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Abstract

In 2018 we celebrated 25 years of development of radar altimetry, and the progress achieved by this methodology in the fields of glo-
bal and coastal oceanography, hydrology, geodesy and cryospheric sciences. Many symbolic major events have celebrated these devel-
opments, e.g., in Venice, Italy, the 15th (2006) and 20th (2012) years of progress and more recently, in 2018, in Ponta Delgada, Portugal,
25 Years of Progress in Radar Altimetry. On this latter occasion it was decided to collect contributions of scientists, engineers and man-
agers involved in the worldwide altimetry community to depict the state of altimetry and propose recommendations for the altimetry of
the future. This paper summarizes contributions and recommendations that were collected and provides guidance for future mission
design, research activities, and sustainable operational radar altimetry data exploitation. Recommendations provided are fundamental
for optimizing further scientific and operational advances of oceanographic observations by altimetry, including requirements for spatial
and temporal resolution of altimetric measurements, their accuracy and continuity. There are also new challenges and new openings men-
tioned in the paper that are particularly crucial for observations at higher latitudes, for coastal oceanography, for cryospheric studies and
for hydrology.

The paper starts with a general introduction followed by a section on Earth System Science including Ocean Dynamics, Sea Level, the
Coastal Ocean, Hydrology, the Cryosphere and Polar Oceans and the “Green” Ocean, extending the frontier from biogeochemistry to
marine ecology. Applications are described in a subsequent section, which covers Operational Oceanography, Weather, Hurricane Wave
and Wind Forecasting, Climate projection. Instruments’ development and satellite missions’ evolutions are described in a fourth section.
A fifth section covers the key observations that altimeters provide and their potential complements, from other Earth observation mea-
surements to in situ data. Section 6 identifies the data and methods and provides some accuracy and resolution requirements for the wet
tropospheric correction, the orbit and other geodetic requirements, the Mean Sea Surface, Geoid and Mean Dynamic Topography, Cal-
ibration and Validation, data accuracy, data access and handling (including the DUACS system). Section 7 brings a transversal view on
scales, integration, artificial intelligence, and capacity building (education and training). Section 8 reviews the programmatic issues fol-
lowed by a conclusion.
© 2021 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).

Keywords: Satellite altimetry; Oceanography; Sea level; Coastal oceanography; Cryospheric sciences; Hydrology

1. Introduction and its achievements, an analysis of the current situation,
of the evolution of scientific issues, and of the technological

The conclusions and recommendations presented in this  perspectives. The construction of the satellite radar altime-
paper are based on an analysis of the history of altimetry  try constellation (Fig. 1), its well-established successes and
contributions to scientific advances in ocean dynamics are
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Fig. 1. Altimetry Satellites Timeline.

the requirements for an observing system exploiting radar
altimetry. They marked milestones in requirements for pro-
gresses of Radar Altimetry and advised on a roadmap for
future progresses. This paper is written in the same spirit
with the same goals. The present altimetric system has
exceeded expectations not only for monitoring and under-
standing ocean circulation at mesoscales and larger, but for
the fulfillment of stringent requirements of observing glo-
bal sea level rise and its acceleration. It has even proved
to be a valuable observational tool for other components
of the hydrosphere (ice, rivers, lakes and wetlands) as well
as for other variables (e.g. wind, sea state) and compo-
nents. The level of accuracy and precision needed have lar-
gely evolved from the early beginning until now and
strongly depends on the type of scientific studies. As an
example, for the mean sea level rise, Nerem (1995) recom-
mended at least 1 mm/yr and now Ablain et al. (2019) rec-
ommend 0.3 mm/yr (over a decade) and even begin to give
an estimation of the current uncertainty on the accelera-
tion. Another example, in terms of spatial resolution, while
TOPEX/Poseidon mission (Stammer and Wunsch, 1994)
was focusing on circulation of large scale (more than
100 km) the SWOT mission will resolve small spatial scales
down to 15-30 km (Morrow et al., 2019). And last but not
least is the level of improvement from Smith and Sandwell
(1994) to Sandwell et al. (2021), which is related to the geo-
physics and impacts the dynamic topography determina-
tion. In this paper we have chosen to not give exact
numbers for the requirements but have preferred to cite
recent publications that deal with such numbers.

The international constellation of satellite altimetry thus
became a key element of the global ocean observing system
(Fu and Cazenave, 2001; Stammer and Cazenave, 2018).
The instrumental performances and the orbital reference
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accuracy have improved very significantly over time and,
with the new missions, the instrumental error is now higher
(<20 mm) than the radial orbit error (<10 mm) (Fig. 2).
Satellite altimetry has provided the foundation for prod-
ucts of many marine service programs, for monitoring
the cryosphere and, with more difficulty but still tangible
achievements, for inland water and coastal zones, alto-
gether benefiting society and science. In addition to provid-
ing data that have enabled scientific advances, altimetry is
also distinguished by a mode of organization in the design
and distribution of data, and by outstanding international
cooperation through the development of applications, par-
ticularly related to operational oceanography, coastal
ocean and hydrology monitoring and in several cases ice
sheet and sea-ice monitoring. The excellent cooperation
between the European and US scientific communities has
been a key factor, and the long-running Ocean Surface
Topography Science Team (OSTST) (https://sealevel.
jpl.nasa.gov/science/ostscienceteam/) is testimony to this
cooperation as well as the Mission Advisory Groups
(MAG) and the Calibration/Validation teams. In the more
recent years, very fruitful cooperations with India and
China through the development and exploitation of satel-
lite missions (SARAL/AltiKa, HY-2A&B, CFOSAT) have
enabled and increased fruitful exchanges in our scientific
communities.

Every five years the community celebrates the advance-
ment of radar altimetry with an international symposium
that extends the yearly OSTST meetings. They took place
in Venice, Italy, for the 15th (2006) and 20th (2012) years
of progress and in 2018, the 25 Years of Progress in Radar
Altimetry Symposium was held in Ponta Delgada, Azores,
Portugal. The community is large and thematically very
broad. For example, at the last symposium, nearly 500 sci-
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Fig. 2. Time evolution of the altimetry errors: (light grey) radial orbit error and (dark grey) instrumental error (including corrections). The red line

illustrates the average level of ocean variability.

entists, engineers and managers came to Ponta Delgada
from 28 countries worldwide, submitting papers with more
than 1000 authors and co-authors. On this occasion it was
decided to collect all the contributions of the scientists,
engineers and managers to give the state of altimetry and
to propose recommendations for the altimetry of the
future.

This paper summarizes those contributions and recom-
mendations, and provides guidance for future mission
design, research activities and sustainable operational
radar altimetry data exploitation. The paper is organized
as follows. Firstly in Section 2, the various scientific fields
are discussed with their own objectives and priorities for
the development of satellite altimetry. In Section 3, recom-
mendations are proposed with regard to the main opera-
tional fields of altimetry applications. Section 4 discusses
instrumental developments and technological evolutions.
Section 5 provides detailed discussion of the data obtained
from altimetry, the processing of these data and Section 6
focuses on the additional observation data necessary for
the processing and/or corrections of altimetric data. In Sec-
tion 7 the interdisciplinary activities between the different
fields of scientific and operational applications are dis-
cussed. Section 8 discusses the programmatic dimension
of altimetry satellite missions as it relates to space agencies
and operators. Finally a conclusion is offered in Section 9.

2. Earth system science

Altimetry was first used for open ocean observations.
With time, interest in altimetric data expanded to other
areas of science. The so-called ‘““New frontiers of altimetry”
(https://tinyurl.com/NewFrontiersAltimetry) today
encompass coastal oceanography, the cryosphere, inland
water hydrology, and climate — all beyond the initial and
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traditional mission objectives of open ocean investigations.
As climate underlies and motivates many scientific studies
in the field of Earth Sciences, more and more attention is
being devoted to studying Essential Climate Variables
(ECVs). The surface ocean ECVs, as identified by the Glo-
bal Climate Observing System (GCOS), are listed in Annex
A. Altimetry underpins five of them: Sea level, Sea state,
Sea ice, Ice sheets, Surface current as well as Lake and
River level changes. Moreover, the altimetric measurement
reflects internal adjustments of the ocean, and as such, pro-
vides observations of processes beyond just the surface.
Viewing the Earth as a system of integrated processes,
and thinking in both multi- and cross-disciplinary ways
are important steps for the evolution of altimetry and its
future applications.

