greater
increase in event duration. The Adriatic Sea and the
western Mediterranean Sea– areas of rich biodiversity
(Coll et al.2010) – have experienced a similar increase
in event severity, except that the former has su�ered
from the most extreme MHWs. This highlights the
need for more local-scale risk-assessments, which can
bene� t from the historical MHW context provided here.

Variability in chl-a concentration in the Mediterra-
nean Sea is typically very high, and there are few regions
in the Mediterranean Sea where a signi� cant trend can
be detected over the satellite record (Figure 2.7.1). The
most notable signi� cant trend shows a chl-a decrease
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in the eastern Mediterranean Sea (in particular, the
Ionian Sea); it is an oligotrophic region which has
become even more so since 1998. Coincidentally or
not, this overlaps with one of the few parts of the
basin in which MHW frequency has not signi� cantly
increased (Figure 2.7.2). Likewise, duration and inten-
sity have also experienced little to no increase in this
area. It is not known yet if there is a link between
changes in extreme warming and biological pro-
ductivity, yet our results provide motivation to explore
this.

This study also acts as an inter-comparison of two
reanalysis products against the long-term satellite-
derived climate data record. GREP (product 2.7.2) is
an ensemble of ¼° reanalyses and acts here as a repre-
sentative of eddy-permitting resolution, while the
high-res regional reanalysis captures� ner scale
dynamics. The three datasets largely agree on the rela-
tive trends between regions (e.g. all datasets suggest
the western Mediterranean Sea have the largest maxi-
mum intensity trends compared to the other regions),
yet the magnitude of these changes varies between the
datasets, in particular for GREP. GREP has a tendency
to overestimate intensity and duration, as well as the
occurrence of higher-category events (though not
always outside the con� dence intervals of other pro-
ducts). The regional high-resolution reanalysis, mean-
while, typically has MHW statistic values closer to the
satellite-derived product. The agreement of the high-
res reanalysis and the satellite-derived product implies
higher resolution makes an important di�erence in
studying MHWs.

While the datasets agree on the evolution of the dur-
ation of moderate and strong events (Figure 2.7.4),
there is greater disagreement on the severe and extreme
MHWs. For example, the global reanalysis (product
ref. 2.7.2) records longer severe events between 2007
and 2019, but none in the early 90s and 2000s. On
the other hand the other datasets record severe and
extreme events throughout the entire period (1993–
2019). while the other datasets record severe and
extreme events throughout the record. We note that
the datasets have very di�erent resolutions, and there-
fore di�erent capabilities of incorporating mesoscale
and sub-mesoscale drivers of MHWs. The level of
agreement found here is nonetheless promising and
will allow for further use of reanalyses, which will be
necessary for study of the subsurface extent of
MHWs and their role in mortality events (Garrabou
et al.2019).

The large con� dence intervals in the trend calcu-
lations (purple‘error bars’ in Figures 2.7.3and 2.7.4)
are a result of the high variability in MHW

characteristics over the past decades. For example, for
the maximum intensity in the Adriatic Sea, the trend
con� dence interval is much larger than in the eastern
Mediterranean Sea. Over the period studied, maximum
intensity of MHWs is much more variable in the Adria-
tic Sea and is larger than in the eastern Mediterranean
Sea (not shown); this is somewhat expected given the
Adriatic Sea’s greater sensitivity to short-term atmos-
pheric variability (Skliris et al.2012; Zveryaev2015).

Each MHW variable helps de� ne potential ecological
impacts, but their combined e�ect is key to a full under-
standing (Frölicher and Laufkötter2018). For example,
it is not known, and may depend on speci� c species,
whether more frequent moderate events are more
damaging than rare severe-extreme events. Ideally, data-
sets would agree on all MHW characteristic trends.
However, to comment about the impacts on speci� c
species would require the use of an absolute tempera-
ture threshold relevant to that species (e.g. Galli et al.
2017). Di�erent species also have complex responses
to extreme events, including the ability to recover
from brief thermal stress (Hageunauer et al.2013;
Thompson et al.2013). A constant barrage of weak
events may be more hazardous than a single extreme
event (e.g. Pitacco et al.2018), and vice versa. The
three datasets used here agree well on the increase in
moderate and strong events, yet disagree on the occur-
rence of severe and extreme events (Figure 2.7.4). The
disagreement between datasets on severe MHWs
would hinder any analysis on species more susceptible
to extraordinary, singular events. This further highlights
the need, in future ecological hazard studies, to use
more than one product. In the face of climate change
and its economic and biological impacts through a sub-
stantial increase in a diversity of MHWs, this study can
contribute to push towards more research in these areas.
In particular, it can support further speci� c studies to
help local policy makers and stakeholders (e.g. aquacul-
ture,� sheries) better identify the regions of the Mediter-
ranean Sea that are strategic for the early
implementation of relevant adaptation pathways.

Section 2.8. Long-term interannual changes
in extreme winds and waves in the Black Sea

Authors: Joanna Staneva, Marcel Ricker, Adem Akpš-
nar, Arno Behrens, Rianne Giesen, Karina von
Schuckmann
Statement of main outcome:This study aims to ana-
lyse long-term interannual changes in extreme winds
and waves in the Black Sea. Severe wave conditions
from 1979 to 2020 are detected using the 99th percen-
tile of the signi� cant wave height (SWH). Long-term

s56 THE COPERNICUS MARINE SERVICE OCEAN STATE REPORT, ISSUE 6



spatial wave statistics of the Black Sea are then
obtained based on the annual trend of 99th percentile
SWH and the number, lifetime, and intensity of
extreme events occurring between 1979 and 2020. In
addition, the variability of these extreme event charac-
teristics is revealed. Wave reanalysis of the Black Sea is
used to investigate intra-annual variation and long-
term wave energy potential change. Wave power and
wind statistics are shown for the Black Sea CMEMS
multiyear products to identify the most suitable areas
for wave energy exploitation and o�shore wind
power potential and to guide the safe and e� cient
design, installation and operation of marine energy sec-
tor assets. The results reveal that the average number of
storm events is highest in the eastern basin. In contrast,
the average lifetime reaches a maximum on the south-
western coast. Intensity peaks in the same region as the
lifetime but is also high in the basin interior. Spatial
mean extreme event analyses show a slight increase
in event numbers and intensity but decreasing trends
for the event lifetime and maximum area of storm
events. In regions where wave conditions are strong,
there have been increases in extremes relative to nor-
mal conditions in recent years. This can signi� cantly
a�ect designs. In terms of wave energy, mean wave
power peaks in the southwestern area of the Black
Sea. The wave power trend follows a pattern similar
to that of the SWH with a pronounced east–west di�er-
ence; its variation is higher, resulting in a coe� cient of
variation of � 2.5.

