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’3 Check for updates

Authors: Karina von Schuckmann, Pierre-Yves Lethe Copernicus Marine Service conveys essential infor-
Traon 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 1992020 with a special focus on 2020.

The ocean has never been so high on the internationahs previous Reports, this Report is organised within
political agenda as today. The attention to the ocean igq,, principal chapters:

now becoming more in line with the major role it
plays in climate, environment, economy and for society
at large. The European UnigmMission$ — a novelty of
the Horizon Europe research and innovation pro-
gramme for the years 2022027—recognise the impor-
tance of the ocean through their focus tRestore Our
Ocean & Waters® helping for example to achieve the
marine of the European Green Deal, such as protecting
30% of the EUs Sea area and restoring marine eco-sys-
tems. The One Ocean Sumniitield 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  The analyses are focused on the seven Copernicus
of the ocean. The upcoming second UN Ocean ConferMarine Service regions, i.e. the global ocean, the Arctic,
encé with its leitmotif ‘Save our Ocean, Protect our the North-West-Shelf, Iberia-Biscay-Ireland, the Baltic
Future is aiming to mobilise science-based innovativeSea, the Mediterranean Sea and the Black Sea. Uncer-
solutions for global ocean action. Understanding andtainty assessment based ornaulti-product-approach
predicting changes in the ocean are needed to guidés also used (see von Schuckmann e@ll8for more
government actions and policies to preserve biodiver-details). The OSR is predominantly based on Coperni-
sity, sustainably manage marine resources, reduce potus Marine Service products, but many analyses are
lution and mitigate and adapt to climate change.complemented by additional datasets. The Copernicus
Sustainable management of the ocean must be basedarine Service includes both satellite and in-situ high
on sound scientic understanding and ocean monitor- level products prepared by the Thematic Assembly
ing and forecasting capabilities. Centres (TACs)- including reprocessed products

The Copernicus Marine Service provides the Euro-and modelling and data assimilation products prepared
pean Union with a world-leading capacity for monitor- by Monitoring and Forecasting Centres (MFCs). Pro-
ing and forecasting the ocean and unique capabilities talucts are described in Product User Manuals (PUMSs)
support a science-based management of the ocean arahd their quality in the Quality Information Documents
its resources. After six years of operations, the Coperni{QUIDs; CMEMS201§. Within this report, all Coper-
cus Marine Service is recognised internationally as onaicus Marine Service products used are cited by their
of the most advanced service capacities in ocean monproduct name, and download links to corresponding
toring and forecasting and is now used by about forty QUID and PUM documents are provided. The use of
thousand expert services and users worldwide (see Lather products has also been documented to provide
Traon et al.2019. Through the development of its further links to their product information, and data
Ocean State Reports (OSRs) and high-level summariespurcesFigure 1.1provides an overview on the major

Chapter 1 provides the introduction and a syn-
thesised overview

Chapter 2 includes various novel sciemtianalyses 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 speat events during the year
2020.

© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
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Overview of major outcomes at global scale for the 6th issue of the Copernicus Ocean State Report.

outcomes of the 6th issue of the Coperncius Ocean State In the last decade, the European regional seas have
Report at global scale, arfeigure 1.2focusses on the been hit by severe storms, causing damage sbare
European regional seas. 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
Chapter 2 of the 6th issue of the Copernicus Ocean Statfor coastal risk management and protection measures,
Report tackles 5 major ocean topics, i.e. ocean warminghereby preventing or minimising human and material
ocean extremes, ocean-cryosphere connection, largglamage and losses. Ocean extremes such as marine
scale ocean circulation and ocean natural mitigation.heatwaves (MHWSs), extreme sea wind speeds and
Ocean warming is discussed for the Artic Mediterra- extreme waves are one of the most threatening natural
nean, which refers to the area including both the Nordic hazards. In Chapter 2 of OSR6, ocean extremes have
Seas and the Arctic Ocean (Section 2.3). Resultseen addressed across threedint angles, i.e. a global
obtained in OSR6 quantify overall ocean warmingview on extreme sea wind change over the past (Section
(full-depth, with Atlantic Water contributing 64%, 2.1), together with a regional focus on the Black Sea,
Over ow Water 31%, Polar Waters 5%) in the including also the ect of extreme wave conditions
Artic Mediterranean at rates comparable to global- (Section 2.8); and MHWSs in the Mediterranean Sea
scale ocean warming, from which heat uptake by seg&Section 2.7). The OSR6 contains a global scale study
ice melt made up about % of the regional energy imbal-of extreme wind speeds as derived from satellite obser-
ance. Ocean heat transport from the Atlantic into the vations and a numerical weather prediction model over
Arctic Mediterranean is found to be a pacemaker ofthe period 200#2020. The year 2020 has seen record-
observed ocean heat content increase in the Arctihigh extreme wind speeds in the North Atlantic, and
Mediterranean. in the South Indian Ocean. Increase in extreme wind
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Same a¥&igure 1.1but for the European regional seas.

speed over the past 14 years is reported in the southeraxperienced an increase in maximum MHW intensity;
Indian Ocean and the western tropical Paceast of the and the eastern Adriatic Sea had been characterised by
Solomon Islands, and decrease in the PadDcean an increase in MHW event duratiorF{gure 1.2).

south of about 40°3F{gure 1.1). OSR6 results obtained The ocean and cryosphere are interconnected in a
for the Black Sea have revealed that since the year 1998ultitude of ways, and OSR6 has set a spespotlight
there has been an increase of the number of stornmon the so-called Marginal Ice Zone, i.e. the area where
events and a decrease of their event lifetime and maxithe Antarctic Sea ice meets the open ocean, which is a
mum areal extent on basin average. The average lifetimgensitive area for unravelling sea ice change, and a
reached a maximum on the southwestern coast of theinique environment for Antarctic biodiversity (Section
Black Sea over the past quarter of a decade, in an aréad). The results indicated that on average, the Antarctic
which has been also linked to the strongest mearMarginal Ice Zone, did not experience a trend from
wave power over this period. Moreover, results havel993 to 2020. However, substantial decrease over 27
shown that the average number of storm events had/ears is reported in areas of rapid regional warming,
been highest in the eastern basin of the Black Sea. lsuch as in the Bellingshausen-Amundsen Sea and in
the Mediterranean Sea, MHWs have caused ecologic#ihie Ross Sea. Increasing trends are observed in the wes-
and economic damage, such as mass-mortality eventern Weddell Sea and north of the Antarctic Peninsula
and critical seafood losses. Results of OSR6 have disesnd are associated with a combination of wind-driven
tangled the role of large-scale ocean warming in theand hydrodynamic processes and ocean / ice-sheet
Mediterranean Sea, and the evolution of warmdynamics Figure 1.1).

extremes, highlighting the need for regional speci One of the major ocean characteristics of the ocean
exploration of MHWSs relative to their socioeconomic includes its capacity to move large amounts of heat,
impacts. The results show that since the year 1993, thfeshwater, carbon and other properties over large dis-
Levantine Basin has shown more frequent, long-lastingances, @&cting the ocean and Earth climate locally
and intense MHW events; the western Adriatic Seato globally, and at all time scales. In particular the
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Meridional Overturning Circulation (MOC) has a fun- topics highlight the role of biogeochemistry in the
damental role in Earth climate, and OSR6 has tackledcean, ocean extremes and surface and subsurface
two major related topics, i.e. the internationally-driven ocean warming. Socioeconomic aspects raised in Chap-
monitoring of the North Atlantic MOC across the ter 3 of OSR6 include for example:
observation array under th®verturning in the Subpo-
lar North Atlantic Program (OSNAP 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 2-decades, albeit with signi
cant shorter-term variations (Section 2Rigure 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. OSRE6 presents a new indicator for eutrophication of
Finally, this rst chapter of OSR6 addresses anotherEuropean waters in support of Eurostat reporting for
important topic, i.e. a naturally-driven process relevantSDG14 (Section 3.1). This indicator is based on satellite
particularly for marine ecosystem health, biodiversity,observations of chlorophyll-a to identify areas of poten-
and sheries aquaculture systems: ocean fertilizatiortial eutrophication. This indicator has been not only
(Section 2.6). This study has been performed in an aredeveloped to report on the eutrophication status, but
where oligotrophic ocean conditions prevail, which also for addressing the status of oligotrophication.
means that these areas are characterised by low nutriefithis work presents a method to complement the inter-
concentrations needed for phytoplankton growth. Predo-nationally driven SDG reportin§.The results showed
minantly during winter time, the oligotrophic state in the few scattered potential eutrophic areas, while extensive
Mediterranean Sea is occasionally mitigated by the injeceoastal and shelf waters indicate a potential oligotrophic
tion of dissolved nutrients in the euphotic layer from the status. The distributions point to localities that should
deep waters, as a consequence, for example, of stromg on a watch to determine the in situ nutrient levels
mixing mostly driven by heat losses and wind forcing and whether the chlorophyll-a trend is sustained into
stress acting at the sea surface. This ocean fertilizatiotine future. The time series of the potential eutrophica-
of the water column in winter acts to favour a decreasetion at the EEZ level showed low percentages across
of the overall oligotrophy of the basin, acting at the the area with some remarkable high potential eutrophic
same time for example the size distribution of phyto- events occurring in therst decade of the study period,
plankton, and hence marine food webs. OSR6 introducefollowed by an overall reduction in potential eutrophi-
a new indicator for monitoring the fertilization process. cation from 2013 onwards. Furthermore, for several
The basin-wide analysis in the Mediterranean Sea oEuropean countries, the eutrophication indicator at
this new indicator revealed that potential fertilization in the EEZ level was often nil or never exceeded 1% of
the Western (Eastern) Mediterranean is predominantlythe EEZ area. For 2020, results for the European
linked to negative (positive) states of the East Atlanticregional seas indicate few scattered potential eutrophic
(East Atlantic/Western Russian) patterns that shape thareas, while extensive coastal and shelf waters have
heat ux losses at the ocean surface and the associatdzen identied to be in potential oligotrophic status.
vertical mixing Figure 1.2 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
The new outcomes of Chapter 3 in OSR6 presents seAtlantic, the Mediterranean Sea, and the Black Sea
eral case studies with socio-economic relevance. TheseeFigure 1.1for speci c regions).

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

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



JOURNAL OF OPERATIONAL OCEANOGRAPHY s5

In addition, a specic focus had been provided for and coastal structures (e.g. oil/gas platforms, aquacul-
eutrophication in the Baltic Sea, which is known to beture, wind and wave farms), as well as coastal infrastruc-
largely aected by eutrophication from anthropogenic ture (e.g. ports, roads, touristic facilities). For example,
nutrient inputs (Section 3.2). Eutrophication causesan increase in the frequency, intensity, and/or duration
ecological and socio-economic impacts so measures tof wave storm events over a certain region may require
reduce nutrient loads have been implemented. Such polenhanced protection from coastal hazards, re-direction
icies depend on accurate and abundant monitoring dateaof shipping routes or re-enforcement of marine struc-
to implement environmental status indicators reliably. tures, or may increase downtime of operations at sea
OSR6 reports on outcomes across a regularly measurezhd it might require advanced systems of alert. Results
FerryBoX transect, between Finland and Germany,of OSR6 show that over the past 28 years, most extreme
crossing various sub-basins of the Baltic Sea. Resultgave storms (i.e. the annual 99th percentile sigant
shows that inorganic nitrogen (N) and phosphorus (P) wave height) has increased in the entire Mediterranean
concentrations, the nutrients mainly controlling eutro- Sea basin. Maximum increase of extreme wave storms is
phication, have not decreased during the monitoringidenti ed in the east Levantine Sea associated to an
period (200#2020) despite nutrient load reduction increase in wave storm intensity and duration. Also,
eorts. Phosphate and total P concentrations havethe eastern Alboran Sea has seen record increase of
instead increased slightly in the Gulf of Finland. More- extreme wave storms, where wave storm frequency
over, OSR6 also reports on dissolved silicate concerincreased up to 0.2 events per year in the past 28
trations, which are intimately related to diatom years. Further, the Adriatic Sea is characterised by
productivity — a component of phytoplankton respon- increased wave storm intensity and duration. Finally,
sible for approximately 40% of marine net primary pro- the Tyrrhenian Sea has been idemtil as another area
ductivity, which makes them an important component aected by increase in wave extremes over the past
of marine food webs. Along the entire monitored trans- quarter of a decade~{gure 1.2).
ect, dissolved silicate concentrations have increased The Tyrrhenian Sea, one of the most potentially vul-
during the past four yearsHgure 1.2). A change (e.g. nerable sub-basins of the Mediterranean Sea, has been
increase) of dissolved silicate concentrations can béurther discussed in more detail in Section 3.6.
linked to changes (e.g. decrease) in diatom abundancg8cience-based information and monitoring at regional
(diatoms utilise silicic acid (=silicate) to construct and local scales is necessary for sient risk assess-
their cell walls), and a shift in the phytoplankton com- ment and the development of feasible adaptation strat-
munity during the spring bloom, &cting the carbon egies. Human communities in close connection with
and nutrient cycle of marine ecosystem. To improvethe ocean environment are particularly exposed to the
the monitoring of the ecological status of the seas inoccurring changes in the ocean and more than ever a
the future, this study calls for a multi-platform sampling long term, comprehensive and systematic monitoring,
strategy to be combined with the currently implemented assessment and reporting of the ocean is required to

ne-scale measurements across the FerryBox transecensure a sustainable science-based management for

Section 3.3 of OSR6 provides insight into pilot societal bend. Results in OSR6 show that the surface
studies in the Pactc Ocean, highlighting the comp- temperatures in the Tyrrhenian Sea have been rising
lementary use for large-scale and direct coastal oceaover the last 39 years with an average rate of 0.037°C/
measurements in coastal reefs of Fiji and New Caledoy which led to an accumulated warming of more than
nia. The analysis points to the advantage in usingl.44°C throughout the entire basin over the past 39
these complementary data types for the same geographyears. This long-term surface warming of the Tyrrhe-
cal areas at small spatial scales close to the coast, andniran Sea was particularly intense during the warm sea-
particular, for high frequencies and extreme eventssons, leading to signcantly earlier and longer warm
Drawing on ongoing initiatives, the section further summer periods with an average extension of roughly
advocates for a methodology based on the use of day every year. Hence, a lengthening of the warm
ocean data to support society and economy in co-consummer season by more than a month is expected to
struction with stakeholder involvement. have profound climatological and socio-ecological

As for Chapter 2, Chapter 3 also emphasises oceaimpacts. Accordingly, cold spells have become rarer
extremes, here discussed with respect to socioeconomand less severe, while marine heatwaves have become
implications (Section 3.4). The study of extreme wavemore severe, prolonged, and more frequdfiglre 1.2).
climate and wave storms is very important and of Finally, Section 3.7 of this chapter presents a new indi-
great relevance to engineering practice, such as for theator for ocean fertility (e.g. ocean biological activity) in
design and safety control of marine vessels, shore  support of strategies for a healthy and productive
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ocean. Society is increasingly calling for indicators able toariations on year-to-year scales, and the process and its
capture and deliver quantitative information on the change is triggered by the northerly wind regime called
ocean to support the implementation of sustainableEtesiangFigure 1.2. These new results will pave the
approaches such as for marine spatial planning andvay to increase the understanding of coastal upwelling
exploitation of biotic ocean resources. Since primary pro-in this area, as well as to further unravel its implications
ductivity relies on nutrient assimilation from the photic for marine ecosystems in the future.
layer, the abundance of nutrients in surface layers just 2020 stands out as one of the years with the least sea
after the winter mixing determines how fertile a region ice in the Arctic since satellite records started in the late
can be in the following spring and summer. The indicator 1970s, including prolonged periods of ice-free seas
presented in OSR6, and applied to the Mediterranearalong the Siberian shel extreme conditions in 2020
Sea, allows for the possibility to predict months in which have been investigated in OSR6 (Section 4.2).
advance the total amount of phytoplankton biomass toThe preceding record-breaking heatwave in northern
be developed in the following warm seasons, and irSiberia preconditioned anomalously thin sea ice con-
some cases provide some indications also sh land-  ditions in this area, exposing the ocean to prolonged
ings. This measure can therefore be considered as amospheric heating and changing wind conditions,
rst-order index, and a predictor, of ocean fertility, and which contributed to making the Laptev Sea ice-free
is able provide indications on the productivity expectedas early as July, and inhibited a re-freeze until the start
in the upcoming spring and summer seasons, and forof November. Physical condition restabilized to average
sea productivity at the sh level Figure 1.2 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 aected the biology with a
As for previous editions, OSR6 highlights the most recentdecrease in primary production of 5%igure 1.1).
events in the ocean. This issue focuses on 2020, which In 2020, extreme warm ocean conditions have been
had been characterised by several ocean extreme evenéported in OSR6 for the Baltic Sea (Section 4.4), the
in the European regional seas and abroad, as well asastern Mediterranean Sea (Section 4.6), and the north-
record-high ocean warming levels, and record low seaast Pacic Ocean (Section 4.3). In winter 2019/2020,
ice conditions. A particularly strong and record-breaking the upper 50 m of the Baltic Sea experienced a record
storm event-the so-called stornGloria —impacted the  high seasonal (December to February) ocean warming
Spanish Mediterranean coast during the days spannindevel of 211 MJ/rA since 1993 in response to unusual
19th to 24th January 2020 and caused record-higlwarm weather conditions. Concurrently, the maximum
waves, sea level and currents, leading to coastal loss aeda ice extent reached its record low since 1720 cover-
damage (estimated to be more than 200 million Eurosjng only an area of 38,300 Kimwhich is less than 10%
with 14 casualties) (Section 4.1). Also, the lonian Seaf the Baltic Sea aredigure 1.2). In May 2020, the
and Thessaly area, from 17th to 20th September 2020/editerranean Sea experienced a marine heatwave of
experienced Medicane lanos with wind speeds up taemarkable intensity, reaching conditions categorised
110 km/h, torrential rain and ooding, all resulting in  as extreme in almost the entire eastern basin, exceeding
signi cant loss and damage (Section 4.5). OSR6 provide&C above the usual state in the middle of the month
insights into the impact, relevance and physical evolution(Figure 1.2). In addition, OSR6 reported unusual high
of the two events, thus providing critical information salinity conditions in the South Adriatic Pit (Section
allowing for future improvements of forecasting skills 4.7;Figure 1.2). OSR6 also draws attention to an area
and early warning systemgigure 1.2 in the global ocean which had been hit subsequently
OSR6 has also provided insight into another ocearby long-lasting marine heatwave conditions with
phenomenon which is generated through the interplaydevastating impacts for marine ecosystems and econ-
of wind conditions and ocean dynamics: coastal upwel-omy, i.e. the northeast Pad Ocean Figure 1.1).
ling, here analyzed in the Black Sea (Section 4.8). Coasfahe results further unravel the underlying processes
upwelling ecosystems are among the most productivdehind the generation of these ocean extreme events,
ecosystems in the world, meaning that their monitoring, identifying a positive feedback loop between the atmos-
and their response to climate variations is of critical phere and the ocean which in turn will pave the way
importance. This study has shown that coastal upwellingor improved predictability of marine heatwaves in
along the Turkish coast of the Black Sea undergoes stroniipe future.
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Continued.

Ref.

No. Product name & type Documentation

Authors: Rianne Giesen, Ad S&len 2.1.2 European Centre for Medium- https://www.ecmwf.int/en/

Statement of main outcome:ln 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

To put these anomalies into a longer-term perspective,
we use remotely sensed winds from a scatterometer

Range Weather Forecasts forecasts/dataset/ecmwf-
(ECMWF) ERAS5 Reanalysis,  reanalysis-v5

retrieved from the ECMWF

Meteorological Archival and

Retrieval System (MARS)

Forecastelds of: neutral wind

at 10 m u- and v-component,

2 m temperature, mean sea

level pressure and speci

humidity

over the period 20072020 to analyse extreme wind
speeds over the global ocean, based on the 99th per-
centile. We compare the 2020 extreme winds to the

20072014 cli I i ig :
00720 climatology and determine  sigeant Storms are one of the most threatening natural

trends in extreme wind speeds. Wend that the hazards. Especially in densely populated coastal

2020 anomalies in the northern Atlantic and Paci . S . .
. - regions, the combination of high wind speeds, extreme
exceed the interannual variability observed over the

period 200742019, but cannot be directly associatedwaves’ storm surges and heavy r"’?'”fa" I storms
with a signi cant trend over 2007%2020. On the causes severe damage and loss of lives (Bevere et al.

- . 202Q. In the tropical regions, the most extreme sur-
other hand, large positive extreme wind speed . .
) . . face wind speeds occur, regularly reaching category
anomalies are found in the southern Indian Ocean,

o . S . . '5 hurricane strengths with wind speeds above
that are in line with steadily increasing extreme wind S . )

. . . " 250 km per hour or 70 m¥. At higher latitudes,
speeds in this region. Another large positive 2020 . .

: : extreme wind speeds are generally observed in low-

anomaly and 20672020 trend is observed in the tro- . .
. . pressure systems along mid-latitude storm tracks and
pical southern Pact, east of the Solomon Islands.

Predominantly negative 2020 anomalies and trend%'?ozzlai‘;qlOx:sts(l\girssegiieetet aﬁioﬁg\',vﬁ%az freoergsdlslaa s an
are detected in the southern PaciOcean and north- X Y, N9 P play

important role in atmosphere-ocean interaction, for
west of New Zealand. Compared to the extreme scat: . .

. . . instance through changes in the upper-ocean circula-
terometer winds, collocated reanalysis model winds

. o tion and the exchange of momentum, heat and mass
are systematically lower and generally exhibit smallei)
trends. etween the atmosphere and the ocean (Russell et al.

202).

The year 2020 saw a record-breaking number of
named tropical storms in the Atlantic (Bevere et al.
Ref. 2020Q. Over the past four decades, the global proportion
No. Product name & type Documentation of intense tropical cyclones has likely increased (IPCC
211 WIND_GLO_WIND_L3_ PUMhttps://marine. 202). Future projections suggest with high catence

REP_OBSERVATIONS_012_0086opernicus.eu/documents/ . . . .
Global ocean daily gridded PUM/CMEMS-WIND-PUM-  that peak wind speeds of intense tropical cyclones will
reprocessed L3 sea surface  012-002-005.pdf increase with increased global warming (Knutson
winds from scatterometer QUID: t al.2020. On th ther hand. th . di
and collocated ECMWF https://marine.copernicus. et al Q n the other hand, there IS meaium Con_
ERAS5 model forecast eu/documents/QUID/ dence that the overall global frequency of tropical
CMEMS-WIND-QUID-012-  gtorms will remain unchanged or decrease (Collins
et al.2019. The future position and intensity of mid-
latitude storm tracks are connected to changes in

Product table:

002-003-005.pdf

(Continuey
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temperature gradients (Shaw et 201§. Since oppos- instruments with dierent characteristics, resolution
ing eects occur, future projections have low con and temporal and spatial sampling. We perform an
dence, particularly in the northern hemisphere (IPCC identical analysis with collocated ERA5 model winds
202). Projections for the southern hemisphere areto identify biases in climatologies and trends between
more consistent and suggest a strengthening and southebserved extreme scatterometer winds and model
ward contraction of the storm tracks (Russell et al.winds. The uncertainty due to spatiotemporal sampling
202). eects is assessed by comparing the results for the collo-
Since in-situ observations of extreme wind speeds areated ERA5 winds to an identical analysis performed
rare, especially over the open ocean, satellite instruwith the original ERA5 wind elds that are homo-
ments are fundamental to monitor changes in extremegeneous in space and time.
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)The level 3 (L3) scatterometer climate data record in the
(Bourassa et aR019. Scatterometers and radiometers CMEMS catalogue (product reference 2.1.1) starts in
measure contiguously in broad swaths of typically1992 and consists of partly overlapping datasets from
1000 km wide and cover about a third of the earth sur-scatterometer instruments with @rent characteristics.
face in 12 h. Scatterometers provide surface vectoDespite continuing @rts to account for dierences in
winds up to 40 m 8* since 1992. Radiometers are not sampling, resolution and quality control between the
suitable for studying extreme wind statistics, becausescatterometer datasets, further intercalibration of the
they poorly measure wind speed in rain conditions, satellite instruments at high winds speeds needs to be
which generally coincide with extreme winds. Past alti-performed before the datasets can be combined into
meters have tracks rather than swaths, and have muchne long record. We select the longest single-instrument
less reliable sampling of the wind extremes than scatterecord (Metop-A ASCAT, 2007-present, shortly
rometers and radiometers. While homogenised ocearASCAT-A) to calculate an extreme wind speed climatol-
surface wind climate data records exist,edénces ogy (200#2014), the annual anomaly for 2020 and
among instruments and producers are large (Sto elentrends over the period 2062020. The period chosen
et al.2020. for the climatology is consistent with the climatologies
While scatterometers provide the most denselyderived for the mean wind, transient wind and Ekman
sampled extreme wind observations, their spatiotem-upwelling (Belmonte Rivas et &019.
poral coverage is low compared to present-day numeri- Our analysis is based on 99th percentiRyqf) wind
cal weather prediction models. Reanalyses like thepeeds over various spatial domains. In statistics, the
European Centre for Medium-range Weather Forecast®9th percentile gives the value below which 99% of
(ECMWEF) ERAGS are therefore frequently used to ana-the values in the sample fall. Climatologies and annual
lyse wind speed variability and trends (e.g. Aboobackepercentiles are calculated for each individual grid cell
et al.202% Laurila et al202)). ERAS is however sensi- and for 1° zonal bands over the three major ocean
tive to changes in the assimilated observation datasetsasins. Semi-enclosed seas like the Mediterranean
over time and lacks small-scale variability. AlthoughSea, the Caribbean Sea and the South China Sea are
ERAS is able to realistically simulate characteristics ohot included in the zonal bands. Trends in the annual
cyclones and storms (Bian et &021 Yeasmin et al. percentiles are determined for each grid cell and exam-
2021, a comparison of Metop-A ASCAT and ERAS5 ined in more detalil for spect ocean regions with large
wind speeds in eight (extra)tropical cyclones showedextreme wind speed trends. Due to the polar scatte-
that ERAS wind speeds are on average 6.4% lower (Dukometer orbits, the median number of annual obser-
laart et al.202Q. vations per grid cell varies with latitude from a
We use surface wind observations from a singleminimum at the equator (270) to a maximum at lati-
scatterometer (Metop-A ASCAT) over the period tudes above 70°N (720, Figure 2.1.(b)). Hence, at
20072020 to calculate a global extreme wind speed cligrid cell scale, the highest two to eight wind speed
matology and analyse the interannual and latitudinalobservations occurring within a year are above the
variability in extreme winds over the major ocean 99th percentile value. Areas with large seasonal and
basins. Furthermore, trends in the annual extremeinterannual variations in the number of observations
winds over the ocean basins are assessed. By limitidue to sea-ice cover and areas with a reduced number
our study to one highly stable scatterometer, weof observations due to coastal presence are excluded
exclude possible biases introduced by using multipldrom the analysis.
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Beaufort scale for wind speed clasgion, other commonly used wind speed units and associated probable wave

height.