2.1. Ocean dynamics

One general issue for oceanography is to improve our
knowledge of the role of the ocean in the Earth climate sys-
tem. To reach this objective it is needed to monitor, under-
stand and predict the ocean’s evolution in order to analyze
the impact of mitigation measures and to implement
appropriate adaptation policies. Satellite altimetry has sub-
stantially advanced understanding of the oceans by provid-
ing unprecedented observations of the surface topography
at scales larger than ~200 km, thus, increasing our knowl-
edge of global ocean circulation (Fig. 3), from the role of
mesoscale eddies in shaping this ocean circulation, up to
global sea level rise (Fig. 4) (Cazenave et al., 2018; Fu
and Le Traon, 2006; Morrow and Le Traon, 2012). One
of the challenges for modern oceanography is to facilitate
observations of ocean dynamics at smaller, faster scales
(Klein et al., 2019). Recognizing the essential role of small
scales (from mesoscales to submesoscales) on ocean
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Fig. 3. Comparison of the standard deviation (in cm) of the sea surface height derived from the simulation of an ocean general circulation model (upper
panel) and altimeter data (lower panel). The model was developed by a group at the MIT with eddy-permitting horizontal resolution of 18 km. The
simulation was performed for the period of 1992-2006. The altimeter data were taken from the same period of time. See Fu (2009).

dynamics, as well as their impact on biological productivity
of marine ecosystems, is one of the major advances of
recent years in oceanography. It goes hand in hand with
the development of global and regional models with a kilo-
metric resolution and their coupling with coastal models
(Siegel et al., 1999; Guo et al., 2019).

Among the various scientific priorities put forward by
the oceanographic scientific community, there is a lot of
interest in using altimetry to observe the ocean mesoscale
and submesoscale circulation at spatial resolutions of
15 km and larger, providing the missing link for ocean
dynamics between 15 and 200 km for climate studies.
Resolving two-dimensional details of the ocean circulation
is essential for improving the understanding of the ocean
circulation, since these smaller scales are critical in driving
the vertical transfer of heat, carbon, and nutrients and
many other properties of the ocean (Mahadevan et al.,
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2020; Ruiz et al., 2019). It is not just that global observa-
tions at these scales are lacking: these smaller processes
are only parameterized in climate models, which in turn
need validation with observations for both parameteriza-
tions and model output. Resolving finer scales was already
a goal of several altimetric missions, such as the Jason and
Sentinel-3 series and SARAL/AItiKa, and this is even more
crucial with the future wide-swath SWOT mission
(Morrow et al., 2018; Morrow et al., 2019). There is a
strong interest in the community for a better understanding
of the ocean’s vertical and horizontal structure and veloci-
ties, to address not only the high resolution satellite and
in situ observations, but also their relationship to the cli-
mate record (Mulet et al., 2021; Knudsen et al., 2021).
Observing the small scales is also crucial for understanding
the ocean’s energy budget, and the exchange of energy
occurring between the large scale circulation, the mesos-
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Fig. 4. Global mean sea level from satellite altimetry over 1993-2020. Data from the ESA Climate Change Initiative Sea Level Project until December
2015 (black curve, Legeais et al., 2018), extended by the Copernicus C3S data until 9 March 2020 (blue curve) and Near Real Time data from Jason-3 until
16 June 2020 (red curve). The thin black curve is a quadratic function fitted to the data to represent the acceleration (+0.10 +/- 0.02 mm/yr2). The
TOPEX-A drift and GIA (Glacial Isostatic Adjustment) corrections have been applied.

cales, down to the smallest scales of ocean mixing and dis-
sipation for the global ocean. Satellite altimetry does not
provide a direct observation of these dissipative scales,
but can observe regions of rapid change in energy where
mixing may be important and, therefore these are ideal tar-
get sites for intense studies and parameterization develop-
ment. Clearly dissipation and mixing are not only an
open ocean consideration, but includes observing the
coastal and regional seas and high latitude oceans. Recent
altimetric observations and high-resolution models have
also revealed that “unbalanced” dynamics such as internal
tides and waves can mask the sea surface height signature
of “balanced” motions such as eddies and currents, espe-
cially at high wavenumbers (Richman et al., 2012; Rocha
et al., 2016; Tchilibou et al., 2018). This dynamical interac-
tion has important implications for the ocean’s energy bud-
get, and will be a key subject of research in the coming
years.

Overall, the scientific priorities are to better understand
the dynamical interactions between motions of different
horizontal scales and vertical structures, and of different
dynamical origins (e.g., balanced vs. unbalanced motions)
and how they impact on the ocean energy budget, on the
oceanic transport of mass and tracers, on mixing and dissi-
pation, on the ecosystem and on water mass evolution.

The most general recommendations by the ocean
sciences community for the future of altimetry are (i) to
continue current capabilities but also to sustain and
improve existing observations, and (ii) to better observe
the global open ocean at finer space and time scales, but
also extend observations into the coastal and high-
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latitude oceans, including the capacity to observe the tides
and internal tides. Beyond these general recommendations,
the usefulness of long ocean reanalyses which provide
insight to interannual variations (Artana et al., 2019) must
be mentioned. The 25-year-long GLORYS12 reanalysis
has shown definite skills when compared to non-
assimilated in situ mooring data in Drake Passage for
example (Artana et al., 2021). The necessary evaluation
of operational models and reanalyses with non-
assimilated data should be stressed. Many of these recom-
mendations will be supported in other areas of this paper.

Some specific statements and recommendations for the
open ocean dynamics concern the good coverage of all
scales and their interactions:

— As interests range from large to smaller mesoscales and
submesoscale, no single measurement is likely to be suf-
ficient. Multi-platform in situ measurements, multi-
satellite and SAR and SAR-interferometry altimetry
are all required. As much as possible, for these observa-
tional efforts, in situ and remote should be coordinated;
In the smaller mesoscale and submesoscale range, bal-
anced and unbalanced motions co-exist. Theoretical,
statistical and numerical model-based approaches are
synergetically needed to disentangle them. However,
these must be supported by well designed field experi-
ments for in situ data collection, and those guided by
remote data;

As the horizontal length-scales decrease, the vertical cir-
culation becomes increasingly important. Evaluating the
vertical circulation that is constrained by in situ and
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high-resolution Sea Surface Height (SSH) measurements
is important for ocean dynamics, climate (heat and car-
bon uptake) and biology.

2.2. Sea level

The present space observation system has, in all likeli-
hood, exceeded the expectations for not only ocean circula-
tion at mesoscales and greater, but also the more stringent
requirements for determining global sea level rise and its
acceleration (Fig. 4). The present rate of acceleration is
detected with 99% confidence (Cazenave et al., 2018;
Ablain et al.,, 2017, Nerem et al., 2018; Veng and
Andersen, 2021). This is a good indication that the present
observing system has reached maturity and exceeded its per-
formance requirements. Another good indication is that the
sea level budget is now closed on decadal and longer time
scales with an uncertainty < 4+ 0.3 mm/yr ((Ablain et al.,
2019), The WCRP sea level budget group). This accuracy
in closing the sea level budget has opened recently new
science perspectives for altimetry. Indeed, it is now possible
to combine satellite altimetry with space gravimetry data
from GRACE to estimate the ocean steric sea level and fur-
ther derive estimates of the ocean heat content changes with
an uncertainty < 0.4 W/m? (Meyssignac et al., 2019). This
new estimate of the global ocean heat content place a strong
constraint on the Earth energy imbalance estimate on inter-
annual and longer timescales. This is because 91% of the
heat excess caused by the Earth Energy Imbalance (EEI)
is accumulated in the ocean in the form of ocean heat con-
tent changes (von Schuckmann et al., 2020). With this new
constraint it is now possible to use satellite altimetry data to
study the Earth energy budget and analyse the Earth energy
cycle at annual and longer time scales (e.g. Meyssignac
et al., 2019; L’Ecuyer et al., 2015).

Current global mean sea level (GMSL) rise is accelerat-
ing in accordance with the acceleration of land-ice melt,
and is very likely a consequence of anthropogenic global
warming, due to increased atmospheric levels of green-
house gases. Global mean sea level will continue to rise
during the 21st century and beyond, in response to global
warming (global mean rise of more than 1 m by 2100 not
unlikely). The regional variability will amplify the global
mean rise by about 20% in the tropics and some other
regions, such as the eastern coast of North America
(Oppenheimer et al., 2019). In some cases, this regional
sea level rise can be up to 3 times the global mean, for
instance in the western tropical Pacific (Ablain et al.,
2017). Even if greenhouse gas emissions stop tomorrow,
sea level will continue to rise for several centuries. There
are also, however, several remaining unknowns like: How
quickly the ice sheets will melt? Whether abrupt and irre-
versible ice sheet mass loss will occur? And whether sea
level at the coast is rising at the same rate as in open oceans
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(Marti et al., 2021)? The accuracy of GMSL estimates also
depends on the satellite constellations used for the calcula-
tion as well as on the calculation method itself
(Scharffenberg and Stammer, 2019). Meridional sampling
limitations due to the satellite orbit inclination are a funda-
mental constraint on the accuracy level of GMSL esti-
mates. Best GMSL estimates can be derived by a
multimission satellite constellation with complete merid-
ional extend.

