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The Copernicus Marine Environment Monitoring Service (CNMES) provides regular and
systematic reference information on the physical and biogechemical ocean and sea-ice
state for the global ocean and the European regional seas. CEMS serves a wide range
of users (more than 15,000 users are now registered to the seice) and applications.
Observations are a fundamental pillar of the CMEMS value-déd chain that goes from
observation to information and users. Observations are ugsk by CMEMS Thematic
Assembly Centres (TACs) to derive high-level data producend by CMEMS Monitoring
and Forecasting Centres (MFCs) to validate and constrain ¢ir global and regional
ocean analysis and forecasting systems. This paper presestan overview of CMEMS,
its evolution, and how the value ofn situ and satellite observations is increased through
the generation of high-level products ready to be used by dowstream applications and
services. The complementary nature of satellite anth situ observations is highlighted.
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Le Traon et al. Copernicus Marine Service: Observations

Long-term perspectives for the development of CMEMS are deazibed and implications
for the evolution of thein situ and satellite observing systems are outlined. Results from
Observing System Evaluations (OSEs) and Observing Systeninfulation Experiments
(OSSEs) illustrate the high dependencies of CMEMS systemambservations. Finally
future CMEMS requirements for both satellite andh situ observations are detailed.

Keywords: ocean, observing systems, satellite, in situ , data assimilation, services

INTRODUCTION complementarities between the di erent types of observations,
and allows derivation of parameters that are not directly
The Copernicus Marine Environment Monitoring Service gbserved. High spatial and temporal resolution ocean elds,
(CMEMS) is one of the six pillar services of the EU (Europeatonsistent with observations and model dynamics and ocean
Union) Copernicus programme. Mercator Ocean Internationalforecasts, are thus derived. Such a science-based andithte
was tasked in 2014 by the EU under a delegation agreement 9t approach is required to best serve applications and users.
implement the operational phase of the service from 2015 to The ocean observing system is highly dependent on
2021. The CMEMS provides regular and systematic referenggernational cooperation and the international coordirat
information on the physical and biogeochemical ocean angrom the Global Ocean Observing System (GOOS) and the
sea-ice state for the global ocean and the European region@bmmittee for Earth Observation Satellites (CEOS) is digden
seas. This capacity encompasses the description of the curregt CMEMS. CMEMS also benets from and contributes
situation (analysis), the prediction of the situation 10 slay to international cooperation and coordination on modeling
ahead (forecast), and the provision of consistent retrospect and data assimilation through the GODAE OceanView/Ocean
data records (reprocessing and reanalysis). CMEMS providespgedict programme and users and applications through the
sustainable response to European user needs in four areas: @oup of Earth Observation (GEO) Blue Planet initiative.
maritime safety, (ii) marine resources, (iii) coastal andrine The paper provides an overview a@f situ and satellite
environment, and (iv) weather, seasonal forecast and ¢ima opservations that are used by CMEMS and details present and
A major objective of the CMEMS is to deliver and maintainfyture requirements. The objective is to detail how inteégch
a state-of-the-art European service responding to public andystems, such as CMEMS, critically depend on observations
private intermediate user needs, and thus involving exffieitd  and provide the reader with long-term perspectives for the
transparently these users in the service delivery de nition development of CMEMS and implications for the evolution
The CMEMS mission includes: of the in situ and satellite observing systems. This paper
is organized as follows. An overview of CMEMS products,
conditions and, as appropriate, to downstream servicegewices’ and users is g!ven in_section CMEMS _Architectu_re,
for warnings of and/or rapid responses to extreme 0rProdycts, and Ugers, while section CMEMS Sgrwce Evolution
hazardous events: details over-arching goals and associated actions planoed f

X Providing detailed descriptions of the ocean state to ihiz&a the evolution of the service. To quan_tify the high dependesci
f CMEMS systems on observations, results from OSEs

| h Is f icti h
coupled ocean/atmosphere models for predicting changes I?l‘)bserving System Evaluations) and OSSEs (Observing System

the atmosphere/climate; Simulation E . i ted i tion Rol d
X Monitoring and reporting on past and present marine imuiation Experimen s) are presente In section Role an
- Impact of observations for the Copernicus Marine Service.

environmental conditions (physics and biogeochemistrg), i .~ . . -
. . Ialtlal requirements, status and future requirements fatedlite
particular, the response of the oceans to climate change an

other stressors: and in situ observations are discussed in sections Satellite
. o . Observations Used by the Copernicus Marine Service: Status a
X Analyzing and interpreting changes and trends of the . ) ) .
. . ) Requirements anth situ Observations Used by the Copernicus
marine environment;

L . . . . . Marine Service: Status and Gaps, respectively. Main conokisi
X Providing an easy, e cient, and timely information delivery . . . )
. i are given in section Conclusion.
service to users;

X Developing a communication and outreach plan and
activities that allow European users to fully benet from

information and intelligence about the marine environment CMEMS ARCHITECTURE, PRODUCTS,
AND USERS

Observations are a fundamental pillar of the CMEMS valuef
added chain that extends from observation to informationAyrchitecture
and users. Use of modeling and data assimilation is thefhe packbone of the CMEMS relies on a distributed architecture

an essential step for transforming spaisesitu and surface of production centers for observations (Thematic Assembly
satellite observations into four dimensional ocean eldsdan Centres—TACs), modeling/assimilation (Monitoring and

forecasts (e.g.Bell et al., 2016 Data assimilation allows Forecasting Centres—MFCs) and a Central Information System
dynamical interpolation of observations, taking into acabthe  (CIS) (Figure 1); it includes:

X Providing short-term forecasts and outlooks for marine
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Service Management
&

Monitoring

Central Information System (CIS)

INS TAC Distribution Unit

MOB TAC 7 [Cloud Based)
Ocean Color TAC

Sea-lce TAC 1 : f-— | Interacting
Sea Level TAC with
CMEM
ST TAC Information Management
WAVE TAC

WIND TAC

FIGURE 1 | CMEMS Architecture.

- Eight TACs, six satellite TACs organized by ocean varg@able searching, viewing, downloading products and monitoring of
(sea-surface topography, ocean color, sea-surface temperatu the system. A manned service desk provides a network of
sea-ice, winds and waves), one for situ observations technical and marine experts to support users.
and one multi-observation TAC (that merges dierent
in situ and satellite data to elaborate high-level products)Products
These production centers gather observation data fronCMEMS products are based on state-of-the-art data processing
in situ networks [e.g., the Global Ocean Observing Systerand advanced modeling and data assimilation techniques.
(GOOS), the Joint Technical Commission for Oceanographfhe product uncertainties are assessed through rigorous
and Marine Meteorology (JCOMM), and the Europeaninternationally recognized quality assessment methods.,(e
Global Ocean Observing System (EuroGOOS) and fromiernandez et al., 20)5CMEMS today provides about 160
the Copernicus satellite component, through the Europeanli erent products for observations and model outputs (CMEMS
Space Agency (ESA) and the European organization fagatalog at http://marine.copernicus.eu) covering ocean [@sysi
the exploitation of Meteorological Satellite (EUMETSAT)]. (temperature, salinity, sea level, currents, waves), ea-i
TACs generate validated data sets directly useable f@concentration, thickness, drift) and biogeochemistry I{ah
assimilation in models (MFCs) and derive high-level productsxygen, pH, nutrients). Modeling and data assimilation proguc
(i.e., gridded multi-sensor products) directly useable forave a resolution of 1/12for the global scale and from 1/24
downstream applications. to 1/72 for the regional applications. The CMEMS CIS and

- Seven MFCs, distributed according to the marine area calverdts service desk provide an easy, e cient and timely access to
(Global Ocean, Arctic Ocean, Baltic Sea, North Atlantictior CMEMS data and products and related information.

West European Shelf, North Atlantic Iberia-Biscay-Ireland CMEMS publishes an annual Ocean State Repofbn(
area, Mediterranean Sea and Black Sea), that generate modethuckmann et al., 2017, 206r the scienti c community, as
based products on the ocean physical state and biogeochemiealll as for policy and decision-makers. It provides inforroati
characteristics, including forecasts, hindcasts andaly@es.  on the state of the global ocean and European regional seas

- A CIS, encompassing the management and organization @fnd how they have changed over the recent past. The Ocean
CMEMS information and products. A single catalog (globalState Reports rely on the unique capability and expertise that
and European coverage) is o ered to users. The CIS allownSMEMS gathers in Europe to monitor, assess and report on past
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and present marine environmental conditions and to analyse Coastal Zone Management concepts and decision-making
and interpret changes and trends in the marine environment. support systems are also included.

Based on Ocean State Report results, CMEMS produces OceaWeather, seasonal forecasting and climate: quality-cdletio
Monitoring Indicators (OMIs) that are used to monitor the main ~ marine information on a daily basis, as well as long time series
changes and trends in the marine environment over the past of reprocessed data and reanalyses.

25 years. The CMEMS data and products allow comprehensiv.
monitoring of the global ocean and European seas. CMEM
Ocean State Reports and associated OMIs go one step further'ESi}c)]I
developing science-based assessments of the state artd dfealt®
our oceans and seas.

MEMS is also important to make progress toward assessing the
act of ocean physical and biogeochemical changes on lyiolog
biodiversity.