Wind speed Wind speed Wind speed Wind speed scaled Probable wave height
Beaufort number Description [knots] [km B°Y [msY [msY [m]
4 Moderate breeze 116 2028 5.57.9 5.57.9 1.62.0
5 Fresh breeze 17% 2938 8.610.7 8.610.7 2.63.0
6 Strong breeze 22% 3949 10.813.8 10.815.3 3.84.0
7 Near gale 283 5061 13.917.1 15421.3 4.05.5
8 Gale 3440 6274 17.220.7 21.428.0 5575
9 Strong gale 489 7588 20.824.4 28435.2 7.610.0
10 Storm 485 894102 24.528.4 35.343.3 9.012.5
11 Violent storm 563 103117 28.532.6 43452.0 11.516.0
12 Hurricane >63 >117 >32.6 >52.0 >14.0

Notes: For wind speeds above 15Mthe wind speed scales from buoys/scatterometers and dropsondes diverge and wind speeds calibrated against drop-
sondes are also shown.

The L3 wind product includes ECMWF ERAS reana- the scatterometer wind speed above 12%h sThese
lysis 10 m stress-equivalent winds (de Kloe eb@llj  scaled wind speeds are included Trable 2.1.1for
collocated with scatterometer observations at Level 2eference.
and interpolated to the L3 regular grid in an identical
way.Pgge,Wind speeds were calculated from these collo-
cated, identically sampled ERAS stress-equivalent winds
to allow for direct comparison with ASCAT-A. To The latitudinal variation in the extreme wind speed cli-
determine the ect of the spatiotemporal sampling matology for 20042014 is very similar in the three
on the results Pggy, Wind speeds were also computed major ocean basing={gure 2.1.(a)). The 99th percen-
from the original ERA5 stress-equivalent winelds, tile wind speeds in the Indian Ocean are higher than
from which the collocated ERA5 winds were sampled. in the Atlantic and Pacic Oceans at most latitudes,

The horizontal resolutions of ASCAT-A (0.125°) and except north of 20°N where the basin becomes narrow.
ERA5 (0.25°) are not swient to resolve the large Especially between 5°N and 15°N, the zonal 99th per-
spatial wind speed gradients in tropical cyclones. Maxi-centiles are considerably higher for the Indian Ocean,
mum wind speeds in tropical cyclones will therefore bedue to strong monsoon winds. While the zonally binned
underestimated. These most extreme wind speeds af®yg,wind speeds in the northern Atlantic are the high-
generally well above the 99th percentile and thereforeest of all basins and latitudes, the Atlantic extreme wind
outside the scope of our analysis. speeds are generally the lowest at other latitudes.

Various wind speed scales and units are used in The global extreme wind climatology map reveals that
weather communication, marine navigation and stormthe 99th percentile wind speeds range from minima
warnings. Commonly used scales are givenTable below 10 m §* at the equator to local maximum values
2.1.1to assist the reader in interpreting the wind exceeding 25nts in the northern Atlantic Ocean
speed values presented in this study. In situ observation§igure 2.1.@)). The highest wind speeds are found
of high and extreme wind speeds in tropical cyclonesalong the southern and south-eastern coast of Greenland.
mainly originate from dropsondes and from moored Cyclones interact with the high topography of Greenland,
buoys in the extratropical regions. While ASCAT scatte-forming barrier winds along the southeastern coast and
rometer winds are calibrated with respect to mooredtip jets at the southernmost point, Cape Farewell
buoys, airplane passive microwave (SFMR) winds us@Moore and Renfrev2005. The high wind speed regions
dropsondes as in-situ reference. A comparison ofin the northern Atlantic, northern Pacic and around
ASCAT and SFMR observations revealed that forAntarctica align with the North Atlantic, northern
wind speeds above 15 m's wind speeds based on Pacic and the southern hemisphere storm tracks (Hos-
dropsondes are consistently higher than wind speed&ins and Hodge2005 Lee et al2012 Dong et al2013.
using moored buoys as a reference (Stoelen et alThe highest wind speeds in the subtropical Pacare
202Q. A quadratic relation can be used to derive found in the northwestern part, which is the most active
ASCAT wind speeds calibrated to the dropsonde refertropical cyclone region in the world (Schreck et2019.
ence: Although typical wind speeds in tropical cyclones are

. generally considerably higher than in extratropical
U = 0.0095U% + 152U S 7.6, storms, they do not stand out clearly in th&gs, wind
speed climatology because of their relatively small size
with U the calibrated scatterometer wind speed ahd and lower number compared to extratropical cyclones.
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ASCAT-A 99th wind speed percentile (a) climatology-20a4ay, (b) annual anomaly for 2020 and (c) annual trend
(2007/2020). Areas with trends sigrant above the 90% cotence 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 Some extreme wind speed anomalies found for 2020
Indian Ocean are associated with the monsoon circula-do not appear to be stand-alone events, but seem to be
tion in the Arabian Sea. part of longer-term changes in extreme wind speeds
The interannual variability in the zonally binnd®bgy,  (Figure 2.1.&)). In general, large and sigrdant
wind speeds is in the order of 0.5 m’swith regional  trends appear to be concentrated in the western parts
excursions exceeding 1 m’s(Figure 2.1.(e, f, g)). of the ocean basins. We examined a selection of regions
The interannual variability is larger in the northern with large trends in more detail (boxes Figure 2.1.2
hemisphere, for all three ocean basins. Wind speedc)) by considering the annudPygy, wind speed time
anomalies for the year 2020 compared to the climatol-series.
ogy were predominantly positive in the Indian Ocean The strong positivéPyge, Wind speed anomaly in the
and exceeded the spread of annual anomalies ovewxestern Pacic warm pool (east of the Solomon Islands,
20072019 at many latitudes. The largest excursionbox 6) appears both in the 2020 anomaly map as well as
from the climatology of more than 1 nPsis found in  in the trend map for 20022020. The extreme wind
the zonal band around 5°N, where positive anomaliesspeed trend for this region is 0.089 m‘yr>%, the lar-
occur across the entire Indian Ocean baskiglre gest of the regions consideredigble 2.1.2 The large
2.1.2b)). A positive wind anomaly in 2020 is also interannual variability in this region seems linked to
found for the western Atlantic (sub)tropics, likely con- the El Nifio Southern Oscillation (Hu et aR017%,
nected with the record number of tropical cyclones in with a large positive wind speed anomaly in the El
this area. The largest negative extreme wind speellifio year 2015 Figure 2.1.3 The area around the
anomalies for 2020 are seen in a band crossing th®aci c Islands is particularly vulnerable to ocean
Paci c from the western tropics to the eastern subtro- changes and extreme variability as discussed in Section
pics. This corresponds to the below average tropicaR.3 of this issue.
cyclone season in the western North Pagilinked to A consistent negative 2020 anomaly and trend is
an anomalous anticyclonic circulation pattern (Wang found across the Tasman Front, the eastward branch
et al. 202). In the central northern Atlantic, extreme of the East Australian Current (box 5). Gradients in
wind speeds were also lower than average in 202Q@he wind stress curl play a critical role in the separation
The largest and most widespread positRPgq, wind  point of the eastward owing branch (Tilburg et al.
speed anomaly in 2020 occurred in the northeasterr200)). Further analysis is needed to establish whether
Atlantic, extending from the Irminger Sea near Green-the reduction in extreme wind speeds is linked to
land to the Bay of Biscay and the Norwegian Coastmore southward extension of the East Australian Cur-
The zonalPggy, wind speed anomaly peaked around rent and recent marine heatwaves near Tasmania
65°N with a value above 1.5 mi'sthe highest of all lati-  (Oliver et al.2018.
tudes and years in the period 26€2020. This positive Extreme wind speed trends are generally positive in
anomaly is likely associated with Ciara, Dennis andthe northern hemisphere storm tracks. Because of the
Jorge, three intense extratropical cyclones that hitarge interannual variability, trends in the selected
Europe in February 2020 and caused widesprezmtl-  regions are not always statistically sigrant (boxes 1,
ing, particularly in the United Kingdom (Davies et al. 2 and 3). The extreme wind speed minimum south of
202). The storm Gloria that impacted the Spanish Iceland in 2010 was also observed in the United King-
Mediterranean coast (discussed in Section 3.1 of thislom and associated with a strongly negative North
issue) does not appear as an anomaly in our analysis.Atlantic Oscillation index (Earl et ak013.

Linear trends for ASCAT-A, collocated and original EF?Asrﬁi"] g the annual 99th percentiles over the period 2007
2020 for selected ocean regions.

Region Latitude [ON] Longitude [OE] Metop-A ECMWEF ECMWF
Nr Location description min max min max ASCAT ERA5-coll ERAS5-orig
1 Pacic Ocean southeast of Kamchatka 39 56 154 182 0.063 0.050 0051
2 Atlantic Ocean Gulfstream 35 a7 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 340 20 60 78 0.066 0.049 0.049
5 Pacic Ocean Tasman Front S40 S23 162 178 0.033 $0.031 $0.023
6 Pacic Ocean east of Solomon Islands 512 2 155 177 0.089 0.084 0093
7 Southern Indian Ocean S62 S40 30 160 0.045 0033 0.030
8 Southwest Paai Ocean 362 S44 191 225 0.041 0.043 0.035

Notes: Trends sigeant at the 90% (95%) cafence level are given in bold (italic bold). The latitudes and longitudes of the region boundaries are provided
for reference, see alb@mure 2.1(2).
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5 1. Pacific SE of Kamchatka 2. Atlantic Gulfstream 3. Atlantic south of Iceland
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Time series (2062020) 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. Trenclnhett $ignbP0% colence level are
shown with dotted instead of dashed lines.

Compared to the northern hemisphere storm tracks, (Figure 2.1.(c)), indicating that extreme winds are sys-
the interannual variability in th&qgo,wind speeds inthe tematically lower in ERA5. Biases are typically
southern hemisphere storm tracks is small (boxes 7 an@.5 m $*, with maximum values around the equator
8). Contrasts between the ocean basins are large. Predand small biases in the Paci Ocean around 5°S and
minant and large positive trends are found in the the Indian Ocean near 20°N. The order of magnitude
southern Indian Ocean, while trends in the Paciand  of the ERA5 biases is similar to the interannual variabil-
Atlantic Ocean are generally small, both positive andity in the scatterometePggy, wind speeds.
negative and only locally sigréant. Negative trends The time series with annu#lgy,wind speed percen-
prevail in the central-southern Pada. tiles for the selected regions corroborate that ERA5

The bias between scatterometer and collocated ERA&xtreme winds are consistently lower than ASCAT-A
Pyges Wind speed climatologies is positive at all latitudesextremes Figure 2.1.3 Biases vary considerably
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between regions, ranging from 0.2 Mrsn the southern  used inhibit a direct comparison with our results,
Indian and Pacic Oceans to 1 m¥ east of the Solo- there is only weak correspondence with the longer-
mon Islands. Biasesuctuate little from year to year, term study regarding the regions with the largest posi-
but slightly increase over the 20020 period for tive trends. This suggests that the long-term positive
nearly all regions, resulting in lower trends with lower trends are subject to substantial variability on shorter
signi cance derived from ERA5T@ble 2.1.2 The timescales or dependent on contributing instruments,
biases are consistent with the lack of small-scale spatiaampling and calibration.
variability, particularly meridional, in the ERAS transi- The reference period used in this study represents a
ent winds (Belmonte Rivas and Stéten 2019, since relatively short period in terms of climate variability.
the spatially and temporally smooth ERABIds capture Observed changes reported may be linked to anthropo-
less extreme winds. genic climate change, but could also result from natural
Spatiotemporal sampling ects estimated from the variability. By combining multiple scatterometer
di erence between original and collocated ERRSyy,  records, the analysis could be extended backward to
winds uctuate around 0 m¥ in the tropics, increas- 1992, covering nearly 30 years of observations. How-
ing to positive values around 0.3 mi'sfor latitudes ever, zonal biases between available reprocessed scatte-
poleward of 30°N and SF{gure 2.1.(d)). Local dier- rometer and ERA5 extreme winds records were found
ences reach +1 n?§in the mid-latitude storm tracks to be twice as large for Ku-band scatterometers (QuikS-
(not shown). The sampling noise magnitude does notCAT SeaWinds and Oceansat-2 OSCAT) than for C-
relate to the number of observations, but rather toband scatterometers (Metop-A ASCAT, ERS-1 and
wind speed variability which is higher outside the ERS-2 SCAT). Improvements to be implemented in
(sub)tropics. Despite the small-scale noise associatetie next scatterometer reprocessing phase include inter-
with the sampling and the general underestimation ofcalibration, a sea-surface temperature correction and
extreme wind speeds in the mid-latitudes, interannualrevised quality control. This will likely reduce the biases
anomalies and trends are robust on a regional scaldetween scatterometer instruments (Wang et2l19
(Figure 2.1.3Table 2.1.2 and lead to a useful extension of this unique densely-
sampled scatterometer record of extreme winds.
The spatiotemporal sampling of the ERA5 winelds
was found to introduce considerable noise at small
We have derived a global extreme wind climatology forspatial scales and underestimate the absolute extreme
the period 20042014 based on 99th percentile wind wind speeds outside the tropics. On regional scales,
speeds from Metop-A ASCAT. An earlier global high only minor dierences in the interannual variability
wind speed climatology produced using part of the and trends were found between original and collocated
QuikSCAT SeaWinds scatterometer record (3999 ERAS5 winds. While the ERA5 comparison results pro-
2006), analysed the frequency of wind speeds exceedimide valuable insight into samplingests, the scatte-
20 m s’* (Sampe and Xi2007. While only a qualitative  rometer sampling noise characteristics mayedirom
comparison is possible because of thewint metrics, the ERAS results because small-scale variability is better
there is agreement on the windiest region (southern-resolved. The growing virtual scatterometer constella-
most Greenland) and the general alignment of hightion may shed light on this, but only after successful
wind areas with the storm tracks. Extreme wind speedsntercalibration of the instruments.
in the tropical regions are more distinct in our 99th per-  This study only touched the surface of extreme wind
centile analysis. speed aspects that can be analysed with a single scatte-
Over the period 200722020, positive trends in annual rometer record. Future work may include seasonal vari-
extreme wind speeds were found to prevail on a globahtions and links to climate indices like the North
scale, although signtant negative trends were Atlantic Oscillation (NAO) and the El Nifio Southern
observed in some regions. A trend analysis of extrem@®©scillation (ENSO). Regional variations and trends
wind speeds (90th percentile) from altimeter obser-can be examined, as has been done for the Black Sea
vations over the period 1982018 revealed overall posi- (Section 1.8 in this issue). By looking at higher percen-
tive trends, with the largest trends (+0.05 ftgr>Y) in tiles, for instance the 99.9th percentile, tropical cyclone
the southern hemisphere oceans below 30°S (Young argtatistics can be derived. Last, by expanding the com-
Ribal 2019. Scatterometer trends over the (@lient) parison of collocated and original (temporally homo-
period 19922018 were found to be smaller in the geneous) ERA5 climatologies and trends, the gap
southern hemisphere and larger in the northern hemi- between observational and model studies of extreme
sphere. Although the dérent periods and percentiles winds can be bridged.
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trends (Srokosz et aR013). It also only measures the
AMOC at one latitude, however AMOC variability
can be dierent in the subpolar North Atlantic (Buckley

) . and Marshall201§. Some studies have suggested that
Authors: Jongthan quer, Rlcharq Reqshaw, Laurathe AMOC has already weakened over the last century
Jackson, Clotilde Dubois, Doroteaciro lovino, Hao Zuo(RahmstoerOlS Caesar et al018 Thornalley et al
Statement of main outcomeThe magnitude and varia- 2018, based on indirect methods relating the AMdC
bility of the North Atlantic subpolar overturning circu- to ob’servational proxies, however there are uncertain-

lation, and the associated heat and fres,hwate;[ieS in these methods (Ma-Sanchez et al2019.

transports, measured across the OSNAP array from Since August 2014, the Overturning in the Subpolar

2014 to 2018, are largely captured by an ocean reangiorth Atlantic Program (OSNAP) has continually

lyses ensemble. Ocean reanalyses may therefore be & L
. observed the meridional transports of volume, heat and
useful tool to understand the mechanisms that caus

Sresh h ions of the OSNAP
changes in the subpolar overturning of the North Atlan- (rFeis u\:\éatze rza)i:roosssl\'lt A?D t\ggsiet??ﬁz Za;teo?ZreenIZLrgy
tic, a region that is critically important for the mainten- ang OSNAI;> West in the Labrador Sea (Li et2017
ance of the overturning circulation. The ensemble—meanZOZI Lozier et al2017. This has improved our undér-
ovgrturnmg is relatively st.abl'e over the 192919 standing of the structure and variability of the overturn-
period, although there are sigrdéant shorter-term vari-

. .___ing circulation in this region (Lozier et 2019 Zou et al.
ations. Changes across both the east and west sections . . .
. . o 20, and the observations can be used to validate cli-
the OSNAP array play an important role in its variabil-

. . . : mate models (Menary et aR02(Q. Only a 47-month
ity, despite a substantially stronger overturning strength . . . ) .

. period of observations is available, so longer-term vari-
across the east section.

ations must be inferred using ocean reanalyses or inverse

Products used: models (e.g. Jackson et 2019 Fu et al.2020.
We aim to extend these studies by comparing an
Ref. ensemble of ocean reanalyses directly against OSNAP
No. Product name & type Documentation  pbservations, to determine their ability to capture the
221 GLOBAL_REANALYSIS_PHY_001_03QUIDhttps:/marine.  gbserved transports. We also use the ensemble to infer
Reanalysis copernicus.eu/

documents/ouip/  longer-term variations in the meridional overturning cir-

CMEMS-GLO-QUID- culation (MOC), across each section of the OSNAP array,
001-031.pdf

PUMhttps-/marine.  PriOr to the availability of OSNAP observations. Ocean
copernicus.eu/ reanalyses may provide realistic three-dimensional esti-
documents/PUM/ ; ;
CMEMs.GLO.pum. Mates of past changes in the sgbpolar North Atlantic
001-031.pdf MOC and other ocean state variables, and thus could

2.2.2  Overturning in the Subpolar N_orth Atlantittps://www.uk_osnap. be a useful tool to infer the nature and cause of past

Program (OSNAP), observations from org/observations - . .

2014 to 2018. 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 al2016 2018 2019; thus, they may also

The Atlantic Meridional Overturning Circulation accurately simulate changes across the OSNAP array.
(AMOC) has an important role in the climate system

by transporting heat northwards in the Atlantic (Sro-

kosz et al.2013). Since changes in the AMOC can

have substantial impacts on ocean temperatures, an/e use an ensemble of eddy-permitting (¥s degree hori-
the wider climate, it is important to understand how zontal resolution) global ocean reanalyses, product ref
the AMOC is changing. In particular, the AMOC is 2.2.1 (these are GloSea5 (MacLachlan eR@lY, C-
expected to have internal variability on many timescalesGLORSv7 (Storto et a01§, GLORYS2v4 (Lellouche
(subseasonal-centennial) (Buckley and MarsBallg, et al.2013 and ORASS5 (Zuo et aR019), constrained
and increased greenhouse gases are expected to cabgeobservations and ERA-Interim atmospheric forcings
a long-term weakening trend (Collins et al(19). (Dee et al.201) over the period 1992019, with C-
Although the RAPID array has measured the AMOC GLORSV7 extended to June 2020 and GloSea5 extended
at 26.5°N since 2004, and has revealed shorter-terto December 2020. Each reanalysis uses the NEMO
variability, it is not long enough to detect long-term ocean model, but the sea-ice model and the data
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Vertical prole 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 reane
ensemble-mean (red, product ref 2.2.1) and spread (green shading) is plotted, along with each ensemble member, and the OSNAI
observations (black, product ref. 2.2.2). The ensemble spread is calculated as two times the standard deviation across the ensemb
members (excluding ORASS5). ORASS is excluded from the ensemble-mean and spread across all sections (see text). The map on
right shows the location of OSNAP East and OSNAP West (red lines).

assimilation techniques dir. Each of the reanalyses mean value over the observational period, prior to
assimilate satellite sea surface temperature (SST), sadjustment, of 1.653.3 andS1.7 Sv respectively. We
level anomalies, sea-ice concentrations and in-sitialso calculate the heat and freshwater transports
temperature and salinity. Further details of each reanausing the same methods as the observations (Lozier
lysis product are in the aforementioned studies. et al. 2019. Since there are net volume transports
Ensemble-mean and spread over 198319 and over through sections, heat transports are ded as temp-
the 47-month observational period are calculated. Weerature transports and freshwater transports are refer-
exclude ORASS5 from the ensemble-mean and spreadnced to the section mean salinity. We note that the
across all sections since the MOC across OSNAP Wegtrecise denition of the transports does not impact
is an outlier from the ensemble and observations, withthe results signicantly.
an anomalously large seasonal cydiég(res 2.2(t) We use these monthly-mean observations and reana-
and 2.2.3a)). We note that the AMOC at 26.5°N in lyses data to calculate the overturning pkes and
ORAPG6, an updated version of ORASS5, is more realistienonthly-mean variability, with each gure based on
(Zuo et al.202), suggesting this may also be the case athis data. InTable 2.2.1we also use the Monte Carlo
OSNAP. simulation observational mean and error estimates of
We calculate monthly-mean MOC across OSNAPLozier et al. 2017 and Li et al. 2029 (further details
East, OSNAP West and across the full OSNAP arrayherein). Since these are referenced to zero at the surface
in density coordinates, using methods described inrather than at the oceanoor, we use the same method
Zou et al.2020 We set volume transport to zero at for the ensemble transports for direct comparison. This
the ocean oor (rather than the surface) in both obser- shifts the vertical proles Figure 2.2.1and maximum
vations and reanalyses to reduce errors at depth (Zowverturning across OSNAP East and OSNAP West by
et al. 202Q. Net transport through each section of 1.6 andS1.6 Sv respectively.
the reanalyses is set equal to the corresponding net
transport used in the observations, which is 134,.6
and 0 Sv across OSNAP East, OSNAP West and the
full section respectively, where a positive transport rep-The reanalyses capture the main structure of the
resents a net northwardow. The net transports across gbserved overturning prde across each sectioRigure
these sections are similar among the reanalyses with 22.). AMOC across OSNAP East dominates that
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(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 1
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 p!
divides the-axis into two linear scales, with yhaxis 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 box
represent the interquartile range (IQR) with the median line shown. The whiskers cover a range of values up to 1.5 times the IQR anc

the diamonds are outlying values beyond this range.

across OSNAP West. The maximum overturning the observed southwarcw near the oceanoor. How-
strength across the full section is similar in the reana-ever, the reanalyses (except ORASS5) provide a reason-
lyses to the observations, with a higher value than theble estimate of the magnitude and structure of the
observations across OSNAP East and a lower valueverturning across OSNAP West.
across OSNAP WestF{gure 2.2.1 The southward We now focus on the variation of the monthly-mean
ow below the maximum across OSNAP East and themaximum overturning Figure 2.2.@a)). We note that
full section is spread over a wider density range (i.ethe sum of the MOC across OSNAP East and OSNAP
the overturning strength reduces more gradually withWest is signicantly larger than the MOC calculated
depth) in the observations, and the reanalyses are mis&cross the full section because the peak overturning
ing transports in the densest layers. Nonetheless, thacross OSNAP East and OSNAP West occur atrent
overall shape of the prdes and the densities of the densities Figure 2.2.1 The time-mean overturning in
maximum overturning in the reanalyses are similar to the ensemble is stronger than observed across the full
the observations across these sections. section and OSNAP East, but weaker across OSNAP
In contrast, the overturning across OSNAP West isWest, although their uncertainty ranges overlap across
more diverse among the reanalyses and they divergeach sectionTable 2.2.1. The overturning variability
further from the observationsHigure 2.2.(c)). The in both observations and ensemble is greater across
local maxima and minima occur at dirent densities OSNAP East than OSNAP WeS§tgble 2.2..andFigure
(it is worth noting that the vertical density scale in 2.2.Zb)), signi cant atp=0.005 over both the whole
Figure 2.2.1s non-linear) and therefore the prées of reanalyses period and the observational period (using
the individual ensemble members rather than thean F-test for equality of two variances). The ensemble-
ensemble-mean provide a more useful comparison tanean variability is signicantly correlated with the
the observations. The reanalyses also capture the soutbbservations across the full section=( 0.66, p=
ward and northward ows observed below the maxi- 3.7 x 16”), OSNAP Eastr(=0.61,p=4.3 x 16° and
mum (Figure 2.2.(c)), although they do not capture OSNAP West (=0.43,p=2.9 x 153).
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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
product information are as Figures 2.2.and 2.2.2 The horizontal grey dashed lines divideytagis into two linear scales,
with the y-axis compressed above the line.