Products used:

Ref.
No. Product name and type Documentation

2.8.1 BLKSEA_MULTIYEAR_WAV_007_006,
Model reanalysis

PUM:https://
catalogue.marine.
copernicus.eu/
documents/PUM/
CMEMS-BS-PUM-
007-006.pdf
QUID:https://
catalogue.marine.
copernicus.eu/
documents/QUID/
CMEMS-BS-QUID-
007-006.pdf

2.8.2 ERA5 10 m (u, v) wind components.
Years 1979–2020. Model reanalysis

https://www.ecmwf.
int/en/forecasts/
datasets/
reanalysis-
datasets/era5

2.8.3 WIND_GLO_WIND_L3_REP_OBSERVATIONS_
012_005
Satellite wind data

PUM:https://
catalogue.marine.
copernicus.eu/
documents/PUM/
CMEMS-WIND-
PUM-012-002-
005.pdf

(Continued)

Continued.
Ref.
No. Product name and type Documentation

QUID:https://
catalogue.marine.
copernicus.eu/
documents/QUID/
CMEMS-WIND-
QUID-012-002-
003-005.pdf

2.8.4 AVISO wind and signi� cant wave height ftp-access.aviso.
altimetry.fr

2.8.1. Introduction

In the last decade, the European seas have been hit by
severe storms, causing serious damage to o�shore infra-
structure and coastal zones and drawing public atten-
tion to the importance of having reliable and
comprehensive wave forecasts/hindcasts, especially
during extreme events. In addition, human activities
such as the o�shore wind power industry, the oil indus-
try, and coastal recreation regularly require climate and
operational information on maximum wave height at a
high resolution in space and time (Benetazzo et al.
2021). Thus, there is a broad consensus that a high-qual-
ity wave climatology and predictions and a deep under-
standing of extreme waves caused by storms could
substantially contribute to coastal risk management
and protection measures, thereby preventing or mini-
mising human and material damage and losses.

In addition, extreme waves can have serious impacts
on the coastal environment and infrastructures (Bene-
tazzo et al.2021). Amarouche et al. (2020) assessed
storm events and their potential impacts on the West
Mediterranean Sea coasts. The authors found a pro-
gressive increase in the number of storm events and
their intensity over the last decade and noted the
increased damage recently recorded on the Algiers
coastlines and the nature of coastal storm damages at
the local scale depend on several factors, mainly the
power of these storms and their direction given the
complex morphology of the Algiers coastlines. Sea
state information impacts are directed towards the
improvement of the de� nition of environmental loads
over the lifetime of a ship or structure (e.g. wind energy
turbines or oil and gas platforms). For example, long-
term statistics and high-resolution predictions of SWH
are necessary for planning the maintenance operations
of o�shore wind farms. Subject to wave forecasts,‘go/
no go’ decisions are made on all operations and main-
tenance activities in o�shore wind farms in the days
and hours preceding a mission. Indeed, a reduction in
the uncertainties of metocean conditions will have a
direct impact on structure and mooring loads (both
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for the ultimate limit state and fatigue design) and on
warning criteria for ships. In addition, the design of
coastal and o�shore structures requires a reliable esti-
mation of extreme wave parameters (Benetazzo et al.
2021; Le Traon et al.2021). This information can be
obtained through hindcast and forecast studies that
apply extreme wave parameters, which are also aimed
at expanding the wave CMEMS product catalogue by
providing novel wave diagnostics.

Long-term wave statistics for the Black Sea are criti-
cal to the safe and e� cient design, installation and oper-
ation of marine energy sector assets (Akpšnar et al.
2016). High-resolution regional and coastal wave
models can help improve the downscaling of general
sea state forecasts, locate hotspots of di�erent wave
height properties and correctly prioritise maintenance
jobs for o�shore wind turbines, reducing their mainten-
ance costs. Applications can further include initial
resource assessment (wave power), environmental
assessment, and planning (e.g. for installation and
execution, operation and maintenance).

Spectral models have made signi� cant improvements
over the last decades in predicting bulk wave parameters,
such as the SWH, wave periods and directions, and they
continue to constitute an essential part of marine weather
analysis (Álvarez Fanjul et al.2019; Bingölbali et al.2020;
Cavaleri et al.2020). As a result, SWH in the global seas
(ECMWF2019) and in the Mediterranean and Black Seas
(see, e.g. Arkhipkin et al.2014; Akpšnar et al.2016; Sartini
et al.2017) has been thoroughly assessed. Studies asses-
sing wave energy potential in the Black Sea have been
performed by Rusu (2009), Akpšnar and Kömürcü
(2012, 2013), Rusu (2019), Akpšnar et al. (2017, 2019),
Von Schuckmann et al. (2020), Staneva et al. (2020a),
Le Traon et al. (2021), and Bingölbali et al. (2020,
2021). Previous studies of the Black Sea mostly focus
on mean conditions or individual storms, whereas here,
we analyse extreme conditions. Description and statistics
of maximum wave parameters (maximum wave height
Hm and crest height) of the 1993–2018 climatology of
the Black Sea and the Mediterranean Sea in wave models
WAM and WAVEWATCH III are shown in Benetazzo
et al. (2021) and Le Traon et al. (2021). Here, analyses
of extreme wind and wave conditions and wave power
statistics are obtained from the recent CMEMS Black
Sea long-term wave reanalysis (product ref 2.8.1; Staneva
et al.2020b).

2.8.2. Methodology

2.8.2.1. WAM model description
The Black Sea Wave Analysis and Forecasting System is
based on the WAM Cycle 6 Black Sea model (spatial

