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It is essential to monitor accurately current sea level changes to better understand and
project future sea level rise (SLR). This is the basis to support the design of adaptation
strategies to climate change. Altimeter sea level products are operationally produced
and distributed by the E.U. Copernicus services dedicated to the marine environment
(CMEMS) and climate change (C3S). The present article is a review paper that intends to
explain why and to which extent the sea level monitoring indicators derived from these
products are appropriate to develop adaptation strategies to SLR. We first present the
main key scientific questions and challenges related to SLR monitoring. The different
processing steps of the altimeter production system are presented including those
ensuring the quality and the stability of the sea level record (starting in 1993). Due to
the numerous altimeter algorithms required for the production, it is complex to ensure
both the retrieval of high-resolution mesoscale signals and the stability of the large-
scale wavelengths. This has led to the operational production of two different sea
level datasets whose specificities are characterized. We present the corresponding
indicators: the global mean sea level (GMSL) evolution and the regional map of sea
level trends, with their respective uncertainties. We discuss how these products and
associated indicators support adaptation to SLR, and we illustrate with an example of
downstream application. The remaining gaps are analyzed and recommendations for
the future are provided.

Keywords: Copernicus, sea level rise (SLR), satellite altimetry, adaptation strategies to climate change, ocean
monitoring indicators

INTRODUCTION

Since the mid-nineteenth century, the increasing amount of greenhouse gases stored in the
atmosphere has led to an imbalance at the top of the atmosphere between the incoming solar
radiation and the outgoing infrared emission of the Earth (with a higher proportion of the former).
The Earth system is forced to adapt to this excess of energy that is entering the system, with
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various consequences such as decreasing land ice, snow cover and
glaciers and increasing ocean temperature, surface temperature
and mean sea level rise (SLR), as well as coastal flooding
and erosion, with also more extreme events in heat waves,
precipitation and sea level. The Global Mean Sea Level (GMSL)
rise is a precise indicator of this climate change since most of
the energy in excess on the Earth is stored into the ocean and
the cryosphere (von Schuckmann et al., 2020) and contributes
directly to the SLR through thermal expansion and land ice melt
(ice sheets and glaciers). Observing precisely current GMSL rise
and understanding the different contributions to this rise (WCRP
Global Sea Level Budget Group, 2018) allows to estimate the
excess of energy in the climate system (Meyssignac et al., 2019)
and the regions where this excess of energy is stored, leading to
a better validation of climate models and their simulations of
the past and future climate (Meyssignac et al., 2017; Loeb et al.,
2018). This is one of the reasons that motivated space agencies
to build up a continuous and accurate observing system of the
sea level since 1993, with the constellation of satellite altimeters.
Another reason that motivated space agencies was to provide the
observational basis for the study of regional and coastal impacts
of SLR through erosion and flooding (Cazenave and Le Cozannet,
2013) and also of changes in extreme events (Woodworth
et al., 2011). In 2014, the sea-level variable was identified as
an Essential Climate Variable (ECV, Bojinski et al., 2014) that
should be monitored with enough accuracy and stability to
report the GMSL variability at monthly to multidecadal time
scales. In this context, the role of climate services (and marine
services for ocean variables) is to use all information available
(including the space data from satellite altimeters) to produce,
validate and distribute sea level products that respond to the
ECV requirements, and which can be used, in the end, by
policy makers and stakeholders to elaborate adaptation and
mitigation strategies.

The Copernicus program of the European Union provides
Earth Observation information for the benefit of European
citizens and consists of different services. The program plays
a key role in the production and distribution of the different
ECV products. The information delivered by the different
Copernicus services include measurements of the sea level
evolution on a global and regional scale and also added-value
information that contribute to a better understanding of the
SLR and to adapt to the associated impacts. The global strategy
of the Copernicus program related to adaptation to sea level
rise is presented in a dedicated article in this special issue
(Melet et al., 2021).

Among the different services, the Copernicus Climate Change
Service (C3S) and Copernicus Marine Environment Monitoring
Service (CMEMS) provide a wide range of information related
to the Earth system based on satellite measurements, in situ
observations, model reanalyses and climate projections. The sea
level evolution is one piece of this information. Within the
CMEMS and C3S Copernicus services, the objectives of the
production center in charge of the sea level satellite ECV product
are to fit to the target requirements as described by the Global
Climate Observing System (GCOS), to provide a high level of
maturity of datasets and metadata and to answer the users

needs (Copernicus users, meteo and climate organizations, data
assimilation, research, climate model projections among others).

International cooperation has been at the origin of satellite
altimetry with the joint effort of the NOAA and CNES French
space agency together with the European Space Agency (ESA),
leading to a 28-year long sea level time series starting in
1993 with the launch of the TOPEX-Poseidon mission and
14 other altimetry missions since then (see Figure 1). In
Europe, the CNES/CLS DUACS (Data Unification and Altimeter
Combination System) production system has processed the
altimeter sea level measurements of the different missions since
20011 to provide multi-mission gridded sea surface heights and
derived variables. The altimeter products have been distributed
since 2003 through the AVISO CNES Satellite Altimetry Data
portal.2 Since 2015, the whole processing, operational production
and distribution of the DUACS along-track (Level 3, L3) and
gridded (Level 4, L4) altimeter sea level products have been taken
over by the European Copernicus Programme (with the support
of EUMETSAT, ESA and CNES for the Sentinel missions). The
AVISO portal still includes ocean monitoring indicators (such as
the GMSL evolution), added value and pre-operational research
products.3 In the current context of the Copernicus sea level
data production, EUMETSAT is in charge of the production
and distribution of the altimeter observations of the European
Sentinel missions and CNES and ESA are responsible for the
other altimeter missions in collaboration with NASA/NOAA as
well as the Indian and Chinese space agencies for some of the
missions (see Figure 1).