There is a signicant seasonal cycle in the simulated 2019. A decline in the AMOC at 45°N over 1993
overturning (seé-igure 2.2.@a) and Jackson et 019, 2010 has been inferred in previous studies, with changes
in good agreement with the observations. The overturn-in the North Atlantic Oscillation a signicant driver of
ing is strongest in spring and weakest in wint&iqure  this variability (e.g. Robson et &012 Danabasoglu
2.2.2a)). The average seasonal cycle of the ensemblet al. 2016 Desbruyéres et akR019. However, the
mean over the whole reanalyses period of 8.7 Sv is sSimMOC across OSNAP only declines over this period in
lar to the seasonal cycle over the 262@18 period two of our reanalyses, despite them all decreasing at
(8.6 Sv), but this is smaller than that in the observations45°N (Jackson et a019. The ensemble-mean MOC
(12.6 Sv). In the observations, the seasonal rangkas a slight decline over 199819 across all sections
decreases gradually over the four-year observationdlTable 2.2.}, with the long-term trend equivalent to a
period from 16.4 to 9.4 Sv, and tends to be greatemeakening of 1.1, 1.9 and 1.5 Sv across the full sec-
than in the ensemble. This is due primarily to the tion, OSNAP East and OSNAP West respectively (
monthly-mean overturning minima having a lower 0.007). However, the decline across the full section is
value in the observations. only signi cant in GLORYS2 (excluding ORAS5),

The 12-month running mean overturning is analysed equivalent to a weakening over 192819 of 3.8 Sv.
over the whole period to infer longer-term variability Hence, there is uncertainty in the long-term trend
(Figure 2.2.@)). Although the ensemble appears to from the ensemble at OSNAP.
capture interannual variability across OSNAP East There is a signicant temporary weakening in the
over the observational period, a longer observationalvinters of 2008/09 and 2011/12, common to all reana-
timeseries is required to codently analyse these longer lyses. Changes across both OSNAP East and OSNAP
timescale variations. West contribute to these periods of weaker overturning,

The reanalyses suggest the overturning has been relasth the ensemble-mean across OSNAP West
tively stable since 1993, with a similar ensemble-meapproaching zero in 2008/09. Variability over 1993
overturning across each section over the whole period019 is only slightly larger across OSNAP East than
to that during the observational periodTéble 2.2..  OSNAP West, despite the mean OSNAP East overturn-
While the ensemble-mean (which excludes ORASS5) isng being over four times largeiTéble 2.2.1
relatively stable over 1993019, ORAS5 and GLORYS2  We also calculate the heat and freshwater transports
initially weaken, although the weakening in ORASS5 is(MHT and MFT) across the sections, although only the
likely due to an initialisation issue (Jackson et al.21-months of observational data from August 2014 to
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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 OSN
observations (product ref 2.2.2).

Mean + uncertainty Monthly-mean variability
Variable Data Full East West Full East West
MOC Ensemble 17.6+0.8 18.0+1.9 19+1.6 5.3 4.1 2.7
(Sv) (obs period)
OSNAP obs 16.6+0.7 16.8+0.6 2.6+0.3 7.6 5.8 2.8
(15.7) (16.1) (2.1)
Ensemble (1993019) 17.6+1.2 18.4+1.6 21+1.3 4.8 4.3 3.6
Ensemble trend $0.040 $0.070 $0.053 - - -
(Svyr)
MHT Ensemble 0.49+0.06 0.40+0.04 0.08+0.02 0.09 0.08 0.03
(PW) (obs period)
OSNAP obs 0.45+0.02 0.38+0.02 0.08 + 0.004 0.15 0.15 0.03
(0.45) (0.38) (0.08)
Ensemble (19923019) 0.51+0.05 0.42+0.04 0.08+0.01 0.10 0.08 0.05
MFT Ensemble $0.42 £0.07 $0.17 £0.02 $0.24 +0.06 0.11 0.05 0.10
(Sv) (obs period)
OSNAP obs $0.33+0.01 $0.14+0.01 $0.18 + 0.004 0.10 0.08 0.08
(50.34) (50.14) (50.18)
Ensemble (1992019) $0.43+0.08 $0.20+0.05 $0.23+0.05 0.13 0.09 0.11

April 2016 are currently available. Mean values are lartresearch is planned to understand the causes of these

ger in the ensemble than in the observations, but thechanges. Continual monitoring across the OSNAP

estimates of the ensemble-mean are within the observaarray is critical to determine the ability of the ensemble

tional uncertainty, except for the MFT across the full to capture longer-term variations of the MOC.

section Table 2.2.1 Ensemble-mean MHT and MFT To summarise, an ensemble of ocean reanalyses

averaged over the observational period are approxiappears to be a useful tool to infer changes in the subpo-

mately the same as over the whole reanalyses period.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

An ensemble of global ocean reanalyses provides a reg: - lation

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 magnitudéuthors: Michael Mayer, Takamasa Tsubouchi, Karina
and underestimate the variability of the overturning von Schuckmann, Vanessa Seitner, Susanna Winkel-
across the full section of the OSNAP array. Thebauer, Leopold Haimberger
monthly-mean overturning is signcantly correlated Statement of Main Outcome:The Arctic Mediterra-
with the observations across all sections, although lessean (Nordic Seas and Arctic Ocean together) plays
of the variability is captured across OSNAP West.an important role in the global climate system through
Nonetheless, the magnitude and structure of the overdits direct link with the Atlantic Meridional Overturn-
turning are reasonable approximations to the obser-ing Circulation. Assessment using budget closure and
vations in all sections. validation with observation-based data demonstrates

The overturning in the reanalyses ensemble has g@hat the CMEMS ensemble reanalysis product along
small long-term decline, although this is not found in with atmospheric reanalysis and satellite data are use-
all the reanalyses, so is uncertain. The reanalyses suggédtproducts for exploring variability and trends in this
that there was an anomalously weak overturning inregion. The 1992020 rate of full-depth ocean heat
2009/10 and 2011/12. Given the sigrance of the sub- content change in this region amounts to 0.8 (0.4,
polar North Atlantic overturning on climate, further 1.0) WnT? (bracketed values given the minimum-to-
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maximum range of estimates based on the employedontinued.

datasets), with the Atlantic Water layer contributing Ref. No.

64%, the Overow Water layer 31%, and Polar

Waters 5% to the full-depth warming. Heat uptake
additionally added 0.2 (0.2,

by sea ice melt

0.3) WnT? 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 The North Atlantic Current transports warm and saline
results identify two drivers of the transports: wind-dri- Atlantic waters northward. Some of this wateows to
ven variability on interannual time scales, and Subpo-the Nordic Seas and Arctic Ocean (Arctic Mediterra-
lar Gyre dynamics on decadal time scales. Since 2018an), where it is gradually cooled, mainly through-air
onwards however, ocean heat transport is decreasingea uxes, on its pathways (e.g. Hansen et 2008
which opposes the strengthening over the past decadeBosse et al201§. This cooling is strong enough to

and warrants further studies.

Products used:

Ref. No.
23.1

Product name & type

Clouds and the E&stRadiant
Energy System (CERES)
Energy Balanced and Filled
(EBAF) Top-of-Atmosphere
(TOA) radiativeuxes

Fifth European Reanalysis
(ERAS5) from European Centre
for Medium-Range Weather
Forecasts (ECMWF)

Japanese 55-year Reanalysis
(JRA55) from Japanese
Meteorological Agency
(IMA)

Global Reanalysis Ensemble
Product (GREP)
GLOBAL_REANALYSIS
PHY_001_031 (GREPV2)

2.3.2

2.3.3

2.3.4

235 Mooring-derived ocean heat
transport into Arctic

Mediterranean

2.3.6
OBSERVATIONS_008_047

2.3.7 North Atlantic Oscillation
(NAO), Arctic Oscillation (AO)
and Pacic-North-American
Pattern (PNA) indices

provided through National

Documentation

Loeb et al.Z019,
https://ceres.larc.
nasa.gov/

Hersbach et al2Q20,
https://cds.climate.
copernicus.eu/
cdsapp#!/home

Kobayashi et aR@Q15,
https://rda.ucar.edu/
datasets/ds628.0/

PUMhttps://marine.
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form dense waters that eventually contribute to over
waters crossing the Greenland-Scotland ridge (Mauritzen
1996¢. Open ocean convection in the Nordic Seas is
another mechanism to form dense water (Swift and
Aagaardl98). Since overow 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
@Dsterhus 2000 Buckley and Marshalk01§. In fact,
70% of the oceanic heat loss from the AMOC occurs
north of the Greenland-Scotland ridge (CHa 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 &015. Quanti cation of the budget
thus contributes to better understanding of important
global climate processes of great relevance for society.
Numerous studies quanted dierent aspects of the
heat budget of the Nordic Seas and the Arctic Ocean,
using models (e.g. Muilwijk et aR018, reanalyses
(e.g. Mayer et a016 Asbjgrnsen et ak019, or obser-
vations (e.g. Tsubouchi et &018 202). 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 et2419
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 computed as the sum of the oceanic boundanxes
heat transports into the Arctic Mediterranean covering into the region. This allows us to additionally use moor-
more than two decades (Tsubouchi et 202) allow ing-based observations of OHT from GSR, Davis Strait,
us to validate reanalysis-based transport estimateand Bering Strait, available for 199216 (Tsubouchi
from the CMEMS GREP at these sections for thiet et al. 2021 product ref 2.3.5) for computation of the
time, which helps to build cordence in the use of divergence term.
this product for this type of application. 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 denition, we follow Rudels et al.200§
We study the heat budget of the Arctic Mediterraneanby de ning PW by spy <27.70 kg m°, where s is
over the 19932020 period. The vertically integrated de ned as sea water density minus 1000. Additionally,

heat budget of the ocean, including sea ice, is written agve dene PW to be cooler than 4°C. The threshold
for the lower boundary of AW is determined by check-

Fs= —OHC+ —ME+ - OHT+ - ILHT (1) ing water density in the GSR east of Iceland at the depth
t t where water temperature is 4°C. This yields an AW

Fs denotes the net surface energyx (positive down-  de nition of 27.7, saw <30.00 kg mi°, where the
ward) at the airsealice interface. It is computed as alatter is similar to the upper boundary of Deep Water
residual from the atmospheric energy budget, as thiprovided by Rudels et al.2008. The water mass
has been shown to provide a more accurate estimateelow AW is termed Overow Water (OW).
of Fs than model-based or purely satellite-based data For additional diagnostics over the study period, we
(Von Schuckmann et aR016 Mayer et al2017 Tren-  use reprocessed sea level anomaly (SLA) data from
berth and Fasull@017. Input data for evaluation of the AVISO (product ref 2.3.6; available 192®19) and
atmospheric energy budget are net radiatiuexes at  Arctic Oscillation (AO), North Atlantic Oscillation
top-of-the-atmosphere from CERES-EBAF v4.1 (LoelfNAO), and Pacic North-American Pattern indices
et al.2018 product ref 2.3.1) and atmospheric transport obtained from NOAA (product ref 2.3.7). As the
and storage based on ERA5 (Hersbach et282Q  major objective of this study is to address changes at
J. Mayer et al202% product ref 2.3.2) and JRA55 interannual and longer time scales, the anomaly time
(Kobayashi et al2015 Mayer et al.2017 product ref  series have been smoothed using a 12-monthly window,
2.3.3). except for the heat accumulation pl&igure 2.3.(a).

OHC denotes the vertically integrated full-depth Values are generally given in Wihw.r.t area of the
ocean heat content, ME sea ice melt energy, OHT vertiArctic Mediterranean of 13.08 x 1dm? (i.e. the con-
cally integrated ocean heat transport, and ILHT latentversion factor to TW is 13.08). Statistical sigtance
heat transport associated with sea ice. Followingf Pearsois correlation coe cients ) takes auto-corre-
Mayer et al. 2019, ME is computed as MEk h,,  lation of the time series into account, following Oort
where L; is the latent heat of freezingSQ.33x  and Yienger {998. Uncertainties are provided as mini-
1P Jkg’) and h, is eective sea ice thickness. Conse- mum-to-maximum range of derent estimates (in
guently, energy input to the sea ice, i.e. a positive MEbrackets) or as total error standard deviation ().
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 ¥%° resolution)
using monthly mean data (1993019; product ref
2.3.4), extended to 2020 using data from GREP member
Ocean Reanalysis System 5 (ORAS5; Zuo 2(dl9  Figure 2.3.Jresents the 1992020 mean lower bound-
product ref. 2.3.4) due to the non-availability of the ary of (a) Polar Water (PW) and (b) Atlantic Water
full GREP extension at time of writing. Sea ice trans-(AW) based on the GREP ensemble mean (product
ports and especially their contribution to budget ref. 2.3.4). The GREP ensemble mean climatological
anomalies are small at the boundaries of our studyand area-average PW layer thickness is 70.0 (64.2,
area, and hence only their contribution to the climato- 75.9) m for the Arctic Mediterranean. Most of the
logical mean ILHT is included based on the values pro-ayers volume is located under sea iced{.5% of the
vided by Tsubouchi et al202). PW volume are located in regions with >30% sea ice

Following Gausgheorem, the ocean heat divergence concentration), with maximum thickness of up to
integrated over our study area can alternatively be200 m in the Amerasian Basin. The AW layer is located
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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 () indicates the boundaries of the Arctic Mediterranean. GREP (product ref 2.3.4) ensemble mean climatological (d) tempere
ture along with water masses and their verticddased) and horizontal (temperature-based) boundaries (see section 2.3.2 for
de nitions) and (e) current cross sections across the Greenland-Scotland-Ridge.

under the PW (where it is present), but outcrops to the 2015 and the FaroeShetland Channel branches (Berx
surface primarily in the Norwegian Sea, Barents Sea, anett al.2013, and the European Shelf Branch (dsterhus
the western Nansen Basin, north and northeast of Svalet al. 2019, in good qualitative agreement with
bard (Bosse et a2018 Skagseth et a&202Q white areas observations.

in Figure 2.3.(a)). The AW layer has an area-average

thickness of 227.7 (223.6, 230.1) Figure 2.3.(b,c))

and attains a thickness of more than 400 m in the Nor- Before exploring trends and variability of the heat budget
dic SeadFigure 2.3.(d) shows a longitude-depth cross- of the Arctic Mediterranean, werst address the closure
section of climatological temperatures along the GSPRof the regional heat budget of the Arctic Mediterranean
based on GREP data and also indicates the location® assess the consistency of the used data products. Ide-
of the three water masses. The plot shows the largally, the lateral and vertical energyxes into the study
Atlantic Water body, extending eastward from the East-area should add to balance the sum of oceanic storage
ern Denmark Strait to the coast of Norway and down to rates OHCT + MET (appende@” indicates time deriva-
depths of 400 m, in good agreement with observationstive of OHC and ME), which is on the order of 1 WA

(e.g. Hansen et a200§. Figure 2.3.(e) shows a cross- (see below, and Mayer et 28019 compare Equation (1)).
section of climatological currents across GSR, whiclThere is good agreement between the ¥2936 long-
show the four main branches of Atlantic Water iow  term mean OHT estimated from moorings (23.4+

in the North Icelandic Irminger Current (J6nsson and 2 Wm®2, with uncertainties based on values provided
Valdimarsson2013, the IcelandFaroe (Hansen et al. by Tsubouchi et ak023) and from the GREP ensemble
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(20.1 (18.5, 21.6) Wiif; values in brackets provide the 1993-2020. Full-depth ocean heat content increased,
range of values from the 4 reanalyses in the GREPwith an ensemble mean trend of 0.8 (0.4, 1.0) Wm
Note that the provided uncertainty for the GREP-basedThe ocean warmed in this area at varying pace, with
OHT is similar to a total error estimate of +1.7 Wi periods of rapid warming during 2002008, 2014
derived from adding spread of the four reanalysis-base®012, and 2012017.Figure 2.3.@a) shows that the
long-term means, i.e. systematic error, and the standard\tlantic Water (AW) layer contributes roughly 64% of
error of annual averages of the GREP ensemble meathe full-depth OHC increase, with an ensemble mean
i.e. random error, in quadrature. The 199820 average trend of 0.5 (0.3,0.7) Wrf. Moreover, the AW layer
Fsin our study area is527.6 and$29.4 Wnt?, when  OHC shows very similar periods of rapid and slow
using atmospheric transports from ERA5 or JRA55,warming compared to the full-depth OHC estimate,
respectively. The smallest budget residual is obtainedendering it as a pacemaker of the full-depth OHC.
when we combine observation-based OHT and ERA5Polar Water (PW) OHC increased more moderately
basedrs with the energetic contribution of sea ice trans- (ensemble mean trend is 0.0 (O, 0.3) Wimor 0.04
ports of 0.4WnT? (Tsubouchi et al.202) added, (0.01, 0.32) Wm? when allowing for two decimals),
which yields a long-term ux convergence or heat mainly due to its smaller volume of which the majority
input (=Fs+tOHT +ILHT) of $3.8 Wnv2 This value is covered by sea ice (see discussion above). The trend in
indicates an imbalance between diagnosed oceanic heatelt energy over the entire study period amounts to 0.2
input and ocean heat storage I Wm>?) on the order (0.2, 0.3) Wn%? (Figure 2.3.2a)).
of 5 Wm>2. Note that the diagnosed budget imbalance PW OHC and energy used for sea ice melt exhibit a
attains up to 10 Wn?for less favourable combinations coherent evolution, particularly in 20348017, con-
of data sets. This systematic imbalance suggests thaning the tight coupling between the two terms: anom-
either diagnosed surface heat loss is too strong or OHTalously strong surface energy input leads to a reduction
is too weak (or both). The former could arise from a of sea ice cover. Consequently, heat absorption by the
negative bias in poleward atmospheric energy transporteewly exposed waters is enhanced. In addition, PW
used for estimation ofs and for which in-situ based can also be warmed by enhanced upward mixing of
measurements for validation do not exist with the AW heat, which then in turn contributes to anomalous
required spatial sampling. CERES-EBAF data goingea ice melt (Polyakov et £017.
into Fs as well is assumed to have only a small bias While Figure 2.3.2a) provides a time-aggregated
(Loeb et al.2018 Mayer et al.2019. Underestimation perspective on heat accumulation in the Arctic Mediter-
of OHT may arise from spatial undersampling in the ranean,Figure 2.3.fb) converts the quantities to rates
case of observations, while the GREP-based OH®DBf change, which makes them comparable to ocean
additionally su ers from underestimation of eddy trans- heat transport and surfacaix anomalies, and addition-
ports due to the use of monthly mean data. ally emphasises interannual variations. OHCT of the
In terms of variability, we nd high correlation AW layer is highly correlated with full-depth OHCT

between anomalies of ocean heai convergence and (r =0.94,p< 10°2%, con rming the dominant role of
the rate of total ocean heat storage (OHCT +MET),AW full-depth OHC variability also on interannual
with r  0.74 (signicance Ieveb<;058) for the full  time scales. Correlations of PW and OW with full-
1993-2020 period and 0.9 (p< 10°) for the obser- depth OHCT are lower (0.29 and 0.38, respectively),
vation-rich 20052020 period (similar for dierent pro-  but nevertheless signiant on the 95% cordence level.
ducts). Temporal standard deviation of ocean heat Contributions to the heat content rate of change
convergence is 2.2 Wnr? (2.5 WnT?) and that of from ocean heat transport (OHT) are shown Figure
OHCT+MET is 2.4Wnt2 (25WnT?) for the 2.3.4c). The OHT estimate from the GREP is in good
1993-2020 (20082020) period, while that of the budget agreement with the observation-based estimate as
residual is 1.5WnP? (1.1 WnT?). These results re ected by reasonably high correlation<(0.68) and
suggest that our estimates of the drent physical mostly overlapping uncertainty intervals. Uncertainties
terms exhibit consistent temporal variability, with a of anomalies are estimated from the ensemble spread
reasonably high signal-to-noise ratio especially during(de ned as the standard deviation across the four mem-
the observation-rich 20862020 period. 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 al202), but reduced

by a factor of 1/ 2 assuming that roughly half of the
Figure 2.3.¢a) presents oceanic heat accumulation avertotal error is a bias and hence irrelevant for anomalies.
aged over the Arctic Mediterranean for the period This assumption is deemed juséid given the
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a) Heat accumulation in the Arctic Mediterranean
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(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 ‘@ppéodedtities shown in (a);
(c) anomalous ocean heat transport into Arctic Mediterranean from the GREP (product ref 2.3.4; shading represents ensemble sprea
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 factof 1 2 as discussed in the text); (d) inferred net surface enet@y), combining CERES-EBAF (product
ref 2.3.1) net TOAIxes and atmospheric budgets from ERA5 (product ref 2.3.2) and JRA55 (product ref 2.3.3), respectively, averagec
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 aR§13, Hansen et al. indices also emphasises the important role of additional
(2015, and Joénsson and Valdimarsso20(3. The factors modulatingFs such as sea ice concentration
good agreement of our OHT estimates provides con anomalies, which can greatly amplify or dampmx
dence in the signals displayed by the reanalysis producanomalies arising from atmospheric circulation
Importantly, OHT from GREP shows similarly anomalies through modication of the open water
increased OHT after 2002 as found in the observations area available for strong turbulent agea uxes (Shu
(Tsubouchi et al202)). et al. 202) and ice-albedo feedback (Curry et al.
Interannual variations of OHT exhibit considerable 1995. Another important factor is the (negative) sur-
co-variability with OHCT. When considering corre- face uxfeedback to ocean heat anomalies in the Nordic
lation of OHT with OHC tendencies of dgrent water  Seas (i.e. positive OHC anomalies go with enhanced sur-
masses, the correlation is strongest with the AWface heatloss and vice versa, see, e.g. Muilwijk20 48
OHCT (r=0.62), similar to the correlation with the or Arthun and Eldevik2018, which appears to be more
full-depth OHCT (= 0.62,p< 10°%. This is consistent dominant on interannual timescales than atmospheric
with AW in ow being an important driver of OHT forcing.
across the GSR (Tsubouchi et 2a02]), and suggests
that variations in ocean heat transports play an impor-
tant role for modulations of AW OHC and hence also We now further explore variability of net OHT into the
full-depth OHC of the Arctic Mediterranean. Corre- Arctic. Figure 2.3.@,b) show correlation maps of OHT
lations of PW OHCT and OW OHCT with OHT are and SLA. Both maps show that positive net OHT
lower, withr = 0.29 and = 0.06, the latter being statisti- anomalies are associated with anomalously high sea levels
cally insigni cant. in the eastern and low sea levels in the western part of the
Figure 2.3.@) presents net surface energyx  Nordic Seas (vice versa for negative OHT anomalies).
anomalies g averaged over the Arctic Mediterranean. Since net OHT into the Arctic Mediterranean is very
Fs is highly correlated with AW (=0.60) and PW strongly correlated with OHT across the GSR=(0.98
OHCT (r=0.39) ¢ of AW plus PW OHCT withFgis  for GREP andr=0.99 for observations), we interpret
0.65), as these water masses are in touch with the suresults fromFigure 2.3.@,b) mainly in terms of trans-
face (compard-igure 2.3.1 In contrast, correlation of ports across the GSR. The correlation pattern&igure
Fs with OW OHCT is close to OFigure 2.3.tb) also  2.3.3a,b) suggest that OHT across the GSR is enhanced
shows two prominent peaks in OHC tendency in 2011with a stronger westast SLA gradient. This is consistent
and 2016. Contributions to the heat content rate of with Richter et al. 2013 nding stronger AW in ow
change from ocean heat transporFigure 2.3.&)) over the Iceland Faroe Ridge associated with SLA pat-
and net surface energyux (Figure 2.3.@)) show that terns in the Nordic Seas similar to those showrFigure
these two peaks are associated with coinciding peakd.3.3a,b). Performing correlations between OHT and
in OHT and Fs Analysis of anomaly maps along with bottom-pressure-equivalent SLA from ORASS5 gives
mean sea level pressure and near-surface winds (naimilar patterns (not shown). This indicates that the
shown) reveal that the strongest contribution to both SLA patterns are mainly related to mass redistribution
the positive 2011 and 20165 anomalies came from in the Nordic Seas and associated changes in geostrophic
the Nordic and Barents Seas and was associated witturrents.
southerly wind anomalies over this region. However, Another salient feature of the correlations between
the associated mean sea level pressure pattern project&@HT and SLA is the local maximum in the Northwest
on the AO pattern only in 2011 but not in 2016 (com- Atlantic, resembling the shape of the North Atlantic
pare Figure 2.3.@l) below). In general, the AO and Subpolar Gyre (SPG). This feature is more prominent
NAO indices andFs averaged over the Arctic Mediter- in the correlation between SLA and OHT from obser-
ranean do not correlate at the interannual time scalesvations, but clearly visible also in the correlations with
considered here. Similarly weak correlation is foundthe reanalysis results. Positive OHT anomalies are
for area-averagefis with the Pacic North-American  associated with above-average sea level in the SPG
Pattern index (not shown). We nevertheless stress thategion, which is indicative of a weakened SPG. A corre-
regional correlations betweétyand atmospheric circu- lation map of net OHT with the barotropic stream func-
lation indices are higher, e.g. in the Nordic Seas andion con rms this result (not shown).
Barents Seas for the NAO and AO, but strong spatial Correlation between net OHT and the Arctic Oscil-
compensation of regional anomalies occurs when averkation (AO) index are 0.42 {<0.01) for the GREP
aging across the Arctic Mediterranean. The weak corre{1993-2020) and 0.33 <0.05) for observations
lation of area-averagegs with atmospheric circulation (1993-2016), much higher than the (insigréant)
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Contemporaneous correlation (shading) and regression (contours) of Sea Level Anomaly from AVISO (product ref 2.3.6
with (@) OHT from GREP (product ref 2.3.4), (b) OHT from observations (product ref. 2.3.5), and (c) the Arctic Oscillation (AO) Ind
(product ref 2.3.7); Stippling indicates sagmit correlations at the 95% cdence level; (d) standardised anomaly time series of
OHT from GREP and observations, AO Index, and the SLA-based proxy of OHT (see Equation (2)).