resolution of approximately 3 km), which replaced
Cycle 4.6.2 (operational since April 2017) within the
CMEMS in December 2020 (product ref. 2.8.1; Staneva
et al. 2020b). The regional wave model for the semi-
enclosed Black Sea runs in a shallow water mode with
a spatial resolution of approximately 3 km. WAM calcu-
lates the two-dimensional energy density spectrum at
each of the 44,699 active model grid points in frequency
and directional space. The solution of the energy bal-
ance equation is provided for 24 directional bands at
15° each, starting at 7.5° and measured clockwise with
respect to true north and with 30 frequencies logar-
ithmically spaced from 0.042 to 0.66 Hz at intervals of
� f/f = 0.1. To include the important contribution of
higher frequency waves to wave growth/dissipation pro-
cesses and the output wave characteristics, a parametric
tail is � tted for frequencies exceeding the spectral maxi-
mum (e.g. WAMDI 1988). Detailed descriptions are
given by Komen et al. (1994), Janssen and Bidlot
(2018), and Staneva et al. (2019). The basic physics
and numeric are maintained in the new release. The
source function integration scheme developed by Hers-
bach et al. (2000) and model updates by Bidlot et al.
(2007) are incorporated. Wave model performance is
discussed in Staneva et al. (2021). The parameterisation
of the wave growth in the wind input source term has
been adapted to the driving wind� elds. The WAM
model estimates sea state-dependent momentum and
energy� uxes, and Stokes-Coriolis forcing diagnostics
are needed to couple to ocean models (Staneva et al.
2017). Wave-induced processes have been shown to
have a signi� cant impact on drift estimations, e.g. Sta-
neva et al. (2021). WAM cycle 6.0 included the new
extreme wave diagnostics (maximal wave height and
wave crest, Benetazzo et al.2021) in the new datasets.
Wave breaking parameterisation is taken into account,
but the time-dependent depth and current� elds are
not included in Black Sea wave reanalyses (product ref
2.8.1). A novel feature of the Black Sea reanalysis data
is that radar altimeter data are assimilated. In addition
to SWH, the assimilation includes wind speed data.
The required radar altimeter data for this purpose are
taken from AVISO (ftp-access.aviso.altimetry.fr; pro-
duct ref. 2.8.4). The measurements are assimilated into
the wave model using an optimal interpolation scheme.
Due to a lack of available systematic in situ observations
for the Black Sea, satellite data bring added value to
wave simulations. The reanalysis simulation covers the
period 1 January 1979 to 31 December 2020 (product
ref. 2.8.1); that is, in total, trends for 42 years have
been simulated with an hourly output time step. Refer-
ence Jason-1 data are available for the� rst period of 15/
01/2002 to 21/06/2013, Jason-2 data are available for
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22/06/2013 to 30/06/2019 and Jason-3 data are available
for 01/07/2019 to 31/12/2019 (product ref. 2.8.4). Mak-
ing use of the annual time scale provides enough
samples to examine quantiles of even higher than the
99th percentile, supporting understanding of peak
values in the western part of the Black Sea. A close
match of the Black Sea CMEMS data to the satellite
measurements for high waves is observed (Von Schuck-
mann et al.2020).

2.8.2.2. Wind data
The driving forces for the wave model are the hourly
ERA5 10-m wind reanalyses of ECMWF (Hersbach
et al. 2020, product ref. 2.8.2). The quality of ERA5
data for the Black Sea was recently investigated in Çalš�šr
et al. (2021) against altimeter and scatterometer satellite
data. It has been shown that ERA5 and Climate Forecast
System Reanalysis (CFSR) underestimate wind speeds;
however, ERA5 winds have less bias and are more scat-
tered than CFSR winds against the satellite data. Here,
wind forcing analyses are performed against the L3 sat-
ellite wind observations of METOP-A ASCAT with a
spatial resolution of 0.125° (Sto�elen et al.2017; product
ref. 2.8.3). The available period of the METOP-A
ASCAT data covers 2007–2020 and combines the
ascending and descending satellite tracks by using
their mean at each time step. To infer statistical quan-
tities, the satellite wind observations are processed as
in the ERA5 reanalyses. Changes in extreme ASCAT
wind speeds over the Global Ocean are analysed in Gie-
sen and Sto� elen (this issue).

2.8.2.3. Analysis of the storm events
Extreme wave characteristics are studied by analysing
single storm events and their long-term means and
trends. These storm events were detected using the
method proposed by Weisse and Günther (2007). The
basis of the method is the de� nition of a severe event
threshold (SET), which we de� ne as the 99th percentile
of the SWH (Figure 2.8.1(a)). Then, the exceedance and
shortfall of the SWH at every grid point was determined
and counted as a storm event (Figure 2.8.1(d)). The time
period between each exceedance and shortfall of the
SET is the lifetime of an event (Figure 2.8.1(g)). The
di�erence in the maximum SWH of each event and
the SET is de� ned as the event intensity (Figure 2.8.1
(j)). The geographic area of storm events and excee-
dance of the SET are de� ned as the maximum event
area. The number, lifetime, and intensity of events
were averaged over the year. Finally, the yearly values
were used to compute the long-term means presented
in Figure 2.8.1(left column). In addition, for these par-
ameters, we estimated the anomaly of 2020 from the

long-term mean (middle column) and the linear trend
(right column). To show multiyear variability (Figure
2.8.2), each event, ful�lling the above-described
de� nition, is considered in the statistics. This was
done independent of the events’locations within the
domain. To obtain long-term trends, a linear regression
was applied to the yearly time series. Trends are com-
puted using the nonparametric Sen’s slope estimator
for robust linear regression.

2.8.2.4. Wave power characterisation
The wave power was obtained as a prognostic model
output using the following formula:

P =
r g2

64p
H2

sTe � 0.48H2
sTe,

where� is water density,gis acceleration due to gravity,
Hs is the signi� cant wave height, andTe is the wave
energy period. A variety of standard statistics, such as
the standard deviation, speci� c percentiles, and the
maximum were determined as yearly averages. In
addition, the Coe� cient of Variation (CoV) was com-
puted and is de� ned as the standard deviation divided
by the long-term mean.

2.8.3. Results

Long-term wave statistics of the Black Sea were derived
by considering three important features (the mean, the
2020 anomaly, and the linear trend) of four character-
istics described in the previous section (the 99th percen-
tile SWH, yearly average number, lifetime, and intensity
of storm events), and the results are presented inFigure
2.8.1. The 99th SWH mean percentile for 1979–2019
(Figure 2.8.1(a)) shows a similar pattern to that of pre-
vious analyses using the CMEMS wave products
(Álvarez Fanjul et al.2019; Staneva et al.2020a), demon-
strating that the highest values of the mean annual 99th
percentile, above 3.5 m, occur in the western Black Sea,
while the 99th percentile values of the eastern part of the
basin are approximately 2.5 m. This pattern is also con-
sistent with previous studies (Akpšnar et al.2016and
Van Vledder and Akpinar2016). The anomaly of the
99th percentile for 2020 is mostly negative (Figure
2.8.1(b)); the highest positive anomalies of the 99th per-
centile for 2020 (ca. 60 cm) are located in the southwes-
tern section of the Black Sea. This result correlates well
with the anomaly of the wind speed for 2020 (Figure
2.8.2). The yearly mean lifetime of storm events (Figure
2.8.1(g)) reached maximum values (approximately 20 h)
in and around Burgas Bay and reached values of over
15 h in the coastal part of the southwestern Black Sea
from the Gulf of Kavarna to Bosphorus. In the
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remaining areas, the average annual lifetime of storm
events exceeds 7.5 h.Figure 2.8.1(d) also shows that
the yearly mean number of storm events is low in
regions where the average annual lifetime and intensity
of storms are high. In contrast, the number of events is
high where their lifetime and intensity are low. The
mean intensity of the events (Figure 2.8.1(j)) reaches
the highest values (approximately 1 m) in the
Bosphorus and Sakarya canyons in the southwestern
area of the Black Sea. While the southwest Black Sea is
exposed to yearly mean storm event numbers of below
the long-term averages (Figure 2.8.1(d)), it is observed
that the yearly mean lifetime of the events in the same
region is higher than the long-term averages (Figure
2.8.1(g)). As expected, the extreme wave statistics
based on the 99th percentile threshold of the SWH are
very similar to the wind sea wave parameter, and the
swell contribution is much lower (not shown here). In
terms of the mean intensity of events, in 2020, more
severe waves occurred in the coastal region between
Bosphorus and Burgas Bay and in the region narrowing