These observational products build on the validated Level 2
Plus (L2P) altimeter datasets produced in-house by the different
space agencies. They are also maintained up-to-date and at the
highest level of quality thanks to the R&D activities funded by
CNES and ESA. Figure 1 illustrates that a large number of new
missions are expected to be included in the altimeter constellation
during the next decade and they will contribute to ensure the
long-term monitoring of sea level evolution.

The present paper is a review paper that intends to describe
all the activities required to ensure the quality of the satellite-
based sea level products developed by Copernicus services and to
explain why and to which extent these products are appropriate
to face the challenge of understanding and adapting to SLR.
The paper does not aim at explaining the full methodology
related to the sea level production system since the details
are provided online with the datasets, together with the user
manuals and the validation procedures. The interested readers
are invited to access the documentation (see Table 1). The
paper rather focuses on the presentation of the key processing
steps that ensure the quality of the final product. These include
the sea surface height computation, the calibration/validation
activities, the use of homogeneous and validated along-track
(L2P) altimeter standards from all missions, the role of the
reference missions to ensure stability and the production of
cross calibrated multi-mission L3 and gridded gap-free L4

1duacs.cls.fr
2www.aviso.altimetry.fr/en
3www.aviso.altimetry.fr/en/data/products
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FIGURE 1 | Timeline of modern radar altimetry missions. Reference missions are used to ensure the stability of the sea level products and are distinguished from the
coverage, collaborative and opportunity missions. The color of the labels of the different missions depends on their use in the different Copernicus altimeter sea level
products (see section “Building Ready to Use Altimeter Sea Level Products”).

TABLE 1 | Details of the delayed-time altimeter sea level products and their accesses in the Copernicus catalogs.

Altimeter products Recommended
applications

Access to Copernicus catalogs

C3S Long-term evolutive,
climate applications, ocean
monitoring indicators

https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-sea-level-global?tab=overview
https://resources.marine.copernicus.eu/?option=com_csw&view=details&product_id=SEALEVEL_GLO_PHY_
CLIMATE_L4_REP_OBSERVATIONS_008_057

CMEMS Ocean modeling, analyses
of the ocean circulation,
and mesoscale signals

https://resources.marine.copernicus.eu/?option=com_csw&view=details&product_id=SEALEVEL_GLO_PHY
_L4_REP_OBSERVATIONS_008_047

Further information on the user manuals and quality information are available in the respective documentation tabs.

sea level data (presented in section “Building Ready To Use
Altimeter Sea Level Products”). All these activities contribute
to the quality of the different Copernicus altimeter sea level
products distributed to the users. A technical description of these
products is provided, and the general maturity of the service
is highlighted (section “The Copernicus Altimeter Sea Level
Products and Ocean Monitoring Indicators”). These added-value
products are then used to determine the mean sea level indicators
and derive the sea level trend and acceleration at global and
regional scales, which are key information to elaborate adaptation
and mitigation strategies. At last, section “Remaining Gaps and
Recommendations” provides discussion on the remaining gaps
and recommendations related to the altimeter observing system
and the associated uncertainties and it includes an illustration
of a downstream project that contributes to define adaptation
strategies to SLR.

BUILDING READY TO USE ALTIMETER
SEA LEVEL PRODUCTS

In the following, we present the main processing steps required
to ensure the high quality of the altimeter sea level products
distributed to the users and especially the ones that contribute
to the MSL stability.

Sea Surface Heights Computation
On the one hand, the raw sea level estimates are derived
from the difference between the satellite altitude and the
radar altimeter range. The former is derived from the Precise
Orbit Determination (POD) which provides the altitude of the
satellite above the reference ellipsoïd. The accuracy of this
orbit determination directly affects the sea level estimates. The
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consolidated POD is made available in delayed-time for the
different missions within 90 days in the geophysical data records.
The multi-technique solution based on GPS, laser and DORIS
techniques contribute to the accuracy of the satellite positioning
and of the associated individual sea level estimates, which reaches
about 1.5 cm (Escudier et al., 2017). However, at a decadal time
scale, the POD errors remain one of the main contributors to
the sea-level rise uncertainty at the global scale (e.g., Couhert
et al., 2018; Ablain et al., 2019) and at the regional scale
(Prandi et al., 2021).

On the second hand, the sea level estimates rely on the
L2 ocean retracking of the radar altimeter waveforms, which
provides the altimeter range (at the origin of the raw sea surface
height), and other altimeter parameters such as the Sigma-0
roughness coefficient and Significant Wave Heights (Chelton
et al., 2001). A stable retracking algorithm thus contributes to the
stability of the mean sea level. The MLE4 retracking algorithm is
the solution used in the Geophysical Data Records distributed to
the users for each altimeter mission (Amarouche et al., 2004). The
evolution of the instrumental characteristics (given by the mean
of its Point Target Response, PTR) is continuously monitored
and static Lookup Tables are used to correct range estimates
from the differences between a true instrument PTR and the
Gaussian approximation. The drift of the PTR (Internal Path
Delay) is thus accounted for to produce the estimates of the
range. However, the asymmetry of the PTR is not considered
in the MLE4-based range nor the temporal evolution of this
asymmetry. Note that recent work has led to the development of a
numerical adaptive retracking solution for which the actual PTR
is numerically introduced in the algorithm (Thibaut et al., 2020,
2021). With this solution, all drifts or instabilities of the PTR
are thus « natively » accounted for (without any approximation),
which further improves the mean sea level stability. The adaptive
retracking is currently distributed in the Geophysical Data
Records of the Jason-3 mission. Note that the impact of the
retracking on the sea level uncertainties is relatively reduced and
this source of error has not been specifically identified in the
existing error budgets.