correlation with NAO. HencefFigure 2.3.&) shows where the eastern box is bounded by 2°QVE, 5860°
contemporaneous (lag 0) correlations of SLA and theN, and the western box is bounded by 20=¥%°W,
AO Index. Patterns in the Nordic Seas are similar to63-67°N, and <> denotes standardised anomalies. The
those found inFigure 2.3.@&,b), which suggests that result is shown inFigure 2.3.@1), along with standar-
SLA variability associated with OHT variability is dised OHT from GREP and observations. Correlations
wind-driven, strongly linked to the AO. In contrast, between OHT,., and the explicit OHT estimates
the local maximum in the SPG region is not visible from GREP are 0.64 (1993019;p<10°% and for
(even signicantly negative values when correlating observations 0.40 (1992016; p<0.1), respectively.
with NAO, not shown) in Figure 2.3.&), suggesting This is higher than the direct correlations of OHT
that the wind forcing associated with the AO (or with AO (given above; series shown kigure 2.3.81)
NAO) leads to SLA (and ocean circulation) responsesas well). This result demonstrates that the SLA gradient
in the SPG and Nordic Seas regions with competingalong GSR contains more relevant information about
eects on net OHT. We conclude that SLA patterns OHT than the AO index alone. We also note that we
associated with net OHT anomalies (i.e. patternsperformed similar diagnostics using the NAO index,
shown inFigure 2.3.@,b)) arise from a favourable com- but correlations were generally lower.
bination of wind forcing in the Nordic Seas and longer- The good agreement between GREP-based and
term variability of the SPG. Altogether, these resultsmooring-derived OHT anomalies during 1993016
indicate that there is (i) strong wind-driven variability provides condence in the diagnosed OHT variations
of OHT on interannual timescales (largely in agreementin more recent years, when no observations are avail-
with earlier studies, e.g. Bringedal et al. [2DEhd (ii), able.Figure 2.3.th) shows a strong reduction of OHT
given the relatively long time scale of SPG variability2018-19, with the lowest OHT values of the study
( 5yrs, see Williams et 82015, an additional modu- period. The SLA-based proxy qualitatively coms
lation of OHT by the SPG on multi-year timescales.  this reduction. Further diagnostics suggest that reduced
The strong relationship between the SLA gradientAW in ow through the FaroeShetland Channel was a
along the GSR and OHT provides motivation to main contributor to this anomaly (not shown). OHT
de ne a SLA-based proxy anomalies show a recovery towards neutral values in
. 2020, but the 2020 values are based only on one reana-
OHTproxy =, (SLAgastS SLAwes) - (2) lysis product (see Section 2.3.2). Hence, whether the
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2018-19 anomaly is merely an intermittent signal or nd increasing importance of the Nordic Seas SLA itself
marks the end of the period of increased OHT (ongoing (rather than the zonal gradient) in forcing the Overturn-
since 2002) requires further investigations. 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-
This contribution uses reanalyses and observation-baseskented here but with pronounced decadal variations in
products to depict the mean state, variability, and trendsthe strength of the relationships, which we cannot assess
of the Arctic Mediterranean heat budget. We evaluatedgiven the length of the GREP record. Second, we found a
the representation of Atlantic (AW), Polar (PW), and negative correlation of OHT with the Subpolar Gyre
Over ow (OW) water masses in the GREP reanalysi{SPG), which modulates the transports on decadal time-
product, which is in good qualitative agreement with scales. This is consistent with earlier studies (e.g. Hatun et
observation-based work (Rudels et 200§. We then  al. 2005 Asbjgrnsen et aR02) who argue that a weak
decomposed the full-depth OHC of the Arctic Mediterra- SPG extends less to the east, which allows more warm
nean into contributions from the dierent water masses. subtropical Atlantic waters to arrive at the GSR, leading
The 19932020 full-depth OHC trend in the study area is to a temperature-driven enhancement of OHT across
0.8 (0.4, 1.0) W%, which is in good agreement with the GSR.
results of Mayer et al2023, who quanti ed OHC trends The good agreement of the GREP-based results with
north of 60°N. AW contributes roughly 64% to the full- observation-based OHT estimates in terms of mean and
depth warming, and it plays an even more important variability builds condence in the reanalysis product
role on interannual time scales, where it explains morefor usage as a complement to observations in order to
than 90% of the variance of full-depth OHC tendencies.get a spatially and temporally more complete picture
This is because the AW layer is the main water mas®f the Arctic Mediterranean.
directly exposed to variations in asea uxes (mainly
in the Nordic Seas, compafggure 2.3.(a,b); also note
that PW is mostly under sea ice) and current and temp-
erature variations of the irow across the GSR directly This contribution was nancially supported by Austrian
impact OHC of this layer. Science Fund project P33177, CMEMS 114-R&D-
Assessment of closure of the diagnosed heat budget @LORAN-CMEMS LOT 8, and CMEMS 21003-COP-
the Arctic Mediterranean reeals long-term mean imbal- GLORAN Lot 7.
ances ranging from 5 to 10 WA, depending on the com-
bination of data sets. The smallest imbalances are obtained
when combining satellite-bad radiation, atmospheric
energy transports from ERAS5, and mooring-derived
OHT. Note that these three pducts are fully independent Authors: Doroteaciro lovino, Julia Selivanova, Thomas
of each other. The OHT diagnosed from the GREP isLavergne, Andrea Cipollone, Simona Masina, Gilles
biased low by 14%, which may be related to the use of Garric
monthly mean elds, leading to neglect of eddy heat trans-Statement of main outcome:The Southern Ocean
port. Overall, the budget residuals are larger than thoselays a crucial role in the regulation of the global cli-
reported by Mayer et al. (2019or the central Arctic. mate system, and the variation of its ice-covered area
More work is needed to identify the main contributor modi es the exchange of heat, mass and momentum
(inferred airsea uxes over the Nordic Seas or OHT between ocean and atmosphere. Therefore, knowledge
across the GSR or both) to the larger residuals. of ice extent and its variability is necessary for an ade-
Periods of rapid (moderate) OHC increase coincidequate simulation of those uxes and thus for climate
with periods of anomalously strong (weak) ocean heaimodelling. This section uses an ensemble of global
transport into the Arctic Mediterranean. Correlation eddy-permitting reanalyses (GREP) together with a
analysis reveals two important drivers of OHT. First, Climate Data Record of Passive Microwave Sea Ice
there is strong wind-driven OHT variability (via modu- Concentration to investigate changes of Antarctic
lation of zonal SLA gradients in the Nordic Seas) onextent of the Marginal Ice Zone (MIZ) over the period
interannual time scales. This is consistent with Richterl993-2020. We assess the accuracy of GREP in discri-
et al. 0139 and Bringedal et al201§, although the lat- minating the MIZ from the consolidated pack ice, and
ter emphasise the role of wind forcing on the seasonaln reproducing their evolution in space/time. Although
timescale (which we did not study here) and additionallythe ensemble reanalysis product tends to slightly
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overestimate summer MIZ, results show that it prop- 2015 period (e.g. Comiso et &0173, with a record
erly represents the variability of minima and maxima high (of 12.8 x 16km?) reached in 2014 (Parkinson

in MIZ extent as well as its interannual variability 2019. Many extreme events have been observed in recent
during the growing and melting seasons, particularlyyears, with record-high winter maxima (occurring in
over the winter season. On average, the MIZ advanc&eptember) in 2032015, followed by unprecedented
needs about 10 months to progress from near thedecline with record low summer minimum extents
coast in February to its most equatorward maximum (occurring in February/March) in 20£2018- the low-

and about only 2 months to return to a minimum. est value of 10.7 x #&m? reached in 2017 (Parkinson
The MIZ extent did not experience a sigmiant aver- 2019. Despite this marked decrease since late 2016, the
age trend over the study period, but the results furtheroverall long-term trend (1972021) remains positive,
highlight substantial regional trends, particularly for but it is of lower magnitude than the 1972016 trend,
regions covered by marginal ice. and is no longer signicantly 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

Products used:

Ref. . .
No. Product name & type Documentation  (€-0- Hobbs et aIgOlG, how the_se c_hanges_ link with
2.4.1 GLOBAL_REANALYSIS PHY_001 031 httpPUMarine. polar :?md global climate Ch{mg? IS still puzzling. _
copernicus.eu/ While the reasons for variability in total extent remain
documents/PUM/ [
CMEMS-GLO.PUM.  NOt com_pletely u_nderstood, itis Ilkely that these changes
001-031.pdf are not just aecting the total Antarctic SIE but also the
CQO%'eE:mE%SS:’éTf””e- distribution and variability of pack ice, marginal ice
documents/QUID/ zone (MIZ) and sparse ice, in other ways (Stroeve et al.
goMlEOl\gf-%l;O-QUlD- 201§. Knowledge of the spatial pattern of theseatient
- .p . . . .
2.4.2  non-CMEMS remote sensing product: Meier et al2017 ice classes may help to elucidate the mechanisms contri-
NOAA/NSIDC Climate Data Record of buting towards the expansion of Antarctic ice in some
Passive Microwave Sea Ice . . .
Concentratiorhttps-//nsidc.org/data/ regions and contraction in others (Maksym et a013. .
902202 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.
The Antarctic sea ice plays a crucial role in the regu- Several criteria for characterising the MIZ have
lation of the global climate system, and the variationemerged over the past decades, botling a coherent
of the ice-covered area modis the exchange of heat, de nition is still a challenge. The MIZ was originally
mass and momentum between ocean and atmospherelescribed as the region where polar air, ice and water
Therefore, knowledge of ice extent and its variabilitymasses interact with the ocean temperature and subpo-
is necessary for an adequate simulation of thogees lar climate system (Wadhams et 4198J). Now, it is
and thus for climate modelling. commonly dened as the portion of the ice-covered
Unlike the Arctic, where sea ice extent (SIE) isocean where surface gravity waves sigantly impact
decreasing in the entire region in all seasons, Antarctithe dynamics of sea ice (e.g. Wadha2@Q Dumont
trends are less noticeable and less clear (Simmondst al. 201J), often characterised by highly variable ice
2015 Maksym2019. While the Southern Ocean around conditions. Given the unknowns in wave-ice interaction
Antarctica has been warming at an alarming rate contri-and the large uncertainties in both observed and fore-
buting to ice sheet melt and consequently to sea-level riseasted waves within sea ice, the MIZ can be operation-
Antarctic SIE has remained stable (Parkins2fil9: the  ally de ned through sea ice concentration thresholds,
long-term SIE trend, on hemispheric scale, is neadf, as the transition zone between open water and consoli-
for the winter maximum, summer minimum and annual dated pack ice, where the total area of ocean is covered
average, although some regions experienced declindsy 15-80% sea ice (e.g. Paul et202% Vichi 202).
Since the late 1970s, satellite record of total annual- The MIZ is fundamental for climate dynamics and
mean extent shows a slight overall positive trend (Eayrpolar ecosystems, as a region of intense atmosphere-sea
et al. 2023, which masks signicantly larger opposing ice interactions that forms a physical ber for the conso-
regional trends. The total Antarctic SIE has increased alidated pack ice zone from the ects of open ocean
a rate of approximately 1.5% per decade for the £979dynamics (e.g. Squirg007). The MIZ supports relevant
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processes, such as-@ea gas exchange, and carbon4° horizontal resolution), but the data assimilation tech-
exchange at the aisea interface, marine primary pro- niques and the sea ice models éi (three ORAs
duction and delivery of nutrients to the euphotic zone employ the LIM2 sea ice model, one CICE4.1 that
(Barber et al.2015. Monitoring changes of the MIZ includes more complex physics compared to LIM2).
environment can help us understand the associatedEach of the reanalyses assimilates satellite sea surface
changes in the climate system. Due to the thin andtemperature (SST), sea level anomalies, sea-ice concen-
small broken ice oes, the MIZ region is highly dynamic trations and in-situ temperature and salinity. Details of
and responsive to external forcing, and its response to clieach reanalysis product are in the above-mentioned
mate variability di ers from the inner pack ice (Stroeve et studies. Single products as well as the multi-model
al. 2016). An accurate assessment of variability ofnsemble are available from the beginning of the satel-
dynamics in the MIZ is still missing, as well as a deeplite altimetric era, January 1993 up to December 2020
insight into how surface ocean/waves and atmospheri¢only Near Real Time altimetry data are ingested by
elds correlate with ice conditions, such as ice thicknesghe assimilation systems for the last six months).
strength, and viscosity (Meylan et &014 Sutherland The total ice is here split into three derent zones.
and Balmforth2019). Due to the lack of wave estimations in the region and
There are few in-situ data available on the Antarcticthe availability of SIC observed-data, we use the concen-
MIZ properties and still signicant di erences in esti- tration-based denitions for the GREP (product ref 2.4.1)
mates from satellite data sets depending on the algorithnoutput as well as the observational dataset (product ref
employed (Stroeve et &01§. Numerous methods have 2.4.2), on their original grids. The consolidated pack ice
been developed to estimate SIC from passive microwavis then de ned by a SIC from 0.80to 1. The MIZ is ident-
instruments (including SMMR, SSMI, SSMIS, AMSR-Ei ed by SIC in the 0.18.80 range. Sparse sea ice covers
and AMSR-2) ying on various satellite platforms. The regions with SIC lower than 0.15; it is worth mentioning
algorithms applied to the microwave brightness tempera-that such low SIC can appear inside the pack ice region as
tures employ dierent channel combinations, with dér-  well, in areas of potential polynyas.
ent corrections for weather, satellite drift, and other To map Antarctic MIZ from satellite data record, we
factors (lvanova et aR015 Tonboe et al201§. When  use the NOAA/NSIDC Climate Data Record (hereafter
using estimates of sea ice properties, we should be colGDR, Meier et al2017 product ref. 2.4.2) that provides
scious of the dierences among algorithms and their a combination of SIC estimates from two well-estab-
attributes (Wright and Polashensk?01§, and the lished algorithms (NASA Team and Bootstrap), redu-
methods for combining dierent source data into long- cing the overall low bias in a fully automated
term records (Stroeve et &016. procedure (Peng et a013. We use the merged pro-
Therefore, ocean/sea ice reanalysis data are essentialdoct as each algorithm has dient pros and cons.
increasing our ability to comprehend total and marginal Stroeve et al.201§ analysed the Antarctic MIZ from
ice variability and to monitor their current state and pre- the NASA Team (NT) and Bootstrap (BT) data, and
dict their future changes. In this contribution, we aim to showed that (1) the BT algorithm halves the MIZ and
investigate how the Antarctic extent of MIZ is actually doubles the consolidated pack ice area compared to
changing, using sea ice concentration from an ensemblthe NT algorithm; (2) trends are also drent with
of global eddy-permitting reanalyses (GREP), and tathe BT indicating no statistically signtant trends in
determine how realistically this product can capture thethe MIZ, and NT statistically signcant positive MIZ
time/space variability of the Antarctic ice in the marginal trends in spring. The root mean square errors of SIC
ice zone over the period 1993-onward. between the ensemble mean and NOAA/NSIDC CDR
(product ref 2.4.2) is presented for September and Feb-
ruary climatology over the period 1993019 Figure
2.4.3. A RMSE up to 10% is visible in winter time
The Global Reanalysis Ensemble Product (GREP vewver the Antarctic Circumpolar Current location,
sion 2, product ref 2.4.1) is based on four global oceanwhile summer SIC ders from satellite estimates mainly
reanalyses ORAs (GLORYS2v4, Lellouche e2@l3 along the coastline of Eastern Antarctica where poly-
GloSea5, MacLachlan et 8015 C-GLORSv7, Storto nyas and ice sheets are present. CMEMS distributes glo-
et al.2016 ORASS5, Zuo et a019, constrained by sat- bal reprocessed SIC data from EUMETSAT OSISAF
ellite and in-situ observations and driven by ERA- CDR and Interim CDR. This data set is ingested by
Interim atmospheric reanalysis (Dee et 201). some of the data assimilation systems employed in the
Each ORA uses the ocean component of the state-ofoRAs constituting GREP (product ref 2.4.1), and
the-art NEMO model at eddy-permitting resolution (1/ hence not used for comparison in this study.
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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).
GREP SIC root mean square error for SeptemberFigure 2.4.3ompares GREP (product ref 2.4.1) and
(left), and February (right) averaged over-18¥3) as derived cpR (product ref 2.4.2) time evolutions of MIZ and
from NOAANSIDC CDR (product ref. 2.4.2). total SIE in four specic months [February (summer
extent), May (growing season), September (winter
For all products, we analyse monthly means of SlCextent) and December (melting season)]. There is a gen-
(the fractional coverage of an ocean grid-cell area covgrg| good agreement between the observational esti-
ered with sea ice) to compute SIE as the total oceamates and the ensemble mean. For each month, GREP
area of all grid-cells with SIC exceeding 0.15. Thus(product ref 2.4.1) is able to correctly reproduce the
the MIZ extent represents the total area of oceanamounts of marginal ice and their interannual variabil-
where SIC is comprised between 0.15 and 0.80. SIE j§;. GREP (product ref 2.4.1) SIE stays always within
widely used as polar climate indicator minimising the gpservational uncertainties. From the melting period
eects of uncertainties in passive microwave estimateso the summer minimum, GREP (product ref 2.4.1)
(e.g9. Meier and StewaP019 compared to sea ice frac- M|z interannual variability is consistent with satellite
tion and area. Our results are presented as hemispherigstimates, but overestimates MIZ extent indicating
average, but we also show that sea ice variability angyerall lower pack ice extent compared to observed
trends can regionally deer from the circumpolar ones. qata (product ref 2.4.2).
While total SIE (and pack ice extent) ranges from a
summer minimum in February (always well under 5 x
1P km?) to a winter maximum in September (always
The climatological mean seasonal cycle of Antarctiovell over 18 x 1®km?) in both GREP (product ref
MIZ does not follow total extent seasonalitfFigure 2.4.1) and CDR (product ref 2.4.2Fifures 2.4.2and
2.4.2. While both reach minima in February, the MIZ 2.4.3, the MIZ presents a minimum in February

Mean seasonal cycle of total SIE (solid) and MIZ extent (dashed), from GREP (red, product ref. 2.4.1) and satellite est
mates (black, product ref. 2.4.2), with individual ORA products (thin lines), fortb@2098&riod. The seasonal cycles of pack ice
(dash-dotted lines) and sparse ice (dotted lines) are also presented.
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Time-series of Antarctic SIE (solid) and MIZ extent (dashed) from GREP (red, product ref 2.4.1) and CDR (black, produ
ref. 2.4.2) for February, May, September, and December. Thin lines represent the single ORAs. An error bar of 10% has been appliec
the observational output (product ref. 2.4.2).

(generally higher than the minimum pack ice extent), to trends for February are negative in both products, dri-

expand during the growing season when sea ice tends teen by the MIZ decrease. During the ice expansion
aggregate and get denser, rapidly increasing the pack igghase (in May), the negative trends in total SIE result
zone. In September, MIZ comprises about 25% of thdrom the reduction of the consolidated pack ice. In Sep-
total maximum extent but it does not reach its widest tember, CDR (product ref 2.4.2) and GREP (product ref
extent; it continues to expand toward the end of the 2.4.1) exhibit opposing trends in the pack ice and MIZ,

year, to exceed again the pack ice extent duringhey compensate each othertoresultin alack of trendin
the melting season. The fraction of MIZ related to the the total extent. During the melting period (in Decem-

total SIE is slightly overestimated in December and Febber), negative trends in the pack ice are comparable
ruary by GREP (product ref 2.4.1), to follow more clo- between the two products, but GREP (product ref

sely observed data in the growing season. 2.4.1) reproduces no trend in the MIZ too, with a larger
Time evolution of MIZ extent in each month has decline in the total extent.
experienced no or little signtant trends for 1993 As a consequence of the similarities between CDR

2020 in both CDR (product ref 2.4.2) and GREP (pro- (product ref 2.4.2) and GREP (product ref 2.4.1) in esti-
duct ref 2.4.1)— monthly-mean trends are listed in mating total and MIZ extent, the two products agree
Table 2.4.1The reduction in the minimum MIZ extent also in terms of the average locations of the MIZ. We
after 2016 is clearly visible and properly reproduced inillustrate the MIZ expansion and contraction, and assess
GREP (product ref 2.4.1), as the extent increase irthe consistency between reanalysis products and
2020. Trends in GREP (product ref 2.4.1) generally fol-observed estimates of MIZ locations, as showRigure

low CDR (product ref 2.4.2). The hemispheric-wide SIE2.4.4 There is close agreement in the average latitude
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Slopes of trend lines (computed as linear leasf change in advance, retreat and duration, forced
squares regression) for the extent of marginal icgy wind-driven sea ice drift and ice-ocean heat

consolidated pack ice and total ice for Febryember er-
(19932020) for both GREP (product ref 2.4.1) and C nges. The accuracy of GREP (product ref 2.4.1) p

(product ref. 2.4.2). ormances is investigated aIsp on regional scales u§ing
Month ce classes CDR crep Maps of seasonal trends in sea ice concentration
February MIZ extent 57,69 $18.65 during 19932020 Figure 2.4.» The trends of simu-
Pack ice extent . 4.32 _ 597 lated Antarctic SIC have large spatialettences that
May otal extent 5337 51288 greatly agree with observed ice. They both show that
Pack ice extent $18.79 s2156  the largest trends are present in the regions covered
September T‘K/flfz"zﬁifr‘ft Slfﬁ gﬁgg by marginal ice (see contour lines iRigure 2.4.%
Pack ice extent $0.39 14.12 From a seasonal perspective, summer (DJF) and
Total extent $0.73 $2.77  autumn (MAM) have the largest and sigmiant trends
December e e ot S1aon 599 in both products. GREP (product ref 2.4.1) SIC exhi-
Total extent $0.303 17.162  bits negative trends in the Bellingshausen-Amundsen

Notes: Values are listed irf k67 per year. Bold indicates a sigaintslope  Sea and in Ross Sea, areas showing rapid regional
with p<0.05. The ensemble-mean MOC trend over2098 is also

shown. All volume transports are referenced to zero at the surface \ﬁﬁarming- In summer and autumn, pronounced pOSi'
allow comparison with observations from Li e28RY. The ensemble- tive trends occur on the western Weddell Sea and
T s ied ouet lhe OSAP chservatons) heriod ant over {Brih of the Antarctic Peninsula- they are due 0 a
equal to two times the standard deviation of the time-mean transpotombination of processes, as changes in the atmos-
B e e ey e Vel ot f ifheric_dynamics and wind_patterns (e.g. Holland
monthly-mean transports over the timeseries. ORASS is excluded fiamd Kwok 2012 Meehl et al.2016 Vichi et al. 2019
the ensemble-mgan and_ uncertainty across all sections (see _teB)|. nchard-WriggIesworth et 3202]), changes in the
OSNAP observational estimates and uncertainties of the MOC (Li et al. .
2029, and MHT and MFT (Lozier et28ll are calculated using a Vertical structure of the near-surface water column
Monte Carlo si_mulation. Estimates using the obs_erved mqnthl_y-me oosse and Zunz2014 Venables and Meredith
ggfgpfg;‘fhgﬁg‘c,b;"’n‘gkggisglgio?tiﬁ’;AF’H?;,?c;Va“F"T'Ta' . 614, freezing of low-salinity surface water from the
ice sheet (Bintanja et akR013 Pauling et al.2016
Haid et al. 2017. In all regions, the trends start to
changes between the two products. The time evolutiorgrow in spring (SON) resulting in the maximum sum-
of the monthly-averaged position of the MIZ shows mer trends. In winter (JJA), where the extent of the
that the spatial pattern of the MIZ in GREP (product consolidated pack ice dominates, the largest positive/
ref 2.4.1) and CDR (product ref 2.4.2), and its seasonahegative trends are located close to the ice edge
and interannual variability are again consistent, as wellwhere ice distribution is mostly constrained by
as the timing of MIZ advance and retreat. The locationocean dynamics). The spring Antarctic sea ice also
of the minimum MIZ extent slightly moves toward the shows a zonal wave-number-two structure, with a
equator in the last decade, while May and Decembemaximum in the Pacic sector and a minimum
show a contraction of the MIZ in the most recent close to Davis Station (located on the Ingrid Christen-
years, from 2016. In the growing season, this is mainlysen Coast in East Antarctica), similar to those in
due to the reduction of total SIE. The averaged latitudespring, except for the dérence in the value.
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 maxiThe region covered by marginal ice is highly sensitive to
mum extent, the December-average MIZ position andatmospheric and oceanic forcing, changes in the MIZ
the outer ice edge move poleward. This is explainedxtent can act the level of atmosphere-ocean heat
by the quick retreat of the inner pack ice starting in and gas exchanges the area of partially ice-covered
the end of September. ocean and can have implications for the polar ecosys-
Satellite observations show that the small changetems. Thus, investigation of changes of Antarctic MIZ
in total Antarctic sea ice over the last three decadesupports understanding the Antarctic sea ice variability
mask a dipole pattern of regional changes, with sub-on di erent spatial and temporal scales.
stantial regional trends of increasing ice extent, pri- We have analysed the evolution of the Antarctic MIZ
marily in the Ross and Weddell Seas, and decreasings represented in the Global Reanalysis Ensemble Pro-
ice extent in the Bellingshausen and Amundsen Seaduct (product ref 2.4.1) and compared it to a satellite-
(Parkinson2019. There are complex spatial patterns derived dataset (product ref 2.4.2). A detailed
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Time series of monthly-averaged latitudes of MIZ for GREP (red, product ref. 2.4.1) and CDR (black, product ref. 2.4.2) i
February, May, September, and December.

understanding of mechanisms driving Antarctic sea iceextent as well as its interannual variability during the

classes is out of the scope of this contribution. Here, wegrowing and melting seasons. More evident discrepan-
want to assess the reliability of the sea ice concentrationies between GREP (product ref 2.4.1) and CDR (pro-
provided by the GREP ensemble mean (product refduct ref 2.4.2) occur during summer, when the spread
2.4.1) in discriminating the MIZ from the consolidated among individual ORA increases: one product tends
pack ice, and in reproducing the space/time evolution ofto underestimate MIZ extent and another to overesti-

the Antarctic MIZ from 1993 through 2020. mate pack ice extent.