and extending from this region to the open waters, more
than 1 m over the long-term average (Figure 2.8.1(k)).
This in part explains the damage that has occurred in
these regions in recent years.

To visualise the time behaviour of the wave extremes,
we show spatially averaged 42-year time series of the
number, lifetime, and intensity of extreme events
(Figure 2.8.3). Extreme wave heights were validated
against the observations given in Staneva et al.
(2020a). Over the entire period, the number and inten-
sity of events increased, while the lifetime and area of
extreme events slightly decreased. This long-term devel-
opment can be decomposed into a decrease in the fre-
quency of severe wave events from 1979 until 1986, an
increase between 2000–2005 and 2011–2016 and an
attenuation in the intensity and duration of these events
from approximately 2002–2010. This development is
mainly due to the wind sea waves. In recent years, trends
in the number of severe wave events closely correspond
to the reported evolution of the annual 99th percentile
of the SWH (Staneva et al.2020a).

Figure 2.8.1.Long-term wave statistics of the Black Sea. Signi� cant wave height (a) 1979–2019 99th percentile, (b) 2020 99th per-
centile anomaly, and (c) 1979–2020 linear trend of 99th percentile. (d), (g), and (j) yearly average number of storm events, (e), (h), and
(k) lifetime of storm events, and (f), (i), and (l) intensity of storm events for the same periods as in (a)-(c). The analyses are based on
yearly averages obtained from product ref. 2.8.1.
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We also analyse the linear trends of 1979–2020 for
di�erent severe wave event characteristics. The SWH
trend for 1979–2020 reveals an east–west di�erence
with a dominant negative di�erence in the western
region and a positive di�erence in the eastern region
(not shown here). Along the western and southwestern
coasts, the trend of the 99th percentile of the SWH is
positive (Figure 2.8.1(c)). Notably, this is also the area
where the mean lifetime of events reaches a maximum
(Figure 2.8.1(h)). The yearly change in the frequency
of events is positive overall except along the Crimean
Peninsula and in the southern Black Sea (Figure 2.8.1
(f)). In contrast, the lifetime trend (Figure 2.8.1(i)) is
mostly negative (Š10 min/year), and only in some
areas along the northwestern and southern coasts and
the eastern Black Sea is the lifetime of extreme events
increasing. Along the southwestern Black Sea coast,
the yearly mean lifetime and intensity of events reach
their maxima, while the number of events is small rela-
tive to the rest of the basin. The analyses show that in
the regions where wave conditions are strong, there
have been increases in extremes relative to normal con-
ditions in recent years. This can signi� cantly a�ect
designs for infrastructure.

It can be inferred that the increase in the 99th percen-
tile SWH in the southeastern part of the model domain
is mainly caused by an increase in the number of
extreme events, whereas their duration shows no signi� -
cant change. Along the southwestern coast, all extreme
statistics show a positive trend. In contrast, in the cen-
tral Black Sea, there were no signi� cant changes in the
number of severe events, whereas the average duration
of extreme events exhibited a slightly negative trend of

up to 5 min/year, which was probably caused by wind
changes. In summary, the analyses show that the aver-
age number of storm events is the highest in the eastern
basin. In contrast, the average lifetime reaches its maxi-
mum on the southwestern coast. The intensity reaches
its maximum in the same region as the lifetime but is
also high in the basin interior. The di�erent causes of
the described changes in extreme wave climate may
have implications for di�erent applications. For
example, coastal marine constructions (e.g. levees) are
likely to be more sensitive to the duration than to the
number of extreme wave events, whereas for navigation,
the number of days with no or only restricted services
due to heavy seas may be an issue.

The 99th percentiles of wave power mean patterns
for 1979–2020 are overall consistent with the SWH
(Figure 2.8.4(a), and Staneva et al.2020a). The spatial
pattern of mean annual wave power echoes the� ndings
of Valchev et al. (2013), Rusu (2019), and Akpšnar et al.
(2017). The maximum 99th percentile of wave power is
observed in the southwestern Black Sea. There are
hardly any changes in wave power in the southeastern
Black Sea (Figure 2.8.4(c)). The changes in wave
power are positive in surrounding areas of the Danube
Delta and along the western Black Sea coast. A slight
and nonsigni� cant increasing trend is observed along
the eastern Black Sea coastal areas. O�shore in the cen-
tral Black Sea and west of the Crimean Peninsula, the
99th percentile of the wave power trend is decreasing.
The pattern of the anomaly of the 99th percentile of
wave power in 2020 (Figure 2.8.4(b)) correlates well
with that of the wind speed anomaly in 2020 (Figure
2.8.2), revealing a positive wave-power anomaly in the

Figure 2.8.2.Long-term wind statistics of the Black Sea obtained from the METOP-A satellite (upper row; product ref. 2.8.3) as well as
ERA5 (lower row; product ref. 2.8.2). The considered periods start in 2007 and 1979, respectively. (a) and (d) 99th percentile until 2019,
(b) and (e) 2020 99th percentile anomaly, and (c) and (f) linear trend of 99th percentile until 2020. The analyses are based on yearly
averages.
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Figure 2.8.3.Yearly (a) number, (b) lifetime, (d) intensity, and (f) maximum event area. The dashed lines denote the linear regression
(c), (e), and (g) are the respective histograms. The histograms have the following bin sizes: 5 h, 0.1 m, 0.05 km�, respectively. The
analyses take into account the whole model domain and are based on product ref. 2.8.1. Long-term spatial mean storm analyses
of the Black Sea based on 42-year CMEMS wave reanalyses show almost no trend in event numbers (0.029 ± 0.275 events/year), a
slight increase of their intensity (0.774 ± 2.938 cm/year) but decreasing trends in the event lifetime (Š0.021 ± 0.061 h/year) and
event area of extremes (Š5.903 ± 169.676 km2/year).
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southwestern Black Sea and a negative anomaly in the
central basin.