Three key challenges in sea level science for the next dec-
ade are: (i) to determine the response of the Greenland and
Antarctic ice sheets to continuing global warming and their
contributions to future sea level rise (Ludwigsen and
Andersen, 2021), (i) to estimate absolute, but most impor-
tantly relative coastal sea level changes, worldwide, and
study impacts of sea level rise in highly vulnerable coastal
zones and (iii) improve the accuracy in sea level and the
consistency with space gravimetry data to derive more pre-
cise constraints on the EEI estimates and on the global
energy budget. Indeed, the level of the ocean can also
change because the underlying land is rising or falling with
respect to the ocean surface. Such relative sea level change
usually affects a local or regional area, and in numerous
cases, is actually outpacing the rate of sea level change.

The primary requirements that are advocated for sea
level science are:

— A long and accurate global and regional sea level record
for climate studies which implies sustained altimetry
missions, and continuing Research and Development
(R&D) activities to feed operational production of sea
level (e.g., the Copernicus Marine and Climate Change
Services in Europe, https://www.copernicus.eu/en).
Extending the ocean altimetry data record beyond 4 dec-
ades should be an objective. A key aspect is to maintain
a high accuracy reference mission following Jason-3 and
Sentinel-6;

The continuity of the measurements is essential, not only
the continuity of altimetry but also of the other observ-
ing systems that accompany altimetry (Argo, deep Argo,
GRAUCE, etc.) and all geodetic data (DORIS, SLR or
GNSS data) needed to improve the orbit of altimeter
satellites and the geophysical corrections applied to
altimeter measurements;

The regular assessments of closure of the sea level bud-
get at global and regional scales. Uncertainty estimates
on regional sea level and on regional sea level trends
are still lacking to improve this closure. It includes the
uncertainties that are estimated through comparison
with other observing systems such as tide gauges
(Watson et al., 2021). Improving the comparison
between tide gauges and altimetry likely requires equip-
ping more tide gauges with GNSS positioning, in order
to achieve higher accuracy, and to improve the relative
sea level trends estimations;
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Fig. 5. Monthly mean surface current speed (m/s, March 2015) from the Met Office 1.5 km resolution North-West European Shelf operational ocean
forecasting system (AMM15, Tonani et al., 2019). The impact of assimilating the standard 1 Hz SLA product is shown (middle-left) compared to no
altimeter assimilation (left) and using the experimental 5 Hz product (middle-right), along with the lower-resolution (0.25°) GlobCurrent v3.0 (Rio et al.,
2014) observation-derived current products (right). The resolution of the 5 Hz data is better matched to the model resolution and further development of

the assimilation system should allow better use of these observations.

— It is also essential to improve the sea level record at the
coast using different techniques to study coastal impacts
(see also Section 2.3). This is essential to check whether
sea level change at the coast is different from the open
ocean and understand underlying processes. For this
purpose, systematic monitoring of sea level in the world
coastal zones from high-resolution SAR altimetry (e.g.
Sentinel-3 and Sentinel-6 missions) and retracked
LRM altimetry missions is highly recommended.
Besides, increasing the coastal coverage of tide gauges
equipped with GNSS is another important goal for
two reasons: (i) validation of altimetry-based coastal
sea level trends and (i1) production of sea level change
measurements in coastal portions not covered by satel-
lite altimetry tracks. Finally, further development of
GNSS reflectometry is also recommended. This is a very
promising technique that can provide sea level change
measurements right at the coast (Larson et al., 2017).
It will definitely complement altimetry and tide gauge
measurement of sea level at the coast;

The development of modeling efforts is essential for
many sea level studies and also for other related scien-
tific objectives. Eddying ocean model simulations are
also mandatory to characterize in the open and coastal
oceans the imprint of the multi-scale chaotic ocean vari-
ability on sea level, which may hinder the detection and
attribution of interannual-to-decadal fluctuations and
regional trends of observed sea level (Penduff et al.,
2019). For a review of recent advances in modeling
and assimilation, see Chassignet et al. (2018).

2.3. Coastal ocean

Thecoastaloceanisagrowingandmultifacetedprioritygiven
thelinkswithsocietalneedssuchascoastalhazardsmonitoring
(e.g.Vignudellietal.,2011;Passaroetal.,2018;Benvenisteetal.,
2019;Gomez-Enrietal.,2019; Quartlyetal.,2019). Dedicated
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workshopshaveheldsince2008(ESA Coastal Altimetry Work-
shopseries, http://www.coastalt.eu/).Betterunderstanding of
the dynamics of coastal areas (land-sea continuum including
couplingwith watersheds)isneeded. And monitoringand pre-
dicting their evolution are high priorities for the next decade
(Fig.5).

As discussed earlier, there is a need to monitor Sea Level
and Sea State (both ECVs) up to the coast. This monitor-
ing is increasingly possible thanks to the development of
customised reprocessing algorithms for the retrieval of
both sea level (Marti et al., 2021; Dieng et al., 2021) and
significant wave height (Schlembach et al., 2020), which
have brought the validity of dedicated altimetry dataset
to the last 0-5 km to the coast, compared to the traditional
limit of 30 km of proximity. It is necessary to understand
how the spatial and temporal variabilities (i.e., annual,
interannual and decadal) near the coast are linked to the
measured off shore change and how small-scale dynamics
impact measured variability near the coast (Woodworth
et al., 2019; Ponte et al., 2019). A global multi-mission
coastal altimetry data set, with vertical land motion, is
needed (requiring reference against tide gauges with GNSS
and InSAR). A high-resolution geoid, Mean Sea Surface
and other range correction fields are similarly required
(Kumar et al., 2003).

Coastal currents are a major priority, with many
research activities measuring and interpreting seasonal
and inter-annual variability. The issue here is how to better
understand non-geostrophic flows near the coast, and how
best to use altimetry data with models. In respect to the
former, studies that combine available in situ records with
numerical modeling may provide clues on how best to
approach this issue.

There are significant challenges to improve coastal
ocean current estimations, and an open discussion on the
best way to achieve this objective is necessary (e.g. by inte-
grating altimeter data with other measurements, and/or
assimilation into coastal models (Levin et al., 2021)).


http://www.coastalt.eu/
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Some requirements for the coastal oceans are therefore:

— Development of a global sea level product recognized by
the community that will enable all regional studies;

— A Sea State Bias (SSB) correction at high rate (e.g.
20 Hz or 40 Hz) (Passaro et al., 2018; Tran et al.,
2021) and a specific SSB for each retracker is needed.
The SSB could be split into a retracker correction
(Quartly et al., 2019) (surely to be applied at high rate)
and a geophysical one that can be smoother (even if not
completely true for SAR altimetry due to its high reso-
lution along track) (Badulin et al., 2021);

Internal wave corrections (not only for coastal ocean)
are needed although identified methodology must be
developed to address this issue and is not obvious at
the moment. High-resolution data must be distributed
with all corrections;

In regional or local studies, the adoption of a global
Mean Sea Surface (MSS) to investigate the Sea Level
Anomalies (SLA) might hide some of the sea level vari-
ability compromising the oceanographic interpretation
(Gomez-Enri et al., 2019). The exploitation of dedicated
high-resolution coastal altimetry reprocessed data to
generate a local MSS (Ophaug et al., 2021) is recom-
mended as it gives a more realistic indication of the
oceanographic processes in the area; and

— A general important requirement is to be able to link the

signal at the coast with the offshore signal.

2.4. Hydrology

Hydrology encompasses lakes and reservoirs as well as
rivers, estuaries and flood plains. For these inland waters,
there are many applications under development and also
an increasing range and sophistication of remote sensing
capabilities. The challenge with applications and services
related to inland waters is that the introduction of altimetry
data requires a great deal of transdisciplinary knowledge.
So it is very important to ensure that users understand
the products, including uncertainties, how the data were
acquired and processed, what can actually be expected
from the data products, and what in their content might
be valuable for different applications. In hydrology the
use of satellite altimetry is not new (Brooks, 1982;
Birkett, 1994; Birkett, 1995), though it did start after its
application to oceanography. Currently the satellite altime-
try missions by construction (i.e. repeat cycle orbit, size of
footprint) only allow monitoring water level changes on a
limited number of lakes and rivers. But for the near future,
it will considerably change, with new technological
approaches: generalization of the SAR and evolution
towards interferometry on large swath (SWOT, WiSA).
The recent development of onboard DEM for current mis-
sions (e.g. Jason-3) as well the SAR technology (CryoSat-2,
Sentinel-3) or LIDAR (ICESat, ICESat-2) help to provide
better measurements and SWOT will be a major step for-
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ward to improve the global coverage and high resolution
(Biancamaria et al., 2016).