A challenge in the validation arises as to which long- The accuracy of the GREP ensemble mean (product
term sea ice concentration data record to use. There areef 2.4.1) has already been assessed for a range of
dozens of algorithms available, whose SICs are nobdcean applications (Storto et &019. Although the
necessarily consistent with each other (e.g. Ivanovéour reanalyses included in GREP (product ref 2.4.1)
et al. 2015 Stroeve et al201§. We derived monthly employ the same ocean model and atmospheric forcing
SIC elds from NOAA and the National Snow and Ice dataset, derences in ice models, data assimilation sys-
Data Center Climate Data Record (product ref 2.4.2)tems and observational datasets,—a&¢a ux formu-

a long-term, consistent, satellite-based passive microations, initialisation strategy, and model cayuration

wave record of sea ice concentration that leverageparameters, contribute to the ensemble dispersion.
two well-validated concentration algorithms. This data The ensemble-mean GREP always beats individual
set is not directly included in the data assimilation sys-members in representing changes in the extent of total
tems of the GREP (product ref 2.4.1) components.  and marginal ice, in the Southern Ocean. The quality

GREP (product ref 2.4.1) is shown to properly rep- of GREP (product ref 2.4.1) is comparable to that of sat-
resent the variability of minima and maxima in MIZ ellite data sets and the drences between GREP
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Map of seasonal trend in sea ice concentratiorr®#yom 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), fe20201898d. Contours indicate the SIC at 0.15
(green) and 0.8 (magenta). Dots show 95% samie. 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-correlation between the Mediterranean mean sea level
parable or even smaller than dirences between di- and the upper branch of the AMOC at 26.5°N over
ent algorithms (Stroeve et £#016. the 19932019 period. Secondly, for thest time, we
Nevertheless, the potential of the reanalysis ensemblexamine the correlation of the @rent components
emerged, but with a list of caveats that might be over-of the AMOC and the Gibraltar inow transport and
come in future works. The MIZ is very dynamic, making nd signi cant anti-correlations at interannual time
it challenging to provide precise delimitations using scales.
monthly SIC that are in turn sensitive to growth/melt  We show that during years of weaker/stronger
processes and aisea interface conditions. Future inves- AMOC and higher/lower SSH in the Mediterranean
tigation of the ice classes variability in GREP (productSea, a stronger/weaker Azores Current results in stron-
ref 2.4.1) might bend from reanalyses and observed ger/weaker Gibraltar inow transport. We argue that
values at higher time resolution, and focus on regionalthe direct wind forcing mechanism suggested by Volkov
changes to better link MIZ extent to dynamical inter- et al. 019 as a common driver for both the AMOC
actions with ocean and atmosphere, and feedbaclknd the Mediterranean SSH is instead indirect, produ-
from rapid extreme events on seasonal and sub-seasonaihg rst a changed Gibraltar transport which in turn
scales. Improvement in data assimilation techniquesiriggers a change in Mediterranean Sea mean SSH.
spacetime data coverage the ice-covered Southerr‘Dro ducts used:
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 Eﬁf

) ) Product name & type Documentation
and GREP (product ref 2.4.1) in polar regions. 251 MEDSEA_MULTIYEAR_PHY_006_®dMhttps://marine.
Reanalysis copernicus.eu/
documents/PUM/
CMEMS-MED-PUM-
006-004.pdf

QUIDhttps://marine.
copernicus.eu/
documents/QUID/
CMEMS-MED-QUID-

Authors: Simona Masina, Nadia Pinardi, Andrea Cipol- ;5 GLOBAL_REANALYS|s_PHY_oo1_931?\(?1-1?t%i':?/?1:arine.

lone, Deep Sankar Banerjee, Vladyslav Lyubartsev, Kar- Reanalysis copernicus.eu/

ina von Schuckmann, Laura Jackson, Romain Escudier, gﬁémgﬂe\s{?gﬂém-om-
Emanuela Clementi, Ali Aydogdu, Doroteaciro lovino 031.pdf

Statement and main outcome:Understanding the Qgc')ggr‘;ﬁ’su’é”;i‘;'”e
causes of the variability of the North Atlantic and Med- documents/QUID/
iterranean overturning circulations, and the possible CMEMS-GLO-QUID-

. o . 001-031.pdf
correlation between them is important to disentangle

the processes which link the two ocean basins. In this
study, we hypothesise that the Gibraltar aw transport
is the main driver of the basin-mean sea surface height
variability in the Mediterranean Sea and that they areThe link between the Atlantic Meridional Overturning
both anti-correlated to the Atlantic Meridional Over- Circulation (AMOC) (Marshall and Spe@012 Buckley
turning Circulation (AMOC) in the North Atlantic. and Marshall2016 Cessk019 and the Mediterranean
We analyze here the AMOC and the Mediterraneanzonal and meridional overturning (Pinardi et £019
mean sea surface height (SSH) in an ensemble dfas been barely discussed in the literature, including
eddy-permitting (Y4 degree) global ocean reanalysesodelling studies. This is partially due to the fact that
constrained by observations and historical forcingthe communities working on the AMOC and the Med-
over the period 1992019. Furthermore, we calculate iterranean circulation have been so far focused on
the Gibraltar in ow transport, which is part of the Med- di erent aspects.
iterranean Zonal Overturning Circulation (ZOC) upper  The overturning circulations in the Atlantic Ocean
branch (Pinardi et al2019, using the latest release of and the Mediterranean Sea play a key role in setting
the 1/24 degree Mediterranean Reanalysis (Escudier ¢he strati cation of the respective basins and regulating
al. 202Q 202). In this contribution, rstly we extend the regional ocean carbon budgets and contribute to the
the results obtained with observations (268817 supply of oxygen and other tracers from the surface to
period) by Volkov et al. 019 and con rm the anti- the deep ocean (Jaccard and Galbr&®il). Several
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eorts have been dedicated to the estimate of temporal Usingan ensemble of global and regional reanalyses,
variability of the AMOC in observations (McCarthy we investigate the correlation between AMOC, the sea
et al.2015among many), model studies (e.g. Danabasoievel in the Mediterranean Sea and the Gibraltar
glu et al.2016 and reanalyses (Jackson et28119 due in ow transport. The ability of the global ensemble rea-
to the AMOC impacts on heat, salt and carbon trans- nalysis to capture the observed changes from the RAPID
ports in the Atlantic Ocean and its role in the global and OSNAP arrays has been already shown (von
coupled climate system (Buckley and MarsHllg§.  Schuckman et al2018 Baker et al2022 this issue)
A few aspects of the linkages between the North Atlantiovhile the Mediterranean overturning circulation, both
and the Mediterranean Sea intermediate and deep vertiin its meridional and zonal components, have only
cal circulation have been investigated, and correlation®een recently computed (Waldman et 2018 Pinardi
have been found between the Mediterranean deepetal.2019 Von Schuckmann et a202Q but not directly
water formation in the Gulf of Lion and the North related to the Atlantic counterparts.
Atlantic Oscillation (Rixen et al2005. Other studies In summary, the rst objective of this work is to
have focused on the impact of the Mediterraneancon rm the results obtained by Volkov et al2@19
Over ow Water (MOW) on the North Atlantic circula- using global and regional reanalyses (instead of obser-
tion (Swingedouw et aR009 Ivanovic et al2019 and  vations as in Volko\s paper) and prove that the corre-
the salt content in the Nordic seas (Jia et2007. In  lations between the AMOC and sea level in the
this study our objective is to investigate the correlationsMediterranean Sea are still valid over longer time
between the AMOC and the Mediterranean Sea circulaperiods (19932019 vs 20642017). The second objec-
tion on related variables such as the mean sea surfadeve is to show that the wind-driven mechanism
height and the Gibraltar transport. suggested by Volkov to explain the anti-correlation
The mean sea level in the Mediterranean is connectetietween the AMOC and mean sea level in the Mediter-
to the Gibraltar net volume transport, wateuxes and ranean Sea is acting to modify the massaw transport
air-sea buoyancy uxes in the Mediterranean Sea at Gibraltar mainly due to induced changes in the
(Pinardi et al.2019. Soto-Navarro et al.201Q esti-  Azores Current strength.
mated a mean net volume transport through Gibraltar
of 0.04 Sv for the period October 2004 to January
20009. It is the result of the dirence between the larger
in ow of cold and fresher Atlantic waters 0.8 Sv) and
the smaller intermediate and deep owoiv transports  In this paper, we concentrate on the AMOC transport at
( 0.76 Sv). These transports are evaluated considering6.5°N because theast objective is to reproduce Volk-
respectively, the positive (eastward) and negative (westVv's analysis with reanalysis data, verifying that the rea-
ward) zonal velocities integrated along t68.5°E sec- nalysis contains the signals idergid from observations.
tion. This two-layer ow is connected to the upper The AMOC transport at 26.5°N is approximately
and lower branch of the Zonal Overturning Circulation subdivided among three dirent components (Buckley
(ZOC) recently described in Pinardi et aq19. and Marshall2016:
Recently, Volkov et al2019 found that the AMOC T Tort Tend T (1)
is highly anti-correlated with the mean sea level in the AMOC - TFCT TEKT TUMO
Mediterranean Sea. They suggested the Mediterraneanhere: (i) Tec is the meridional transport through the
Sea level responds to a mechanism related to an oce&lorida strait; (ii) Tek is the Ekman meridional trans-
nic-gyre-scale change due to the North Atlantic Oscil-port, here calculated from the ERA5 zonal wind stress;
lation (NAO) which modi es the AMOC strength. (iii) Tumo is the upper mid-ocean transport down to
However, their proposed mechanism correlating 1100 m derived at the section between the Bahamas
AMOC with the Mediterranean mean sea level did not and the western coast of Africa
take into account the analysis of the water transport at In the RAPID estimate of the AMOC transport, the
Gibraltar. In this contribution, we investigate how this three components of Equation (1) are independently
mechanism is related to the Azores Current and theestimated and summed to generate theal transport
Gibraltar in ow transport. Previous works based on (Cunningham et al.2007 McCarthy et al.2015. In
observational data provided evidence of the adjustmenthe following, the same strategy will be used to construct
of the Azores Current to large-scale atmospheric forcinghe AMOC transport from the model outputs using the
in the North Atlantic (Volkov and Fu201) and of the  meridional velocities taken from the CMEMS Global
exchange through the Gibraltar Strait driven by the Reanalysis Ensemble Produet GREP (product ref.
Azores Current (Carracedo et £014. 2.5.2). The calculations are based on the CDFTOOLS
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diagnostic packagehttps://github.com/meom-group/ wherex = 5.5W is the longitude of the narrowest part
CDFTOOLS and for simplicity we will refer to (1) as of the Gibraltar StraitH is a Heaviside step function
RAPID-like decomposition. to process only inow eastward currents,is the bottom

The Mean Sea Surface Height (MSSH) over the Meddepth. The Fnion IS here calculated from the latest
iterranean Sea, MS$fd, has been calculated from the release of the 1/24 of degree Mediterranean Reanalysis
GREP outputs as well, with the addition of the steric (product ref. 2.5.1).
components, calculated from the GREP temperature The Gibraltar outow transport is dened as in (8)
(T) and salinity §) pro les. The MSSH is deed as: but for the westward currents. In conclusion:

MSSHus = h, + hgS Mg (2)

E [MSSH/IS"' Mg] — MS Foutﬂowg Ow
. . . dt \ \Y
where h, is the incompressible component of the sea d
level, hy is the steric component anig is the global + ahS (9)
area average of the monthly mean incompressible and
steric components. The brackets indicate the averageBhus, we expect the Gibraltar iow transport to be cor-
in the Mediterranean basin only, normalised by the sur-related with positive tendencies of the mean sea level at
face area of the Mediterranean Sea. The steric conthe Mediterranean Sea and global scales (the téfg).
ponent is approximated by the density anomaly asWe neglectthe freshwateux and the time derivative of
follows: the steric component since they have a large seasonal
0 0 signal that will be subtracted in the present analysis.
he $ 1 dr(T, 9dz 3 1 dr(T, 9dz (3) Furthermore, we neglect the ouiw component
Fo sH Fo gH which is mainly connected to the water mass transform-

wherer, is the reference sea-water density (1025 kgption processes occurring in the Mediterranean Sea on

m?), the depth H is xed at 2000 m and the density 1°Nger time scales. o
anomaly is dened with respect to &, S time mean Pinardi et al. 2019 de ne the Zonal Overturning Cir-
value T and S culation (ZOC) of the Mediterranean Sea connecting the

Gibraltar baroclinic transports to the zonal vertical circu-
ar(T,9 = r(T,9S r(T,9 and dr(T, 9 lation in the upper 600 m, similar to the so-called Wiist
= r/(T,98 r(T,9 (4) circulation (Wist196). The Fsow, partially forced by
the Atlantic waters and currents, is part of the upper
Following Pinardi et al. Z014, the sea level tendency branch of the ZOC and it is expected that a correlation

can be written as: should exist between the vertically integrated transport
d LT d in the Atlantic, as expressed Byamoc, MSSHys and
5 h=8 Vr Saw+ ahS (5)  Finfiow, the latter two being connected by (9).

whereTr is the net outward transport at Gibraltay, is
the Mediterranean Sea surface area and

Qw = ESPS R is the net freshwaterux at the air  |n Figure 2.5.(a) we display the monthly time series of
sea interfacel is the evaporationP the precipitation  MSSH,s (annual and semi-annual harmonics removed,
andRtheruno) and h = h, + hs. Using the denition  following Volkov et al.2019, Tamoc and Gibraltar

of the terms in (2), we obtain: Fnow. Their correlations at zero-lag are reported in
d T d Figure 2.5.2 The weakTamoc events are associated
o [MSSHis+ Mgl =S v S wt &hs (6)  with high MSSHys. In particular, the three exceptional

) ) events of AMOC minima in 2010, 2011 and 2018 corre-
The net outward transport at Gibraltar is furthermore spond to maxima in MSSis, larger than 5 cm. In gen-
given by: eral, the anticorrelation between the two variables is
Tr = S Ffiow + Foutfiow @) particularly strong £0.45) during the (2004017)

period (sed-igure 2.5.p in agreement with the ndings
where the Gibraltar inow transportFniow is de ned  of volkov et al. 019.

as: We con rm that the Tgk is the component of the
e, O Tamoc Most anti-correlated with MSSHs (S0.31

Finflow (X, t) = - H[ux, y,z t)u(x,y,z,t)dzdy  over the whole period an&0.41 from 2004 to 2017,
Yo Sh close to the value 080.43 found by Volkov et al.

(8) (2019, seeFigure 2.5.2
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(a) Thelamodblack line), MSgH(annual and semi-annual harmonics removed) (green line) and the Gibmadtar in
transport (red line) over the period 198319. Note that the y axis for tliguodransport is reversed. (b) The 12 month running
mean (also detrended) of tofal,oc(black line), the MSgkhveraged in the Mediterranean basin (green ipgy (blue line),
Texk(yellow line) and the Gibraltar @aw transpor,, o (red line) over the period 192919 (mean and linear trend also removed).
Note that the y axis for the AMOC transport is reversed. (c) Lagged correlations between the di erent componbgpiscof the
MSSHKsand the GibraltaF,, o, over the period 1992019. (d) Same as in (c) but for the period used in Volkov 20H): (

April 2004, Feb 2017. The 95% sagmice 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). Signce 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 Giboatéraimsport, and product ref. 2.5.2 for all the
other variables.

As shown in Volkov et al. 2019, during years of direction in the Northern Hemisphere) weakened to
high sea level in the Mediterranean the subtropicalalmost zero and therefore reduced the AMOC
and subpolar centres become weaker and shifted southransport.
ward by about 10 degrees with respect to the climatolo- We have done a similar analysis but using the ocean
gical mean state. These changes are associated witlcarrents and found that during periods when the
southward shift of westerlies, which become moreMSSH,s is higher than 4 cm the Azores Current
zonal. At the same time, the usually northward Ekmanstrengthens Kigure 2.5.3 inducing an increased
transport at 26.5°N (directed to the right of the wind in ow transport at Gibraltar. In this work we therefore
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(Left panel) Correlation coients between MSSyk (with annual and semi-annual harmonics removed), the com-
ponents of the meridional transport at 26.9NidcTrc Tex Tumd and the Gibraltar ilow transportKy, o). (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% sigwaince 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 198319 period, grey dotted line (sigrance) corresponds to April 26 ebruary 2017 period.
Product ref. 2.5.1 is used for the Gibraltavirtransport, and product ref. 2.5.2 for all the other variables.

show that the southward shift of westerly winds inducesand $S0.36 in the 20042017 period, seEigure 2.5.Rat
a strengthened Azores Current which induces anmonth-to-month time scales. Therefore, our results
increased inow transport at Gibraltar and, ultimately seem to indicate that the MS%{d variability is driven
an increased sea level in the Med Sea. not only by the Ekman induced transport but also by
The Gibraltar in ow transport is positively correlated the upper-ocean geostrophic AMOC component. How-
with MSSH,s and the maximum correlation happens at ever, we cannot exclude that the atient conclusions
time lags of a few months (1 month for the period 1993 with respect to Volkov et al.2019 could partially
2019 and 3 months for the period 2062017, se€igure  derive from the dierent products used.
2.5.9 as expected by equation 9 and suggesting a fast sea All the correlations remain basically unchanged
level adjustment in the Mediterranean Sea in respons&hen the seasonal cycle (i.e. the annual and semi-annual
toin ow changes at Gibraltar. We argue that the Gibral-harmonics) is removed from all the time series, includ-
tar in ow represents the upper branch of the ZOCing the transports (right panel ofFigure 2.5.2
transport being driven by the mass transport into the suggesting that at zero-lag the relationship between
Mediterranean Sea through the Gibraltar Strait atTavoc, MSSHus and Ry, o is dominated by month-
monthly and interannual time scales. At longer time to-month variations.
scale, other processes are activated, such as water massn order to advance our understanding on the lower
transformation in the Mediterranean Sea, which isfrequency co-variability between the AMOC and the
why we have not used more integrated indicators ofMediterranean Sea zonal overturning, time lagged cor-
the ZOC (such as the maxima of the zonal transportrelations have been analyzed using 12-month running
stream function calculated by Pinardi et 2D19. means of the time series; that is, removing the seasonal
Somehow derently from Volkov et al. 019, our  and subseasonal variability. Figure 2.5.(b), we dis-
results indicate that the MSSQH is also signicantly  play the time series of the 12 month running means of
anti-correlated withTuo (S0.25 over the whole period the MSShys, Tamoc, Tumo, Tex and R o Where the
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5 Composite currents (amplitude in m/sec in colour) at 75 m depth for the years when thgis8Sih (panel a) and
<S4 cm (panel b). Product ref. 2.5.2 is used.

mean and linear trend are also removed. A clear timecorrelation is lower, similarly to what happens to the
lagged co-variability starts to emerge at these longemonth-to-month in phase uctuations. At interannual
time scales. Over the whole period of analysis, the cortime scaleS yyo and MSSH;s are also well anti-corre-
relation between the MSSJE and the Tamoc is  lated in agreement with Volkov et aR@19. The maxi-
$0.63, with MSSks lagging behind theTawoc by  mum correlation isS0.57 with the MSSHKs lagging
four months (see black line ifFigures 2.5(t) and  behind theTyuo by two months over the whole period.
2.5.9. The lagged correlation is further increased The correlation increases t80.66 in the most recent
(50.78) if we consider the latest period (26@817), period, with the southward/northward anomalies of
in good agreement with the Volkov et aR{19 analysis Tymo followed by higher/lower sea level anomalies in
based on observations only, with the onlyedtence the Mediterranean six month laterF{gure 2.5.1
being that we nd it at 3 months lag while in obser- Volkov et al. 019 claim that theTyyo at 26.5°N is
vations the lag is 6 months, maybe partially due to therelated to the zonal dérence in pressure and sea level
di erent method that we use to Iter the seasonal and between the eastern and western boundaries of the
sub-seasonal variability. North Atlantic (see also Wolfe and Ces2009. In
The negative correlation betwedi and MSSH,s  response to a weaker AMOC there is an increased
on interannual time scales is also sigrant, with the  Tymo (in balance with the zonal pressure gradient)
maximum increase with respect to the month-to- which correlates negatively with the SSH at interannual
month correlation which occurs over the latest period, time scales. They showed that at 26.5°N the upper-mid-
with the MSSH,s lagging behind theTgx by two  ocean transport is correlated with the meridional heat
months (from-0.41 inFigure 2.5.20 S0.77 inFigure  transport. This provides evidence that a reduction of
2.5.4. Over the whole 1992019 period the lagged the AMOC, associated with the strengthening of the



s42 THE COPERNICUS MARINE SERVICE OCEAN STATE REPORT, ISSUE 6

(Left panel) Lagged correlation cants between MSSlk(annual and semi-annual harmonics remotreslzom-
ponents of the meridional transport at 26.FNidc Trc Tex Tumd and the Gibraltar iow transport, o). Grey solid line (sig-
ni cance) corresponds to the 192319 period, grey dotted line (sigrance) corresponds to April 2608ebruary 2017 period.
The 95% signéance level for correlation is 0.37 and 0.51 at zero lag for the longer and shorter period, respectivahceSigni
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 Gikraliasport,
and product ref. 2.5.2 for all the other variables.

southwardTyuo, can lead to heat convergence in the Gibraltar in ow transport at interannual time scales
equatoriattropical band and, consequently, rising seawhile, as expected, there are a few months delay in the
levels along the northwest coast of Africa and ultimatelycorrelation maxima betweehamoc, Tumo and Fin ow -
in the Mediterranean Sea. We have reproduced and his can be understood considering th&yo involves
con rmed some of these results (not shown) even ifthe transport on the upper 1100 m water column pro-
we found that the time lags betweeélyyo and the  cesses, whilg, o, at Gibraltar is concentrated approxi-
MSSH,s is shorter in our case suggesting a faster readmately in the rst 150 m of the water column.
justment process.

At interannual time scales, the Gibraltar iow trans-
port shows a dramatic increase in the correlation with
Tamoc reaching a maximum $0.75) over the short In this study, we discuss the connections between the
period (20042017) with the transport lagging three North Atlantic overturning circulation and the Mediter-
months behindTamoc. The correlation remains quite ranean Sea mean sea surface height at monthly and
high (50.53) even over the whole analysis period (seénterannual time scales through the Gibraltar ow
left panel inFigure 2.5.% The analysis over the shorter transport. The usage of the GREP reanalysis product
time period shows that botfi o and Tek are signi - available for the period 1992019 allowed us to extend
cantly anti-correlated with the Gibraltar irow at dier- the results obtained by Volkov et alRq19 with the
ent time lagsF, ow is correlated at zero-time lag with observational time series at 26.5°N over the shorter
Tex, while Tymo precededs, o by two months (see period 20042017. Our analysis is fully consistent with
right panel inFigure 2.5 We argue that the North their results. They showed that the Mediterranean
Atlantic wind-driven component of the overturning cir- mean sea level, MS$i is anti-correlated with the
culation transport is 180 degree out of phase with theupper branch of the Atlantic Meridional Overturning
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Circulation (AMOC), so-called@ amoc, and some of its  the airsea interaction, acts in the direction of mitigat-
components. When the AMOC transport is small, the ing the overall oligotrophic state of the basin, uren-
mean sea surface height of the Mediterranean Sea ng at the same time the size distribution of
high. In addition, in this work we show that the phytoplankton and the food webs in the marine ecosys-
MSSH,s is correlated with the Gibraltar irow trans- tems of the basin. Here we introduce marine trophic
port, K ow, Which is representative of the upper branch state indicators based on the climatological 90th percen-
of the Mediterranean Zonal Overturning Circulation. tile of daily winter concentration of nutrients to assess

The novel result here is to show a clear anti-corre-locally the potential fertilization of the euphotic layer
lation between theTauoc and its components with and its link to Northern Hemisphere large-scale circula-
Fnow at interannual time scales, which has nevertion patterns. We found that potential fertilization in
been discussed before. We argue that the wind-drivethe Western (Eastern) Mediterranean is predominantly
induced changes in the North Atlantic are responsiblelinked to negative (positive) states of the East Atlantic
not only for the AMOC variability but largely also for (East Atlantic/Western Russian) patterns that shape
the variability of the Gibraltar inow transport through  the heat ux losses at the ocean surface and the associ-
Azores Current changes and ultimately to the Mediter- ated vertical mixing.
ranean Sea overturning circulation.