The long-term variability of the mean wave energy
potential is critical for the wave energy sector. The over-
all economic pro� tability of a given site can be evaluated
in terms of average energy production taking into
account its distribution over wave heights, periods and
directions. A signi� cant factor in this evaluation is inter-
annual � uctuation, demonstrated here with the mean
pattern of the coe� cient of variation (Figure 2.8.4(f)).
A lower variation coe� cient, in combination with
su� ciently high wave energy� ux, can indicate that a
speci� c area is promising for a stable wave energy pro-
duction. The Crimean coast and the area along eastern
coastline show to be the most pronounced inter-annual
variability. It is important to notice here that in the
regions with the highest average wave power, the
inter-annual variability is relatively low. On the north-
western shelf and along the southern coast the variabil-
ity is very low.

2.8.4. Discussion and conclusions

Long-term changes in extreme wave conditions are
di� cult to detect and to analyse because of the rare
occurrence of these events as well as their limited spatial
and temporal extent. Analyses of long-term changes
require long and homogeneous time series that cover
the area of interest at high spatial and temporal detail,
a requirement that is frequently not ful� lled by the
available observational data. Wave reanalysis data pro-
duced by wave model simulations together with data
assimilation have therefore become a common tool to
complement existing observations and to analyse trends

and variability of severe wave events at di�erent scales
(e.g. ERA-5 wave analyses, CMEMS products). Here
we used a recent CMEMS wave reanalysis (Staneva
et al. 2020b) for the Black Sea covering the past 42
years (1979–2020). The reanalysis are produced using
the: (1) WAM Cycle 6.0 state-of-the-art wave model
that includes new dissipation term parameterisations
introduced by Ardhuin et al. (2010) and ECMWF
(2020), (2) switching to highfrequency atmospheric
analyses data of ECMWF ERA-5 and data assimilation
of along-track SWH observations, (3) using satellite
observation data assimilation The time evolution of
the percentile-based storm indices closely follows that
described for the 99th percentile of the signi� cant
wave height in the Black Sea area.

The major� ndings are as follows:

. The average number of storm events is the highest in
the eastern basin. In contrast, the average life time
has its maximum at the southwestern coast. The
Intensity has its maximum in the same region as
the life time but is also high in the basin interior.

. The di�erent causes of the described changes in
extreme wave climate may have di�erent impli-
cations for di�erent applications. For example,
coastal marine constructions (e.g. levees) are likely
to be more sensitive to the duration than to the num-
ber of extreme wave events, whereas for the naviga-
tions the number of days with no or only restricted
services because of heavy seas may be an issue.

. The impact statistics for events show no signi� cant
trends on the Black Sea basin scales. Only the 99th
percentile trend is slightly negative.

Figure 2.8.4.Long-term wave power statistics of the Black Sea. (a) 1979–2019 99th percentile, (b) 2020 99th percentile anomaly, and
(c) 1979–2020 linear trend of 99th percentile. (d) Standard deviation, (e) maximum, and (f) coe�cient of variation of the period 1979–
2020. The analyses are based on yearly averages derived from product ref. 2.8.1.
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. The storm analyses show that the yearly average
number of storm events is the highest in the eastern
basin. In contrast, the average life time has its maxi-
mum at the southwestern coast. The intensity has its
maximum in the same region as the life time but is
also high in the basin interior.

. Long-term spatial mean storm analyses for the Black
Sea show based on the 42-year CMEMS reanalyses
show slight increase of event numbers and intensity,
but decreasing trends for event life time and maxi-
mum area.

. The mean wave power has its maximum in the south-
west of the Black Sea. Compared to the mean wave
heights, its variation is much higher resulting in a
CoV of � 2.5 (� 0.75 for mean wave height). The
wave power trend has a similar pattern compared
to the one of the wave height with a pronounced
east–west di�erence.

In the agreement signed between MOI and the‘Euro-
pean Commission’is stated that future Copernicus Mar-
ine Service will‘aim to better support EU policies and
directives, increase its user base beyond Europe and in
emerging blue markets such as ocean energy, desalinisa-
tion or blue biotechnology and infrastructure (see the
Blue Economy report 2021)’. The study here contribu-
ted to the ocean energy sector. We propose new OMIs
that are the trend of the frequency and lifetime of the
events and the CoV of wave power.
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Section 2.9. The Black Sea overturning
circulation and its indicator of change

Authors: Mehmet Ilicak, Salvatore Causio, Stefania Cili-
berti, Giovanni Coppini, Leonardo Lima, Ali Aydogdu,
Diana Azevedo, Rita Lecci, Derin U. Cetin, Simona
Masina, Elisaveta Peneva, Murat Gunduz, Nadia Pinardi
Statement of the main outcome:The Black Sea (BS) is
the largest deep estuarine basin in the world. Its meri-
dional overturning circulation (BS-MOC) is here
described for the� rst time: in particular, the BS-
MOC interannual variability in both depth and density
space has been computed using a state-of-the-art ocean

reanalysis provided in the framework of the Coperni-
cus Marine Service for the Black Sea of 28 year-period
(1993–2020) for the de� nition of a new climate index.
The mean meridional streamfunction de� ned for the
upper 150 m in the depth space reveals an anticlock-
wise cell in the southern part of the Black Sea coming
from the injection of the Mediterranean waters
through the Bosphorus Strait into the Black Sea and
a clockwise cell in the northern part of the Black Sea
as a manifestation of the Cold Intermediate Layer
(CIL). The new index is then de� ned as maximum
overturning circulation in density space between
22.45 and 23.85 kg mŠ3. For the overall period, the
BS-MOC index weakened between 1993 and 2010
from 0.13 Sv down to 0.07 Sv, then it recovered and
has equilibrated around 0.1 Sv. Additionally, it shows
a very strong correlation with the CIL from observa-
tional data, supporting the concept of using such an
indicator to understand and monitor the water mass
formation in the Black Sea basin.
Product used:

Ref.
No. Product name & type Documentation

2.9.1 BLKSEA_MULTIYEAR_PHY_007_004
Ocean reanalysis

PUM:
https://resources.
marine.
copernicus.eu/
documents/
PUM/CMEMS-BS-
PUM-007-004.
pdf

QUID:
https://
catalogue.
marine.
copernicus.eu/
documents/
QUID/CMEMS-
BS-QUID-007-
004.pdf