Altimetry over inland water requires specific processing
((Birkett, 1995; Birkett, 1998; Abileah et al., 2017), Fig. 6),
that is different from open ocean altimetry. Several proces-
sors and databases have been developed in the past
20 years. At the beginning of the 21st century three systems
(in France, U.K. and USA) have emerged. These systems
are “River&Lake” (Berry and Wheeler, 2009), “Hydro-
web” (Crétaux et al., 2011) and “USDA Lake database”
(Birkett et al., 2011). Subsequent to these three pioneers
another has been launched in Germany at the Technical
University of Munich: “DAHITI” (Schwatke et al.,
2015). Most recently, the ESA CCI “Lakes” ECV (http://
cci.esa.int/lakes, (Woolway et al., 2020) as well as other
R&D initiatives, available online have been started. A fur-
ther step forward has also been achieved by integrating
altimetry products in the Water and Cryosphere compo-
nent of the Copernicus Global Land Operational Service.
Lake and River Water Levels are operationally produced
on several thousands of targets spread worldwide, using
the advanced capabilities of onboard tracking offered by
Jason-3 and Sentinel-3A&B missions (https://land.coperni-
cus.cu/global/products/wl). Freely available radar altime-
try data through these databases has led to an increasing
number of studies focusing on the monitoring of lake and
reservoir water level (e.g. Crétaux et al., 2011; Okeowo
et al., 2017; Thakur et al., 2021), storage (e.g. Gao et al.,
2012; Van Den Hoek et al., 2019; Zhou et al., 2015), out-
flow (e.g. Getirana et al., 2020; Hossain et al., 2014) and
bathymetry (e.g. Zhou et al., 2015; Getirana et al., 2018;
Li et al., 2020).

Beyond supplying inland water level and volume varia-
tion, the current challenge is to derive river discharge,
which is not directly observable from space independently
from in situ data. Several studies have proposed algorithms
merging radar altimetry with in situ observations (Thakur
et al., 2021; Kouraev et al., 2004; Papa et al., 2012; Dubey
et al., 2015; Gleason and Durand, 2020), model outputs
(e.g. Getirana et al., 2009; Leon et al., 2006; Tarpanelli
et al., 2013) and optical sensors or other data (e.g. GRACE
data in Carabajal and Boy, 2021) in order to increase dis-
charge space-time sampling (Tarpanelli et al., 2021),
required by hydrologists. Radar altimetry data has also
been used in the calibration and evaluation of hydrological
models (Coe et al., 2002; Getirana et al., 2013; Dhote et al.,
2021), as well as in data assimilation frameworks
(Michailovsky et al., 2013; Paiva et al., 2013; Pedinotti
et al., 2014). Other studies have also used radar altimetry
data to understand surface water storage and variability
in rivers and floodplains (Frappart et al., 2012; Melo,
2019).

Even though the hydrology remote sensing community
makes a broad use of radar altimetry data, one of the main
challenges still remains to convince hydrologists, a commu-
nity with a long history, that satellite altimetry, notably
through dedicated products in the above databases, can
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be usefully applied to their work, particularly in opera-
tional hydrological monitoring systems. This requires an
understanding of the main challenges that can be tackled
with satellite altimetry (for example understanding long
term evolution of lake or river level linked to climate
change and/or water resources uses). Data access is a big
part of encouraging hydrologists to use more remote sens-
ing, including altimetry. Although data are casily accessi-
ble, it is difficult for hydrologists who are not remote
sensing experts to access the data as they become available
in quasi near-real-time (NRT) from the providing agencies.
It can also be difficult to process altimetry data and to
understand which software to use. This is a challenge in
the education, training, and advancement of researchers
and their capabilities (see Section 7.4).

Other critical points for the use of altimetry in hydrol-
ogy are in providing tools useful for modelers (Paiva
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et al.,, 2013; Papa et al., 2012; Paris et al., 2016). While
funds are invested to improve the instruments in orbit,
much less is available for scientific support and establishing
synergy between different actors. This relates partially to
knowledge (or lack thereof) of the quality of products:
there is a strong need for systematic, transparent work
on calibrating and validating altimetry products, which
requires supporting in situ networks. Initiatives in this
direction are often limited in space and time: individual
researchers develop capacity (often via cooperating with
local authorities (Crétaux et al., 2015)) to retrieve data
in situ, but there is no strong coordination at high level
as is the case in oceanography. Sustained improvement in
validation requires the development of a network of
multi-sensor observatories on lakes and rivers, so that there
is a consistent set of validated reference data over a long
time span, of known accuracy, so that the use of altimetric
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data is recognized and adopted by a greater number of
researchers in the field. In hydrology, each basin is special
case, and so it is not easy to globalize and standardize
expert systems for full annual cycles. There are initiatives
in this direction (CCI/ESA, SCO/CNES) but these are
not well-known in the hydrology community.

In short, as for other disciplines, the continuity of data
services, standardization of information, characterization
of errors and accuracy are necessary and will provide
strong arguments for convincing hydrologists to use these
data products. Finally, there should be a pilot initiative
for the development of a prototype for an operational
hydrological system, including altimetry, building on the
25 years of efforts mentioned above.

2.5. Cryosphere and polar oceans

The polar regions are experiencing major changes due to
global warming (Portner et al., in press), and this is much
more apparent than in the global ocean. These are key
regions that are difficult to observe either directly or with
existing remote sensing platforms, and which present many
geostrategic issues (e.g. Naylor et al., 2008). Also, of partic-
ular interest to the climate community is the contribution
to sea level rise associated with melting ice sheets
(Shepherd et al., 2018; Shepherd et al., 2020), the projected
disappearance of summer ice cover in the Arctic ocean
(Stroeve et al., 2012), the behavior of the Antarctic sea
ice cover (Shepherd et al., 2018), and the circulation of
the polar oceans. “Polar oceans” is a collective term for
the Arctic Ocean (about 4-5% of Earth’s oceans) and the
southern part of the Southern Ocean (south of Antarctic
Convergence, about 10% of Earth’s oceans).

Altimetry has a major role for measuring mass changes
of the ice sheets and the glaciers of the world, in synergy
with GRACE and GRACE-FO. There is a 26-year record
of altimetry since ERS-1 which has played a key role in
measuring mass changes of the ice sheets (Shepherd
et al., 2019) and glaciers (Gardner et al., 2013) of the world.
ERS-1 and its ESA successors, ERS-2, Envisat and Cryo-
Sat, have a very different approach concerning the selection
of their orbit inclination compared to the TOPEX/Posei-
don and Jason series. The inclination of the orbit of altime-
try missions (i.e., the latitudinal coverage) is optimized
either for having a homogenous observation of the
dynamic topography, with ascending and descending
tracks crossing nearly perpendicular, to derive geostrophic
currents (the 66° inclination orbit of TOPEX/Poseidon) or
reaching the poles as close as possible with a very high
inclination to observe the Polar Ocean, sea-ice and ice
sheets. Further to the 26-year record initiated by ERS-1,
if the coverage of the southern part of Greenland by Seasat
and Geosat is included, this record extends to 40 years
(Zwally et al., 1989). Most recently, CryoSat-2 has demon-
strated the utility of the altimetric data in high latitudes for
observing both the polar oceans (Armitage et al., 2016), the
sea ice (Laxon et al., 2013) and land ice (McMillan et al.,
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2014; McMillan et al., 2016). Eighteen years of sea ice vol-
ume variations has already been reconstituted thanks to
CryoSat-2 (10 years) and a recalibration of Envisat with
CryoSat-2 during their common flight period (Guerreiro
et al., 2017). This time series need to be extended and cover
up to near the pole where the sea ice remains.

Importantly, CryoSat-2 is near the end of its operational
life (after 10 years) and ICESat-2 has a mission design life
of only 3 years, though with an expectation to operate for
longer (Wingham et al., 2006). The continued monitoring
of the polar regions in the coming decade is to be
addressed. As a baseline, the recommendation is to con-
tinue our current capabilities to measure and monitor vari-
ability of Arctic and Southern Ocean sea-ice thickness,
which requires satellites that provide complete polar cover-
age to at least 88° inclination.