We show that during years of weaker/stronger
AMOC and higher/lower SSH in the Mediterranean,
stronger/weaker Azores Current rects into stronger/ ng Product name & type Documentation
weaker Gibraltar inow transport. The direct wind dri- ¢ MEDSEA_MULTIYEAR_PHY_006_OCHttps://marine.

Products used:

ven mechanism suggested by Volkov et2019 for the
AMOC is instead indirect on the Mediterranean Sea
mean SSH, producingrst a changed Gibraltar trans-
port which in turn produces a change in Mediterranean
Sea SSH.

The correlations have maximum values at elient
time lags, but these depend on the spedime 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 (199819) since deca-
dal variability cannot be resolved by the 27-year period.

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

MEDSEA_MULTIYEAR_BGC_006_008tps://catalogue.

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

In conclusion, we have connected for thest time the eu/documents/PUM/
integrated transport of the AMOC with the Mediterra- S%Eo“gg'me'PUM‘
nean Sea Gibraltar transport and suggested that theg s Time series of the monthly values of titps:/www.cpc.ncep.
Azores Current plays an important role. We believe indexes for large-scale circulation  noaa.gov/data/
hi lati Id be of . inthe f patterns used in the present teledoc/telecontents.
this correlation could be of great importance in the future contribution are available at NOAA  shtml

climate scenarios where the North Atlantic is undergoing climate prediction centre

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.
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., PQand NOs) and integrated net primary
production compared to the global ocean and a charac-
teristic eastwest trophic gradient (Moutin and Raim-

Authors: Marco Reale, Gianpiero Cossarini, Stefanobault 2002 Siokou-Frangou et aR01Q Lazzari et al.

Salon, Valeria Di Biagio, Anna Teruzzi, Gianluca Coi-2012 Di Biagio et al2019 Reale et ak020a). These fea-

dessa, Emanuela Clementi tures result from the overlapping of érent physical

Statement of main outcomesThe fertilization of the and biogeochemical processes, such as the anti-estuar-

Mediterranean Sea euphotic layer during winter, as a@ne circulation at the Gibraltar Strait, the biological

result, for example, of strong vertical mixing driven by pump in the basin, water column stratiation and the
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spatial distribution of phytoplankton-limiting growth  elds. The biogeochemical reanalysis assimilates surface
nutrient (e.g. PQ and NGOs) sources (Crise et al999  chlorophyll-a estimates from satellite ocean colour
Crispi et al.200% Huertas et al2013. while NEMO-OceanVar model assimilates satellite sea
In some areas of the basin the oligotrophic state issurface height and in-situ prdes of temperature and
occasionally mitigated (typically in winter) by the injec- salinity (MEDSEA_MULTIYEAR_PHY_006_004, pro-
tion of dissolved nutrients in the euphotic layer from the duct reference 2.6.1). The two reanalyses have been
deep waters, as a consequence, for example, of stromxtensively validated (Cossarini et 2021 Escudier
mixing mostly driven by heat losses and wind forcing et al.202] following the CMEMS product quality stan-
stress acting at the sea surface (Reale eRGR20H. dard guidelines (Hernandez et &018§.
This ‘fertilization’ of the water column in winter acts Recently, several indicators to assess the eutrophic
to favour a decrease of the overall oligotrophy of thestate of the mid-latitude lakes or ocean basins were
basin (Siokou-Frangou et &010. developed using dérent percentile thresholds (75th,
Over the last years, drent indicators have been 90th, 95th) of the daily values distribution computed
developed to assess the eutrophication of the Europeafor the entire water bodies or locally in each point of
regional basins based on satellite-derived 90th percerthe basin (e.g. Poikie et al.201Q Desmit et al.2018
tile of the daily value of chlorophyll-a concentrations Gohin et al.2019 Greenwood et al2019 Brito et al.
(see Gohin et al2019 Pardo et al2021for a review). 202Q Pardo et al202). Here we use the 90th percentile
On the other hand, indicators evaluating the fertiliza- as a measure of the richness in nutrients or fertilization
tion of the euphatic layer in winter and the relationship of the euphotic layer in each point of the domain before
between these indicators and the large-scale circulatiothe onset of stratied spring conditions, which lead to
patterns driving the physical forcing acting on the waterthe phytoplankton blooms. Although arbitrary, the
column (Josey et aR011 Papadopoulos et aR012  90th percentile has been chosen in several other studies
Ulbrich et al.2012 Reale et al2020h are still poorly  to characterise the mid-latitude basins eutrophic state
investigated. Should this relationship be established, i{Desmit et al2018 Gohin et al2019 Pardo et al202]).
could pave the way to develop seasonal forecasts of In order to compute the climatological 90th percen-
the eutrophication tendency in the basin. tile we rst averaged the concentration of both nutrients
In this work, we rst introduce two'potential fertili- ~ over the rst 100 m of the water column, which can be
zation indicator§ de ned in each point of the Mediter- considered approximately the thickness of the euphotic
ranean Sea, for each of the most relevant limitinglayer in the basin. Secondly, we considered in each grid
nutrients for phytoplankton growth (P@and NO;), point of the domain the 90th percentile of the daily win-
based on their climatological daily winter 90th percen-ter concentration of PQand NO; (hereafter: 90tho,
tile (hereafter: 90th). Secondly, we associate the indiand 90thyos) in the period 19992019, where winter
cators with the temporal variability of the main corresponds to December, January and February (here-
Northern Hemisphere large-scale circulation patternsafter: DJF). The 90th percentile threshold is calculated
(North Atlantic Oscillation, East Atlantic, East Atlantic/ in each point of the basin in order to evaluate the poten-
Western Russia and Scandinavian pattern). Thirdly, weial fertilization in relation to the local mean trophic
discuss the possibility of using the established link tolevel, as recently proposed for local extreme events in
develop seasonal forecasts for the eutrophication tenbi Biagio et al. 2020.
dencies in some areas of the basin. Then, we dened for each point of the basin‘poten-
tial fertilization indicator for PO, and NO; (hereafter:
FE-04 and FEo3) as the number of days (not necess-
arily consecutive) in each winter month of the period
We derived the‘potential fertilization indicatorsfor  1999-2019 when the value of R@nd NO; is greater
dissolved nutrients in the Mediterranean Sea using 30than 90tho4 and 90thos, respectively. In this work
daily PQ, and NO; elds provided by the 1992019 the term‘fertilization’ refers to the accumulation of phy-
CMEMS biogeochemical reanalysis at 1/24° horizontatoplankton limiting-growth nutrients in the euphotic
resolution and 125 vertical levels (MEDSEA_MUL- layer because of @irent processes acting locally such
TIYEAR_BGC_006_008, product reference 2.6.2). Thas input (e.g. vertical mixing, riverine input) or lack of
CMEMS biogeochemical reanalysis is produced by theonsumption. The higher is the value of the index, the
OGSTM-BFM-3DVarBio model (Salon et 2019 Cos- more e cient are these processes to accumulate the dis-
sarini et al.202% Teruzzi et al202) coupled o-line solved nutrients in the euphotic layer. On the other
with the physical NEMO-OceanVar model (Escudier hand, the adjectivéotential refers to the fact that the
et al. 202) that is forced with ERA5 atmospheric presence of high values of nutrients in the euphotic
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layer is a necessary but not saient condition for the  indexes during the winter months (SPclim). The statisti-
development of the phytoplankton blooms. In fact, cal signi cance of the observed drence of the two
beside the nutrient content of the euphotic layer, means have been assessed using a Mafhitrey test
other processes may impact the intensity and temporalvith p<0.05.
evolution of the spring blooms (Mayot et &017%.

This formulation allows us to investigate whether the
highest values of both Fssand FE oz at each point of
the basin could correspond to a particular state of theFigure 2.6.3shows the spatial distribution in the Medi-
Northern Hemisphere large-scale atmospheric circulaterranean Sea of 90ih, and 90th,oz percentile in DJF
tion patterns which shape heatixes and, in turn, the during the period 19992019. The distribution is
vertical mixing in the basin, which is one of the main characterised by an eastest/soutknorth gradient
drivers of the nutrients’dynamics in the euphotic for PO/NO; whose existence has been already pointed
layer (Josey et alR011 Papadopoulos et al012  out in previous works (Crise et al999 Manca et al.
Reale et al2020)). 2004 Lazzari et al2016 Richon et al.2018a,2018h

In this work, in order to characterise the temporal Di Biagio et al.2019 Richon et al.2019 Reale et al.
variability of large-scale circulation patterns we use their2020a,20200). The highest values are observed in the
available monthly indexes that are standardised withdeep convective areas of the basin, namely the Gulf of
respect to the climatology of 1984010 (product refer- Lion, Southern Adriatic Sea and the area of Rhodes
ence 2.6.3). The large-scaialation patterns here con-  Gyre (Macias et aR018t. Moreover, additional strong
sidered are: North Atlantic Oscillation (NAO), East signals can be found in the Alboran Sea, associated with
Atlantic (EA), East Atlantic/Western Russian (EAWR) the coastal upwelling and imw of Atlantic water at the
and Scandinavian pattern (SCAN), which have beerGibraltar Strait (Macias et aR018a), in the Northern
widely recognised as important drivers of the physical for-lonian as a consequence of the deepening of the
cing and of the biogeochemical dynamics of the Mediter-mixed layer depth in the area in winter (Drtenzio
ranean basin in winter (Josey et2011; Papadopoulos et et al.2005 Lavigne et al2019, in the area of Northern
al. 2012; Ulbrich et al. 2012; Reale et241208). Tyrrhenian, Pelops and Shikmona gyres (Pinardi et al.

In order to investigate at which extent the highest 2015 and along the coastlines of the basin, for example
monthly values of Fios and Fos in each point of in the area of Rhone and Ebro river plumes (Western
the basin correspond to a particular large-scale circulatiorMediterranean Sea), in the Northern Adriatic Sea (Po
pattern monthly state, we selected all those winter monthsiver) and in the Levantine basin at the mouth of the
when Flosand FEos are greater than seven and com- Nile river. The Mediterranean riverine inputs are
puted the mean values of the four large-scale circulatiorcharacterised by high values of the N:P ratio (Lazzari
patterns indexes for those months (hereafter’)SPhe et al. 2016), thus explaining the higher N@oncen-
threshold of seven days per month has been chosefrations near the river mouths which are, at least,
after a sensitivity analysis of the statistical sigance of more than one order of magnitude greater with respect
the relationship between large-scale circulation patterngo what is observed in the case of PO
and the potential fertilization indicators (not shown). During the winter season, the highest values of FE for

Finally, we assessed if these values are statisticaliyth nutrients are observed mainly in February in the
di erent from the climatological means of the four o shore areas of the basin when the mixed layer depth

Spatial distribution of 90iR4(a) and 90tQo3(b) percentile in the Mediterranean Sea in DJF (perioe20499). Values
in both panels are in mmolAand have been computed using the CMEMS biogeochemical reanalysis (product reference 2.6.2)
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Spatial distribution of the correlation between the monthly DJF winter time series of the mixed layer degih(@nd FE
and FRoz(b) respectively in the period 199019. Only correlation values statistically signi at 95% are shown. Mixed layer
depth data are based on the CMEMS physical reanalysis (product referencegsént) AHidgshave been calculated using the
CMEMS biogeochemical reanalysis (product reference 2.6.2).

in the basin is at its maximum (Drtenzio et al.2005 In the case of R4 EA is the large-scale circulation
Houpert et al. 2015, whilst relatively lower values pattern driving the variability of potential fertilization
occur at the river mouths (such as the Po and Nile),indicators in the Western Mediterranean Sea (more
in the Gulf of Gabes and in the Alboran Sea. In this specically in the area of the Gulf of Lion, around the
case vertical mixing plays a twofold role: (i) it enrichesBalearic Island and in the Tyrrhenian Sea) and in
nutrients in the euphotic layer eroding the nutricline; the Southern lonian, around Crete and at centre of
and (ii) it prevents concentration of phytoplankton at the Aegean Sea. In the case ofy5E we can again
the surface by dilution. Moreover, sunlight is minimum observe the same signal in the Gulf of Lion and around
during the winter months and thus further limits the the Balearic Island, while it is weaker in the Aegean Sea
phytoplankton capabilities to make the photosynthesisand completely absent in the Tyrrhenian Sea and
and to consume the available nutrientSigure 2.6.2 Southern lonian Sea. Tyrrhenian Sea and Southern
(a,b) show the correlation coeient between the lonian Sea are under the imence of the Middle Tyr-
monthly time series of Rk, and FEoz and the rhenian current and Atlantic-lonian stream which
monthly time series of the mixed layer depth (during results from the bifurcation of the Atlantic Water enter-
DJF). The highest correlation values are observed ing the Mediterranean Sea at the Gibraltar Strait
the Gulf of Lion, Tyrrhenian Sea, Southern Adriatic (Pinardi et al.2015. Thus, it is likely that the boundary
Sea, Northern lonian Sea, around Crete and in theconditions set in the Gibraltar Strait play an additional
area of Rhodes, Pelops and Shikmona gyres,rmoimg ~ role with respect to the vertical mixing in smearing
the role of vertical mixing in inuencing the distribution  the variability of Flosin the two subbasins. The signal
of nutrients along the water column. On the other hand, related to EA observed in the Western Mediterranean
in the coastal areas, the correlation cagents are weak Sea is in agreement with thedings of previous studies
and negative or even not sigrmant, pointing to the that pointed out the importance of EA in shaping the
importance of river loads in shaping the variability of heat uxes variability over the region and, in turn, the
nutrients in these areas. In fact, relative lower valueslense water formation processes and nutrient dynamics
of FE are observed in theahores areas of the basin inthe area (Schroeder et 2010 Josey et aR01% Reale
in December, when the nutrient load from the rivers et al.2020)). Additionally, EAWR also appears to play
is prevalent with respect to the injection of nutrients an important role for both nutrients in the area of the
in the euphotic zone from the intermediate/deep layerRhodes gyre and around Cyprus (Josey et2ail1
through vertical mixing (not shown). Reale et al20200). No signi cant relevant signals have
The spatial distribution of the relationship between been observed in the rest of the basin, in particular in
the winter fertilization indicators and the atmospheric the Southern Adriatic. There, the imence of large-
drivers is shown inFigure 2.6.3 which reports, for scale circulation patterns is probably masked by the
each grid point, the large-scale circulation patternlocal circulation dynamics (BiOS phenomenon, Ga
with the highest value of the dirence between SP etal.201Q Civitarese et aR01Q. Moreover, the analysis
and SPclim for FEg,and FEoa. does not show any relevant signal associated with NAO
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Spatial distribution of the highest value of-SPclim for PJa) and N@(b) in the Mediterranean Sea in the period
1999-2019. The size of each dot is equal to the absolute valué8PSHn. 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 sa
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 statisticallycsighivithp < 0.05 according to a Mann-Withney test are shown.

Spatial distribution of the slope of the linear regression between monthly December-January-February time series of
PQ (a) and Ng(b) and monthly December-January-February EA index time series in the pesid 2999ly values statistically
signi cant at 95% are shown. Slopes have been calculated using the CMEMS biogeochemical reanalysis (product reference 2.6.2) al
the time series of the monthly values of the indexes for large-scale circulation patterns (product reference 2.6.3)

in the basin, as it is already reported in previous studiesvinter season October-March (for the past period
(Josey et ak011 Reale et ak020bh. 1961-1999) and observed a total variation of the nutri-
Figure 2.6.4hows the slope of the linear regressionent concentration ranging between 2% and 3% for a unit
between the monthly DJF concentration of P@nd  of positive EA index value in the same area. Although
NOz and the EA monthly index. In fact, provided the long-term analysis (Reale et 20200 and future pro-
existence of a link between the intensity of the fertiliza-jections based on CMIP5 models (Ullmann et al.
tion and the atmospheric pattern variability, we assesse@014 found no signi cant tendencies in the EA pattern,
the magnitude of this link by computing the regression the robustness of the link observed mainly in the Gulf of
between the monthly nutrient concentration and that Lion could pave the way to develop seasonal forecasts
particular large-scale circulation pattern monthly for the potential fertilization of the area based on the
index, with the objective to provide a potential seasonaforecast of atmospheric drivers which have become
forecast indicator. The highest values of the slope areecently available (Lledo et &020.
observed in the Gulf of Lion area and can get up to
$0.04 mmol/nf/month and $0.4 mmol/nf/month,
respectively for PQand NOs;. The 0400 m average
winter value of PQ and NO; amount is equal about We introduced an indicator to monitor locally the
0.2 and 2 mmol/r respectively, and the monthly vari- euphotic layer potential fertilization during the winter
ation of nutrient concentration (in %) for a unit of posi- season in the Mediterranean Sea and we associated,
tive monthly index value of EA is nearly equal to 5%.for each point of the basin, its temporal variability
This estimation is consistent with the results providedwith the large-scale circulation patterns driving the
in Reale et al. 20201, who considered the extended atmospheric circulation over the region. As shown in
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Di Biagio et al. 2020, the choice of a speat threshold Only limited signi cant signals are observed in most
in each point of the basin allowed us to analyze theof the Adriatic Sea and Aegean Sea where the long-term
potential fertilization in relation to the local ecosystem in uence of large-scale circulation patterns on the ferti-
properties. We found a relevant inence of the EA lization indicators is probably masked by the substantial
on the fertilization indicators in the Gulf of Lion. In par- nutrient in ow associated with the presence of the Dar-
ticular, a negative state of EA results in an increase irdanelles Strait (e.g. Aegean Sea, Souvermezoglou et al.
the nutrients’ concentration in the shore areas of 2014 and local dynamics such as the BiOS phenom-
the Gulf of Lion as well as in the Tyrrhenian Sea,enon (e.g. Adriatic and lonian Sea, Gaet al. 201Q
Alboran Sea, Balearic Island, and Southern lonian Se€ivitarese et ak010.
(Figure 2.6.1 To a lesser extent, an increase of nutri-  Although the approach adopted to derive the indi-
ents concentration around the Iberian Peninsula, Sardi- cators could strongly bené from a longer time series
nia, Gulf of Genoa and Northern Adriatic is related to to compute the 90thos and 90thos percentiles, the
negative EAWR and positive SCAN states. On thepreliminary results are promising, because they pro-
other hand, a positive EAWR state corresponds tovided for the rst time an overview of the inuence of
higher nutrients‘ concentration in the euphotic layer the atmospheric forcing acting over the Mediterranean
of the areas around Crete, in the Aegean Sea and theegion on the interannual variability of the local fertili-
Rhodes Gyre (not shown). zation in the basin measured by the indicators proposed
The link observed can be attributed to the impor- here. Moreover, the approach adopted here is robust,
tance of EA in shaping the heatuxes at the surface since it uses physical and biogeochemical assimilated
and thus the vertical mixing along the water column datasets which are based on a physical model forced
(Josey et al2011 Papadopoulos et aR012 Reale by the high-resolution atmospheric reanalysis ERA5
et al.20200). In fact, the vertical mixing acts in such a (Hersbach et al202Q. Although the physical and bio-
way to enrich the euphotic layer with nutrients but geochemical reanalyses contain uncertainty, as
also to prevent the phytoplankton to concentrate atdescribed in Escudier et aR@2]) and Cossarini et al.
the surface. (2021, the use of data assimilation and of ERAS forcing
This conclusion is further supported by the spatial can contribute to reduce the errors associated with the
distribution of the maximum value of Rk, and models parametrization and boundary conditions,
FEwos during the winter months of 2020 Kigure also imposing a constraint on the physics and biogeo-
2.6.5 which shows a limited fertilization of the euphotic chemistry of the euphotic layer, and thus providing a
layer of the Mediterranean, in particular in the North- better representation of their response to the atmos-
ern Western Mediterranean. This limited fertilization pheric forcing acting over the basin.
appears to be associated with anomalous positive values Being based on the assessment of the links with the
observed in the EA index in January and February (1.74Northern Hemisphere large-scale circulation patterns,
and 1.38 respectively). the present analysis is focused on one of the possible

Spatial distribution (in number of days) of the maximum monthly valuexafdJEand R 3(b) in the Mediterranean
Sea during DJF 20ZDontour lines (with colour legend in ttgaire) shows the mixed layer depth (in m). Mixed layer depth data are
based on the CMEMS physical reanalysis (product referencepg fahyifFigoshave been calculated using the CMEMS biogeo-
chemical reanalysis (product reference 2.6.2).
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oligotrophic areas. In fact, additional analysis of the riv- Ref.
erine inputs, internal dynamics and local mesoscale and™
sub-mesoscale processes inducing vertical nutrient
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of the biogeochemical state and the fertilization e ects

in the euphotic layer of the Mediterranean Sea. 272
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CMEMS-OC-QUID-009-
038t0045-071-073-078-
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Masina, Sabrina Speich.

Statement of main outcomeOver the past three decades,
marine heatwaves (MHWSs) 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-preséhtecent years, marine heatwaves (MHWsge ned
variability of MHWSs in the Mediterranean Sea. Here, we@S Prolonged periods of anomalously high ocean
assess the diversity of marine heatwave trends ovdfmperature (Hobday et al201§ — have drawn
19932019 across the Mediterranean Sea. Threerent ~ aftention due to their impacts across the global
surface temperature products show that the maximumoce€an (IPCC2014 Oliver et al.201§ 202). In the
intensity, frequency and duration of MHWs have all Mediterranean Sea, MHWs have caused ecological
increased on average over the Mediterranean Sea siné@d economic damage, such as mass-mortality events
1993. We show that the means of these metrics display @"d critical seafood losses (e.g. in the summer 1999:
quite inhomogeneous spatial extent across the MediterraC€rrano et al200Q Perez et al2000 Garrabou et al.
nean Sea over 1992019, and the trend of these metrics 2001 Linares et al2005 in the summer 2003: Gar-

di er between Mediterranean sub-regions. Theedénces 'abou et al. 2009 Schiaparelli et al.2007 Diaz-

in the changing behaviours of MHW events, depending onAlmela et al. 2007 Munari 2011 in the summer

the sub-regions, highlight the need for more local-scale?006: Marba and Duart@01Q Kersting et al.2013

Huete-Stau er et al. 201). The record-breaking
2003 MHW aected the Mediterranean sub-regions
di erently, particularly impacting benthic populations

Product table:

Eef- broduct . 5 - covering tens to thousands of kilometres of coastlines
0. roduct name e ocumentation . . .

wp _ in the western side of the basin (Garrabou et al.
2.7.1 SST_MED_SST L4 REP_ PUMhttps://marine.

copernicus.eu/ 2009. Over the 19822018 period, the basin-averaged
documents/PUM/CMEMS- Mediterranean Sea SST has displayed a positive trend
SST-PUM-010-021-022.pdf ¢ 9 41°C/decade, with more rapid warming in the
eastern part than in the western part (0.48°C/decade

OBSERVATIONS_010_021

(Continuey
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compared to 0.36°C/decade) (Pisano et2fl2Q. As and Morri 200Q. Generally, abrupt temperature

a result of this warming, MHWs are predicted to changes can ect the concentration of phytoplankton

become more intense and more frequent, andand, consequently, represent a permanent threat to the

embody a growing threat to both marine ecosystemsbiodiversity of marine waters (Colella et &01§. In

and human society (Oliver et a201§. In the future, the Mediterranean Sea, the western part of the basin is

MHWs may undermine the many bent and ser- more productive than the extremely oligotrophic (i.e.

vices that Mediterranean ecosystems provide, suchmited supply of nutrients) eastern side Ortenzio

as food, maintenance of biodiversity, and regulationand Ribera tAlcala2009. As a result, the lonian and

of air quality (Liquete et al.2016 Martin-Loépez Levantine Sea are much Ietsodiversé than the rest

et al. 2016. of the Mediterranean Basin (Coll et £010. However,
Despite representing only 0.82% of the global oceam lack of biodiversity, such as in the eastern part of the

surface area, the Mediterranean Sea is one of the maibasin, may cause ecosystem fragility (e.g. Cadotte et al.

reservoirs of marine biodiversity, containing between2012 Mori et al.2013 and potentially greater sensitivity

4% and 18% of the world marine species (Bianchi to extreme events for the fewer species that are present.