Calibration and Validation Activities
Calibration and validation (Cal/Val) activities (funded by the
space agencies) are essential to ensure the quality of the
Copernicus sea level products (previously known as “AVISO
products”) and in particular, the sea-level stability strongly relies
on these L2P activities. These activities include the assessment of
the instrument performances in order to detect any anomaly that
may affect the range estimates (Quartly et al., 2020). In addition,
the monitoring of all geophysical and environmental altimeter
corrections used to compute the sea level anomalies (Escudier
et al., 2017) is a vital part of the Cal/Val activities so that any drift
can be detected in the sea level observations. Indeed, some of the
geophysical corrections are one of the main contributors to the
altimeter sea-level rise uncertainty, such as the wet tropospheric
correction derived from the microwave on-board radiometers
(Legeais et al., 2014; Ablain et al., 2019). The Cal/Val activity is
of particular importance for the missions currently in operation
for which this activity is performed routinely.

Quality assessment of altimeter data can be performed
thanks to internal comparisons (analyses of performances at
crossover points between ascending and descending tracks)
and cross-calibration with other altimeter missions flying at
the same time. A third approach is to compare with external
independent measurements derived from numerical models or
in situ instruments. In particular, tide gages are extensively
used (Mitchum, 1998; Valladeau et al., 2012; Watson et al.,
2015) since they provide continuous high frequency sea level
measurements over long periods although they are only located
in the coastal ocean and the instruments are not homogeneously
distributed over the coasts (hemispheric bias, see for example
Prandi et al., 2015). Sea level dynamic heights derived from the
in situ temperature and salinity profiles from the global Argo
network are also of interest for Cal/Val activities (Valladeau
et al., 2012; Legeais et al., 2016). Indeed, even if the physical
content (steric height) cannot be directly compared to the
altimeter observations of the total water column, the in situ
observations can be used to detect geographically correlated
altimetry errors (like hemispheric biases or other regional biases)
and to assess the performances of orbit solutions at regional
scale, as illustrated on Figure 2 with the impact of an updated
orbit standard on the sea level regional consistency from Jason-
1 mission (see also Couhert et al., 2015). At last, absolute
calibration of the different altimeter missions is also performed
in different sites located along a few tracks of the satellites
(Watson et al., 2011; Mertikas et al., 2018; Bonnefond et al.,
2019). This also contributes to the quality assessment of the
altimeter MSL estimates.

L2P Altimeter Standards
The L2P altimeter data used as input to the DUACS production
system are homogeneous along-track datasets of validated sea
level anomalies for all past and present missions (see example
on the top panel of Figure 3). These products also include
all corrections used for the computation of these sea level
anomalies as well as a validity flag (spurious measurements
impacted by rain cells, sea ice or the coast are identified) and
inter-mission biases (see next subsection). These datasets are
key elements to ensure that the sea level ECV derived from
the Copernicus products follows as much as possible the GCOS
requirements.4 The L2P datasets used for the production of the
current version (vDT2018) of the delayed-time Copernicus sea
level products (Taburet et al., 2019) follow the recommendations
made by the sea level project of the ESA Climate Change
Initiative (SL_cci).5 Within this project, optimized altimeter
algorithms have been developed, tested and selected through
a dedicated “round robin” approach in order to improve the
homogeneity and stability of the sea level record. This led to
the production of a delayed-time gridded monthly sea level
product covering the period 1993–2015 (Ablain et al., 2015;
Quartly et al., 2017; Legeais et al., 2018). The L2P products
benefit from regular full reprocessing from space agencies (CNES
and EUMETSAT). They include the latest L2 reprocessing from

4gcos.wmo.int/en/essential-climate-variables/about/requirements
5climate.esa.int/en/projects/sea-level/
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FIGURE 2 | Sea Surface heights differences (cm) between Jason-1 altimeter data (cycles 1–355) and dynamic height anomalies derived from the Argo in situ
measurements (referenced to 900 dbar) computed with GDR-D (left) and GDR-E orbit solution (right), separating east box (Long: 60◦/120◦, Lat: –30◦/30◦, in red)
and west box (Long: –150◦/–190◦, Lat: –50◦/10◦, in blue). Corresponding annual and semi-annual signals are removed. Trends of raw data (dots) are indicated, and
the 2-month filtered signal is added (curves). The hemispheric trend bias is reduced from 2.32 to 0.1 mm/yr. Adapted from Legeais et al. (2016).

individual missions and the latest geophysical and instrumental
corrections recommended by the ocean science topography
community, aiming at providing unified and up-to-date datasets
for all past and present altimetry missions. The next version
(vDT2021) of the Copernicus L4 sea level products is derived
from the new 2021 release of the L2P product, produced by
CNES/AVISO (Lievin et al., 2020).