Exploiting existing altimetry datasets, with new
advanced techniques such as SARIn-based “‘swath mode”
processing (Gourmelen et al., 2018), and fully focused
SAR (Egido and Smith, 2017), should be prioritized, to
increase the spatial resolution of altimetry products to
beyond the boundaries of the original mission design.
Knowledge of snow loading (snow depth and density)
has been a major challenge in the accurate retrieval of
sea ice thickness and ice sheet elevation changes (Tilling
et al., 2015). To address this issue instrumentally, dual fre-
quency altimeter systems (e.g. Ka/Ku band) and/or altime-
ters in tandem/complementary orbits are undergoing
preparation (Kern et al., 2020; Guerreiro et al., 2016). To
implement this approach, it is crucial to understand the
quantitative differences in penetration of radar waves into
the snow/ice/ocean medium at Ku/Ka wavelengths, in par-
ticular taking the benefit of SARAL/AItiKa (Verron et al.,
2021).

Currently, there are clearly new opportunities for
improved understanding afforded by the complementary
observations from multiple altimeters over polar oceans
(CryoSat-2, ICESat-2) or part of it (Sentinel-3, SARAL/
AltiKa up to 81.5° of latitude). Of course, supporting field
campaigns should be integral part in the validation of
potential retrieval approaches. Maximizing the utility of
satellite sea ice thickness and polar ocean dynamics obser-
vations for the user community (including weather and
forecasts) requires an end-to-end solution. Provision of
the higher-level data products to the end users requires
appropriate consideration of space scales of measurement
(resolution of gridded and along-track products), fre-
quency of updates (e.g., daily to weekly), and latency of
data delivery (e.g., NRT/within 6 h and STC/within
36 h). Realistic and traceable uncertainty estimates/quality
flags for all sea ice (freeboard and thickness) and polar
ocean (ocean surface topography) variables should be
adopted to enhance confidence in usage.

Apart from monitoring long time-series, refining our
understanding of the geophysical processes driving change
across the cryosphere and polar ocean, is crucial for
improvement, development and validation of models as a
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first step toward data assimilation into a coupled ice-ocean
operational system.

Satellite missions also serve to broaden our knowledge.
A good example is the pattern of Antarctic ice sheet eleva-
tion change since 1992 (Fig. 7) (Shepherd et al., 2019; Hogg
et al., 2021). CryoSat-2 in synergy with ICESat permitted
the discovery of subsurface lakes and interconnected drai-
nage systems beneath Antarctica. For glaciers in the mar-
gins of Greenland ice sheet and Antarctica, there are
glacial surges in the temperate zones. Glaciers are suddenly
changing their speed, their velocity and their mass
properties.

A mission for mapping the polar oceans and land ice ele-
vations has been approved for development by ESA as a
Copernicus High Priority Candidate Mission (CRISTAL,
Kern et al., 2020), but as this mission is not yet fully
funded, pending confirmation of the 2021-2027 EU Space
budget, the community recommends maintaining CryoSat-
2 in operation as long as possible and an expedited com-
missioning of the new mission as a priority to ensure that
there is no gap in our observational record. Observations
of the open ocean in polar regions are also essential. In
addition to sea ice observations, continuity of CryoSat-2
altimeter high-latitude observations of the ocean are
required to improve the coverage of sea level estimates in
the leads as emphasized for example by Johannessen and
Andersen (2018) and Lawrence et al. (2021) and would
maximize the use of CryoSat-2 data (Armitage et al., 2018).
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2.6. Green ocean

In recent years there has been an increase in the applica-
tion of altimetry to the so-called “Green Ocean”, in partic-
ular extending the frontier from biogeochemistry to marine
ecology. Altimetry by itself does not directly measure bio-
logical parameters, but it does provide information on key
physical drivers of primary production and other ocean
biotic processes. Historically, the association of mesoscale
activity to the spatial variability of bulk phytoplankton
production has been recognized since the beginning of spa-
tial oceanography (Yoder et al., 1987). This type of obser-
vations has contributed to our comprehension of the
biogeochemical budget and in particular to the carbon
cycle by demonstrating how mesoscale circulation variabil-
ity can redistribute primary production, nutrients, and
modulate downward particle export either laterally or ver-
tically (Gaube et al., 2013; McGillicuddy, 2016). Biogeo-
chemical experiments have also greatly benefited from
NRT altimetry for targeting and more timely tracking
specific features of interest (Lehahn et al., 2018).

More recently, it has been acknowledged that the term
“Green Ocean” means much more than chlorophyll con-
centration. Chlorophyll is not diluted in the ocean, but
rather contained in organisms which belong to different
taxa, each with specific characteristics in terms of growing
and mortality factors, nutrient uptake, carbon export,
responses to climatic and environmental variability, and

Fig. 7. Average rate of Antarctic ice sheet elevation change between 1992 and 2017 determined from ERS-1, ERS-2, Envisat, and CryoSat-2 satellite radar
altimetry. Black circles around the pole indicate the southern limit of the CryoSat-2 (dashed) and other (solid) satellite orbits. Grey boundaries show
glacier drainage basins. Black boundaries show areas of dynamical imbalance, and green boundaries show those that have evolved over time (adapted

from Shepherd et al., 2019).
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roles inside the trophic chain. Understanding the physical
drivers behind phytoplankton and to a larger extent, mar-
ine life, is of interest on its own, but it is also one of the big
challenges for reducing uncertainties in the biogeochemical
budgets, for conservation and for managing the complex
interactions between human populations and the marine
environment (Olascoaga, 2010). In terms of ocean biogeo-
chemistry and ecology, altimetry increasingly plays a key
role bridging models and observations.

Recent advances in coupled physical-ecological models
reveal that the fine scale physical dynamics (1-100 km) is
a key regime for preconditioning plankton diversity and
community structure (see a review in Lévy et al., 2018).
In fact, the fine scales largely control frontogenetic pro-
cesses. On the horizontal, the enhanced physical gradients
induced by the fine scales create in turn a patchwork of
physico-chemical niches, which - in some cases - can be
inferred from altimetry and which are causally related to
the spatial heterogeneity of phytoplankton communities.
Recent studies have shown however that the entire range
of the fine scales can have an important control on phyto-
plankton community as well as on the exchanges of the
photic layer with the atmosphere and the deep ocean, driv-
ing important vertical biotic processes such as the upwel-
ling of nutrients and the export of organic matter (e.g.
Zhang et al., 2019).

Today, altimetry remains unsurpassed for the ‘“large
mesoscale” component of the balanced motion in terms
of coverage as well as temporal and global variability.
For the fine scales which are not yet resolved by conven-
tional altimeters (roughly <70-100 km), great expectations
are for future satellite missions with enhanced resolution
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(e.g., SWOT, WiSA, SKIM) which will provide unprece-
dented ground truth on the role of fine scale circulation
on biophysical processes, in particular when paired with
emerging high throughput biological methods for micro-
bial analysis like flow cytometry, automated pattern recog-
nition, and DNA and RNA sequencing (Villar et al., 2015;
Marrec et al., 2018). While not strictly speaking of the
“Green Ocean”, but dependent upon it, are mentioned here
applications to higher trophic levels, due to the surge of
marine animal telemetry and availability of fishing data.
Many examples have been reported on the association
between tracks of marine megafauna and features extracted
from altimetry, in particular fine scale frontal regions or
transport features detected by so-called Lagrangian meth-
ods (see e.g. Lehahn et al., 2018, for a review and Fig. 8).
The integration of altimetry analyses with marine manage-
ment tools for supporting the definition of marine pro-
tected areas (Della Penna et al., 2017), for managing
commercial fisheries (Watson et al., 2018) and for reducing
by-catches of endangered species (Scales et al., 2018) has
been recently proposed. However, these applications are
currently critically limited by the resolution constraints of
altimetry maps, coarser than the geolocation of biological
data.
Recommendations are therefore as follows:

— Higher spatial resolution. Biological data like animal
telemetry, fish catches, or acoustic densities demand ide-
ally kilometric resolution, which is not achieved by
altimetry observations available today. This is especially
relevant for Lagrangian features derived from altimetry,
which capture transport properties and seem to play a
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Fig. 8. The recent years have seen an evolution in the use of altimetry from biogeochemical applications to ecological ones, encompassing the study of
phytoplankton diversity and higher trophic levels. The figure shows an example with altimetry-derived Finite-Scale Lyapunov Exponents (FSLE),
providing Lagrangian fronts, and prey capture rate of a Kerguelen elephant seal (adapted from Della Penna et al., 2017). Note the augmentation of
capture rate (black circles) on the frontal region around a mesoscale eddy. The use of altimetry for interpreting biologging data and for microbes,
morphological or DNA and RNA sequencing observations, is possible today only when the biological observations occurs over large mesoscale features
detected by conventional altimetry. In the future many more cases will be accessible thanks to the advent of higher resolution altimetry, contributing to an

holistic view of the ocean biosphere.