2.9.2 SDC_BLS_CLIM_TS_V2
SeaDataCloud Black Sea Temperature and
Salinity Climatology V2: temperature and
salinity climatology for the Black Sea
combining data from (1) SeaDataNet
infrastructure, (2) World Ocean Database,
and (3) Coriolis Ocean Dataset for Reanalysis
for the period 1955–2019

DOI:https://doi.
org/10.12770/
847f1627-f39f-
40af-b3b0-
a2f6d29� 4dc
Reference:
Volodymyr
Myroshnychenko
(2020).
SeaDataCloud
Black Sea
Temperature and
Salinity
Climatology V2.
https://doi.org/
10.12770/
847f1627-f39f-
40af-b3b0-
a2f6d29� 4dc

2.9.3 Black_Sea_CIL_Cold_Content_Annual.nc
Spatial and annual averages of the Cold
Intermediate Layer in the Black Sea derived

DOI:https://doi.
org/10.5281/
zenodo.3691960

(Continued)
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Continued.
Ref.
No. Product name & type Documentation

from multiple in-situ and modelling sources,
for the period (1955–2019)

Reference: Capet,
A.,
Vandenbulcke, L.,
Grégoire, M.
(2020).A new
intermittent
regime of
convective
ventilation
threatens the
Black Sea
oxygenation
status.
Biogeosciences,
17(24), 6507–
6525, 2020.

2.9.4 SST_BS_SST_L4_REP_OBSERVATIONS
_010_022
Reprocessed Black Sea SST dataset of daily
(nighttime) optimally interpolated (L4)
satellite-based estimates of the foundation
SST in the Black Sea over a 0.05° resolution
grid, covering the period 1982–2018.

DOI:https://doi.
org/10.1016/j.
rse.2012.10.012
References:
Buongiorno
Nardelli B. et al.
(2013): High and
Ultra-High
resolution
processing of
satellite Sea
Surface
Temperature
data over
Southern
European Seas in
the framework of
MyOcean project,
Rem. Sens. Env.,
129, 1–16.
https://doi.org/
10.1016/j.
jmarsys.2009.07.
001
Buongiorno
Nardelli B. et al.
(2010): A re-
analysis of Black
Sea Surface
Temperature, 79,
1-2, 50–64

2.9.1. Introduction

The Black Sea is the largest deep estuarine basin in the
world with a large shelf in the North-Western region
dominated by the Danube River out� ow. It interacts
with the Mediterranean Sea through the Turkish Strait
System, consisting of the Dardanelles Strait, the Mar-
mara Sea, and the Bosphorus Strait. The warm and
salty Mediterranean waters� ow onto the Marmara
Sea and enter the Black Sea. Then, the Black Sea
exchanges its fresh and cold waters with the Mediterra-
nean Water. A cyclonic circulation pattern (aka the
Black Sea Rim Current) characterises the water mass
circulation in the Black Sea leading isopycnals to rise
in the central basin and depress over the continental

slope (Oguz et al.1993). A two-layer vertical structure
due to salinity di�erence between the upper 250 m
and deep part of the Black Sea limits the vertical motion.
The Cold Intermediate Layer (CIL) is the intermediate
water mass formation in the Black Sea. It forms on
the vast continental shelf in the north, and ventilates
the subsurface waters (up to 200–250 m). Strong atmos-
pheric forcing in some winters combined with fresh-
water inputs induce formation of the CIL in the Black
Sea, which regulates the vertical strati� cation, giving
an indication on the thermohaline variability in the
upper and intermediate waters. Below approximately
200 m, the Black Sea becomes homogeneous and
anoxic, preventing marine life at all. The CIL and
in� ow of the Mediterranean Water (MW)� owing
from the Bosphorus Strait are the main processes
which ventilate the subsurface of the Black Sea (Özsoy
et al.1993; Özsoy and Ünlüata1997). There is already
some evidence of the recent environmental changes in
the Black Sea due to anthropogenic climate change (Sta-
nev et al.2019; Capet et al.2020). Observations show
that the CIL has been disappearing over the last two dec-
ades. Understanding the impacts of changes of water
mass properties such as the CIL and MW on the Black
Sea circulation still remains a challenge.

Meridional overturning circulation (MOC) systems
in the Atlantic and Mediterranean Sea are very crucial
to setting the strati� cation in these basins (Cessi
2019). Generally, the MOC depends on intermediate
and bottom water formation and their upwelling pro-
cesses as a part of the ventilation of the basin. Although
the Black Sea overturning is smaller than the Atlantic
MOC and Mediterranean Sea overturning, we still
believe it contains important information about the
evolution of the intermediate water masses in the
Black Sea. The proposed index could potentially be
used to monitor decadal signals of the ecosystem health
of the Black Sea due to anthropogenic induced climate
change.

Previously, the deep circulation of the Black Sea has
been studied using the barotropic stream function (Sta-
nev1990; Stanev et al.2004), however to our knowledge
the meridional overturning circulation has not been
analyzed yet. Our aim in this study is to describe the
time mean and evolution of the meridional overturning
system in the Black Sea using an eddy-resolving model
that assimilates an observational dataset. This is a
unique opportunity since the Black Sea basin is signi� -
cantly di�erent from the Mediterranean Sea and Atlan-
tic Ocean since the Black Sea basin is much closer to
satisfying the so-called‘horizontal convection’ theorem.
Sandström (1908, 1916) stated that there cannot be a
sustainable circulation when the heating is at the level
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of the cooling source in a closed basin. Although, this
‘postulation’ is later proven wrong by numerical studies
and lab experiments especially if there is a bottom-
reaching deep convection (Coman et al.2006; Scotti
and White2011), there is still evidence that an idealised
overturning circulation should be weak and shallow (Ilš-
cak and Vallis2012) provided that there is no additional
mixing (such as due to internal tides and winds). The
background diapycnal di�usivity in the Black Sea is an
order of magnitude lower than its counterpart in the
Atlantic Ocean (10Š5 m2/s, Ledwell et al.1998). This is
probably due to a lack of tidal mixing over rough topo-
graphy and deep water formation in the Black Sea. Thus,
our hypothesis is that the MOC in the Black Sea should
be smaller and shallower than the aforementioned larger
basins. Our aim is to describe the interannual variability
of the Black Sea overturning system using a state-of-the-
art reanalysis ocean model simulation and try to under-
stand the Black Sea intermediate water formation and
ventilation mechanisms with newly developed meridio-
nal overturning index. The main reason undertaking the
present study is to develop an index that is possible to
assess a future climate change on the Black Sea circula-
tion. The overturning index that gives information
about surface, sub-surface and deep ocean circulation
is unique. Therefore, this new index will trace possible
buoyancy forcing changes in terms of the Bosphorus
Strait in� ow, river runo� into the Black Sea and sea sur-
face temperature increase trend, and their impact onto
the circulation.