Details of CMEMS benet areas and a series of use cases
(>150) are available at http://marine.copernicus.eu/markets/

The CMEMS service desk regularly monitors the number
Data Access and types of users, the statistics on downloaded products and
All CMEMS products (NetCDF format) are freely accessiblgser satisfactionRigure 2. More than 15,000 users are now
through a single internet interface (http:/marine.copems.eu/  rggistered with the service and there has been a steadyasere

getting-started/). . . . in the uptake of the service over the past couple of years.
The interactive catalog (http://marine.copernicus.eWse#s- c\MEMS users are distributed across its four benet areas.

portfolio/access-to-products/) allows users to select potslu \ore than half of CMEMS users and 25% of the number
according to geographical area, parameter, time span, anidaert o gownloads come from research organizations. Public secto
coverage. Users can also select a product by using a key-wofgpjications (e.g., policy, environmental monitoring, andrine
se_arch. On.ce a_product has been selected, the user can vievgd&ty) represent 18% of the users and 33% of the number
without registration. of downloads. Private sector applications account for 13%
~Once a product has been selected, CMEMS o ers thregs the ysers and 35% of the number of downloads. Users
di erent authenticated download mechanisms: access model-based and observation products equally. The

Subsetter (HTTP protocol, subset the les) to extract and@me holds for real-time (observations, models) and delayed
download only a part of a product (per area, per variable, for dnode (reprocessed data sets and reanalyses) products. The

period of time, some depths). most frequently downloaded products are the real-time global

Direct Get File (HTTP protocol) to download large dataset2nalyses and forecasts, followed by reprocessed and resl-tim
(according to a period of time). gridded sea-level maps. Real-time global gridded sea-surface
CMEMS FTP (standard FTP protocol). temperature (SST), global ocean reanalyses and Meditemanea

_ _ ) Sea regional analyses and forecasts are the next group of most
Access to the catalog and instructions to discover, searqibwnloaded products.

and download CMEMS products are detailed in a dedicated
“Tutorial Section” (http://marine.copernicus.eu/trairgfonline-

tutorials/). CMEMS SERVICE EVOLUTION
Strategy

Users _ . _ . CMEMS evolves based on requirements from its users,
CMEMS provides a core/generic service targeting downstreagpnsidering both existing and future needs, and the need

service providers (intermediate users) and serving a widgea 5 maintain competitiveness with respect to international

of users and applications. Four key application areas hay§ayers. CMEMS evolution responds to new science and
been identi ed: technology (e.g., modeling and assimilation developments

Maritime Safety: marine operations, sea-ice forecasting*,”d data processing technologies) and opportunities emerging
incident response (e.g., oil-spill), ship routing, searcHfom satellite andin situ observations, thus strongly linking
and rescue, ood prevention and o shore industries CMEMS evolution to that of thein situ and satellite

and operations. observing systems.

Marine Resources: sustainable management of living marine The CMEMS Service Evolution high-level strategy and
resources, including sheries and aquaculture. The primarytS associated Research and Development (R&D) priorities
goals of shery management are ecosystem services, as wéfiercator Ocean, 2016; CMEMS STAC, 2Dintroduce a set

as maximum sustainable yield and rebuilding overexploite@f overarching goals and associated actions and R&D prieritie
stocks. Aquaculture management bodies provide advice o' €volving the service from its initial state toward a matu

the assessment of the multitrophic productivity and on theState-of-the-art, leading and innovative Copernicus Sgvi
environmental impact of marine farming.

Marine and coastal environment: monitoring and Drivers: Societal Needs and Blue Growth
understanding good environmental status (see the Europeafrhe need to monitor and forecast the oceans has never been so
Marine Strategy Framework Directive), sustainable tauaris high on the political agenda: (1) the Sustainable Development
and aquaculture, protection of the coasts against erosio@oal 14, Conserve and sustainably use the oceans, seas and
and land-based sources of pollution, as well as human aneharine resources for sustainable develophientmly on the
ecosystem health. The development of e ective Integrated030 agenda of the United Nations; (2) the Intergovernmental
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Foundation,

17% 3 # ]
WEATHER, SEASONAL
MARINE RESOURCES FORECASTING'AND CLIMATE

" COASTAL AND;
.ENVI»C"

User statistics: based on
number of downloads

/ Foundation,
/
//
///
Downloads . : /
50 000/month User satisfaction 7 7
120 TB/month 47/5 / P

User statistics : based on
number of users

FIGURE 2 | CMEMS Service Monitoring statistics. Number of registeredsers (blue) and active users (i.e., those who have download data; lower left; red). User
statistics (average over 2018) per bene t areas (upper lefgnd per user types, based on number of users (upper right) andumber of downloads (lower right). User
satisfaction gure, number of downloads per month (1 downloa@ D 1 user x 1 dataset) and volume of downloads per month are alsoigen.

Panel on Climate Change decided to prepare a report “Then comprehensive ocean observing, monitoring, forecasting
Ocean and Cryosphere in a Changing Climate”; and (3) thend assessment activities, is the main driver for CMEMS and
G7 science ministers have set up a special initiative on thiés evolution.

future of the ocean and its seas. Monitoring and forecasting

are essential for sustainable management of the ocean and it

resources, which are under pressure due to the e ects of cima . .

change and other human pact|V|t|es (e.g., shing, poIIutlonb"’m’"_:‘rlng User Requirements and
mining), as well as for developing the blue economy. It is #gua Translating Them Into Future

important in order to understand and predict how our climate Service Solutions

is evolving. In 2010, the ocean economy represented USD 1IGMEMS is a user-driven service with user requirements
trillion in value (OECD, 201} By 2030, conservative assessmeneing regularly gathered by Mercator Ocean International an
estimates that ocean economy will grow to more than USD & CMEMS partners through user workshops (regional and
trillion, much of which will rely on coastal tourism, o she thematic), training sessions, questionnaires and regulser

oil and gas and port activities. Marine aquaculture will growinteractions with the CMEMS service desk. Initially, the main
at an annual rate of 5.7% between 2010 and 2030. The bluequirements from users included the need for better spatial
economy growth will increase stress on ocean resources amesolution, improved quality assessment and the additionafev
marine spatial planning, especially in exclusive economi@gon products (both observations and model-based products) inéo th
The need for much better management of the oceans, relyingervice catalog.
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User requirements drive the evolution of CMEMS service, development of new services by providing an integrated
which, in turn, leads to revised speci cations for satelliteda access to data and products from all Sentinel satellites and
in situ observations. User requirements (e.g., knowledge of the Copernicus Services. Cloud-based processing capabilities wil
ocean currents at 1-km resolution) do not translate dingdtito be provided so that users can develop and execute their
satellite orin situ observation requirements. User requirements own applications.

m hrough th rvice value- hain, taking in . _—
ust go t ougr the service value-added chain, taking .tcfn the longer term, CMEMS will need to signi cantly evolve
account, in particular, the complementary nature of satellite .
o . . in order to monitor and forecast the ocean at ner scale and
and in situ observations and the role of modeling and data, - o

L - . to improve the monitoring of the coastal zone. In the post-

assimilation. CMEMS requirements for future observations ar . . . S
) . . 2025 time period, CMEMS model resolutions will increase
thus based on an analysis of the observations required argl m

. . . - y a factor of at least three (e.g., global 1/36egional
::132}3?3:021 Improving/constraining future CMEMS products 1/108) compared to the present, and more-advanced data

assimilation methods will be available. The objective wglltb

characterize, at ne scale, the upper-ocean dynamics to ingrov
Service Evolution in particular, our ability to describe and forecast the ocean
CMEMS service evolution and associated R&D activities areurrents and provide better boundary conditions for vergihi
essential in order to respond to user needs, maintain stite-oresolution coastal models. This enhanced resolution isntisse
the-art systems and to bene t from improved observing systemfor key applications, such as maritime safety, maritime tpams
and scienti ¢ advances in processing, validation method@s, search and rescue, sh egg and larvae drift modeling, nieeri
modeling and data assimilation. As described_ Traon et al. in uence in the coastal environment, pollution monitoring
(2017a) important R&D advances have been achieved duringnd o shore operations. Fine-resolution modeling also poses
CMEMS Phase 1 (April 2015-April 2018) and a signi cantlystrong challenges for the evolution of satellite (e.g.easdath
improved service is now provided to the users, including waveltimetry) andin situ (e.g., high-resolution coastal observations)
products, improved model resolution, wave/circulation cangl  observing system evolution.
better use of existing satellite anal situ observations, uptake CMEMS must also improve its ability to monitor and
of Sentinel-1 (S-1) (sea-ice coverage, ocean waves) atideben forecast the BGC state of the ocean (e.g., ocean carbon
3 (S-3) (altimetry, sea-surface temperature, ocean colatq,d uptake, acidication, de-oxygenation, eutrophication, emt
longer time series of reprocessidsitu and satellite data and quality, biological productivity). Improved BGC products are
ocean reanalyses, improved and more homogenized produmtquired for the Marine Strategy Framework Directive (MSFD)
quality assessments, ocean monitoring indicators and roceauiding decisions and actions by governments and indusing,
state reports. supporting knowledge-based management of marine resources

In April 2018, CMEMS entered its Phase Il (April 2018- ( shery, aquaculture). CMEMS o er is critically dependent on

April 2021). During this time, the following improvements or major improvements in the “green” component of the observing
evolutions are planned: system, such as advanced satellite derived products, dedicat
algorithms, and innovativén situ technologies (e.g., BGC Argo,

Improving product quality and product quality assessment. Gliders, FerryBoxes, and Continuous Plankton Recorders).

Improved horizontal and vertical model resolution.
Increasing the number of MFCs with explicit representation

of tides. ROLE AND IMPACT OF OBSERVATIONS
Wave/circulation coupling to better represent upper-ocealeOR THE COPERNICUS MARINE SERVICE

dynamics (e.g., currents).