International Altimetry team

key role for the structuring of marine biota. Higher spa-
tial resolution is needed as well to go beyond the “large
mesoscale” and observe SSH features smaller than 70—
100 km resolution achieved today;

Higher temporal resolution. An enhancement in spatial
resolution should be also accompanied by an enhance-
ment in temporal resolution, because smaller features
in general evolve faster than larger ones. This means
that the development of one higher resolving altimeter
such as SWOT is not enough, but ideally should be
accompanied by a larger altimetry constellation, includ-
ing swath and conventional altimetry, and/or the use of
an integrated altimeter and a Doppler Wave and Cur-
rent Scatterometer such as SKIM. Higher spatial resolu-
tion without higher temporal resolution would result in
important difficulties for co-localizing in situ biological
data to remotely-sensed features, as well as the assimila-
tion of high resolution features into circulation models;
and

New theoretical developments. At scales smaller than
the “large mesoscale” detected today, important devia-
tions from the approximation of quasi-geostrophic equi-
librium may arise. The interpretation of SSH anomalies
in terms of ocean current anomalies therefore is no
longer straightforward. As already mentioned, ocean
dynamics at these smaller scales may involve complex
interactions between balanced dynamics and unbal-
anced ones (e.g., internal waves) and requires a full three
dimensional view. At the same time, a better resolution
of frontal systems on the horizontal is considered key to
the reconstruction of the internal ocean dynamics. Tran-
sition from balanced to unbalanced motion, reconstruc-
tion of the internal ocean dynamics, and coupling
between meso- and submesoscale processes are all active
areas of research of great biological interest, where help
from novel approaches like deep learning are welcome.
These directions of research should be strongly encour-
aged in terms of theoretical studies, consistent use of
satellite sensor synergy, design of in situ experiments
(Pascual et al., 2017; d’Ovidio et al., 2019), if we want
to be able to correctly interpret the higher resolution
SSH observations of future missions and link them to
the biogeochemical cycles and the comprehension of
ocean biodiversity.

3. Applications

The four main altimetry applications fields are opera-
tional oceanography, weather and hurricane forecasting,
wave and wind forecasting, as well as climate projection.
It would also be desirable to expand the portfolio of pre-
sent services to tackle future challenges especially in the
directions of inland water hydrology (lake volume varia-
tion, river discharge, and floods), ice sheet and sea-ice
thickness monitoring and this is starting to happen. More
generally, it would be envisioned to expand the portfolio
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of services and associated Earth observation capacities to
tackle future challenges such as climate/CO, monitoring,
agriculture and forestry, changes in the Arctic and some
security aspects.

3.1. Operational oceanography

The development of operational oceanography has been
largely enabled by spatial altimetry and the near-real-time
provision of repetitive products on a global scale and over
significantly long periods of time. Several operational
oceanography systems have been put in place through
national initiatives. Then international coordinations were
set up with successful initiatives such as GODAE (Smith,
2000) and today OceanPredict (http://oceanpredict19.net/
). Since, many organizations throughout the globe have
implemented operational ocean systems covering the globe
and including higher resolution local predictions (Schiller
et al., 2020; Lellouche et al., 2018; Lemieux et al., 2016;
Metzger et al., 2014; Rowley and Mask, 2014).

Altimeter observations enable ocean forecasts. Forecast
currents and water properties have become available to the
public directly and there are extensive networks of data dis-
semination through commercial outlets for application to a
wide range of commercial activities including fisheries man-
agement, minerals exploration, and aquaculture. Public use
of the data has become widespread as the data is opera-
tionally incorporated into the ocean forecasts published
by centers around the globe for recreation, health, and
safety. There are enormous success stories in establishing
the clear linkage from the satellite data to applications
throughout the globe. All these applications would come
to an end without the altimeter data. Operational oceanog-
raphy requires foremost the continuity of service. Users
applications depend every day on the data that are gener-
ated by the operational services (Le Traon et al., 2018).
Sustainability of observations is critical. In addition, as
users build systems using the resulting data, the data distri-
bution system must be reliable for the foreseeable future.
This means a need for reference missions, continuity in
the programmes and sustainable programmes. In Europe,
the Copernicus Programme (CMEMS) (Lellouche et al.,
2018; Le Traon et al., 2019) is a major response to this
necessity and ensures the continuity of operational Earth
observation for the current situation and also for the
future. Note that satellite observations, and in particular
altimetry, are a main progenitor of CMEMS.

The observations critically required by all these systems
are the satellite altimeter data and sustainable constella-
tions are necessary. Operational oceanography also needs
multi-sensor and multi-mission data like SST, SSS, ocean
color, currents and other platforms (Escudier and
Fellous, 2009; Bonekamp et al., 2010). It is also necessary
to ensure consistency between and among all these data
sets and that the design and use of these observations be
optimized. In the same vein, one challenge continues to
be relating the altimeter observation to the ocean subsur-
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face structure across parameters such as temperature and
salinity. This connection has been at the underpinnings of
the ability to use altimeter data for operational oceanogra-
phy at present, and there are significant deficiencies in
ocean forecasts because we have not had sufficient temper-
ature and salinity profile data to relate to the sea surface
height. This builds the connection for support of programs
such as Argo (Roemmich et al., 2009). Operational
oceanography meets specific challenges when moving from
large scale to mesoscale and sub-mesoscale, and these chal-
lenges impact global and regional ocean forecasting
(Jacobs et al., 2021). Monitoring and forecasting of mesos-
cale ocean signals (with typical scales of 30-300 km and
20-90 days) have applications in fisheries, marine safety,
search and rescue, monitoring of pollutants (e.g. oil spills),
tracking plastic pollution, marine faunal surveys, support-
ing off-shore industries (oil and gas, cable, marine renew-
able energy), commercial navigation and military defense.
Mesoscale, as well as coastal activities, have a rapid time-
space evolution (less than 5 days) which requires dense
and homogeneous temporal and spatial sampling making
necessary the integration of multiple altimeter data streams
with derived products being available with only short time
delays.

Recommendations are as follows (and most of them
apply also to the other applications fields):

— There is a need for high resolution altimetry. This will be
best achieved through a combination of high-resolution
(HR) (unfocused SAR and fully-focused SAR process-
ing) nadir altimetry and swath altimetry (see Section 4).
Developing new operational capabilities for a wide-
swath altimetry constellation is, in particular, essential
to constrain future HR open ocean and coastal models.

— The synergy between altimetry and other types of
satellite-derived observations can also enhance the
space-time resolutions of the present-day (and future)
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altimeter-derived products. Moreover, the fusion
between altimetry and other data must occur in an oper-
ational context;
Improving Mean Dynamic Topographies (based on the
GRACE and GOCE satellite missions and in situ obser-
vations) is of utmost importance, given the impact in
data assimilation systems. Multi-mission altimetry is
key (Fig. 9): secured availability of constellation data
in NRT, optimal sampling between missions;
Multi-sensor, satellite/in situ combination: consistency
and combination require dedicated pre-processing
before or during data assimilation;
In situ component has to be sustained and improved in
the long term. Maintenance of complementary observ-
ing systems such as Argo (Roemmich et al., 2009) and
higher density in situ observations (Rudnick, 2016) is
critical. Essential complementary information with
respect to space data; and
— Higher resolution wind and wave data (altimeters, SAR,
CFOSAT) for coupled ocean/wave models are needed.

3.2. Weather and hurricane forecasting

Weather forecast agencies make use of significant wave
height (SWH) data especially by assimilating SWH data
into their weather forecast models to improve predictions
of sea-state and in several cases the predictions of extreme
events (Ponce de Leén and Bettencourt, 2021).