The Altimeter Reference Missions
The long-term stability of the sea level record is ensured by
the TOPEX-Poseidon, Jason-1, Jason-2, and Jason-3 reference
missions (and soon Jason-CS/Sentinel-6 MF mission). They
are thus essential for the computation of the sea level
trends (Ollivier et al., 2012; Ablain et al., 2015). They cover
the ± 66◦ latitude band and have a repeat cycle of 10 days.
Other complementary and opportunity missions (ERS-1, ERS-
2, Envisat, SARAL/AltiKa, HY-2A and 2B, Sentinel-3A and
3B, and CryoSat-2) are homogenized with respect to the
reference missions (with the reduction of the intermission
sea surface heights differences at crossover locations) (Ducet
et al., 2000; Pujol et al., 2016). These missions improve the
geographical sampling of mesoscale processes by improving the
spatiotemporal resolution, they provide high-latitude coverage
(up to± 82◦) and increase the sea level accuracy.

Another crucial step required to compute the long-term
sea level record is the reduction of the inter-mission biases at
the transition between two successive missions. During these
periods (e.g., between Jason-2 and Jason-3), calibration phases
are planned for a few months during which the two successive
satellites fly in tandem on the same ground track a few tens
of seconds apart and thus observe the same ocean, allowing
the computation of global and regional sea level biases between
both missions. Despite the available measurements during the
tandem phase, there are remaining uncertainties on these inter-
mission biases, which directly affect the uncertainty of the trend

of the GMSL evolution. The impact can reach 0.2 mm/yr of
uncertainty during a 25-year-long period (SL_cci CECR, 2016;
Zawadzki and Ablain, 2016; Guerou et al., 2020). Note that
the estimates of the inter-mission biases strongly depend on
the altimeter standards used in the sea level computation and
thus, they have to be computed every time reprocessed sea level
measurements are available.

L3 and L4 Production
In the context of the Copernicus activities, the DUACS system
is used for the operational production of the inter-calibrated
along-track (L3) mono-mission sea level products (ready to be
assimilated in ocean models) and the multi-mission merged
gridded 1/4◦ products (L4). After removing the biases between
the different missions, long wavelength errors (e.g., orbit errors)
are removed thanks to multi-mission crossover minimization
(Dibarboure et al., 2011) and remaining aliased short scale signals
are also filtered out (see middle of Figure 3). Measurements
from all missions are merged in the gridded products with an
objective analysis approach (Ducet et al., 2000; Le Traon et al.,
2003; see bottom of Figure 3). The present paper does not aim at
providing the details of the methodology related to the altimeter
processing and production system. Readers interested in more
information on the specification of the Copernicus altimeter sea
level products are invited to consult the product user manuals of
the respective Copernicus services (see Table 1 for the accesses to
the documentation) as well as Pujol et al. (2016) and Taburet et al.
(2019).

The delayed time DUACS products are regularly reprocessed
(every ∼4 years) in order to consider the latest progress
achievements in the upstream data (e.g., improved geophysical
corrections, homogenization of the time series, new retrackings,
etc.) and evolutions in the L3/L4 processing (e.g., improved
parameters of the mapping technique). Since the beginning of the
Copernicus service, the altimeter sea level Climate Data Record
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FIGURE 3 | Sea level anomalies L2P input data processed by the DUACS production system from Jason-3, CryoSat-2, HY-2A, Sentinel-3A, and SARAL/AltiKa
missions on 02/08/2028 (± 1 day) in the South-West Pacific Ocean (top). The corresponding along-track cross-calibrated L3 and merged L4 data are shown in the
middle and bottom panels, respectively.

has benefited from three consecutive full reprocessing, named
DUACS DT2010 (Dibarboure et al., 2011), DT2014 (Pujol et al.,
2016), and DT2018 (Taburet et al., 2019). Each version benefits
from regular temporal extensions (∼3 times per year) with the
production of the Interim Climate Data Record, to keep the time

series close to present time. This production is made possible
thanks to the availability of the upstream input L2P datasets
distributed by the different space agencies (see above).

The DUACS production system is regularly upgraded to
ensure the best quality of the products. Implementation of
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a fully reprocessed version usually requires evolutions of the
different processing parameters. System’s evolutions are also
required to ensure the routine production and take into account
the different changes in the constellation (see Figure 4): new
missions are introduced in the system while past missions are
deactivated, and specific evolutions may be required to avoid any
impact of measurements with a reduced quality on the DUACS
output products.

An extensive quality assessment is performed before
disseminating the products. A large spectrum of metrics are
used to check the sea level time series integrity (no missing
values; no corrupted file, etc.) as well as the quality of the various
parameters delivered. The validation approach is based on
different type of information, varying from the most simple
(e.g., along-track statistics of the different variables) to more
complex (e.g., statistics at altimeter cross-over positions),
implying independent measurements (e.g., tide gauges, drifters,
independent altimeter data not used in the processing) and other
internal data for validation purpose (see Table 1 for the accesses
to the quality information document and product quality
assessment report distributed by the Copernicus services).

THE COPERNICUS ALTIMETER SEA
LEVEL PRODUCTS AND OCEAN
MONITORING INDICATORS

The processing steps presented above are integrated in the sea
level production center of the Copernicus program, and we
present here the different sea level products available for the
users and discuss their maturity. They allow the estimate of
added-value ocean monitoring indicators (L4P) such as the mean
sea level evolution. The associated trend and acceleration are
presented, and we highlight the importance of the determination
of the associated uncertainties.