2.9.2. Data and methods

The multi-year dataset used in this work is the CMEMS
reanalysis for the Black Sea (BS-REA hereinafter, Lima
et al. 2021, product ref. 2.9.1), which provided daily
and monthly mean� elds spanning 28 years of inte-
gration time from 1993 to 2020 (Lima et al.2020). BS-
REA is based on the NEMO v3.6 ocean general circula-
tion model (Madec2016) at the horizontal resolution of
1/36° × 1/27° and 31 vertical levels with partial steps. It
is forced by ECMWF ERA5 atmospheric reanalysis
� elds at the horizontal resolution of 0.25° and 1-hour
frequency in time. The model implements a closed
boundary condition at the Bosporus Strait with damp-
ing of the vertical distribution of temperature and sal-
inity at the Bosphorus Strait exit using the solution
provided by a high-resolution unstructured model for
the Marmara Sea (Aydogdu et al.2018). The model is
online coupled with OceanVar (Dobricic and Pinardi
2008; Storto et al.2011), a 3D-Var scheme for the assim-
ilation of in situ temperature and salinity quality-con-
trolled pro� les provided by CMEMS INS TAC and

historical SeaDataNet and along track sea level anomaly
satellite data provided by CMEMS SL TAC. The model
solution is relaxed to sea surface temperature satellite
data (product ref. 2.9.4) provided also by CMEMS.

To understand the overturning circulation of the
Black Sea, we compute the time-mean meridional Euler-
ian (overturning stream function in the geopotential
coordinate) and residual (overturning stream function
in the density (s2) coordinate) stream functions accord-
ing to Pinardi et al. (2019).

The Eulerian meridional stream functionC is
de� ned as function of latitude and depth, and calculated
by integrating the meridional velocity as follows:

C(y, z) ; Š
1
T

� t1

to

� xB2

xB1

� z

ŠH
v(x, y, �z, t) d�z dx dt

wherexB is the meridional (east–west) boundary,T is
the temporal averaging interval andH is the bottom
bathymetry. Positive (negative) values represent clock-
wise (anticlockwise) circulation along the vertical direc-
tion. We also use residual stream functionC� in the
density space (s2) as follows: whereH is the Heaviside
function. We used 100 density bins to remap the mass
� ux � elds to compute the residual stream function.

2.9.3. Results and discussion

The time mean meridional Eulerian and residual stream
functions for the Black Sea were evaluated for the entire
BS-REA simulation period (1993–2020) for the whole
basin. Figure 2.9.1(a) shows the time-mean Eularian
meridional overturning stream function, and three
di�erent isopycnal layers (22.45, 23.85, 25.7 kg/m3) as
dashed lines in the Black Sea. We will discuss the impor-
tance of these isopycnals in the next section. Upward
doming isopycnals indicate strong cyclonic circulation
over the continental shelf (Rim Current). Note that
the depth axis is non-linear. There is an anticlockwise
(negative) circulation in the southern part of the Black
Sea (south of 44°N) and a clockwise (positive) circula-
tion centred around of 44.5°N at the upper 150 m.
This surface circulation is a manifestation of the CIL
coming from the continental shelves in the north and
injection of the Bosphorus Strait water in the south.
Observations show wider range for the penetration of
the Bosphorus Strait over� ow into the Black Sea
(around 100–500 m, Özsoy et al.1993; Özsoy and Be�ik-
tepe 1995), but z-coordinate models generally su�er
from additional numerical mixing which leads to shal-
lower equilibrium depth for the gravity currents (Ilšcak
et al.2012). In the abyssal basin, there are three di�erent
cells; one of them is negative (anticlockwise), and the
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other two are positive (clockwise) cells. The time-mean
values of these di�erent cells are approximately around
0.1 Sv, however, day to day changes can be up to 5 Sv
(not shown).

The yearly maximum meridional overturning
stream function down to 250 m (red line) and the
whole basin (blue line) and their respective standard
deviations were computed between 1993 and 2020
and are shown inFigure 2.9.1(b). There is a weakening
in BS-MOC from 0.17 to 0.1 Sv in the� rst three years
of the integration time (1993–1995), then there is an
increasing trend between 1995 and 2005 in both BS-
MOC values. After 2005, the BS-MOC values saturate
with a mean of 0.114 and 0.142 Sv for the upper
250 m and the whole basin respectively over the rest
of the simulation period. The correlation between
maximum BS-MOC at the upper 250 m and the
whole basin is very high (Pearson correlation coe� -
cient, r = 0.83). High correlation between upper and
whole basin BS-MOC strength indicates that the� ow
can be barotropic, and the bottom cell (below 250 m)
is stronger than the upper cell.

Next, net meridional transports are computed in
potential density anomaly with reference pressure of
2000 dbar (s2) space. We believe that the MOC function
of density better characterises water mass transports in
the Black Sea than the MOC function of depth.Figure
2.9.2(a) shows the time-mean overturning transport
computed in density space. The Mediterranean Water
coming from the Bosphorus Strait is the densest in the
whole basin due to highly saline water coming from
the Mediterranean Sea. There is an anticyclonic circula-
tion at the density values larger than 26.5 kg mŠ3, indi-
cating the Mediterranean Water injection. There are
two dipole (positive–negative) circulations at two di�er-
ent density bins between 26.05 and 26.35 kg mŠ3. These
two circulations correspond to the three deep cells in the
C(y, z). Here, we propose to use the maximum BS-
MOC in density space between 22.45 and
23.85 kg mŠ3 for the Black Sea overturning circulation.
In the BS-MOC depth space, these density values are at a
depth interval between 25 and 80 m (Figure 2.9.1(a))
which indicates the subsurface water properties.