Improved data assimilation methods (e.g., ensemble mejhodd he Role of Observations

and the assimilation of new types of data (e.g., seafFhe quality of CMEMS products is highly dependent on
ice thickness). the availability of upstreanin situ and satellite observations.
Improved CMEMS biogeochemical (BGC) productsObservations are used both by CMEMS TACs to create data
(observations and model-based), with the assimilation oproducts, and by CMEMS MFCs to validate and constrain
ocean color satellite observations in all BGC models and thieir global and regional ocean analysis and forecastiatggys.
progressive assimilation of BGC Argo data. CMEMS critically depends on the near-real-time availability o
New observation products [in particular, surface currentsir  high-resolution satellite dataln situ data are of paramount
High Frequency (HF) radars; sea-ice thickness from Cryosatmportance for CMEMS because they provide information about
2, SMOS and Sentinel-3; partial pressure ohb@Q@CO2) and the ocean interior which cannot be observed from spéesitu
acidity (pH) fromin situ observations]. observations also can locally sample high-frequency ani-hig
Better addressing requirements of coastal users. Improveaesolution ocean processes, in particular, in the coastad zioat
satellite products (e.g., high-resolution ocean color) willare essential for model and satellite validation actisitie

be proposed and stronger links with downstream coastal The outstanding development of the Copernicus Sentinel
modeling systems will be set up. missions has already had a major impact on CMEMS: (

In parallel, the Copernicus Data and Information Accesslraon et al., 20179aThe impact will be even greater when the
Services (DIAS) platforms (e.g., wekeo.eu) will allow th&entinel constellations are fully implemented. CMEMS systems
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are, in particular, highly dependent on the status of the adtien OSSEs and OSEs require signi cant computer infrastructure
constellation. There is a clear degradation of analysisarethst to run research versions of operational systems. Alternative
quality when reducing the number of assimilated altimet&msa- and complementary approaches exist (Fujii et al., in review).
ice products and services have been strongly improved, thank$ie computation of Degrees of Freedom of the System (DFS)
to the Sentinel-1 A/B constellation; however, they are &y  (Cardinali et al., 2004; Oke et al., 2)ldllows, in particular,
dependent on third-party passive microwave missions. Oceamonitoring of the relative impact of observations on anat/se
color and SST data from Sentinel-3 improved the quality ofThe DFS represent the equivalent number of independent
CMEMS ocean color and SST products. Sentinel-2 is not yetbservations that constrain the model analysis at the alagem
integrated into CMEMS products, but already demonstrated higlpoint. Comparing the DFS with the number of observations
potential for coastal zone monitorindn situ observations also indicates the information content. Computation of DFS is pim
play a critical role within CMEMS. The Argo array of pro ling in theory, but the practical implementation depends on the
oats has, in particular, a major impact on the quality of CMEMS data assimilation scheme. DFS monitoring is progressiveitygo
global and regional analyses and forecasts (€gpin et al., implemented in the CMEMS MFCs and TACs. Even though the
2016; Le Traon et al., 200)7a DFS values inherently have no physical meaning, providing them
Based on CMEMS Phase | activities, we now have a mofer each assimilation cycle has various practical uses:

re ned understanding on the impact and utility of observing

ms for th rni Marin rvice. The im f . - -
systems for the Cope cus Marne Service ne pact o impact of each assimilated data type or subset is balanced:
present and future observations can be quantied and more N . )

. . . .~ no individual data stream is out-competing the other
precise recommendations for the observing system evolution

. . . . data sources.
can be derived. These assessments are described in SeCtIOI’IR : s .
. . provides a no-cost indication of how changes in upstream
Assessing the Impact of Present and Future Observations and : . .
. ) . . ; data (typically their frequency, location or accuracy) a gt
Altimeter Constellation along with background informatio . D
. . . relative balance between assimilated datasets.
needed to revise/update CMEMS observation requirements . .
Changes of model settings can be similarly assessed.

provided in sections Satellite Observations Used by the . - L
) ; S . It provides a convenient way to assess the potential impact of

Copernicus Marine Service: Status and Requirements and o . - .
planned missions, for which the data is not yet available, but

In situ Observations Used by the Copernicus Marine Service: the orbits, repeat cycles and the measurement uncertaissiies
Status and Gaps.
known to some degree.

It serves as an internal diagnostic to verify that the rekativ

. CMEMS has also developed multi-observations ocean products
Assessing the Irr_lpact of Present and and systems based on observations (satellite iansitu) and
Future Observations state-of-the-art statistical data fusion techniques. ylfo@ver
Ocean forecasting systems have a high dependency @e physical and biogeochemical states of the ocean, at the
observation availability and quality. Observation impactsurface and at depth. OSES/OSSEs based on statistical data
studies are required to: fusion techniques are lighter and complementary approaches
to studies based on modeling and data assimilation systems.
OSEs were used, for example, to evaluate the synergic use of
satellite observation in improving the accuracy and resolutf
observational products, such as currents (&g et al., 2016; Rio

I,and Santoleri, 20)%r salinity (e.gBuongiorno Nardelli, 2012

verify that observation information is “optimally” used in¢h
analysis step and improve the assimilation components,
quantify the impact of the present observation network on
ocean analyses and forecasts,

demonstrate the value of an observation network fo

operational ocean analy5|§ apd forecasts, ' ynthesis of OSE/OSSE Results
help de ne and test new mission concepts, from an integrated; ;. .
[timeter Constellation

system perspective involving satellite anditu observations S . N
Y Persp 9 Sea-level multi-mission altimeter data sets are very seedib

and numerical models. the altimeter constellation (in terms of the number of sated
Observation impact monitoring is part of CMEMS regular and their orbital con guration). Historically, OSEs and GBs
activities. This is done through OSEs and OSSEs (Fujii gt ahave been used in altimetry to measure or predict the impact of
this issue). By withholding observations, OSEs assesmfigect  a constellation (e.gl,e Traon and Dibarboure, 1999n the last
of an existing data set on the performance of a modeling andecade, due to the increase of the number of altimetry missio
data assimilation system (e.gga et al., 2004 OSSEs help in numerous studies have been performed. The rst objective was
designing future observing systems, evaluating their drégr to monitor the quality of the product as a function of the
con gurations, exploring their potential impact, and perforng  constellationDibarboure et al. (2011guanti ed the higher level
preparatory data assimilation work. In an OSSE, one model isf Eddy Kinetic Energy observed with four satellites comgaoe
used to perform a “truth” run to produce synthetic observatson two satellites. Then, with the aging of Jason-1, Jason-2 &ithA
for assimilation into the test model. The test model's perfamoe  the various scenarios for their end of life needed to be aealy
is evaluated by comparing it against the truth run. OSSEs nedé.g.,Dibarboure et al., 2012, 20)L&everal analyses also were
to be calibrated with OSEs to ensure that results are me#&uing performed to nd the best compromise for the orbits of Sentinel-
(Ho man and Atlas, 2015 3B and D to give to the Sentinel-3 constellation the capacity to
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FIGURE 3 | Relative contribution (in percent) of each altimeter missi in the CMEMS multi-mission altimeter maps. Results are di&ved from a Degrees of Freedom of
the System analysis. The top-right legend details the namefdhe altimeter missions in chronological order. In severabses, when the orbit con guration changes
(e.g., management at the end of life of the mission) the migsn contribution is represented by a dashed line.

monitor mesoscale variability much better than initiallyaphed.
Finally OSEs/OSSEs are needed to optimize future constekati —— - - i
(planned for the 2020/2030 time frame) and assess the potentja
of future altimetry missions (e.gRujol et al., 2012 Figure 3 o5
gives an overview of all the con guration change for past 25ye
It shows the relative contribution (in percent) of each missin
the CMEMS multi-altimeter maps. This contribution is derived
from a DFS analysis computed as part of the o ine production
chain of the CMEMS Sea Level TAC.

CMEMS modeling and data assimilation systems highly
depend on the status of the altimeter constellatiam (Traon
etal., 2017) Both OSEs (e.gdamon et al., in pregsand OSSEs
(e.g.,Verrier et al., 201y demonstrate the major contribution
of altimetry. At least three and preferably four altimeterge a
required to constrain modeling and data assimilation syste
(Figure 4). This is particularly true with high-resolution data | ~¢
assimilation systems. A new generation of nadir altimetens
prowdes enhanced capablllty, thanks to a Synthetlc ApertureFlGUREMTime series of Sea Surface Height (SSH) forecasts Mean Sq el
Radar (SAR) mode that reduces measurement ndisg @t al., (MS) error (cn?) for different Observing System Experiments (OSEs)
2017; Heslop etal., 20L°A rstassessment of the impact of SAR | assimilating 1, 2, 3, and 4 altimeters.
mode altimetry on ocean analysis and forecasting was chrri
out using OSSEs with the global Mercator Ocean high-resmiuti
1/12 system Verrier et al., 2018 Compared to conventional ~ Accurate knowledge of the Mean Dynamic Topography
altimetry, a constellation of three SAR altimeters reduBesa (MDT) is a fundamental element for assimilation into
Surface Height (SSH) variance errors for both analyses angperational ocean forecasting systems (e.g.,Traon et al.,
forecasts by about 20% in western boundary currents, stigges 20171). Thanks to the inputs of altimetricin situ data and
that use of SAR multiple altimeter missions with high-resao gravimetric missions (GRACE and GOCE satellite missions)
models will improve the capability of the ocean analysis andata, MDTs are regularly updateRip et al., 2011, 20)4eading
forecasting systems in the near future. to considerable improvements in both forecasts and analyses