Two Copernicus Altimeter Sea Level
Products
The DUACS altimeter production system delivers two different
types of delayed-time sea level datasets. In the first one, all
the altimeter missions are processed to optimize the ocean
sampling at each moment, allowing the retrieval of a large
range of wavelengths, as required for ocean modeling and ocean
circulation analyses. This dataset is produced by the Copernicus
Marine Environment Monitoring Service (CMEMS).6 A second
sea level dataset focuses on the monitoring of the long-term
evolution of sea level for climate applications and the analysis of
ocean/climate indicators. This climate-oriented dataset ensures
the homogeneity and stability of the record (mainly based on
the ESA SL_cci legacy) and it is produced by the Copernicus
Climate Change Service (C3S).7 Numerous altimeter algorithms
are required for the sea level production, and it is complex to
ensure both the retrieval of high-resolution mesoscale signals and
the stability of the large-scale wavelengths. This has led to the

6marine.copernicus.eu/
7climate.copernicus.eu/

production and distribution of two altimeter sea level datasets
available for the users in the climate (C3S) and marine (CMEMS)
datastores (see Table 1 for accesses to the documentation and
data; note that the C3S sea level dataset is also distributed in
the CMEMS catalog). Both delayed-time datasets are available as
daily 1/4◦ global gridded files derived from optimal interpolation
and available from January 1993 with a ∼6 months timeliness.
Temporal extensions are provided ∼3 times per year and a
full reprocessing is performed every 4 years (the latest version
vDT2021 will be released in 2021). The same L2P input data
are used for both datasets and the main differences between the
CMEMS and C3S altimeter sea level datasets concern the two
following elements:

(i) The number of altimeters used in the satellite constellation:
all available altimeters are considered in the CMEMS products
whereas a steady number (currently two) of altimeters are
included in the C3S products (see Figure 4). Previous studies
(Pascual et al., 2006; Dibarboure et al., 2011) underscored the
necessity of a minimum of a two-satellite constellation for the
retrieval of mesoscale signals. The total number of satellites
strongly varies during the altimetry era and this varying number
has currently no impact on the global MSL estimate. However,
when focusing on a regional/basin scale, the introduction of a
new satellite in the constellation can be at the origin of some
bias in the MSL time series, affecting the stability of the sea
level record. To illustrate this, Figure 5 presents the impact of
the change of the number of satellites in the constellation in
the vDT2018 CMEMS dataset in terms of MSL averaged in the
Black Sea area. The MSL derived from the all-satellite merged
CMEMS product is compared to the MSL derived from the same
product where only two satellites are used in the computation of
the sea level anomalies, highlighting the impact of the number
of satellites considered. A 1.5 cm increase of the MSL difference
is observed in early 2012 (right axis, in red), corresponding to
the change from Envisat to CryoSat-2 in the two-satellite merged
dataset and to the Envisat mission termination (CryoSat-2 was
already included) and the change of Jason-1 from a repeat to
a drifting geodetic orbit in the all-satellite merged dataset (cf
Figure 1). The observed MSL differences (red curve, of the order
of± 1 cm) contribute to the uncertainties in the MSL trend value
[estimated here to be 0.3 mm/yr during the period (2009, 2016)
considered for this figure].

The risk of introducing a bias remains with the integration
of a future mission. This explains why a stable number of
satellites (two) has been preferred for the design of the C3S
product. Indeed, even if the spatial sampling is reduced with
less satellites, such a choice contributes to the MSL stability
(the bias introduction is more related to missions experiencing
a change of orbit and these missions are usually not included
in the C3S product). In the CMEMS product, the stability is
provided by the reference missions and the mesoscale errors are
reduced due to the improved ocean surface sampling thanks to
the use of all satellites available in the constellation. Note that
the varying number of satellites in the constellation also affects
mesoscale signals, especially the number of eddy detections
(Pegliasco et al., 2021). It is pointed out that both CMEMS
and C3S sea level datasets are of interest for eddy detection
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FIGURE 4 | Number of altimeter missions considered in the constellation of both CMEMS and C3S altimeter sea level datasets.

FIGURE 5 | Area-averaged mean sea level in the Black Sea: impact of the difference of constellation between the all-satellite merged dataset (CMEMS vDT2018, in
blue) and the corresponding dataset in a two-satellite merged configuration (in green), in terms of mean sea level in the Black Sea and their difference (in red, in cm).

and tracking application, depending on the final goal of the
study: the C3S dataset rather ensures a stability in the retrieved
mesoscale activity (EKE, number of detections through the time)
whereas the CMEMS dataset provides a higher resolution and
thus improved location and other characteristics (e.g., amplitude,
size, shape) of the eddies.

(ii) The reference field used to compute sea level anomalies: an
optimized reference field (mean along-track profiles of sea surface
heights) is used for missions with a repetitive orbit in CMEMS
to provide the best sea level estimates, especially in coastal areas.

The use of a mean profile is, however, not possible for all missions
(e.g., CryoSat-2, or more generally missions with a geodetic
orbit). In these cases, a gridded Mean Sea Surface must be used
and the merging of the sea level anomalies computed with the
two different methods can introduce large scale errors affecting
the MSL stability. Even if this has no impact on a global scale
(with respect to the uncertainty on an interannual timescale), the
MSL stability can be impacted on a regional scale. In the C3S
sea level product, the gridded mean sea surface is used for all
missions (as in the ESA SL_cci product), which can introduce
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errors at short wavelengths but ensures optimal estimates of the
large-scale signals.