Maps of the 1998020 chlorophyll concentration climatolagyp) 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 eastermnrrisieelle Sea); Adriatic (the Adriatic Sea); Aegean (the Aegean
Sea). The trend values are displayed as percentadlgesritial value (1998 annual mean) only when signi at the 95% con
dence level.
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Knowledge of MHW characteristics and the biological distribution of MHWSs trends in each sub-region com-
context of a target region will be vital in addressing eco-paring each dataset (Section 2.7.3). Finally, we will dis-
logical and societal impacts. cuss the dierences in the changing behaviours of
Further evaluating past-to-present variability of MHWSs across the biologically-diverse sub-regions, high-
MHWSs is crucial to better understand how global lighting potential risks and the need for more local-scale
warming has led to changes in these events so far anstudies.
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 al2019a and in specic areas (Bensous- In this study, we apply an MHW detection algorithm,
san et al2019 Ibrahim et al.202), as well as predic- described in Hobday et al201§ and made available
tions of future scenarios (Galli et 8017 Darmaraki  online! to daily SST datasets. First, we calculate the
et al. 2019h across the basin. There even exists &0th-percentile for each day of the year over the refer-
MHW tracking website for the region hitps://t- ence period 1992014. Then, percentiles are smoothed
mednet.org/t-resources/2020-marine-heatwdwesalli  with a 31-day moving window average to remove
et al. 017 explicitly consider the impact on ecosys- inherent variability. A MHW occurs when the tempera-
tems by considering MHWSs daed by species-relevant ture is greater than the 90th-percentile for 5 or more
temperature thresholds, which is a crucial step for cur-consecutive days. In this study, we apply the algorithm
rent and future MHW studies. Another way to under- on an individual grid-cell basis. In this paper, we
stand ecosystem impacts of MHWSs is to study thede ne an ‘event’ as a point wise occurrence of a
trends of MHW characteristics in regions with drent MHW, instead of an MHW event which is commonly
levels of biodiversity, and to question how ecosystems imle ned using a spatial extent larger than a grid cell.
di erent regions will respond to spect trends. A key For each grid-cell, the annual number of MHWs and
contributor to biodiversity is the abundance of phyto- the annual average of duration and maximum intensity
plankton biomass (Naeen?2013. Phytoplankton is (i.e. the highest temperature anomaly during a MHW,
measured indirectly by using chlorophyll (Chl-a) as awith respect to the local climatology for that day of
proxy (Cullen1983. In the Mediterranean Sea speci the year) are determined. We also compute the duration
cally, regions of low biodiversity roughly match regions for each degree of severity (DS) of a MHW event. DS is
of low chl-a concentration (Coll et 82201Q Colellaetal. de ned as the ratio between the SST anomaly with
2019. Given the heterogeneity in chlorophyll concen- respect to the 90th percentile and theastence between
trations across the Mediterranean Sea (Colella et athe 90th percentile and the mean climatology. A MHW
2016 Figure 2.7.}, it is necessary to study MHWSs is de ned as moderate if 1 <DS < 2, strong if DS < 3,
across allsectionsof the Mediterranean Sea individu- severe if 3 DS <4 and extreme if DS 4. Lastly, the
ally. The ‘sections of interest in the Mediterranean annual grid-cell values are averaged within each sub-
Sea should be deed biologically rather than geo- region to allow for regional trend analysis. We use
graphically (e.g. Bianchi et &012. three state-of-the-art SST datasets, which are freely dis-
In this study, we explore the diversity of surface MHW tributed by CMEMS, to inter-compare the results, and
trends in sub-regions of the Mediterranean Sea oveto provide an ensemble approach for the MHW indi-
1993-2019. To help provide context for future ecological cators. First, there is a satellite-derived SST record (pro-
and economic impact studies, we chose to split the Medduct ref. 2.7.1) built from Level 3 Advanced Very High
iterranean Sea into four sub-regions characterised byResolution Radiometer (AVHRR) data interpolated
their distribution of chlorophyll concentrations. We onto a 1/20° grid (Buongiorno Nardelli et aR013
focus on MHW frequency, duration, maximum intensity Pisano et al201§. It has been used to study changes
and category (a measure of thexceptionality). It is not  in the Mediterranean Sea over longer periods and with
within the scope of this study to comment on how higher resolution than available in earlier satellite-
extreme events have ected productivity. Instead, we derived climate data records (Pisano et2016. Next,
highlight that the ecologically-diverse regions in thethe Global ocean Reanalysis Ensemble Product
Mediterranean Sea are each experiencing aréint evol-  (GREP) is the ensemble mean of four global ocean rea-
ution of MHW characteristics. To increase cafence in  nalysis products which use the NEMO ORCA 1/4° grid
results, we used three surface temperature records. Firgproduct ref. 2.7.2); the major dirences between them
we will present the data and the MHW detection are in the data assimilation methods and surface for-
methods (Section 2.7.2). Then, we will discuss the spatiaings 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 &019. Lastly, we also Based on the satellite observations over the period
use a high resolution (1/24°) regional model of the Med-1993-2019, the number of MHWs showed an inhomo-
iterranean Sea (product ref. 2.7.3). Both reanalysegeneous spatial distribution in the entire Mediterranean
assimilate satellite altimetry and in-situ T-S ptes; Sea (between 1 and 3 everfiiggure 2.7.% with lower
all GREP products assimilate SS&lds as well, while number of events per year in the southeastern Mediter-
the regional analysis instead uses SST to correct heainean Sea (between 1 andFjure 2.7.pand slightly
ux. MHWs trends and spatial distributions are studied more events in the western Mediterranean Sea,
over the period 1992019, which is the longest period especially in the northwestern area, as well as the Adria-
common to all datasets (using 192914 as the clima- tic Sea (between 2 and Bigure 2.7.2
tological period). On average, the number of MHWSs substantially
The 19982019 chlorophyll concentration climatology increased in the whole Mediterranean Sea by approxi-
is provided as monthly-averagedlds at 1 km spatial res- mately 1 event per decade (Figure 2.7The temporal
olution (product ref. 2.7.4). The product is derived from evolution of MHW number per decade agrees very well
multi-sensor (MODIS-AQUA, NOAA20-VIIRS, NPP- between high-resolution satellite observations and both
VIIRS, Sentinel3A-OLCI) ocean colour images whichthe global and regional reayakes. The linear trend gives
are converted to chl-a using a Mediterranean-speci a 95% signicant interval of 1.08 £ 0.10 MHWs per decade
algorithm (Lee et al2002 Berthon and Zibordi2004 in the satellite observations, compared to about 1.06 + 0.10
Mélin and Vantrepotte2015 Volpe et al2007 2019. and 1.05+0.10 MHWs per decade in the global and
regional reanalyses, respectivéfig(re 2.7.3
The number of MHWSs increased sigrdantly in dis-
tinct ways in the four sub-regions. Satellite observations
show that the number of MHWSs has increased the most
We split the Mediterranean Basin into four sub-regionsin the Adriatic Sea (1.61 + 0.17 per decade), followed by
according to biological productivity, using chlorophyll the Aegean Sea (1.30+0.23 per decade), the western
as a proxy (se€igure 2.7.1 We present our results Mediterranean Sea (1.13+0.12 per decade) arally
for each of the metrics comparing the four biological- the eastern Mediterranean Sea (1.01 + 0.14 per decade;
de ned sub-regions of the Mediterranean Sea. Figure 2.7 .3

a) Number of MHWs per year b) Trend in the number of MHW
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intensity. The trend values are displayed only when cagriat the 95% comlence level.
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d) Trend of MHW frequency

== 95% confidence interval

Jlllnhn

et 0o d‘“es @\ed‘aa W& e
e) Trend of MHWSs duration
s \N\(\o\e o S et N\e&"a d(\a‘ gea“
e
f) Trend of MHWs maximum intensity
\S S\ L x\C \\
0 et v\e“(‘a pof® e

Based on the satellite observations over the perio@0 daysfigure 2.7.% than in the south-eastern Medi-

1993-2019, on average, MHWSs lasted longer in theterranean Sea, the Alboran and the Adriatic seas

Balearic Sea, in the Levantine Basin and in the Aegeatbetween 6 and 12 dayigure 2.7.2
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Annual variability (full lines) and trend (dashed lines; trend values are given with a @&%tceanterval) 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)1for dierent degrees of severity (as a@ed 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 @&86ecarterval.
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On average, the duration of MHWSs sigrdantly In the biological-dened sub-regions, satellite obser-
increased in the Levantine Basin, the western Aegeamvations show that the maximum intensity of MHWs
the Adriatic and the Balearic seas (between 2 and Thcreased the most sigréantly in the western Mediter-
days per decad€&igure 2.7.2 In the whole Mediterra- ranean Sea (0.20 deg C per decade £ 0.06), while it
nean Sea the linear trend gives a 95% sigaut interval  increased very slightly in the Adriatic Sea (0.08deg C
of 2.27+0.35 days per decade in the satellite obseper decade +0.08), the eastern Mediterranean Sea
vations, compared to about 3.66 + 0.65 and 2.79+ 0.5{0.07 deg C per decade +0.03) and the Aegean Sea
days per decade in the global and regional reanalyse§).06 deg C per decade + 0.06jdure 2.7.3
respectivelyKigure 2.7.3

In the biological-dened sub-regions, satellite obser-
vations highlight that the duration of MHWSs increased
the most in the Adriatic Sea (3.36 per decade + 0.51)In this study, we present 1992019 trends of key
followed by the Aegean Sea (3.28 per decade + 0.8GYJHW characteristics for sub-sections of the Mediter-
the eastern Mediterranean Sea (2.41 per decade + 0.3@nean Sea, daed by their distinct patterns of biologi-
and nally the western Mediterranean Sea (2.14 per deceal productivity Eigure 2.7.1L These regions are
ade £ 0.56Figure 2.7.3 known to have very dierent levels of biodiversity,

The duration of moderate MHWs signcantly and therefore any changes in MHW occurrence will
increased in the whole Mediterranean Sea (16.97 thave a dierent range of impacts. We nd that changes
1.64 days per decade in satellite observations), cormn MHW characteristics over the past 27 years are geo-
pared to the duration of strong MHWSs (1.94 = 0.31 graphically inhomogeneous. Previous studies produced
days per decade), severe MHWs (0.15 + 0.08 days peimilar statistics on a basin-scale (e.g. Darmaraki et al.,
decade) and extreme MHWs (0.50 + 0.15 days per dec2019a; Ibrahim et al202), and we also identify
ade;Figure 2.7.5 Satellite observations reveal that theincreases in MHW frequency, duration and intensity.
duration of moderate and strong MHWSs increased the However, a direct comparison is not possible due to
most in the Adriatic Sea (23.01 days+2.67 and 3.22 #the dierent reference periods and dirent MHW
0.53 days per decade, respectively), while the duratiothresholds. Interestingly the trend patterns idergd
of severe and extreme MHWSs increased the most inhere do not directly match the pattern of SST trends
the Aegean Sea (0.59 + 0.18 days per decade) and tirethe same time period (Pisano et &02Q, implying
western Mediterranean Sea (0.53 + 0.15 days per decadbat SST trends do not simply translate to equivalent
Figure 2.7.1 respectively. trends in MWH characteristics. The drivers of MHW

are therefore more complex, and vary between regions.
Changes in MHW events can ext ecosystem
Based on the satellite observations over the periogdesponse in the sub-regions eiiently. For example,
19932019, on average, the maximum intensity ofthe lonian Sea and the Levantine Basin are the most oli-
MHWSs were stronger in the western Mediterranean gotrophic parts of the basinFgure 2.7.), yet the
Sea, especially in the Gulf of Lion and the LigurianMHWSs in each area have evolvedatently; the latter
Sea (more than 3.5°@igure 2.7.%, than elsewhere in is home to more frequent, long-lasting and intense
the Mediterranean Sea (around 2°C). events, while the former is experiencing weaker events.

The maximum intensity of MHWSs signicantly Likewise, the western Adriatic Sea has experienced a
increased in the Alboran Sea and the Balearic Segreater increase in maximum intensity, while the east-
(between 0.3°C and 0.5°C per decaBigure 2.7.,  ern Adriatic Sea has instead experienced a greater
and to a lesser extent in the lonian Sea, the Adriaticincrease in event duration. The Adriatic Sea and the
Sea and the Levantine Sea. It sigrsintly decreased in western Mediterranean Seaareas of rich biodiversity
the Gulf of Sidra (extreme south-eastern MediterraneanColl et al.201Q — have experienced a similar increase
Sea) and the Gulf of Lion. Temporal evolution of MHW in event severity, except that the former hasesed
maximum intensity is well correlated between each pro-from the most extreme MHWSs. This highlights the
duct, but biases remain between satellite observationseed for more local-scale risk-assessments, which can
and the reanalysis product§igure 2.7.8 The linear bene t from the historical MHW context provided here.
trend of maximum intensity is overall weak with a  Variability in chl-a concentration in the Mediterra-
95% signicant interval of 0.11 + 0.04 deg C per decadenean Sea is typically very high, and there are few regions
in the satellite observations, compared to about 0.16 *in the Mediterranean Sea where a sigrant trend can
0.04 and 0.12 £ 0.04 deg C in product ref. 2.7.2 and probe detected over the satellite recofigure 2.7.1. The
duct ref. 2.7.3, respectively. most notable signicant trend shows a chl-a decrease
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in the eastern Mediterranean Sea (in particular, thecharacteristics over the past decades. For example, for
lonian Sea); it is an oligotrophic region which has the maximum intensity in the Adriatic Sea, the trend
become even more so since 1998. Coincidentally ocon dence interval is much larger than in the eastern
not, this overlaps with one of the few parts of the Mediterranean Sea. Over the period studied, maximum
basin in which MHW frequency has not sigrdantly  intensity of MHWSs is much more variable in the Adria-
increased Figure 2.7.2 Likewise, duration and inten- tic Sea and is larger than in the eastern Mediterranean
sity have also experienced little to no increase in thisSea (not shown); this is somewhat expected given the
area. It is not known yet if there is a link between Adriatic Se& greater sensitivity to short-term atmos-
changes in extreme warming and biological pro-pheric variability (Skliris et a012 Zveryaew2015.
ductivity, yet our results provide motivation to explore  Each MHW variable helps dee potential ecological
this. impacts, but their combined ect is key to a full under-
This study also acts as an inter-comparison of twostanding (Frolicher and Laufkotte2018. For example,
reanalysis products against the long-term satellitedit is not known, and may depend on specispecies,
derived climate data record. GREP (product 2.7.2) iswhether more frequent moderate events are more
an ensemble of ¥4° reanalyses and acts here as a repdamaging than rare severe-extreme events. ldeally, data-
sentative of eddy-permitting resolution, while the sets would agree on all MHW characteristic trends.
high-res regional reanalysis capturesner scale However, to comment about the impacts on speci
dynamics. The three datasets largely agree on the relapecies would require the use of an absolute tempera-
tive trends between regions (e.g. all datasets suggetsire threshold relevant to that species (e.g. Galli et al.
the western Mediterranean Sea have the largest max2017. Di erent species also have complex responses
mum intensity trends compared to the other regions), to extreme events, including the ability to recover
yet the magnitude of these changes varies between tifeom brief thermal stress (Hageunauer et @013
datasets, in particular for GREP. GREP has a tendencyhompson et al.2013. A constant barrage of weak
to overestimate intensity and duration, as well as theevents may be more hazardous than a single extreme
occurrence of higher-category events (though notevent (e.g. Pitacco et a2018, and vice versa. The
always outside the cowlence intervals of other pro- three datasets used here agree well on the increase in
ducts). The regional high-resolution reanalysis, mean-imoderate and strong events, yet disagree on the occur-
while, typically has MHW statistic values closer to therence of severe and extreme everigy(re 2.7.%1 The
satellite-derived product. The agreement of the high-disagreement between datasets on severe MHWSs
res reanalysis and the satellite-derived product impliesvould hinder any analysis on species more susceptible
higher resolution makes an important drence in  to extraordinary, singular events. This further highlights
studying MHWSs. the need, in future ecological hazard studies, to use
While the datasets agree on the evolution of the dur-more than one product. In the face of climate change
ation of moderate and strong event&igure 2.7.%  and its economic and biological impacts through a sub-
there is greater disagreement on the severe and extrengantial increase in a diversity of MHWSs, this study can
MHWSs. For example, the global reanalysis (productcontribute to push towards more research in these areas.
ref. 2.7.2) records longer severe events between 2007 particular, it can support further speat studies to
and 2019, but none in the early 90s and 2000s. Orhelp local policy makers and stakeholders (e.g. aquacul-
the other hand the other datasets record severe anture, sheries) better identify the regions of the Mediter-
extreme events throughout the entire period (1993 ranean Sea that are strategic for the early
2019). while the other datasets record severe andnplementation of relevant adaptation pathways.
extreme events throughout the record. We note that
the datasets have very glient resolutions, and there-
fore dierent capabilities of incorporating mesoscale
and sub-mesoscale drivers of MHWSs. The level of
agreement found here is nonetheless promising andAuthors: Joanna Staneva, Marcel Ricker, Adem &kp
will allow for further use of reanalyses, which will be nar, Arno Behrens, Rianne Giesen, Karina von
necessary for study of the subsurface extent oBchuckmann
MHWSs and their role in mortality events (Garrabou Statement of main outcome:This study aims to ana-
et al.2019. lyse long-term interannual changes in extreme winds
The large condence intervals in the trend calcu- and waves in the Black Sea. Severe wave conditions
lations (purple‘error bars in Figures 2.7.3nd 2.7.4  from 1979 to 2020 are detected using the 99th percen-
are a result of the high variability in MHW tile of the signicant wave height (SWH). Long-term
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spatial wave statistics of the Black Sea are the@ontinued.
obtained based on the annual trend of 99th percentileRet.

SWH and the number, lifetime, and intensity of No.
extreme events occurring between 1979 and 2020. In

Product name and type Documentation

QUIDhttps://
catalogue.marine.

addition, the variability of these extreme event charac- copernicus.eu/
teristics is revealed. Wave reanalysis of the Black Sea is documents QuI!
used to investigate intra-annual variation and long- QUID-012-002-
term wave ener otential change. Wave power and 003-005.pdf

. L gy p 9 P 2.8.4 AVISO wind and sigiaint wave height ftp-access.aviso.
wind statistics are shown for the Black Sea CMEMS altimetry.fr

multiyear products to identify the most suitable areas

for wave energy exploitation and shore wind

power potential and to guide the safe and aent

design, installation and operation of marine energy sec-

tor assets. The results reveal that the average number t&fi the last decade, the European seas have been hit by

storm events is highest in the eastern basin. In contrastsevere storms, causing serious damagesioare infra-
the average lifetime reaches a maximum on the southstructure and coastal zones and drawing public atten-
western coast. Intensity peaks in the same region as thison to the importance of having reliable and

lifetime but is also high in the basin interior. Spatial comprehensive wave forecasts/hindcasts,

especially

mean extreme event analyses show a slight increaskiring extreme events. In addition, human activities
in event numbers and intensity but decreasing trendssuch as the ghore wind power industry, the oil indus-

for the event lifetime and maximum area of storm try, and coastal recreation regularly require climate and
events. In regions where wave conditions are strongpperational information on maximum wave height at a
there have been increases in extremes relative to nohigh resolution in space and time (Benetazzo et al.

mal conditions in recent years. This can sigtantly

202). Thus, there is a broad consensus that a high-qual-

aect designs. In terms of wave energy, mean wavety wave climatology and predictions and a deep under-
power peaks in the southwestern area of the Blaclstanding of extreme waves caused by storms could
Sea. The wave power trend follows a pattern similarsubstantially contribute to coastal risk management

to that of the SWH with a pronounced eastest dier-
ence; its variation is higher, resulting in a cogent of
variation of 2.5.

Products used:

Ref.
No. Product name and type Documentation

2.8.1 BLKSEA_MULTIYEAR_WAV_007_006, PUMhttps:/
Model reanalysis catalogue.marine.
copernicus.eu/
documents/PUM/
CMEMS-BS-PUM-
007-006.pdf
QUIDhttps://
catalogue.marine.
copernicus.eu/
documents/QUID/
CMEMS-BS-QUID-
007-006.pdf
2.8.2 ERA5 10 m (u, v) wind components. https:/iwww.ecmwf.
Years 1972020. Model reanalysis int/en/forecasts/
datasets/
reanalysis-
datasets/era5
2.8.3 WIND_GLO_WIND_L3 REP_OBSERVAFUDMNStps:/
012_005 catalogue.marine.
Satellite wind data copernicus.eu/
documents/PUM/
CMEMS-WIND-
PUM-012-002-
005.pdf

(Continuey

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.202). Amarouche et al. 020 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 denition 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 oshore wind farms. Subject to wave forecastm/
no gd decisions are made on all operations and main-
tenance activities in 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 resolution of approximately 3 km), which replaced
warning criteria for ships. In addition, the design of Cycle 4.6.2 (operational since April 2017) within the
coastal and shore structures requires a reliable esti- CMEMS in December 2020 (product ref. 2.8.1; Staneva
mation of extreme wave parameters (Benetazzo et akt al. 2020F). The regional wave model for the semi-
2021 Le Traon et al202). This information can be enclosed Black Sea runs in a shallow water mode with
obtained through hindcast and forecast studies thata spatial resolution of approximately 3 km. WAM calcu-
apply extreme wave parameters, which are also aimeldtes the two-dimensional energy density spectrum at
at expanding the wave CMEMS product catalogue byeach of the 44,699 active model grid points in frequency
providing novel wave diagnostics. and directional space. The solution of the energy bal-
Long-term wave statistics for the Black Sea are critiance equation is provided for 24 directional bands at
cal to the safe and ecient design, installation and oper- 15° each, starting at 7.5° and measured clockwise with
ation of marine energy sector assets (&lqr et al. respect to true north and with 30 frequencies logar-
2019. High-resolution regional and coastal wave ithmically spaced from 0.042 to 0.66 Hz at intervals of
models can help improve the downscaling of general f/f=0.1. To include the important contribution of
sea state forecasts, locate hotspots ofreint wave  higher frequency waves to wave growth/dissipation pro-
height properties and correctly prioritise maintenance cesses and the output wave characteristics, a parametric
jobs for oshore wind turbines, reducing their mainten- tail is tted for frequencies exceeding the spectral maxi-
ance costs. Applications can further include initial mum (e.g. WAMDI 1988. Detailed descriptions are
resource assessment (wave power), environmentaliven by Komen et al. 1099, Janssen and Bidlot
assessment, and planning (e.g. for installation anq2018, and Staneva et al2Q19. The basic physics
execution, operation and maintenance). and numeric are maintained in the new release. The
Spectral models have made sigrant improvements source function integration scheme developed by Hers-
over the last decades in predicting bulk wave parameterdach et al. 2000 and model updates by Bidlot et al.
such as the SWH, wave periods and directions, and thef2007 are incorporated. Wave model performance is
continue to constitute an essential part of marine weathediscussed in Staneva et &0@J. The parameterisation
analysis (Alvarez Fanjul et 2019 Bingélbali et al2020  of the wave growth in the wind input source term has
Cavaleri et al202Q. As a result, SWH in the global seas been adapted to the driving windelds. The WAM
(ECMWF2019 and in the Mediterranean and Black Seasmodel estimates sea state-dependent momentum and
(see, e.g. Arkhipkin et 82014 Akp$ar et al2016 Sartini  energy uxes, and Stokes-Coriolis forcing diagnostics
et al.2017 has been thoroughly assessed. Studies assese needed to couple to ocean models (Staneva et al.
sing wave energy potential in the Black Sea have bee2017%. Wave-induced processes have been shown to
performed by Rusu 2009, Akpsiar and Komircli have a signicant impact on drift estimations, e.g. Sta-
(2012 2013, Rusu R019, Akp3ar et al. 017 2019, neva et al. 202). WAM cycle 6.0 included the new
Von Schuckmann et al.202Q, Staneva et al20203,  extreme wave diagnostics (maximal wave height and
Le Traon et al. 2023, and Bingdlbali et al. 202Q  wave crest, Benetazzo et 202) in the new datasets.
202). Previous studies of the Black Sea mostly focus§Vave breaking parameterisation is taken into account,
on mean conditions or individual storms, whereas here,but the time-dependent depth and currentlds are
we analyse extreme conditions. Description and statisticaot included in Black Sea wave reanalyses (product ref
of maximum wave parameters (maximum wave height2.8.1). A novel feature of the Black Sea reanalysis data
Hm and crest height) of the 1992018 climatology of is that radar altimeter data are assimilated. In addition
the Black Sea and the Mediterranean Sea in wave moddis SWH, the assimilation includes wind speed data.
WAM and WAVEWATCH Il are shown in Benetazzo The required radar altimeter data for this purpose are
et al. 023 and Le Traon et al.202). Here, analyses taken from AVISO {tp-access.aviso.altimetry.fpro-
of extreme wind and wave conditions and wave powerduct ref. 2.8.4). The measurements are assimilated into
statistics are obtained from the recent CMEMS Blackihe wave model using an optimal interpolation scheme.
Sa long-term wave reanalysis (product ref 2.8.1; StanevBue to a lack of available systematic in situ observations
et al.2020. 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-
The Black Sea Wave Analysis and Forecasting Systemasce Jason-1 data are available for tret period of 15/
based on the WAM Cycle 6 Black Sea model (spatiaD1/2002 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 availableng-term mean (middle column) and the linear trend
for 01/07/2019 to 31/12/2019 (product ref. 2.8.4). Mak-(right column). To show multiyear variabilityHigure

ing use of the annual time scale provides enough2.8.2, each event, fulling the above-described
samples to examine quantiles of even higher than thele nition, is considered in the statistics. This was
99th percentile, supporting understanding of peakdone independent of the eventcations within the
values in the western part of the Black Sea. A closdomain. To obtain long-term trends, a linear regression
match of the Black Sea CMEMS data to the satellitavas applied to the yearly time series. Trends are com-
measurements for high waves is observed (Von Schuclputed using the nonparametric Senslope estimator
mann et al.202Q. for robust linear regression.