MS error [cm2]
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Hamon et al. (in pressshowed that, in terms of impact on
SSH, assimilating an updated release of the MDT is comparabl
to assimilating a fourth altimeter. Due to steric adjustrtgn
temperature and salinity biases in the top-2,000 m-depth layer
are also reduced. 101

[em?] 2009

Wide-Swath Altimetry
Mercator Ocean has performed initial OSSEs for Surface Watel
Ocean Topography (SWOT) mission using a 1/lrzgional
model of the IBI region that includes tidal forcing (Benkira
personal communication). The truth run was derived from
a 1/36 model run over the same region. SWOT errors
were derived using the NASA-JPL SWOT Simulator, taking
into account only white-noise error from the Ka-band radar
interferometer instrument (Karin). This rst study demotrated FIGURE 5 | Impact of a constellation of two wide-swath altimetry missios in
the feasibility of assimilating SWOT data in Mercator Ocean a Northeast regional data assimilation system, for differe constellation
high-resolution models. It also quanti ed how SWOT should| con gurations and different instrumental error budgets (wh reference to the
better constrain ocean models, compared to conventionalrnad SWOT Karin instrument)itonaduce et al., 2018). In that study, noise level

. . . . requirements were less stringent as for Karin instrument. 88E1D 3 altimeters
al_tlmeters. Cor_npar.ed to three nadir aItln"_leter_s, SWOT corellin (SAR mode) (blue), OSSE® OSSE1C Wide Swath (4 times Karin error)
with three nadir altimeters (post-2021 situation) shoultb®l a | (iolet) 0SSED OSSELC 2 Wide Swath (4 times Karin error) (red), OSSER
reduction of 5-day sea-level analysis and forecast erpabbut OSSELC 2 Wide Swath (2 times Karin error) (green). Units are in émResults
45 and 30%, respectively. The system is also able to sustain thaee given from February to December 2009.
appropriate level of mesoscale activity, in spite of the SWO
revisit time (21 days).

The impact of a constellation of two wide-swath altimetry
missions was investigated with the same IBI data assimilati 2020 (H2020) AtlantOS project (https://www.atlantos-h2020.
system Bonaduce et al., 20).8 his assessment was carried out a®u/), four European forecasting centers have coordinatedts o
part of an ESA study on the potential role of wide-swath altimet to perform multi-system OSSE experiments for Argo and its
for the long-term (post 2030) evolution of the Copernicusextensions Gasparin et al.,, 20)91t has been shown that
satellite component. In that study, noise-level requiretsemere  doubling the number of Argo oats in the western boundary
less stringent than for the SWOT mission (by a factor of twocurrents and along the equator would generally improve both
to four compared to Karin/SWOT instrument). Considering a temperature and salinity representation. Implementation of
constellation of three nadir and two wide-swath altimefdtss a deep Argo array (1 oat every 5 5 square, monthly)
ocean analysis error was reduced up to 50%, with respect that samples to 4,000 dbar, or to bottom, would remove
conventional altimetersKigure 5). The accuracy of the analysis temperature and salinity biases in the deep ocean basins
also is more stable in time with the reduced revisit time pd@d  (Figure 6). Further investigations have demonstrated that such

g™

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

by two large swath altimeters, compared to only one. a deep array would (i) improve the representation of the deep
circulation (e.g., western boundary currents), and (ii) wide
Argo and Its Extensions robust estimates of deep ocean climatic signals (Gasparin,

The global Argo array has successfully provided large-scalen  personal communication), which are of critical interest for
temperature and salinity estimates in the upper-2,000 dbar foEMEMS reanalyses. In addition to these experiments for physical
more than 15 years, complementing satellite observatioisen parameters, numerical experiments have shown that assinglat
global ocean observing systeiger et al., 20061t is clearly BGC-Argo data complements surface ocean color data by
identi ed as a central piece of operational oceanography ,(e.gmproving model estimates of oxygen, nutrients, carbon and
Le Traon, 201B Several impact studies have been conductedhlorophyll throughout the water column/{ood et al., 2018
within the Euro-Argo Improvements for the Copernicus Marine  The impact of assimilating BGC Argo data jointly with satelli
Service (E-AIMS) project to evaluate and quantify how thechlorophyll observations in the Mediterranean Sea has been
existing Argo array constrains ocean analysis and forewasti analyzed as part of the CMEMS Service Evolution MASSIMILI
systems. These studies showed that the existing Argo nketwoproject (Cossarini et al.,, 20)9 Results show that, when a
has strong impacts on upper-ocean representatiourijin et al., dataset is assimilated, the model performance computed on
2016. Argo also has a strong impact at the regional scale fathe same dataset improves on the order of 50-70%. However,
both the Mediterranean and Black Seas (égayek et al., 2015; the joint assimilation experiments are not always providihg t
Sanchez-Roman et al., 2017 overall best results because of some inconsistencies etwee
The future evolution of Argo is mainly through the the observation datasets. Chlorophyll vertical dynamice ar
extension and improvement in the regional and polar seassigni cantly improved only when the BGC-Argo data are
into the deep ocean, in the western boundary currents andssimilated. Satellite assimilation can generate negatipadts,
through adding biogeochemical measurements (Roemmichighlighting a potential limit to propagating surface infortien
et al., in review). As part of the European Union's Horizoninto vertical dimension through statistical operators.
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FIGURE 6 | Basin-averaged error in the layer 2000-4000 m, fofA,B) temperature and (C,D) salinity from the Backbone (assimilation of altimetry, cerArgo, XBT,
moorings) and the Deep (Backbon€deep-Argo) experiments.

Sea-Surface Salinity Sea-Ice Observations

Several satellite missions (SMOS, SMAP and Aquarius) weNMumerous OSSEs have been carried out for sea-ice remote
launched in recent years to observe global Sea-Surfacgtysali sensing, in particular for sea-ice thickness products from
(SSS) from space. CMEMS ocean forecasting systems rely ©ryoSat-2 [(iseeter et al., 2007; Blockley and Peterson, 2018
sub-surface salinity observations, mainly from Argo qats as well as for thin ice thickness from SMO®%(qg et al., 2014;
constrain the SSS. Model airdsitu SSS data comparison showsXie et al., 2016and both satellites togetheA(lard et al., 2018;
model uncertainties to be&0.1/0.2 pss in most of the ocean Mu et al., 2018; Xie et al., 2018Assimilation of combined
regions, with larger errors found in ocean regions con&dll CryoSat-2 and SMOS sea-ice thickness products in the Arctic
by large river runos (e.g., Amazon plume, Gulf of Mexico) MFC has a very positive impact by reducing sea-ice thickness
and in the tropical oceans (e.d-ellouche et al.,, 20)8SSS errors by 12 to 24%Xie et al., 2018 Improvements in sea-ice
observations from space, even if still su ering from largalec concentrations data have also been assessed by OBS&sy (
biases, provide valuable information (e.&eul et al., 2013; etal., 201% Weighting the value from di erent observation types
Martin et al., 201 CMEMS already provides SSS maps basetas been done by adjoint modelinggminski et al., 2008 The

on a combination ofin situ and SMOS datal{roghei et al., assimilation of sea-ice drift has been less successfuar,quaftly
2019. In the framework of the ESA SMOS Nino 2015 project, thebecause of the short model memory of sea-ice drift and partly
impact of satellite SSS data assimilation was assessetieiitet because of sea-ice models de ciencies(k et al., 2008; Sakov
O ce and Mercator Ocean global ocean analysis and forecastingt al., 201Y. More details are given in the Swart et al. (in review)
systems [ranchant et al., 2018; Martin et al., 201Results paper on Polar Ocean Observations.

show that satellite SSS data assimilation can constrainemod

forecasts without introducing incoherent information cgpared  Surface Carbon Observations

to the other assimilated observations. A bias correctidlhisis OSSEs have also been conducted in the framework of the
to be applied within the assimilation process, even if “delifase AtlantOS project for surface ocean carbon products (pCO2)
SSS data products are assimilated. Further progress onteatellising CMEMS multi-observation platform for ocean carbon and
SSS retrievals is required to enhance the bene t of sat€#8 a statistical modelenvil-Sommer et al., 20).8The aim of the
data assimilation, particularly when close to the coasts aind work was to identify an optimal observational network for pCO2
high latitudes. for the Atlantic Ocean using simulated observations andootit
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from the NEMO-PISCES model. Tests highlighted the need fosouthern Paci ¢ Ocean, which propagate to French Polyndséa, t
data in the South Atlantic Ocean, the Surface Ocean CO2 Atlddnited States' west coast and western Central and South Ameri
(SOCAT) having sparse coverage in the Southern Hemisphere.The assimilation of SAR swell spectra from Sentinel-1 impsove
The main results $ommer et al., 20)8show that the the peak period of long waves longer than 12 s by roughly 16%
combination of (1) the SOCAT data base (integrating datarfro (Aouf et al., 2018p As swell is free of wind dependency, the
multiple platforms) with (2) a network of BGC Argo oats at assimilation of SAR swell spectra is persistent, staying eecti
around one quarter of current physical Argo resolution, a)l ( for up to 3 days in the forecast period.
existing moorings provides an optimal solution, which probabl ~ The French-Chinese satellite CFOSAT, with its innovative
could be implemented with the least cost. wave scatterometer called SWIM (Surface Waves Investigati
The network could be further improved by instrumenting and Monitoring), was launched in October 2018guser et al.,
Ba n Bay, the Labrador Sea, and the Norwegian Sea, as well 8917. It will measure signi cant wave height at nadir and
regions along the coast of Africa (10 to 20 S) with moorings  retrieve directional wave spectra from combined incidenuges

or additional BGC-Argo oats. (ranging from 2 to 10 ) every 70 km. The SWIM wave spectra
will improve the wavelength azimuthal cut-o to 70m from
Waves 200m for SAR wave spectra retrieved from Sentinel-1. This