Hurricane forecasting is a specific application (Fig. 10).
Hurricanes are among the most frequently occurring catas-
trophic events in the warm waters of the global oceans.
Heat content within the ocean drives hurricane develop-
ment and intensification. Many studies in recent years have
noted the intensification of tropical cyclones as they pass
over areas of ocean containing more heat (e.g. Shay
et al., 2000). The heat is reflected in increased sea surface

91°w

2°wW

30.00
26.00
22.00
18.00
14.00
10.00
6.00
2.00
-2.00
-6.00
-10.00
-14.00
-18.00
-22.00
-26.00
-30.00

MSE Diff [cm2]

87°E 176°E

Fig. 9. Impact of the assimilation of Sentinel-3A data in the global Mercator Ocean 1/12° data assimilation system (M. Hamon, Mercator Ocean
International). Two runs were carried out with and without assimilation of S3A. The forecast errors (observations - predictions) were then compared. The
figure shows the forecast error reduction between the two runs. Adding S3-A data to Jason-3, SARAL/AItiKa and CryoSat-2 in May 2017 allowed
reducing the variance of 7-day forecast errors by about 10%. Reduction of forecast errors reached up to 7 cm rms in Western Boundary Currents.
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Fig. 10. Forecaster screen image of Typhoon Goni near the Philippines in August 2015 showing extreme wave conditions > 13 m observed by Jason-2.
The image superimposes infrared weather satellite images, scatterometer winds, and significant wave heights from (left to right) Jason-2, CryoSat-2, and

SARAL/AIltiKa (Ocean Prediction Center).

height observed by the altimeter. This has led to generation
of products of Tropical Cyclone Heat Potential (TCHP) at
the Atlantic Oceanographic and Meteorological Labora-
tory of NOAA (https://www.aoml.noaa.gov/phod/cy-
clone/data/). This heat potential serves as an input to
numerical weather models for hurricane forecasts. The
accurate place of ocean mesoscale eddies is necessary to
correctly construct a map of TCHP. For this problem,
again the satellite resolution in space and time is critical
to identify and track the ocean features related to the
TCHP. Because of the strong connection between the
ocean and atmosphere in driving hurricanes, recent devel-
opment of coupled numerical prediction systems has led
to advancement in hurricane prediction. The cost of mis-
predicting hurricane tracks and intensity can be enormous.
Large errors and uncertainty in projected track lead to
unnecessary evacuations of coastal areas that cost millions
of dollars and disrupt local economies.

Regarding longer term prediction such as seasonal fore-
casting, prediction of El Nino-type events is a particularly
important issue because of their impact on climate and the
associated economic and social activities of affected coun-
tries. The skill of those forecasts, that previously utilized
only in situ observations has further improved with the
advent of altimeter and Argo data. Therefore, sustainabil-
ity of the current observing system is paramount to contin-
ued progress in seasonal forecasting.

3.3. Wave and wind forecasting

SWH and wind speed are the primary sea state parame-
ters that have established marine meteorological applica-
tions. Wind speed is not retrieved directly from altimetry
measurements but is calculated from empirical parameter-
izations. The errors of model estimations based on the nor-
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malized radar cross-section can reach 1.5 m/s, or up to 20%
of the measured value (e.g. Bonnefond et al., 2011;
Lavrova et al., 2011). Still, applying them to detect interan-
nual global wind speed changes is proven to be possible
(Young et al., 2011). Wave periods can either be estimated
by applying empirical dependencies to altimetry data (e.g.
Gommenginger et al., 2003; Quilfen et al., 2004) or by
physical models that consider features of wind-wave
dynamics (Hwang et al., 1998; Badulin, 2014; Badulin
et al., 2018). The typical error of wave period parameteri-
zations is less than 1 s (Mackay et al., 2008). Global fields
of wind speed and wave periods retrieved from altimetry
show good qualitative and quantitative agreement for the
approaches mentioned above. All wind and wave parame-
ter distributions also demonstrate a good correspondence
with Voluntary Observing Ships data on climatological
scales (Gulev et al., 2003; Grigorieva and Badulin, 2016).
Sea-state forecasts are crucial for many activities related
to maritime industries (e.g. fishing, oil drilling, and naviga-
tion), and SWH, wind speed, and wave periods measured
by altimetry are being used by operational forecast centres
for assimilation into wave forecast models (Bhowmick
et al., 2015), for validation of those models (Oztunali
Ozbahceci et al., 2020), for developing wave climatologies
on seasonal to decadal time scales (Fig. 11) (Stopa,
2021), and for assessing the role of waves in ocean-
atmosphere coupling. Altimeter wave observations remain
a key component of a global wave-observing program.
Satellite radar altimeters provide information on significant
wave height with global coverage and high accuracy
(<10%), although spatial and temporal coverage is still
marginal. Multiple altimeters are therefore required to pro-
vide denser coverage (Abdalla, 2021). Note that additional
observations such as dominant wave direction, wave per-
iod, one-dimensional energy density spectra, and direc-
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Fig. 11. Mean (color shades) and extreme significant wave heights (Hs), in meters. Although the Southern Ocean has the largest average Hs values, around
5 m, the largest storm waves are generally found in the North Atlantic, with Hs values exceeding 15 m (blue symbols) for individual 1 Hz altimeter data,
14 m (red symbols) are very rare in the North Pacific, but values over 12 m (black symbols) are often reached by typhoons. Trends in these extremes and

their coastal impact are highly uncertain and the topic of active research.

tional spectra are also required by operational centers to
realize the full benefit from the potential capability of wave
forecasting. To this aim, the recently launched CFOSAT
mission will help to provide such important observations
(Hauser et al., 2017, 2021). Even though SWH is the most
straightforward and easy-to-use wave product from altime-
try, and has been available for more than a decade and a
half, it is not being used routinely today in most opera-
tional forecast centers in developing countries. The devel-
oped countries need to be aware of these deficiencies and
help their developing country counterparts by providing
easy access to, and an ability to work with these products.

3.4. Climate projection

Climate projections are simulations of Earth’s climate in
future decades (typically until 2100) based on assumed
“scenarios” for the concentrations of greenhouse gases,
aerosols, and other atmospheric constituents that affect
the planet’s radiative balance. Climate projections are
obtained by running numerical models of Earth’s climate,
which may cover either the entire globe or a specific region
(e.g. Europe). These models are referred to as Global Cli-
mate Models (GCMs) — also known as General Circulation
Models — or Regional Climate Models (RCMs), respec-
tively. In setting priorities for making projection results
available, the Copernicus Climate Change Service (C3S)
has put a strong focus on providing quantitative informa-
tion about the uncertainties in projected outcomes, taking
into account various sources. Such uncertainties arise from
differences in emission scenarios, differences among the for-
mulations of numerical models, and the natural variability
of the climate system on decadal scales.

The role of altimetry in climate projection can be: (i) to
be used as validation data for climate models run in now-
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cast or hindcast mode (e.g. Slangen et al., 2017;
Meyssignac et al., 2017), (ii) to initialize models of future
climate, particularly relevant to studies of changing water
mass distributions and steric anomalies in future climates
(e.g. Gasson et al., 2018), and (iil) to validate smaller-
scale process studies concerning the energetics or interac-
tions of multiple climate components through their expres-
sion in sea surface height over the altimeter era (e.g. Fox-
Kemper et al.,, 2008; Fox-Kemper and Ferrari, 2008;
Fox-Kemper et al., 2011).

4. Instrument developments

Spaceborne oceanic radar altimeters have evolved signif-
icantly since their first demonstrations aboard SkyLab
more than 45 years ago (McGoogan et al., 1974). Progress
and accomplishments over years has been comprehensively
reviewed in (Fu and Cazenave, 2001 and Wilson et al.,
2006) in particular. Challenges and successes in extending
oceanic altimetry into the near-shore and coastal zones as
of 2009 are introduced in Vignudelli et al. (2011). The
altimeter aboard Seasat (MacArthur, 1976) in 1978 inaugu-
rated technical features that set the standard for oceanic
radar altimeters for two decades.

The evolutions over the past 25 years have allowed to
improve measurement quality and to meet new scientific
requirements. For instance, the delay-Doppler capability
(also known as SAR-mode or SARM (Raney, 1998;
Raney, 2013)) and the interferometric capabilities (also
known as SARIn mode) of the SIRAL altimeter of
CryoSat-2 (Drinkwater et al., 2004; Wingham et al.,
2006; Phalippou et al., 2001; Rey et al., 2001) were a
response to new glaciology requirements derived from the
steep slopes of continental ice and better lead detection
on sea-ice (Laforge et al., 2021). Because SAR-mode
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proved to be of interest for oceanographers and hydrolo-
gists (e.g. Dibarboure et al., 2014; Jiang et al., 2017,
Vergara et al., 2019), this capability was also implemented
in Sentinel-3’s SRAL altimeters, and this mode is now
operated globally. In the last years lots of studies improv-
ing the SAR processing have shown their added value nota-
bly for coastal measurements (Dinardo et al., 2021; Egido
et al., 2021; Scagliola et al., 2021). In contrast, the SARIn
mode of SIRAL was not adapted for small-slope surfaces
over the oceans and land surface waters, although it may
be flown on the proposed polar altimetry mission CRIS-
TAL to meet specific glaciology requirements. Off-nadir
SARIn technology was demonstrated on the Space Shuttle
SRTM, and was proposed as the Wide-Swath Ocean
Altimeter (WSOA) onboard Jason-2, and will soon be
launched as the SWOT mission (Morrow et al., 2018;
Morrow et al., 2019; Rodriguez et al., 2018).