Figure 6 shows the difference of MSL in the Black Sea area
between two altimeter datasets: they are both based on a stable
two-satellite merged constellation but one is computed with a
homogeneous mean sea surface reference field for all missions
(i.e., the C3S product) whereas a mix of reference fields is used
in the other dataset. Some jumps of up to 1 cm are observed
in the difference of area-averaged sea-level in the Black Sea,
corresponding to changes from a mission using a mean profile
of sea surface heights or a mean sea surface (introduction of
CryoSat-2 in 2011 and SARAL/AltiKa in 2013 and the change
of this latter mission to a drifting orbit in 2015). This illustrates
some remaining inhomogeneities between these two types of
mean references, which should be reduced in the next version
of the product (vDT2021). The associated impact in terms of
MSL trend reaches almost 0.5 mm/yr during a 15-year long
period [2002, 2016] (note that this impact varies according to the
period considered and the date of the events within this period).
Thus, the systematic use of a homogeneous reference field for the
computation of sea level anomalies of all missions contributes to
ensure the stability of the altimeter regional sea-level in the C3S
dataset. On the other hand, the use of mean sea surface height
profiles for repetitive missions remains of interest to increase
the accuracy of the product at short scales (as requested for
the CMEMS dataset).

Product Maturity
The production of these sea level datasets (previously known
as “AVISO products”) is mature enough to be implemented
operationally within the E.U. Copernicus services. However, the
operational production requires some good practices in order to

ensure the quality of the service for a vast range of users. Among
its wider activities, the World Meteorological Organisation
(WMO) fosters collaboration to develop technical guidance and
standards for the collection, processing and management of data
and forecast products. Part of this process aims at providing a
tool that enables data providers to assess and rate their datasets
quantifiably based on internationally validated data stewardship
best practices. A dedicated stewardship maturity matrix is used
to evaluate if the production of a data record follows best
practices for specific aspects and facilitation of usage (with a
maximum grade of 5). The tool is an essential part of ensuring
and improving the way datasets are documented, preserved, and
disseminated to users (Peng et al., 2019; Dunn et al., 2021). It
also enables data providers to determine a roadmap for future
development and improvement, as well as compare their process
against other data providers. Note that the maturity assessment is
only related to aspects of process maturity and does not guarantee
the scientific reliability of a given climate data record.

The WMO stewardship maturity matrix has been used to
assess the altimeter sea level Climate Data Record produced and
distributed by C3S (Dunn et al., 2021). In terms of “Data Access”
(ability to find and obtain the dataset), the grade is 5 for the
“Discoverability” aspect since the dataset is searchable and easily
available through the online institutional C3S catalog and 4.5
for “Accessibility” due to the Climate Data Store interface and
the associated toolbox (no spatial subsetting is possible when
downloading the data and all variables have to be downloaded
together). Regarding the “Usability and Usage” (easy to use and
impact of its usage), the attributed grade for “Data Portability” is
4.5 since the data are distributed as NetCDF (Network Common
Data Form) files, compliant with the Climate and Forecast
(CF) convention, but no other format is available. A grade

FIGURE 6 | Area-averaged mean sea level in the Black Sea computed with two-satellite merged gridded global datasets including a homogeneous mean sea
surface reference field for all missions (in green) and a combined use of a mean sea surface and mean profile of sea surface heights for missions with a drifting or
repeat orbit, respectively (in blue). The difference between both regional mean sea level is shown in red (y-axis on the right, in cm).
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of 5 is given for “Documentation” and “Usage” aspects since
the dataset is fully documented and has been referenced in
international climate assessment and published reports. In terms
of “Quality Management,” the quality assurance procedure is
fully documented with an additional independent evaluation
and quality control performed by the Copernicus service. Target
requirements and a detailed gap analysis are available, and
details of the error budget have been published in peer-reviewed
journals, leading to a grade of 5 for both “Quality Assurance
and Assessment” aspects. The same grade of 5 is given for
“Data Integrity,” which is systematically verified with a standard
approach to ensure that the distributed data are the same as
the initial data files. Finally, regarding the “Data Management”
category, a grade of 4 is attributed for “Data Preservation”
since the data are distributed on an institutionally maintained
platform and are archived following a defined and implemented
procedure which agrees with community standards. A grade of
5 is given for both “Metadata” and “Governance” aspects since
the dataset is distributed with comprehensive metadata, detailed
documentation and versioning system, and governance aspects
are well-defined within the E.U. Copernicus programme and are
compliant with international standards.

Mean Sea Level Indicators: Key
Information for Adaptation and
Mitigation Strategies
As presented earlier, the GMSL is a key ocean monitoring
indicator that can be derived from satellite altimetry. It can
either be computed by directly averaging the validated along-
track data of the reference missions (as distributed by AVISO; see
also Ablain et al., 2017)8 or averaging the multi-mission merged
gridded Copernicus datasets (as distributed by Copernicus).9 The
associated GMSLs are considered to be identical since the same
altimeter standards are used to compute the sea level anomalies,
and the long-term stability is ensured by the same reference
missions. The remaining observed GMSL differences are not
significant given the uncertainty considered on different scales
(Ablain et al., 2015, 2019; Prandi et al., 2021).

The GMSL shows a significant rise over the 26-years of
altimetry data record (1993–2021) of + 3.1 ± 0.4 mm/yr
(at the 90% confidence level) (Figure 7; WCRP Global Sea
Level Budget Group, 2018; Ablain et al., 2019). This means
that over these 26 years, the sea level has risen by ∼8 cm on
average, globally. At the regional scale, the SLR distribution
ranges between 0 and 6 mm/yr (Figure 8), with uncertainties
ranging from ± 0.8 to ± 1.2 mm/yr depending on the location.
On the overall, sea level is rising almost everywhere over the
globe (Prandi et al., 2021). Not only is the sea level rising,
but it is accelerating (Dieng et al., 2017; Nerem et al., 2018;
Ablain et al., 2019). This acceleration has been quantified at
0.12 ± 0.06 mm/yr2 (90% confidence level) at the global scale
(Ablain et al., 2019) once the TOPEX/Poseidon drift is empirically
corrected for (WCRP Global Sea Level Budget Group, 2018).