Satellite wave observations are used to improve the wave pt®dumeans that more mixed-seas wave systems will be included in
provided by CMEMS MFCs, ultimately yielding better surfacehe assimilation process. The global CMEMS-MFC is ready to use
uxes needed for coupling with ocean circulation models.such directional wave observations, with complementary ichpa
Currently, signi cant wave heights (SWH) from ve altimete between CFOSAT and Sentinel-1. OSSEs have demonstrated a
(Jason-2 and 3, Saral/Altika, Cryosat-2 and Sentinel-3#&) a signi cant positive impact on the integrated wave parameters
routinely assimilated every 3 h in the global CMEMS MFC wavéAouf et al., 2018)
system, leading to very accurate integrated wave paramé&t@rs
example, the normalized scatter index (given by the ratizkeen ~ Synthesis
the standard deviation of the di erence between modeled and he use of OSEs and OSSEs, along with regular assessmemt of th
observed parameter and the mean of the observed parameter)igipact of observations on data assimilation systems, is aentr
SWH is below 9% in high and intermediate latitudes and is evetp the CMEMS strategy. Results depend on the data assimilation
> 8% for tropical regions4ouf et al., 2018a systems themselves. To derive robust results, the use of multiple
The assimilation of satellite wave data in wave models is theystems is preferable, when feasible. Regardless, OSEs$id OS
most e cient way to correct the uncertainties related to the provide relevant information on how observations constrain
wind forcing, in particular for storm cases. The case of Carfipbeocean analyses and forecasts that feed downstream applications
Island, south of New Zealand is highlighted. Signi cant wav and users.
heights of more than 12 m were observed there by altimeters fr It is important to note that most of the OSEs/OSSEs studies
7 to 10 May 2018Rigure 7A). At 12:00 (UTC) during the storm described above are based on integrated global and regional
on 8 May 2018, the Metocean Solutions buoy at Campbell Islanecean observing systems. They take into account the role of
recorded the peak of SWH of 14 m, which clearly agrees with th@odeling and data assimilation (i.e., a model forecast prewid
analysis provided by the global CMEMS-MHA&dure 7B). bettera prioriinformation compared to climatology). The impact
At the regional level, the impact of assimilating satelliteof a given observing system is not analyzed independentlyeof t
observations on the Med-Wave system has been evaluatéther components (e.g., the impact of Argo takes into account
considering the Med-Waves-V4 system, assimilating aloagkt  the synergy with satellite altimetry), providing a much bettad
signi cant wave height observations from Jason-2 and Sara&nore realistic measure of the impact of a given observingsyst
satellites at 3-hourly intervals, vs. the Med-Waves-V322esy

without data assimilationavdas et al., 20).8ata assimilation SATELLITE OBSERVATIONS USED BY THE

improves results along satellite tracks, as well as at that gre .
majority of the wave buoy locations. COPERNICUS MARINE SERVICE: STATUS

Satellite wave data concern not only altimeter signi caaie AND REQUIREMENTS
heights, but also directional wave spectra provided by Syicthe Initial Requirements and Status

. g§a’tel|ite requirements for the Copernicus Marine Serviceehav
short and steep waves (with a wavelength less than about 200 Bhen deta?led in the GMES I\/FI)arine Core Service (MCS)

in the azimuth direction due to their incoherent nature, SAR. . .
implementation group report Ryder, 2007; Le Traon, 2018

wave measurements are often referred to as swell measutem . . ]

. . N hey are brie y summarized below:
(hereinafter referred to as “swell spectra’). SAR swell spect
are currently provided by two Copernicus satellites, Sentinel In addition to meteorological satellites (polar-orbiting,
1A and 1B. The combined assimilation of SAR swell spectra geostationary), a high-precision infrared SST satellitesinis
and altimeters wave heights corrects both the wind-sea hed t is needed to give the highest absolute SST accuracy. A
swell, which is independent of the wind and can propagate freely microwave mission is also needed to provide an all-weather
over long distances for many days. The most striking example global observation of SST.
of the impact of assimilating SAR directional swell spectthés At least four altimeters are required in order to observe
correction of swells generated by storms in high latitudethe the mesoscale currents. This is also useful for signi cant
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A altimeter 7-10 May 2018 storm of Campbell island
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FIGURE 7 | (A) Signi cant wave heights on ground tracks from 5 altimeters dudng the storm at Campbell Island (south of New Zeland) from »t10 May 2018. (B)
Signi cant wave heights from the global CMEMS-MFC wave syst® on 8 May 2018 at 12:00 UTC. High waves induced by a severe ston, with SWH of 13.8 meters

at Campbell Island south of New Zealand.

wave height measurements. A long-term series of a high- resolution. Scatterometers, in combination with passive
accuracy altimeter system (Jason satellites) is needesite s microwave radiometry, are also highly important for sea-

as a reference for the other altimeter missions and for the ice monitoring.
monitoring of climate signals. At least two SAR satellites are required for waves, sea-ice

Ocean color is increasingly important, in particular, in ctzs characteristics and oil-spill monitoring.

areas. At least two concurrent low-Earth-orbit satellites a
required for global coverage. Thanks, in particular, to the development of the Copernicus

Several wind scatterometers are required to globally noonit satellite component, these initial requirements are now riret,
the near-surface wind eld at high temporal and spatialparticular, with Jason-3 (and later Sentinel 6) for the refere
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altimeter mission and the Sentinel 1 (SAR) and Sentinel 3-(se€opernicus Sentinel 3 A/B Ocean and Land Color Instrument
surface temperature, ocean color and altimetry) two-s&elli (OLCI) sensor will have a dramatic impact on Ocean Color
constellations. Other complementary missions provide ndedeproducts and their quality. Monitoring rapidly evolving BGC
data, in particular, through other European or non-Europeanphenomena (e.g., river out ows, phytoplankton and harmful
satellites and instruments (e.g., MSG, METOP, DMSP/SSM/élgae blooms, sub-mesoscale features) and the coastahmoae
GCOM/AMSR-2, AltiKa, RadarSat, Suomi-NPP, NOAA-20,strong user requirement, implying an additional requirenhéor

HY2A/B, CFOSAT). ocean color geostationary satellite, which would providegusi
) capabilities for such monitoring.
Future Requirements The exploitation of the high-resolutior<( 60 m) multispectral

CMEMS has de ned its main requirements for evolving thesensor capabilities on board the Sentinel-2 A/B constehatio
Copernicus satellite componentC{IEMS, 201). Based on is also of great interest to CMEMS. Sentinel-2 data, with a
user requirements and CMEMS's evolution over the nextesolution between 10 and 60 m and a revisit time of 5 days at
decade (see section Service Evolution), the main CMEMiBe equator, complements the lower-spatial-resolution (300 m)
recommendations/priorities for evolving the Copernicuseélide  daily global coverage o ered by the Sentinel-3 constellation
Component (evolution and new generation of Sentinels) ar¢hese data are highly relevant to developing new high-réisolu
as follows: coastal ocean color products, improving sea-ice detection and
Potentially, deriving bathymetry near the coast.
missions S1, S3, S6 for CMEMS and S2 for downstreagl CMEMS deI!vers near-real-time and. reprocessed satellite-
o ased information products of the sea-ice cover for the polar
coastal applications. . R
. . .. and global oceans. The products (e.g., the Tactical Nawvigati
Develop new capabilities for wide swath-altimetry. This IS . X
. . . ; ce Charts) are directly accessed by end users and ingested
essential to constrain future CMEMS high-resolution ocear), . . .
y the MFCs to constrain (and/or validate) their forecasts
models and downstream coastal models. ) . e .
. o and re-analyses. Sea-ice concentrations are assimilatedtat
Fly a geostationary ocean color mission to strongly . .
improve the time resolution of ocean color observation and Global MFCs, both in real- and delayed-time mode. Ice
P Sthicknesses from Cryosat2 and SMOS are now assimilated at the

for European seas. Arctic MFC; the global MFC plans to assimilate such products

FIY a European _microwave_mi_ssion [the Coperni_cus Ima_ging]n the near future. Sea-ice drift data are currently assteil
Microwave Radiometer mission (CIMR)] for high-spatial-;, o c\iEms Arctic system, but, so far, this has limited

resolution sea-surface temperature, sea-ice concentrati@a- . . T . _
. - . . - impact with respect to the assimilation of sea-ice conceiunat
ice drift, sea-ice thickness and sea-surface salinity. : . .
- o and thicknesses. Speci c CMEMS requirements for polar and
Ensure continuity (with improvements) of the Cryosat- o . . .
L ) snow monitoring were outlined iINCMEMS (2016) Sea-ice
2 mission (Copernicus Polar Ice and Snow Topography . . : . .
o . . o oncentration from passive microwave radiometry is, by far,
Mission) for sea-ice thickness monitoring and sea-leve . . . .
he better-controlled sea-ice quantity entering the openadi