Zhang (2010) argued that the variations in the MOC-
density space are signi� cantly di�erent than those in the
MOC-depth space especially close to the water for-
mation regions. The Black Sea is very narrow in the
north–south direction; thus, it would be important to
study the evolution of the MOC-density space in the
whole basin.Figure 2.9.2(b) depicts the time evaluation
of the maximum BS-MOC in density space between
22.45 and 23.85 kg mŠ3 (red line) together with the
timeseries of the monthly model mean of volume of

water masses below the temperature criteria (T < 8.35°
C) where the bathymetry is deeper than 1000 m (blue
line) and the CIL cold content computed using ship
data and Argo� oats (orange line) from Capet et al.
2020. The CIL cold content de� ned by the same temp-
erature criteria above shows a signi� cant reduction
from 1993 to 2010 in the observations. The model cap-
tures this reduction well with a decrease of the volume
of water mass in the deep basin. The maximum BS-
MOC value has also decreased during this period
from 0.13 to 0.07 Sv. After 2010, there were a couple
of years of increasing of the CIL content accompanied
with an increase in the maximum BS-MOC and volume
of temperature� elds. There was another peak in 2017
for the CIL cold content and maximum BS-MOC.
Over the last 30 years, the Black Sea MOC has decreased
indicating a climate shift possibly due to anthropogenic
global warming (Stanev et al.2019). The proposed
maximum BS-MOC in density space can be potentially
used as long-term climate monitoring index.

Finally, the temperature/salinity (T/S) diagram at a
single grid point (43.5°N, 31°E) at the deep western
basin of the Black Sea is shown inFigure 2.9.3as a
function of seven di�erent periods (4 years averaged),
together with climatology values obtained from SeaDa-
taCloud dataset (product ref. 2.9.2). This open ocean
location is away from coastal boundaries, CIL for-
mation and MW injection sites. Thus, we can track
the evolution of the background strati� cation in the
Black Sea. The dashed red line represents the 8.35°C
criterion of Capet et al.2020 (product ref. 2.9.3)
used to identify CIL waters. Fours2 values of 19.75,
22.45, 23.85 and 25.87 kg mŠ3 are also shown as
black contours. The number of points below the criti-
cal temperature at each time interval are shown in the
bottom left corner of each� gure. In the� rst decade of
the simulation, there were more 20,000 grid points
below the critical temperature, then it reduces down
to 15,594 between 2009 and 2012, 11,790 between
2013 and 2016, and� nally down to 10,381 points
between 2017 and 2020. Decrease (increase) of number
points below (above) this line is a clear signal of the
reduction of the CIL cold content (warming of the
Black Sea mid-pycnocline). During the� rst 4 years
of the simulation, the CIL cold content is higher as
compared to the rest of the simulation period. In the
second and third 4-years periods the CIL signal is
weakening and is the lowest between 2009 and 2016.
This is con� rmed by observations as shown inFigure
2.9.2for which at the increased temperature compro-
mises the persistence of CIL which is correlated with
the maximum BS-MOC evolution in density space
(red line in Figure 2.9.2).
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Figure 2.9.1.Time-mean Eulerian meridional overturning maximum of the absolute value of the stream function (isopycnal layers
22.45, 23.85, 25.7 kg mŠ3 as dashed lines) on the top; yearly maximum overturning stream function for the whole basin (blue
line) and down to 250 m (red line) on the bottom with standard deviations as the bar plots.
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Figure 2.9.2.Time-mean overturning transport in density space on the top; Time evolution of the maximum BS-MOC in density space
between 22.45 and 23.85 kg mŠ3 (red line), volume of temperature below 8.35°C in the deep basin (blue line) and CIL cold content
obtained using ship data and Argo� oats (orange line, from Capet et al.2020, product ref 2.9.3) on the bottom.
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Figure 2.9.3.T–S diagrams from BS-REA for a 4-year period starting from 1993. Grey crosses show T–S climatological (1995–2020)
data from SeaDataCloud (Myroshnychenko2020, product ref. 2.9.2). Dashed line represents 8.35°C isothermal. The number of grid
points below the 8.35 isothermal are shown in the bottom left corner of each� gure.
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2.9.4. Conclusions

In this study, we analyzed for the� rst time the meridional
overturning circulation in the Black Sea to describe the
water mass properties, in particular the role of the vertical
strati� cation which is strictly dependent on the Mediter-
ranean in� ow and the CIL. This analysis has been per-
formed using an eddy-resolving reanalysis product for
the Black Sea (Lima et al.2021). Starting from a consoli-
dated approach for the understanding of the global ocean
overturning, recently applied also in the Mediterranean
Sea, we computed the meridional overturning circulation
for the Black Sea in both depth and density space. It
revealed the presence of a clockwise circulation in the
northern part up to 150 m connected to CIL cold content
and an anticlockwise circulation in the southern part that
could be connected to the in� uence of the Mediterranean
Water in� ow into the Black Sea.

The CIL has been represented by a cyclonic cell in the
BS-MOC mean� eld. On the other hand, the Mediterra-
nean Water from the Bosphorus Strait goes under the
CIL and has an anticyclonic circulation. This counter-
clockwise cell might be considered as a‘di�usive cell’.
The MW mixes with ambient background waters due
to double di� usion (Özsoy and Be�iktepe 1995). We
do not � nd a statistically signi� cant trend in the time
evolution of the maximum value of the BS-MOC in
depth space.

Next, we computed BS-MOC in density space. We
propose a new index which is the maximum overturn-
ing circulation in density space between 22.45 and
23.85 kg mŠ3. This new index has a very strong corre-
lation with the observed Cold Intermediate Layer cold
content in the Black Sea (0.7 correlation coe� cient
with the Argo� oat data), and it can help us to monitor
long-term climate variability in the Black Sea. We found
that the BS-MOC has been weakened between 1993 and
2010 from 0.13 Sv down to 0.07 Sv, then it recovered
and has equilibrated around 0.1 Sv. Time evolution of
the BS-MOC values also overlap with warmer mixed
layer temperature.

Next steps will focus on deepening the investigation
of the role of the overturning circulation as a mechan-
ism for understanding the Black Sea climate system
and to supply oxygen in the upper 200–250 m of the
basin. One of the limits of the current modelling
approach is related to the implementation of the bound-
ary conditions at the Bosphorus Strait: it is a closed
boundary where the net out� ow remains constant in
time is governed by the imposition of a surface bound-
ary condition able to balance the water budget at basin
scale. Implementation of realistic lateral boundary con-
ditions for the Mediterranean waters in� ow into the

Black Sea will be a future improvement in the reanalysis
product. This could address signi� cant � ndings in the
general understanding of the overturning circulation
in the Black Sea through a better representation of the
interactions between the two marginal seas. Neverthe-
less, the role of rivers and atmospheric circulation at
basin scale is considered a challenge to better under-
stand the correlation between the BS-MOC and the
CIL and for the monitoring of the climate properties
of the basin. Another relevant recommendation is the
link between observations and Black Sea MOC: enfor-
cing the observing network for the overturning circula-
tion as described for the AMOC in Frajka-Williams
et al.2019could provide new insights for the monitor-
ing of critical climate phenomena as well as extreme
events in the Black Sea.

Note

1. https://github.com/ecjoliver/marineHeatWaves.
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