8www.aviso.altimetry.fr/en/data/products/ocean-indicators-products/mean-sea-
level.html
9marine.copernicus.eu/science-learning/ocean-monitoring-indicators/catalogue/

At regional scales, the sea-level accelerations range between
−1 mm/yr2 and + 1 mm/yr2 with uncertainties between 0.057
and 0.12 mm/yr2 (Prandi et al., 2021). A strong added value to
the sea-level ECV is the provision of its uncertainties. They are
essential to characterize the reliability of the observing systems
and avoid misinterpretation of signals that could potentially
come from observational errors. Quantifying the error at each
level of the observational systems (instrumental, processing)
is a difficult task and has been addressed by any group. An
alternative approach based on error budgets has been proposed
by Ablain et al. (2019) at the global scale, and recently adapted to
the regional scale by Prandi et al. (2021). Such approach allows
to specify a posteriori the different sources of errors contained
in the data records. Different types of errors are provided such
as inter-mission biases, correlated errors at different time scales
(typically 2-months, 1 and 5 years), and linear drifts (orbits,
ITRF, GIA). A variance-covariance matrix has been derived from
this error budget and, combined with an ordinary least square
estimation method to derive uncertainties on the trend and
acceleration of sea level (see Ablain et al., 2019; Prandi et al.,
2021 for more details).

REMAINING GAPS AND
RECOMMENDATIONS

As mentioned in the last IPCC report (chapter 4 of IPCC,
2019), the knowledge of the GMSL estimate as well as the
determination of the regional and coastal sea level changes are
of major importance for understanding SLR, validating climate
model simulations of past and future SLR and for societal
applications. In this section we identify the remaining gaps so
that the sea level ECV products keep on answering the users
needs and contributes to support public policies to adapt to and
mitigate SLR. The first key element is to ensure the continuity
of the sea level record. In terms of observing system, the long-
term production of the Copernicus altimeter sea level products
relies on the continuity of the Copernicus satellite missions. This
continuity of altimeter measurements is essential for climatology,
oceanography, hydrology and also marine glaciology. Sentinel-
6A MF will be soon used as a reference mission (ensuring the
stability of the record) and in the future, Sentinel-3C, 3D and
Sentinel-6B as well as the SWOT prototype will be launched
before 2025. However, most other missions are expected to reach
their end of life before this date (CryoSat-2, HY-2A, B and C,
Jason-3, Sentinel-3 A and B, CFOSat), which makes the future
of the altimeter time series uncertain. Only Sentinel-3 Next
Generation (NG) mission (after 2025) and Sentinel-6 NG mission
(after 2030) are planned to be launched (and probably the HPCM
Cristal mission, providing an improved resolution and spatial
coverage at high latitudes). It is thus of major importance that
these future Sentinel NG missions are launched to guarantee
the long-term continuity of the sea level measurements and that
Sentinel-6 NG flies on the same orbit as its predecessors so that
the climate continuity is provided. A second major objective is
to maintain the homogeneity and consistency of the altimeter sea
level record. This requires the reprocessing of the past missions so
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FIGURE 7 | Global Mean Sea Level derived from the altimeter C3S multi-mission gridded sea level product (DUACS vDT2018) from January 1993 to June 2020. The
global average is derived from box-averaged gridded sea level maps weighted by the cosine of the latitude. The timeseries is low-pass filtered, the annual and
semi-annual periodic signals are adjusted. The curve is corrected for TOPEX-A instrumental drift during 1993–1998 (WCRP Global Sea Level Budget Group, 2018)
and is corrected for the GIA effect. Quoted uncertainties are within a 90% confidence level (adapted from Ablain et al., 2019).

FIGURE 8 | Regional distribution of the trends of the satellite altimeter sea level observations (in mm/yr) from January 1993 to June 2020. The trends are derived from
the altimeter C3S multi-mission gridded sea level product (DUACS vDT2018). The trends are not corrected for the TOPEX-A instrumental drift nor for the GIA effect.

that they remain up-to-date by space agencies (e.g., the on-going
TOPEX-Poseidon L2 reprocessing by CNES/JPL) and the use of
homogeneous algorithms for all missions (e.g., ERA-5 forcing
for atmospheric altimeter corrections in the CNES 2021 L2P
reprocessing) with adequate inter-mission calibration.

Another crucial element is to reduce altimeter sea level
errors and to better characterize the associated uncertainties.

Indeed, the GMSL estimate provides an essential source of
information for several key questions of the World Climate
Research Programme such as the detection and attribution of
the sea level forced response to climate change, the detection
of changes in the contributions to SLR (e.g., acceleration in
ice mass loss, terrestrial water storage evolution, etc.; see IPCC,
2019), the detection of potential new contributions to SLR (e.g.,
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the permafrost thawing, decrease of persistent snow cover or
the increase of water vapor content, etc.; see WCRP Global
Sea Level Budget Group, 2018), or the estimates of the energy
imbalance at the top of the atmosphere that is responsible for
climate change (Meyssignac et al., 2019). Different amplitudes
and time scales are involved in these different physical processes.
The current GCOS requirement on the stability of the GMSL
(of ± 0.3 mm/yr over a decade) is probably enough to detect
the current total GMSL rise and acceleration due to greenhouse
gases (GHG) emissions but it is not enough to detect a potential
contribution of the permafrost thawing or to help understand
the change of Earth energy imbalance during Hiatus periods
(of the order of 0.1 W.m−2 over 15 years; see Hedemann
et al., 2017), which will rather require a ± 0.1 mm/yr accuracy
over a decade (Meyssignac et al., 2019). On time scales longer
than a decade, the acceleration and the trend in forced sea
level may change in response to climate change mitigation
policies. These evolutions are slow and may not exceed a few
tenth of mm/yr over 20-year windows (see the difference in
SLR between the RCP2.6 scenario and the RCP 8.5 scenario
along the twenty-first century in IPCC, 2019). If we want to
monitor these changes to support mitigation policies we will
need an accuracy of the order of ± 0.1 mm/yr over 20-year
windows which is beyond the current GCOS requirements.
Reaching such a level of accuracy is a major challenge and we
will have to make the most of future altimeter missions to go
in this direction.