monitoring in polar regions. . .
R&D actions should be developed, in parallel, to advance ouSrySt.em.S'CMEMS (20.16)Stat6d th_e |mportance of ensuring
continuity and improving the quality of sea-ice concentoeti

capabilities to observe sea-surface salinities and ocesmts! . o )
products, both for climate monitoring and near-real-time

from space. S . .
applications. Concerning prospects for a Copernicus Space

There are also a series of specic short-term requirement€omponent Expansion phase, CMEMS's prioritization of the
for altimeter measurements over the coming years. Given thpolar regions agrees with the EU Polar Expert Gronp¢hossois
potential impact of SAR altimetry, continuous e ort is requite et al., 201Bin recommending retaining the Copernicus Imaging
to improve SAR processing for Sentinel-3 A/B (and futureMicrowave Radiometer (CIMR) mission as rst priority.
C/D) and re ne the resolution of the associated products from
7 to 1km. Continuity of Cryosat-2 altimeter high-latitudes

observations of the ocean and sea-ice observations isregfui IN SITU OBSERVATIONS USED BY THE
Sea level in the leads would strongly improve the coverage
OPERNICUS MARINE SERVICE: STATUS

these regions and would maximize the use of Cryosat-2 data |
CMEMS. It will also be important to include data from recently AND GAPS
launched opportunity missions (e.g., CFOSAT and HY2B) t%itial Requirements

ensure the robustness of the CMEMS multi-mission aItimetelrl_he main global and regional (European seias3itu observin
system. Same holds for wave and wind measurements from g 9 P 9

these missions. Developing Near-Real-Time (NRT) proceséingaEyStems required for the Copernicus Marine Service have been

Ensure continuity of the present capability of the Sentine

SWOT is essential for demonstrating its impact on operation jsted in the GMES MCS implementation plafyder, 200y

applications. Finally, improving MDTs (based on the GRACE an hey include:

GOCE satellite missions and situ observations) is of utmost ~ Argo oats for measuring temperature and salinity pro les to

importance, given the impact in data assimilation systeires ( 2,000 m and, by tracking them, mean subsurface currents.

Traon et al., 2017b; Hamon et al., in press Research vessels, which deliver complete suites of
As far as ocean color data is concerned, with the presence multidisciplinary parameters from the surface to the

of two-concurrent low Earth orbit operational satellites,eth  ocean oor.
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XBTs launched underway by research vessels and ships (8OD), the US National Data Buoy Center, the Australian
opportunity for measuring temperature and salinity pro les to Integrated Marine Observing System (IMOS) and European
450-750 m depth. [SeaDataNet, International Council for the Exploration diet

Moorings capable of continuously measuring, over longSea (ICES), EMODnet] aggregators. At the European scale, the
periods of time at xed locations, subsurface temperaturdNS-TAC mainly collaborates with the EuroGOOS Regional
and salinity proles, currents, waves, biogeochemical an®perational Oceanographic Systems (ROOS) and their task
meteorological parameters. teams, which operate and coordinate most of the regional
Ferry-Box and other regional ship-of-opportunity monitoring systems. Several EuroGOOS task teams have been
measurement programmes for surface transects, whicbstablished in recent years, in particular, for coordingtin
may include temperature, salinity, turbidity, chlorophyll, di erent observing platforms in Europe [FerryBox, Tide gauges

nutrient, oxygen, pH, CO2 fugacity and algal types. Gliders, HF radars, Argo oats (Euro-Argo), Fixed platforms
The network of tide gauges, which provides long-term(EMSO) and Animal-borne instruments]. One of their objectve
reference and validation sea-level data. is to link data management standards within CMEMS INS-TAC

Gliders, which complement oats and moorings and arewith those of existing global networks. In some cases, these

able to perform transects of physical and biogeochemicdhsk teams, such as the HF Radar EuroGOOS Task Team, have
parameters from the surface to 1,000 m. enabled the integration and enhancement of a completely new

Surface drifters, which passively follow the horizontal rnea technology network.

surface ow via a drogue/sail. They complement satellites for At the global scale, the most important source of pro le

sea-surface temperature measurements. data for INS-TAC is the Argo network (about 4,000 platforms
Long-range (up to 200 km) HF-radar monitoring systems incycling every 10 days) and its extensions to the deep ocean
speci ¢ regions of interest and importance. and biogeochemical parameters. It is complemented by XBT

Sea mammals, tted with non-invasive miniaturized oceanlines (about 50 lines, half of which were active in 2018), sea
sensors that can help collect measurements in remote placesammals in high latitudes and, in delayed mode, the GO-SHIP
such as polar areas. hydrographic sections (60 lines in 2018) and other research
cruises observations from US-NCEI and CCHDO (CLIVAR and
. . Carbon Hydrographic Data O ce). In European seas, glider data,
Status— In situ Observations From the especially in the Mediterranean and the North West shelves, as
CMEMS in situ TAC well as Conductivity, Temperature, Depth (CTD) monitoring fo
The CMEMSIin situ Thematic Assembly Center (INS-TAC) the Nordic and Baltic Seas can be found in the INS-TAC databas
is the main interface between CMEMS and the globalGlobal ocean research cruise data from SeaDataNet comptemen
regional and coastdh situ observing networks. Its role is to delayed mode coverage.
collect, process and quality control the upstreamsitu data For time-series data, the most important source of
required to both constrain and directly validate modelingdan observations is the DBCP network, which operates more
data assimilation systems and to directly serve downstreathan 1,400 drifters and 20 Arctic buoys. It is complemented by
applications and services. the GOSUD and Voluntary Observing Ships (VOS) network that
The main types ofn situ observing systems aggregated byprovide both SST and SSS observations, as well as surface carbo
INS-TAC include all the platforms identi ed inRRyder (2007) data. The Argo network also provides time-series of tempeeatu
and many others. These systems were made available owd salinity at the surface and at drifting depth, along with
the years, when their quality was deemed appropriate to meelerived velocity information. In European seas, FerryBoedi
service requirements. (mainly the Baltic and North West shelves), tide gaugedatigy
The INS-TAC provides vertical pro les and time-series datathe European coasts, and coastal monitoring stations opettate
coming from di erent types of instruments (e.g., oats, defts, EuroGOOS ROOS members also are integrated in the database.
moorings, gliders, tide gauges, vessels, HF radars) and feinally, as for pro le data and for reprocessed products, time-
di erent parameters (temperature, salinity, currents, sezele series data sets are complemented with historical reseateh da
wave, chlorophyll, oxygen, nutrients, pH, fugacity of £O from the US-NCEI-WOD database, from SeaDataNet NODCs,
The INS-TAC delivers aggregated data sets spanning nelr-reand for biogeochemical data, from EMODnet-Chemistry
time products that are delivered within 24 h, having completecand ICOS (Integrated Carbon Observation System) Ocean
automatic quality processing from acquisition, to sciengélly =~ Thematic Center.
assessed reprocessed (REP) products. The rst type of product isThanks to the Argo program, global coverage for the
used by the MFCs to generate and validate their forecastse whiessential Ocean Variables (EOVs) temperature and salinity is
the second type is used for reanalysis purposes. ne, but signi cant gaps appear for the abyssal ocean, seasonal
The INS-TAC does not operate amnysitu observing systems, ice-covered seas, ne scales and in coastal and shelf seas.
rather interacting with the platform operators to collect and Similarly, the coverage is much better for physical than for
aggregate the best-possible version of their data. At theaglo biogeochemical variables.
scale, INS-TAC collaborates with the JCOMM networks (Argo, Figure 8 shows thein situ data available from the INS-
DBCP, OceanSites, GOSUD, OceanGliders, GO-SHIP, GLOSFAC over a three-month period (January to March 2018). The
and the main international [e.g., the US National Center fornumber ofin situ data available per EOV (temperature, salinity,
Environmental Information (NCEI) World Ocean Database current, waves, sea level, oxygen, chlorophyll, nitrate, 2CO
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FIGURE 8 | Data at INS-TAC for Spring (January-March) 2018. Argo (gregrvessels (XBT and CTD, thermosalinograps (blue), sea marafa (purple), gliders (yellow),
moorings, tide gauges and rivers (white) (global and zoom oBuropean seas).

turbidity, pH) in near-real time for a given month (June 2018) Use by MFCs and TACs and

is shown inFigure 9 for both the global ocean and European Fyture Requirements

seas. Similar coverage for global and regional seas isveltiser pg]

but physical parameters (temperature, salinity, currents;esa . . .
and sea level) have better coverage in European seas. The g-g g CMEI\/!S'gIo'baI.ocean analysis and physmal forecasting
for biogeochemical EOVs at global and regional scales egelgl SyStem assimilatéa situ temperature and salinity pro les and
highlighted. Even though the coverage is improving, thardks ttime series from Argo oats, XBTs, CTDs, moorings, gliderslan
the development of autonomous platforms, such as BGC-Arg&éa mammal measurements (elg:llouche et al., 20)3At the
FerryBoxes or gliders, it is still far less than CMEMS needs.  global scale the assimilation of Argo observations provites
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FIGURE 9 | Number of platforms providing observations per day (June 2IB) by parameter (temperature, salinity, current, wavesges level, oxygen, chlorophyll, nitrate,
pCO2, turbidity, pH):(Top) global scale,(Middle) European seas (20N - 90N, 30W - 40E), andBottom) zoom on biogeochemical (BGC) data for the European seas

e cient constraint on large-scale ocean temperature anihéigi  deep ocean, which limits the ability of the system to repreten

in the upper-2,000 m. Other platforms target processes havinglobal ocean state.