The driving forces for the wave model are the hourly The wave power was obtained as a prognostic model
ERA5 10-m wind reanalyses of ECMWF (Hersbachoutput using the following formula:
et al. 202Q product ref. 2.8.2). The quality of ERA5 )
data for the Black Sea was recently investigated ia §al pP= g HszTe 0-48H§Te,
et al. @02) against altimeter and scatterometer satellite 64p
data. It has been shown that ERA5 and Climate Forecastthere is water densitygis acceleration due to gravity,
System Reanalysis (CFSR) underestimate wind speedss is the signi cant wave height, ande is the wave
however, ERAS winds have less bias and are more scagnergy period. A variety of standard statistics, such as
tered than CFSR winds against the satellite data. Here¢he standard deviation, sped percentiles, and the
wind forcing analyses are performed against the L3 satmaximum were determined as yearly averages. In
ellite wind observations of METOP-A ASCAT with a addition, the Coe cient of Variation (CoV) was com-
spatial resolution of 0.125° (Sto elen et2017 product  puted and is dened as the standard deviation divided
ref. 2.8.3). The available period of the METOP-A by the long-term mean.
ASCAT data covers 2082020 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 dsong-term wave statistics of the Black Sea were derived
in the ERAS reanalyses. Changes in extreme ASCABDy considering three important features (the mean, the
wind speeds over the Global Ocean are analysed in Gi2020 anomaly, and the linear trend) of four character-
sen and Stoelen (this issue). istics described in the previous section (the 99th percen-
tile SWH, yearly average number, lifetime, and intensity
of storm events), and the results are presenteligure
Extreme wave characteristics are studied by analysing.8.1 The 99th SWH mean percentile for 1972919
single storm events and their long-term means and(Figure 2.8.(a)) shows a similar pattern to that of pre-
trends. These storm events were detected using theious analyses using the CMEMS wave products
method proposed by Weisse and Gunth@003. The  (Alvarez Fanjul et aR019 Staneva et &2020a), demon-
basis of the method is the drition of a severe event strating that the highest values of the mean annual 99th
threshold (SET), which we dee as the 99th percentile percentile, above 3.5 m, occur in the western Black Sea,
of the SWH Figure 2.8.(a)). Then, the exceedance and while the 99th percentile values of the eastern part of the
shortfall of the SWH at every grid point was determined basin are approximately 2.5 m. This pattern is also con-
and counted as a storm evemtigure 2.8.4d)). Thetime  sistent with previous studies (ABpar et al.2016and
period between each exceedance and shortfall of th€an Vledder and Akpinar201§. The anomaly of the
SET is the lifetime of an evenfigure 2.8.4g)). The 99th percentile for 2020 is mostly negativEigure
di erence in the maximum SWH of each event and 2.8.1b)); the highest positive anomalies of the 99th per-
the SET is dened as the event intensityrigure 2.8.1 centile for 2020 (ca. 60 cm) are located in the southwes-
(). The geographic area of storm events and exceetern section of the Black Sea. This result correlates well
dance of the SET are deed as the maximum event with the anomaly of the wind speed for 202Bidure
area. The number, lifetime, and intensity of events2.8.3. The yearly mean lifetime of storm event&dure
were averaged over the year. Finally, the yearly valuea8.1g)) reached maximum values (approximately 20 h)
were used to compute the long-term means presentedh and around Burgas Bay and reached values of over
in Figure 2.8.Xleft column). In addition, for these par- 15 h in the coastal part of the southwestern Black Sea
ameters, we estimated the anomaly of 2020 from thdrom the Gulf of Kavarna to Bosphorus. In the
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Long-term wave statistics of the Black Sea. Ggniwave height (a) 1948019 99th percentile, (b) 2020 99th per-
centile anomaly, and (c) 192920 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 o
yearly averages obtained from product ref. 2.8.1.

remaining areas, the average annual lifetime of stormand extending from this region to the open waters, more
events exceeds 7.5 Rigure 2.8.(d) also shows that than 1 m over the long-term averageigure 2.8.(k)).

the yearly mean number of storm events is low in This in part explains the damage that has occurred in
regions where the average annual lifetime and intensitghese regions in recent years.

of storms are high. In contrast, the number of events is To visualise the time behaviour of the wave extremes,
high where their lifetime and intensity are low. The we show spatially averaged 42-year time series of the
mean intensity of the eventd-igure 2.8.(@j)) reaches number, lifetime, and intensity of extreme events
the highest values (approximately 1m) in the (Figure 2.8.3 Extreme wave heights were validated
Bosphorus and Sakarya canyons in the southwesteragainst the observations given in Staneva et al.
area of the Black Sea. While the southwest Black Sea ({8020a). Over the entire period, the number and inten-
exposed to yearly mean storm event numbers of belovsity of events increased, while the lifetime and area of
the long-term averaged$-igure 2.8.(d)), it is observed extreme events slightly decreased. This long-term devel-
that the yearly mean lifetime of the events in the sameopment can be decomposed into a decrease in the fre-
region is higher than the long-term averagdsgure quency of severe wave events from 1979 until 1986, an
2.8.19)). As expected, the extreme wave statisticsncrease between 20@005 and 2012016 and an
based on the 99th percentile threshold of the SWH areattenuation in the intensity and duration of these events
very similar to the wind sea wave parameter, and thefrom approximately 2002010. This development is
swell contribution is much lower (not shown here). In mainly due to the wind sea waves. In recent years, trends
terms of the mean intensity of events, in 2020, morein the number of severe wave events closely correspond
severe waves occurred in the coastal region betweeto the reported evolution of the annual 99th percentile
Bosphorus and Burgas Bay and in the region narrowingof the SWH (Staneva et &020a).
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Long-term wind statistics of the Black Sea obtained from the METOP-A satellite (upper row; product ref. 2.8.3) as well as
ERADS (lower row; product ref. 2.8.2). The considered periods start in 2007 and 1979, respectively. (a) and (d) 99th percentile until 201
(b) and (e) 2020 99th percentile anomaly, and (c) and (f) linear trend of 99th percentile until 2020. The analyses are based on yearl
averages.

We also analyse the linear trends of 192920 for  up to 5 min/year, which was probably caused by wind
di erent severe wave event characteristics. The SWHhanges. In summary, the analyses show that the aver-
trend for 19792020 reveals an eastest dierence  age number of storm events is the highest in the eastern
with a dominant negative dérence in the western basin. In contrast, the average lifetime reaches its maxi-
region and a positive dérence in the eastern region mum on the southwestern coast. The intensity reaches
(not shown here). Along the western and southwesternts maximum in the same region as the lifetime but is
coasts, the trend of the 99th percentile of the SWH isalso high in the basin interior. The dirent causes of
positive Figure 2.8.(c)). Notably, this is also the area the described changes in extreme wave climate may
where the mean lifetime of events reaches a maximuninave implications for derent applications. For
(Figure 2.8.(h)). The yearly change in the frequency example, coastal marine constructions (e.g. levees) are
of events is positive overall except along the Crimearlikely to be more sensitive to the duration than to the
Peninsula and in the southern Black Sé&ag(re 2.8.1 number of extreme wave events, whereas for navigation,
(). In contrast, the lifetime trendKigure 2.8.()) is  the number of days with no or only restricted services
mostly negative $10 min/year), and only in some due to heavy seas may be an issue.
areas along the northwestern and southern coasts and The 99th percentiles of wave power mean patterns
the eastern Black Sea is the lifetime of extreme evenfer 19792020 are overall consistent with the SWH
increasing. Along the southwestern Black Sea coasfFigure 2.8.fa), and Staneva et #2020a). The spatial
the yearly mean lifetime and intensity of events reachpattern of mean annual wave power echoes thdings
their maxima, while the number of events is small rela-of Valchev et al.Z013, Rusu 019, and Akp®&ar et al.
tive to the rest of the basin. The analyses show that i2017. The maximum 99th percentile of wave power is
the regions where wave conditions are strong, therebserved in the southwestern Black Sea. There are
have been increases in extremes relative to normal corhardly any changes in wave power in the southeastern
ditions in recent years. This can sigeantly aect Black Sea Kigure 2.8.&)). The changes in wave
designs for infrastructure. power are positive in surrounding areas of the Danube

It can be inferred that the increase in the 99th percen-Delta and along the western Black Sea coast. A slight
tile SWH in the southeastern part of the model domain and nonsigni cant increasing trend is observed along
is mainly caused by an increase in the number ofthe eastern Black Sea coastal areash@e in the cen-
extreme events, whereas their duration shows no signi tral Black Sea and west of the Crimean Peninsula, the
cant change. Along the southwestern coast, all extrem89th percentile of the wave power trend is decreasing.
statistics show a positive trend. In contrast, in the cen-The pattern of the anomaly of the 99th percentile of
tral Black Sea, there were no sigrént changes in the wave power in 2020Fjgure 2.8.&4)) correlates well
number of severe events, whereas the average durationith that of the wind speed anomaly in 202B8igure
of extreme events exhibited a slightly negative trend 0£.8.3, revealing a positive wave-power anomaly in the
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Yearly (&) 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. Th
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)
slight increase of their intensity (0.774 = 2.938 cm/year) but decreasing trends in the evenSifétithe: 0.061 h/year) and
event area of extremeS5.903 + 169.676 Kiyear).
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Long-term wave power statistics of the Black Sea. (aR028D9th percentile, (b) 2020 99th percentile anomaly, and
(c) 19792020 linear trend of 99th percentile. (d) Standard deviation, (€) maximum, arddfitafeariation of the period 1979
2020. The analyses are based on yearly averages derived from product ref. 2.8.1.

southwestern Black Sea and a negative anomaly in thend variability of severe wave events aedint scales
central basin. (e.g. ERA-5 wave analyses, CMEMS products). Here
The long-term variability of the mean wave energywe used a recent CMEMS wave reanalysis (Staneva
potential is critical for the wave energy sector. The over-et al. 20200 for the Black Sea covering the past 42
all economic protability of a given site can be evaluated years (19792020). The reanalysis are produced using
in terms of average energy production taking into the: (1) WAM Cycle 6.0 state-of-the-art wave model
account its distribution over wave heights, periods andthat includes new dissipation term parameterisations
directions. A signicant factor in this evaluation is inter- introduced by Ardhuin et al. 2010 and ECMWF
annual uctuation, demonstrated here with the mean (2020, (2) switching to highfrequency atmospheric
pattern of the coe cient of variation Figure 2.8.4)).  analyses data of ECMWF ERA-5 and data assimilation
A lower variation coe cient, in combination with of along-track SWH observations, (3) using satellite
su ciently high wave energyux, can indicate that a observation data assimilation The time evolution of
speci c area is promising for a stable wave energy prothe percentile-based storm indices closely follows that
duction. The Crimean coast and the area along easterdescribed for the 99th percentile of the sigoént
coastline show to be the most pronounced inter-annualwave height in the Black Sea area.
variability. It is important to notice here that in the The major ndings are as follows:
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- The average number of storm events is the highest in
ity is very low. 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.
Long-term changes in extreme wave conditions are The dierent causes of the described changes in
di cult to detect and to analyse because of the rare extreme wave climate may have edent impli-
occurrence of these events as well as their limited spatial cations for dierent applications. For example,
and temporal extent. Analyses of long-term changes coastal marine constructions (e.g. levees) are likely
require long and homogeneous time series that cover to be more sensitive to the duration than to the num-
the area of interest at high spatial and temporal detail, ber of extreme wave events, whereas for the naviga-
a requirement that is frequently not fuled by the tions the number of days with no or only restricted
available observational data. Wave reanalysis data pro- services because of heavy seas may be an issue.
duced by wave model simulations together with data. The impact statistics for events show no sigrant
assimilation have therefore become a common tool to trends on the Black Sea basin scales. Only the 99th
complement existing observations and to analyse trends percentile trend is slightly negative.
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The storm analyses show that the yearly averageeanalysis provided in the framework of the Coperni-
number of storm events is the highest in the easterncus Marine Service for the Black Sea of 28 year-period
basin. In contrast, the average life time has its maxi{1993-2020) for the denition of a new climate index.
mum at the southwestern coast. The intensity has itsThe mean meridional streamfunction deed for the
maximum in the same region as the life time but is upper 150 m in the depth space reveals an anticlock-
also high in the basin interior. wise cell in the southern part of the Black Sea coming
Long-term spatial mean storm analyses for the Blackrom the injection of the Mediterranean waters
Sea show based on the 42-year CMEMS reanalysésrough the Bosphorus Strait into the Black Sea and
show slight increase of event numbers and intensitya clockwise cell in the northern part of the Black Sea
but decreasing trends for event life time and maxi-as a manifestation of the Cold Intermediate Layer
mum area. (CIL). The new index is then deed as maximum
The mean wave power has its maximum in the south-overturning circulation in density space between
west of the Black Sea. Compared to the mean wave2.45 and 23.85 kgTh. For the overall period, the
heights, its variation is much higher resulting in a BS-MOC index weakened between 1993 and 2010
CoV of 2.5 ( 0.75 for mean wave height). The from 0.13 Sv down to 0.07 Sv, then it recovered and
wave power trend has a similar pattern comparedhas equilibrated around 0.1 Sv. Additionally, it shows
to the one of the wave height with a pronounced a very strong correlation with the CIL from observa-
eastwest dierence. tional data, supporting the concept of using such an
indicator to understand and monitor the water mass

In the agreement signed between MOl and tBaro-  formation in the Black Sea basin.
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slope (Oguz et all993. A two-layer vertical structure
due to salinity dierence 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 2850 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 straétion, 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 (Ozsoy
et al.1993 Ozsoy and Unluatd997. 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 al202Q. 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 stratication 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

The Black Sea is the largest deep estuarine basin in tHeeen studied using the barotropic stream function (Sta-
world with a large shelf in the North-Western region nev199Q Stanev et ak004, however to our knowledge

dominated by the Danube River ouw. It interacts

the meridional overturning circulation has not been

with the Mediterranean Sea through the Turkish Straitanalyzed yet. Our aim in this study is to describe the
System, consisting of the Dardanelles Strait, the Martime mean and evolution of the meridional overturning
mara Sea, and the Bosphorus Strait. The warm andystem in the Black Sea using an eddy-resolving model

salty Mediterranean watersow onto the Marmara

that assimilates an observational dataset. This is a

Sea and enter the Black Sea. Then, the Black Semique opportunity since the Black Sea basin is signi
exchanges its fresh and cold waters with the Mediterracantly dierent from the Mediterranean Sea and Atlan-
nean Water. A cyclonic circulation pattern (aka the tic Ocean since the Black Sea basin is much closer to
Black Sea Rim Current) characterises the water massatisfying the so-calleétiorizontal convectiohtheorem.
circulation in the Black Sea leading isopycnals to riséSandstrom 1908 191§ stated that there cannot be a
in the central basin and depress over the continentakustainable circulation when the heating is at the level
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of the cooling source in a closed basin. Although, thishistorical SeaDataNet and along track sea level anomaly
‘postulationi is later proven wrong by numerical studies satellite data provided by CMEMS SL TAC. The model
and lab experiments especially if there is a bottom-solution is relaxed to sea surface temperature satellite
reaching deep convection (Coman et aD0§ Scotti  data (product ref. 2.9.4) provided also by CMEMS.

and White2011), there is still evidence that an idealised To understand the overturning circulation of the
overturning circulation should be weak and shallov&(ll Black Sea, we compute the time-mean meridional Euler-
cak and Valli2013 provided that there is no additional ian (overturning stream function in the geopotential
mixing (such as due to internal tides and winds). The coordinate) and residual (overturning stream function
background diapycnal disivity in the Black Sea is an in the density 6) coordinate) stream functions accord-
order of magnitude lower than its counterpart in the ing to Pinardi et al. 2019.

Atlantic Ocean (18° m?/s, Ledwell et al1999. This is The Eulerian meridional stream functiorC is
probably due to a lack of tidal mixing over rough topo- de ned as function of latitude and depth, and calculated
graphy and deep water formation in the Black Sea. Thushy integrating the meridional velocity as follows:

our hypothesis is that the MOC in the Black Sea should t oxe Z

be smaller and shallower than the aforementioned larger  C(y,z); S= v(X, Y, z, 1) dz dx dt

basins. Our aim is to describe the interannual variability to xe1 SH

of the Black Sea overturning system using astate—of—thq,—vhereXB is the meridional (eastvest) boundaryT is

art reanalysis ocean model simulation and try to under-yhe temporal averaging interval arid is the bottom
stand the Black Sea intermediate water formation and,aihymetry. Positive (negative) values represent clock-
ventilation mechanisms with newly developed meridio-yise (anticlockwise) circulation along the vertical direc-
nal overturning index. The main reason undertaking the +in4 \We also use residual stream functi@h in the
present study is to develop an index that is possible tQJIensity spacesb) as follows: wheré! is the Heaviside

assess a future climate change on the Black Sea circulgy,ction. We used 100 density bins to remap the mass
tion. The overturning index that gives information |,y oids to compute the residual stream function.
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
Straitin ow, river runo into the Black Sea and sea sur-
face temperature increase trend, and their impact ontoThe time mean meridional Eulerian and residual stream
the circulation. functions for the Black Sea were evaluated for the entire
BS-REA simulation period (1993020) for the whole
basin. Figure 2.9.@a) shows the time-mean Eularian
meridional overturning stream function, and three
The multi-year dataset used in this work is the CMEMSdi erent isopycnal layers (22.45, 23.85, 25.7 ki)/ims
reanalysis for the Black Sea (BS-REA hereinafter, Limdashed lines in the Black Sea. We will discuss the impor-
et al. 2021 product ref. 2.9.1), which provided daily tance of these isopycnals in the next section. Upward
and monthly mean elds spanning 28 years of inte- doming isopycnals indicate strong cyclonic circulation
gration time from 1993 to 2020 (Lima et &020Q. BS- over the continental shelf (Rim Current). Note that
REA is based on the NEMO v3.6 ocean general circulathe depth axis is non-linear. There is an anticlockwise
tion model (Made01§ at the horizontal resolution of  (negative) circulation in the southern part of the Black
1/36° x 1/27° and 31 vertical levels with partial steps. I1tSea (south of 44°N) and a clockwise (positive) circula-
is forced by ECMWF ERA5 atmospheric reanalysistion centred around of 44.5°N at the upper 150 m.
elds at the horizontal resolution of 0.25° and 1-hour This surface circulation is a manifestation of the CIL
frequency in time. The model implements a closedcoming from the continental shelves in the north and
boundary condition at the Bosporus Strait with damp- injection of the Bosphorus Strait water in the south.
ing of the vertical distribution of temperature and sal- Observations show wider range for the penetration of
inity at the Bosphorus Strait exit using the solution the Bosphorus Strait oveow into the Black Sea
provided by a high-resolution unstructured model for (around 106500 m, Ozsoy et al993 Ozsoy and Bék-
the Marmara Sea (Aydogdu et &018. The model is tepe 1995, but z-coordinate models generally su
online coupled with OceanVar (Dobricic and Pinardi from additional numerical mixing which leads to shal-
2008 Storto et al201)), a 3D-Var scheme for the assim- lower equilibrium depth for the gravity currents tlak
ilation of in situ temperature and salinity quality-con- et al.20139. In the abyssal basin, there are threedint
trolled pro les provided by CMEMS INS TAC and cells; one of them is negative (anticlockwise), and the
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other two are positive (clockwise) cells. The time-meanwater masses below the temperature critefliac@.35°
values of these dirent cells are approximately around C) where the bathymetry is deeper than 1000 m (blue
0.1 Sv, however, day to day changes can be up to 5 $ime) and the CIL cold content computed using ship
(not shown). data and Argo oats (orange line) from Capet et al.
The vyearly maximum meridional overturning 2020 The CIL cold content dened by the same temp-
stream function down to 250 m (red line) and the erature criteria above shows a sigoant reduction
whole basin (blue line) and their respective standardfrom 1993 to 2010 in the observations. The model cap-
deviations were computed between 1993 and 202@ures this reduction well with a decrease of the volume
and are shown irFigure 2.9.(b). There is a weakening of water mass in the deep basin. The maximum BS-
in BS-MOC from 0.17 to 0.1 Sv in thest three years MOC value has also decreased during this period
of the integration time (19931995), then there is an from 0.13 to 0.07 Sv. After 2010, there were a couple
increasing trend between 1995 and 2005 in both BSef years of increasing of the CIL content accompanied
MOC values. After 2005, the BS-MOC values saturatavith an increase in the maximum BS-MOC and volume
with a mean of 0.114 and 0.142 Sv for the upperof temperature elds. There was another peak in 2017
250 m and the whole basin respectively over the restor the CIL cold content and maximum BS-MOC.
of the simulation period. The correlation between Over the last 30 years, the Black Sea MOC has decreased
maximum BS-MOC at the upper 250 m and the indicating a climate shift possibly due to anthropogenic
whole basin is very high (Pearson correlation cee global warming (Stanev et aR019. The proposed
cient, r=0.83). High correlation between upper and maximum BS-MOC in density space can be potentially
whole basin BS-MOC strength indicates that thew  used as long-term climate monitoring index.
can be barotropic, and the bottom cell (below 250 m) Finally, the temperature/salinityT(S) diagram at a
is stronger than the upper cell. single grid point (43.5°N, 31°E) at the deep western
Next, net meridional transports are computed in basin of the Black Sea is shown kigure 2.9.3as a
potential density anomaly with reference pressure offunction of seven derent periods (4 years averaged),
2000 dbar §2) space. We believe that the MOC function together with climatology values obtained from SeaDa-
of density better characterises water mass transports itaCloud dataset (product ref. 2.9.2). This open ocean
the Black Sea than the MOC function of depffigure  location is away from coastal boundaries, CIL for-
2.9.Za) shows the time-mean overturning transport mation and MW injection sites. Thus, we can track
computed in density space. The Mediterranean Waterthe evolution of the background stratation in the
coming from the Bosphorus Strait is the densest in theBlack Sea. The dashed red line represents the 8.35°C
whole basin due to highly saline water coming from criterion of Capet et al.2020 (product ref. 2.9.3)
the Mediterranean Sea. There is an anticyclonic circulaused to identify CIL waters. Fous, values of 19.75,
tion at the density values larger than 26.5 kgirindi-  22.45, 23.85 and 25.87 kgfare also shown as
cating the Mediterranean Water injection. There areblack contours. The number of points below the criti-
two dipole (positivenegative) circulations at two @ir- cal temperature at each time interval are shown in the
ent density bins between 26.05 and 26.35 K§.ithese  bottom left corner of eachgure. In the rst decade of
two circulations correspond to the three deep cells in thethe simulation, there were more 20,000 grid points
C(y, 2). Here, we propose to use the maximum BS-below the critical temperature, then it reduces down
MOC in density space between 22.45 andto 15,594 between 2009 and 2012, 11,790 between
23.85 kg ni® for the Black Sea overturning circulation. 2013 and 2016, andnally down to 10,381 points
In the BS-MOC depth space, these density values are attsetween 2017 and 2020. Decrease (increase) of number
depth interval between 25 and 80 ririure 2.9.(a)) points below (above) this line is a clear signal of the
which indicates the subsurface water properties. reduction of the CIL cold content (warming of the
Zhang 01Q argued that the variations in the MOC- Black Sea mid-pycnocline). During therst 4 years
density space are sigrantly dierent than those inthe of the simulation, the CIL cold content is higher as
MOC-depth space especially close to the water forcompared to the rest of the simulation period. In the
mation regions. The Black Sea is very narrow in thesecond and third 4-years periods the CIL signal is
north—south direction; thus, it would be important to weakening and is the lowest between 2009 and 2016.
study the evolution of the MOC-density space in the This is conrmed by observations as shown kigure
whole basinFigure 2.9.fb) depicts the time evaluation 2.9.2for which at the increased temperature compro-
of the maximum BS-MOC in density space betweenmises the persistence of CIL which is correlated with
22.45 and 23.85 kg (red line) together with the the maximum BS-MOC evolution in density space
timeseries of the monthly model mean of volume of (red line in Figure 2.9.2
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Time-mean Eulerian meridional overturning maximum of the absolute value of the stream function (isopycnal layers
22.45, 23.85, 25.7 kgimas 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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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 kghtred line), volume of temperature below 8.35°C in the deep basin (blue line) and CIL cold content
obtained using ship data and Argumats (orange line, from Capet et2812Q product ref 2.9.3) on the bottom.
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T-S diagrams from BS-REA for a 4-year period starting from 1993. Grey cross8sctihatological (1995020)
data from SeaDataCloud (Myroshnych2aR@ 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 gaeh
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Black Sea will be a future improvement in the reanalysis

. . - roduct. This could address sigmant ndings in the
In this study, we analyzed for thest time the meridional P : g aings :
general understanding of the overturning circulation

overturning C|rculat_|on n the _Black Sea to describe .thein the Black Sea through a better representation of the
water mass properties, in particular the role of the vertical.

S L . . interactions between the two marginal seas. Neverthe-
strati cation which is strictly dependent on the Mediter- . S .
. : . less, the role of rivers and atmospheric circulation at
ranean inow and the CIL. This analysis has been per-, . . .
. . . basin scale is considered a challenge to better under-
formed using an eddy-resolving reanalysis product for .
. X . stand the correlation between the BS-MOC and the
the Black Sea (Lima et &102). Starting from a consoli- CIL and for the monitoring of the climate properties
dated approach for the understanding of the global ocean g prop

. . ) . of the basin. Another relevant recommendation is the
overturning, recently applied also in the Mediterranean . . )
- . ) — link between observations and Black Sea MOC: enfor-
Sea, we computed the meridional overturning circulation

for the Black Sea in both depth and density space. Icmg the observing network for the overturning circula-

nd density space. 1t ; ibed for the AMOC in Frajka-William
revealed the presence of a clockwise circulation in the'o as described for the OC in Frajka-Williams

[.201 Id provide new insights for the monitor-
northern part up to 150 m connected to CIL cold content .et al.20 '9'cou d'p ovide ne sights for the monito
. S . ing of critical climate phenomena as well as extreme
and an anticlockwise circulation in the southern part that ;
. : events in the Black Sea.
could be connected to the imence 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 a&dausive cell.
The MW mixes with ambient background waters due
to double di usion (Ozsoy and Biktepe 1995. We
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