At regional scale, the accuracy in the altimeter SLR estimates
is above ± 1 mm/yr over 10 years for regions of 1,000
square km and larger (Prandi et al., 2021). This is clearly
not sufficient because the expected sea level signal forced by
the anthropogenic GHG emissions is at the level of [0.5–0.8]
mm/yr over 10 year and longer time scales for regions of 1
000 square km and larger (see for example Palanisamy et al.,
2015; Fasullo and Nerem, 2018). Thus, the detection of the
regionally forced signal requires the reduction of all sources of
uncertainty in sea level estimates below this level of 0.5 mm/yr
over regions of 1,000 square km. In order to reduce the
uncertainty due to the altimeter instrument, Ablain et al. (2020)
have suggested to plan a second 2 to 3 month tandem calibration
phase (approximately 1.5–2 years after the first tandem phase)
between Jason-3 and Sentinel-6A. Simulations show that this
second tandem phase would allow linking the MSL from both
missions with an accuracy below ± 0.5 mm/yr regionally and
thus identify any issues or error between missions that lead
to higher signals.

Another remaining gap is related to the improvement of the
sea level estimates in some key regions. In ice-covered areas
at the poles, the uncertainty on the sea level estimates remains
relatively high due to the deteriorated conditions of retroflexion
of the radar echo. The efforts made to better retrieve the sea
level evolution in these regions should be encouraged to better
understand its contribution to the global SLR. In coastal areas, it
remains unclear if the sea level increases at the same rate as the
SLR as seen by altimetry in the open ocean. The Climate Change
Initiative Coastal Sea Level Team (2020) suggests that global
gridded sea level products provide enough information to assess

coastal sea level trends but this is not the case in some specific
sites. More studies are required on the altimeter sea level products
to understand the different processes involved in coastal SLR. At
the coast, the altimeter observing system provides the sea surface
height of the total water column whereas the information of
interest is rather the sea level relative to the shore (Wöppelmann
and Marcos, 2016). Indeed, vertical land motions remain the
main source of uncertainty in the relative sea level and efforts
should be made on their improved characterization involving
available information (tide gauges and GNSS measurements,
InSAR technique). The risk assessment at the coast related to SLR
is also made more difficult due to the complexity to determine
a common reference level between digital elevation models over
land and the mean sea surface reference level. The relative sea
level is a combination of the global MSL, the regional variability
and the result of small-scale processes (shelf currents, changes
in wind and waves, modification of the sea water density due
to freshwater input from estuaries etc.). Additional observations
(from in situ networks) and high-resolution models would be
a great asset to contribute to the understanding of all these
processes and their impact on the coastal sea level changes.

Working on solutions to face the rising MSL challenges
a wide range of disciplines (e.g., climate science, geosciences,
social sciences). Scientists are working on estimating the
local impacts of sea-level rise at the shore to help policy
makers define mitigation and/or adaptation strategies. As the
impacts and adaptation needs are a response to relative SLR
including vertical land movements (rather than global SLR),
they require the knowledge of all processes involved at the
coast, and the potential of all techniques (as the ones listed
earlier) should be optimized in interaction with other expert
communities. Understanding the processes and assessing the
societal consequences remains difficult due to the partitioning of
the research community and an integrated and interdisciplinary
approach is thus needed (see for instance the JPI 2020
Knowledge Hub on SLR,10 and the Copernicus support to public
policies).11 In addition, engagement with coastal stakeholders
and showcasing the already existing Earth observation products
and associated services should be strengthened to enhance
these products and further improve decision making (see for
instance the CEOS Coastal Observations, Applications, Services,
and Tools).12 Satellite measurements are of major interest to
provide concrete evaluation of the impact of climate change on
coastal territories in various areas such as flooding, bathymetry
and coastline mapping, coastal eutrophication, turbidity and
sedimentation. Today, these satellite Earth observations provide
the framework that further allow the elaboration of adaptation
strategies and efforts should be made so that adaptation decisions
can be directly supported by these observations. This is one
of the objectives of the CLS/CNES Space Climate Observatory
“Littoscope” project, which investigates the capacity of satellite-
derived high resolution Digital Elevation Model (DEM) to be
used in climate modeling studies or early warning tools, in

10www.jpi-climate.eu/joint-activities/sealevelrise.knowledgehub
11marine.copernicus.eu/support-public-policies/
12earthobservations.org/geo_blog_obs.php?id=521
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combination with the Copernicus altimeter regional sea level
trends to help in the anticipation and mitigation of coastal
flood hazards. The risk assessment is made further possible
by crossing the hazard intensity with social, economic, natural
and cultural exposures derived from a multi-sources approach
(datasets from geographical information systems combined with
land use information derived from HR optical satellite imagery).
In the near future (∼5 years), depending on the accuracy
of the satellite-derived information (DEM, regional sea level
changes, etc.) and considering the associated uncertainties, such
an approach will contribute to the development of adaptation
strategies to SLR.
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