di erent spatial and temporal scales and constrain the analyses Some available observations are not (yet) assimilateden th
at regional/local scales. However, some regions remairerind global systems [e.qg., surface drifters, ThermoSalinoGréap&G)
sampled, such as the Southern Ocean, the Arctic Ocean or tlaed FerryBoxes]. Non-assimilated observations are, hewev
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essential for independent quali cation/validation of ansdg and  IPY, the number of ITPs has severely dropped, so augmenting the
forecasts and for evaluating model and system improvementaumber of ITP, up to the level of the IPY (5 to 10 ITPs) or higher
In particular, model velocities are systematically vakdat would enable higher forecast quality in the Arctic. The petiah
with observations from surface drifters, Argo, HF radarglan ice coverage available for ice-tethered equipment, howéesr
moorings, while tide gauges allow validating sea-levehbdity also further diminished in the meantime, limiting the zone
in coastal regions. where ITPs can operate for a long time. Marine mammals
The BGC, sea-ice and wave analysis and forecasting systemake a more agile sampling of the seasonal ice zone but their
are currently constrained by satellite observations omigt do  data need delayed-mode processing and are not assimilated
not yet assimilatén situ observations. BG@ situ observations in real-time forecasts. Research cruises are more frequent i
are used for model development and analysis validatiorthe summer, but data are seldom transmitted in real-time.
BGC Argo oats increasingly provide observations of oxygenAcoustic tomography can also provide integrated temperature
chlorophyll, pH and nitrate. The GLODAP data base includebservations of high accuracy, but their use in data asdiimila
in situ data for oxygen, nutrients, dissolved inorganic carbon ands still underdeveloped.
alkalinity from other platforms than the Argo oats. Simillgr BGC data in Arctic waters, nutrients in particular, are
in situ sea-ice observations, more speci cally the thickness afecessary for predicting primary production, but not all
the di erent ice and snow categories from the uni ed sea-iceobservations are publicly available or harmonized for preices
Climate Data Record (CDR) data base in the Arctic, are useldng time series. Autonomous platforms, like BGC-Argo slaoul
to validate the ice model. Signi cant wave height and periodherefore, be prioritized.
(peak and mean) from buoys are essential for validating globa Operational wave buoys data are not publicly available,

wave products. except in Iceland; although historical data exist in the o sho
In the future, the following variables should be observethwi industry. As a rule of thumb, the safety of shipping and shing
better global coverage: activities will require a dozen of those, evenly spaced albag t

BGC measurements: oxvaen. nitrate. pH. CO?2 fugacit Northern Sea route. With reduced ice cover, observations of
- oxygen, » P, 92 aves by accelerometers in sea-ice are also expected to become

alkalinity, Chl-a. . - .
increasingly important.

Deep temperature and salinity measurements (below 2,000 m). With respect to sea-ice, a high priority should be given

In situ velocity observations. LT . -
. : . . . . to in situ ice thickness, snow depth and ice temperature,

In situ sea-ice observations, including thickness, temperature . . . .

as they are expected to improve satellite retrievals of ice
and snow depth. . } .

thickness. To this end, more ice mass balance (IMB) buoys
Open-ocean wave measurements. . . . .

(autonomous instruments equipped with acoustic sounders and
The main need is to collect measurements for under-sampletémperature/pressure sensors that are specically desigoed t
variables (e.g., velocity, BGC) and under-sampled regiojgs, (e monitor variation of the sea-ice layer and its snow coveg ar
polar and deep oceans). The development of the globaltu  needed. With summers getting warmer, observations of melt
Argo BGC array constitutes a strong priority for CMEMS, ponds also are becoming all the more important. The rst prigrit

because the lack @f situ BGC data limits our ability to monitor parameters would be melt pond area fraction and albedo, which

and forecast the state of the “green” ocean. can be used to validate satellite data and models. Other impbrta
melt pond variables will only be available on small scales and
Arctic should, therefore, be used for model process parameterizatio

Key variables to characterize the water masses and thdg.g., melt pond topography, multi-spectral albedo, ice thiskne
variability within the Arctic are temperature, and salinity below melt pond).
together with ice properties (thickness, drift). Today these
variables are measured by ice-tethered pro lers (ITP), atiou North West European Shelf
tomography, Argo oats, sea mammals, moorings, drifterg),an The North West Shelf (NWS) MFC routinely downloads and
when possible, by research cruises CTD. At the moment, thguality controls satellite data, as welliassitu temperature and
number of such platforms is very limited and insu cient to salinity pro les from Argo oats (only available in the o -sHe
monitor the entire region. In the coming decades, the Base&S#a areas), drifters, gliders, moored buoys, marine mammald, an
may become ice-free all year round and would need conveationresearch ship observations for data assimilation. Foraegion
ocean monitoring technology, but other shelf seas areylikeland validation purposes, drifter-derived currents, HF Radar
to keep a seasonal ice cover. There are severe limitatidghs wand tide gauges are used. There is a need to increase the
measurements within the seasonal ice zone, which is growirig situ data coverage, especially on the shelf. Currently, the
broader, and none of the platforms available today can dolledow spatial and temporal sampling of the sub-surface in the
data there. North, Irish and Celtic Seas, coupled with a lack of current
During the International Polar Year (IPY) (2007-2009)and air-sea ux observations, hinders progress in idemtiyi
several Ice-Tethered Pro lers (ITPs) were deployed, regisg and reducing model biases. The number of BGC observations
temperature and salinity pro les. These proved able to cut, bys unsatisfactory and, it should be noted, the BGC Argo
half, errors in water mass properties in the ARC MFC reanalysisbservations, so useful elsewhere, will not be available on
(Xie et al., 201)] especially in the Atlantic water layers. Since thehe shelf. Complementary techniques, such as increased use
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of gliders and FerryBoxes (to include biogeochemistry) ldou Black Sea
be welcomed. Data availability in real-time, for all types ofThe Black Sea MFC (BS-MFC) physical modeling system
observations, plays a key role for data assimilation, vatian  assimilates temperature and salinity pro les from Argo oats,
and monitoring; therefore, timeliness is a clear requiretfera  moorings, XBT, and bathythermographs (MBT). There is a clear
forecasting system. lack of data to be regularly used for improving forecasts prasluc
In particular, to better represent coastal dynamics, redylar
updated and continuous-in-time coastal pro lers and mooring
Iberian-Biscay-Ireland are requested. Thén situ observing system should evolve,
The Iberian-Biscay-Ireland (IBI) MFC assimilates temperatu accounting for the importance of having coastal observagri
and salinity vertical pro le data from Argo oats. Product @lity  in particular wave buoys, ADCP and HF radars to feed the
metrics are computed using data from multiple platforms, sush anext generation of BS physical and wave modelAd.hocand
moored buoys, Argo and BGC-Argo oats, drifters, glider8D§, continuous monitoring is required in the shelf area, espicia
CTDs, HF Radar. The coverage iofsitu data in shelf/coastal in the northern part of the Black Sea and in the Danube
areas is still too scarce. In the future, it will be important toDelta. The Black Sea wave model su ers from a lackndditu
increase the number of near-real-tinie situ observations in  wave measurements.
shelf and in coastal areas of the IBI region. HF Radars afelluse  For near-real-time validation, the BS-MFC biogeochemical
for monitoring high-frequency surface circulation dynassi To model Grégoire et al., 2008ssentially relies on BGC Argo
better monitor the three-dimensional circulation on theedfy  oats that provide oxygen, uorescence, the photosynthetjcal
more acoustic Doppler current pro ler (ADCP) observations (if active radiation and backscattering coe cients. The system
possible, available in NRT) are neededsitu BGC data coverage however, su ers from the lack of regional data to regularly be
in the IBI area certainly must be enhanced. The current lackised for improving the validation exercise and for assinolati
of thesein situ data is a major shortcoming that prevents theln particular, as an anoxic basin, the dynamic of the
estimation of meaningful biogeochemical monitoring indiors  carbonate system (pH, dissolved inorganic carbon and alitg)i
in the area. and the conversion ofn situ uorescence into chlorophyll
(e.g., from BGC-Argo oats) require particular algorithms
supported by adequate monitoring e orts. The lack of carbon
Mediterranean Sea system observations currently prevents a sound assessrhent o
There is a recognized concern about the status of thacidication in the Black Sea and its modeling. Moreovernggi
Mediterranean observing system and its future. There ara turbid area, with anomalously high colored dissolved organic
important gaps due to the lack of instruments and poor datamatter, Black Sea shelf waters require extensive obsengetr
policy, in particular for central-eastern Mediterranean Sed a assessing its inherent optical properties in support of devetppin
the northern African coast, leading to a strong North-Southhigh-quality ocean color products. So far, the biogeochemica
West/East imbalance. variable that has the best spatial and temporal coverage geoxy
When looking more speci cally at platform types, at MED- because it is provided by BGC Argo oatSténev et al., 2013,
MFC Argo oats, CTD and XBT platforms are assimilated 2019. On the shelf, where there is evidence of seasonal hypoxia,
into the system and also used for quality assessment, whilee monitoring of oxygen is crucial. BGC Argo oats cannot go
moorings are used only to assess the quality of the systethere. Cruises, moorings and gliders o er alternative salns.
through independent validation. The existing coverage @& th
Argo network is about 60 active oats in the Mediterranean SeaBaltic Sea
which is twice the standard Argo density. This should begast, For the Baltic Sea, CMEMSis situ ocean observations include
maintained as recommended by the Euro-Argo ERIC (EuropeaRerryBox lines, moorings, Research Vessels (R/Vs), tideegaug
Research Infrastructure Consortiumiftig et al., 201y Full-  and Argo oats. Inrecent years, HF radars have been testdtbin
pro le vertical resolution is required for CMEMS operational transition waters and gliders have been tested in the ceBatic
analyses. There is also a need for an increased number of Ar§ea. Although the deployed platforms are providing data with
oatsin highly dynamical areas and for the deep region. Tgaes su cient spatial and temporal resolution, coverage should be
along with the need to reintroduce XBT measurements and témproved: the Baltic Sea includes 17 sub-basins, with signic
increase the number o situ velocity observations (e.g. ADCP, spatial variability in physical and biogeochemical chanasties,
moorings, HF Radars, drifters). thus requiringin situ observations in all sub-basins to ensure
Wave buoy observations of signicant wave height andspatial representativeness in the validation of regional potsl
mean wave period are used to calibrate and validate the Med- In general, more moorings for temperature and salinity
waves modeling system. Maintaining and increasing the neimb are needed in the Danish straits and more stations for BGC
of wave buoys and including wave measurements from Hifmeasurements should be deployed over the central and narther
Radars are required, in particular in the central and easterBaltic areas (more than half of the sub-basins have insuntie
Mediterranean and along the African coasts. data for assessing eutrophication). An optimal sampling desig
A clear need exists for increased coverage in the eastern aistheeded for integrating the multi-platforms, especiallyotgh
southern Mediterranean in terms of the number of BGC-Argoenhancing the role of shallow-water Argo oats. Finally, alat
oats and number of moorings equipped with BGC sensors.  management also should be improved. The Baltic Operational
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Oceanographic System (BOOS) partners are also memberstbé Black Sea, the Baltic Sea and the Arctic region be iredeas
the HELCOM monitoring program for environment assessmentdue to the very low number of observations there. An addiéibn
which is carried out mainly through ship monitoring. The important requirement for satellite validation is to haveeth
observations, having low sampling frequency and full spatidh situmeasurements available in near-real-time, e.g., within 24
coverage, include most of the EOVs and Essential Biodiyersiof acquisition.

Variables (EBVs); however, most of the ship data cannot be Validation of sea-ice products derived from satellite
accessed in a timely manner for operational forecasting ancheasurements is carried out using ship measurements from ice
ocean state assessment reporting. Currently, only 10% of 8O®reakers, ice mass balance buoy measurements, drifteralGlob

partners provide near-real-time ship data. Positioning System (GPS) buoys, and ITP. At the moment,
. . . . there is a great lack ah situ data for both the Arctic and

Speci ¢ Requirements for the Validation of Antarctic regions.

Satellite Data Products For wind and wave measurement validation, it is

The calibration and validation of the upstream (Level-2g#lie  recommended that the number of moored buoys, the main
data are the responsibility of ESA and EUMETSAT, which arglatform used for validation, be increased to better représen
working to develop a dedicateith situ observation system to regional geophysical conditions. Most wave buoys are located
ensure the acquisition of high-qualitin situ measurements, in the northern hemisphere near U.S. east and west coasts and
accompanied with their uncertainties, also referenced to aSuropean coasts. There is a clear need to cover tropical and the
“Fiducial Reference Measurements” (FRM). These measuremessuthern ocean basins to validate new satellite wave dath, s
can be used by CMEMS TACs and MFCs for their validatiorthose provided by CFOSAT and Sentinel-1. It would be very
activities. It is important that CMEMS requirements are takenuseful, in particular, to include wave sensors in the Predicéind
into account when designing and developing new platforms foResearch Moored Array in the Tropical Atlantic (PIRATA) and
acquiring FRM. Tropical Paci c Observing System (TPOS) tropical networks.
Satellite-based sea-level (and geostrophic velocityguch sensors will help, on the one hand, validate the assiomilat
measurements are validated using tide gauge networksindrif of SAR wave spectra in CMEMS wave models and, on the other
buoys, gliders, HF radar, ADCP and Argo pro lers. While, athand, to better describe heat and momentum uxes for the
the global scale, the number of availabiesitu observations is ocean-atmosphere coupled system.

adequate to routinely conduct validation, at the regioretell, It is important to note that, to better link Argo observations
particularly for the Mediterranean Sea and Black Sea, alailabwvith satellite observations, bearing in mind sensor techgglo
tide gauge datasets are still too limited for a robust vaiia limitation issues, e orts should be carried out to better gae

In situ data are used to evaluate and calibrate ocean coldhe top 5 meters of the ocean.
remote sensing algorithms and to validate the operational
products distributed by CMEMS. These measurements ar
acquired through a variety of systems and platforms, such a
automated in-water and tower-based radiometers, and frorq_ . . . _

. . . . he Copernicus Marine Service has run a successful initial
pro les acquired during dedicated research cruises. At the .

. - phase over the past 4 years. Operational capabilities have
moment, these observations are very sparse and limited.eThef
. . . been demonstrated, user uptake and user base have been
is a clear need for improving the number of platforms

I steadily increasing and service evolution activities allegular
able to perform such measurements. Additionally, the future y 9 . .
. improvements of the products and services provided to users.

systems should be designed to allow a NRT data strea . .
) - Observations are a fundamental pillar of the CMEMS value-
and enable operational capabilities that meet CMEMS service - S :
. ; .. added chain, thus CMEMS is highly dependent on the timely
needs. Given the potentially large number of match ups with,_."° .© . ST :
. . availability of comprehensive satellite amdsitu observations.

satellite observations, the use of BGC Argo data oers

- SO ' %his core dependency is managed by CMEMS to ensure its
complementary approach for the routine validation of satellite . . . . .

requirements are incorporated in observation plans. The main
ocean color products.

S . . L role of CMEMS is to detall its requirements (from an integrated
Validation of SST products is operationally done usingitu system perspective), carry out impact assessments and interac
data acquired from surface drifting buoys, Argo oats, situ Y Persp ' y P

ship radiometers and moored buoys, as independent source \c’)\?th the Copernicus satellite andn situ components for
P yS, P . Implementation issues. The role of CMEMS is also to advocate on

. . tthe fundamental role of observations for the services it fes.
available frequency and they should contain more metadata . .y .
Based on an analysis of existing and future observing

to better select and/or Iter out data for condence in the . ; A
- . . capabilities, impact assessment studies and long-term cgervi

validation. Satellite sensors provide measurements of kire s . - ;
evolution plans, the main CMEMS recommendations for the

layer; however almost all CMEMS interpolated products are - . .
. . o evolution of the ocean observing system can be summarized

built to represent the “foundation” temperature (namely theas follows:

temperature at a depth that is not a ected by skin e ects and '

by the diurnal cycle). Nevertheless, signi cant di erences be Continuity of the present capabilities of the Sentinel miasio

found betweerin situ observations collected at di erent depths, should rst be ensured. In addition to already decided

depending on the local time and atmospheric conditions. In  missions, such as SWOT, that are expected to have an

terms of coverage, it is recommended that measurements overimportant impact on CMEMS I{lorrow et al., 201} new

ONCLUSION
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capabilities should be developed on the medium (before 2025) observing systems, such as FerryBoxes, gliders, tide gaadjes
and long term (after 2030). In the medium term, a European HF radars, are strong priorities for regional CMEMS products.
passive microwave mission for high-spatial-resolution acea A specic e ort for the Arctic region is needed because
surface temperature, sea-ice concentration, sea-ice thiift there are severe limitations with measurements within the
sea-ice thickness and sea-surface salinity should beageackl seasonal ice zone, which is growing broader, and none of the
Continuity (with improvements) of the Cryosat-2 mission for  platforms available today can collect data there. Develoaing
sea-ice thickness and sea-level monitoring in polar regions dedicated network capable of collecting FRMs for all the ocean
should be ensured. It is also important to y the SKIM (Sea variables estimated by the Copernicus Satellite component is
surface Klnematics Multiscale monitoring) surface current also important for CMEMS.

R&D mission to demonstrate its potential for CMEMS. In . . . L
o . . These requirements will evolve over time as CMEMS's integrated
the longer term, new capabilities for operational wide-swath

i . . systems develop. It is essential to strengthen CMEMS capedbiliti
altimetry and geostationary ocean color mission over Europ . . :
or assessing the impact of present and future observations
should be developed.

As far as thein situ observing system is concerned there(particularly for BGC EOVs) to guide observing system agesci

are critical sustainability aaps. samoling aaps and maior BGES well as to better use observations in models. These @ivit
. Y gaps, pling gaps & ! should be developed further in Copernicus 2.0 (post 2021) in
observations gaps (e.g., carbon, oxygen, nutrients, chha)

terms of EOVs, these gaps should be lled through di erentcooperatlon with mterngtlonal partners. . .
) . . The development of improved and more integratedituand
networks. The evolution of satellite observations toward . . . . .
. . . ... satellite observing systems required by CMEMS will also require
higher space/time resolution also suggests that maintginin N - . o
. L ; - strengthening international cooperation and coordinatiom
and enhancing then situ observing system are critical for : - A
S . . . . observations (GOOS, CEOS), modeling and data assimilation
validating and complementing future high-resolution shtel . . L
- . (GODAE OceanView/Ocean Predict) and applications and users
observations. In terms of platforms, consolidation of the

Argo core mission (temperature and salinit9 to 2,000 m), (GEO Blue Planet).

including the sampling of polar and marginal seas and

developing its two major extensions (BGC Argo and DeefAUTHOR CONTRIBUTIONS
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