New technologies, however, sometimes introduce a dis-
continuity with previous generations of instruments. For
some research topics such as climate science, discrepancies
between old and new technology (e.g. bias and drifts), may
be a major limiting factor. For this reason, new technology
is sometimes further improved to provide the best of both
worlds. In the case of delay-Doppler altimetry, the space
agencies and industry developed a new capability for
Sentinel-6: the so-called interleaved mode
(Gommenginger et al., 2013; Scharroo et al., 2016). This
instrumental feature provides data in both the historical
low-resolution mode (LRM) and a major evolution of the
SAR-mode of Sentinel-3. This development was a response
to new climate science requirements. The Sentinel-6 mis-
sion (Sentinel-6A/Michael Freilich and Sentinel-6B) will
be able to ensure a seamless continuity with previous gen-
erations of climate reference altimeters (TOPEX/Poseidon
and Jason-1 to 3) while providing, at the same time,
high-resolution noise-reduced datasets in the open ocean
and other SARM features (e.g. Fully-Focused SAR) such
as in coastal margins and for inland water hydrology, for
more than a decade.

In addition to science-driven technology changes, vari-
ous instrumental changes were actually technology-driven
demonstrators (i.e. related to science research topics, but
not necessarily driven by scientific requirements). To illus-
trate, the “Open Loop” tracking mode is a radar altimeter
tracking mode introduced with Jason-2 and SARAL/
AltiKa (Desjonqueres et al., 2010; Steunou et al., 2015).
In contrast with autonomous tracking loops which showed
significant limitations over inland waters and in coastal
margins, the Open Loop mode was a technology demon-
stration to extend the altimetry capability to challenging
hydrology targets. In this mode, the acquisition window
of the radar altimeter is driven by external information
(e.g. local Digital Elevation Model or DEM) to better track
water topography even around rapid changes in terrain
altitude. This new instrumental capability proved to be
very beneficial for coastal and hydrology communities
(e.g. Biancamaria et al., 2018), thus paving the way for
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new major science requirements. The Open-Loop tracking
mode was ultimately implemented in all modern altimeters
(including Sentinel-6 and the upcoming SWOT mission).
With the last updates of on-board DEM of Jason 3,
Sentinel-3A and Sentinel-3B, now more than 200 000
hydrological targets are monitored all over the world (Le
Gac et al., 2021). The unique drawback is that out-of-
scope targets not registered in the compressed DEM (to
fit in the onboard memory) and yet-to-be-explored targets
will never be acquired by the altimeter, which is acceptable
for an operational mission aiming at monitoring known
targets (there is a web site for users to upload their favorite
target: https://www.altimetry-hydro.eu). Thanks to a lar-
ger onboard memory, the Sentinel-6 DEM is not com-
pressed and probably Sentinel-3C&D DEM as well.

Similarly, AltiKa, the altimeter onboard the SARAL/
AltiKa mission, is the first Ka-band altimeter (Bonnefond
et al., 2018; Verron et al., 2018). Although not strictly nec-
essary to meet SARAL/AItiKa’s scientific requirement, the
Ka-band technological demonstration proved to be a
major asset for performance (e.g. noise reduction, physical
footprint size, ...). Most of the scientific benefits of this
new technology are listed in Verron et al. (2021). Further-
more, before AltiKa, clouds and rain were considered to be
a major concern for Ka-band altimetry. Yet SARAL/
AltiKa demonstrated that it was possible to meet state-
of-the-art science requirements with this technology. Ka-
band is the operating frequency for the upcoming SWOT
mission (Morrow et al., 2019). It will complement the
Ku-band for the CRISTAL mission, and it has been pro-
posed for the SKIM Earth Explorer 9 mission (Ardhuin
et al., 2018; Ardhuin et al., 2019). In all cases, a science-
driven mission was designed leveraging the lessons learned
from AltiKa which was a technology-driven demonstrator
but also aimed at being a gapfiller between Envisat and
Sentinel-3A (Verron et al., 2021).

Radar altimetry technology advances are often focused
on continuous performance improvements: e.g. capability
of the onboard DORIS system to yield a 3 cm orbit deter-
mination precision onboard and autonomously (Jayles
et al., 2015). Tt is also sometimes proven in breakthrough
missions that altimeters can cover vastly different needs.
For instance, the French/Chinese mission CFOSAT
(Hauser et al., 2017, 2021) features a wave scatterometer
that yielded the first global coverage of 2D ocean wave
spectra. Moreover, the SWIM instrument of CFOSAT
(Hauser et al., 2017) has inherited a lot of radar altimeter
technology. Additionally, since it has a nadir beam to syn-
chronize the off-nadir beams, the SWIM instrument of
CFOSAT can contribute to measuring ocean mesoscale
in a multi-missions merging system (DUACS). This
demonstration from CFOSAT is important, because in
turn, radar altimeters should now be expected to yield
more than just ocean surface topography, wave height
and wind speed. The concept was extended in the SKIM
Earth Explorer 9 proposal (Ardhuin et al., 2018) where a
single instrument was optimized to yield ocean surface
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topography measurements with the same performance as a
traditional Jason-class altimeter, in addition to 2D wave
spectra, and even total surface current vectors.

In contrast, other instrument concepts such as GNSS-
Reflectometry were successfully developed and tested (e.g.
Cartwright et al., 2018; Li et al., 2018), but the perfor-
mance reported was 1 to 2 orders of magnitude better than
current requirements of the Sentinel-3 or SWOT altimetry
missions. Other technological concepts such as small com-
pact radar altimeters flying in coordinated constellations of
more than 10 satellites were proposed but not implemented
to date, either because of technology limitations (e.g. a
radar altimeter antenna is challenging to accommodate in
a nano-satellite), or because of costs involved in large con-
stellations. The concept of a radar altimetry constellation is
still relevant, as proved with several recent Phase 0/A stud-
ies (e.g. Guerra et al., 2016; Blumstein et al., 2019), and
new technologies might make it a reality in the near future.

A major technological breakthrough is expected from
the SWOT mission (Morrow et al., 2018; Morrow et al.,
2019) and the first 2D image of the ocean and inland water
surface topography, but also probably sea ice thickness
(Armitage and Kwok, 2021). Over the ocean, this unprece-
dented bidimensional view of ocean mesoscale, and the
extremely low noise floor of the KaRIn interferometer
instrument will help oceanographers observe and better
understand ocean dynamics at scales that simply cannot
be resolved with traditional 1D nadir altimetry profiles.
To that extent, the SWOT mission is sometimes considered
as the blueprint for all future altimeters: the ability to do
swath altimetry is such a major advancement with respect
to the 1D profiles used for 25 years, that it might be the
most important technological breakthrough in satellite
altimetry since TOPEX/Poseidon’s capability to reach
centimeter-level accuracy.

For future missions, one might expect technology to
keep evolving as scientific requirements become ever more
stringent: oceanographers try to observe smaller and faster
mesoscale features (better sampling is needed), as well as
SSH derivatives (smaller instrument noise is needed), and
most importantly extremely small trends in the Earth Cli-
mate system (smaller biases and drifts are needed). This
might become even more challenging because environmen-
tal conditions (e.g. potential corruption of actual micro-
wave radiometry data with 5G networks) or space laws
(e.g. deorbiting is substantially more difficult from the
Sentinel-6 altitude than from lower altitudes). To that
extent, it is essential that space agencies ensure not just
continuity of existing datasets and performance, but also
more precise instruments, higher space and time resolution
and sampling, as well as more stable instruments and
reprocessed calibrated products for climate science.

5. Key observations

First of all, the definition of ““altimetric data”, and gen-
erally of “spatial observations” must be put into perspec-
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tive and in a realistic context. Between raw data coming
directly from the satellite and a level 4 product or, in the
hydrological context, of a “virtual station” there are gaps
which can be enormous. The share of corrections of differ-
ent nature, the role of complementary data (for example
the geoid), the difference between NRT data and data from
reanalysis, etc. All these elements make the concept of
“data” and ““observation” quite subtle. It is not the subject
of this paper to discuss these points but we must obviously
keep it in mind here.

5.1. SSH data

SSH is the first obvious product from altimetry. Again,
the key recommendation concerns the requirements of the
continuity of observations over time and that data be pro-
vided in real-time. Continuity is an important first criterion
that is mentioned by scientists of all disciplines. Also, the
time scales of the phenomena involved are important,
and those with a long-time scale are key. The measurement
of sea level is a good example of this. There are several rec-
ommendations regarding the resolution, in time and space.
But not surprisingly, they are not necessarily consistent
depending on the applications and scientific fields. Regard-
ing swath altimetry, so far there is only the SWOT mission
programmed. This is a limited edition wide-swath mission,
and there is no continuity assured for the HR coverage
after 2024, yet many research and operational users will
make use of these data and systems will be put in place
to exploit the high-resolution SWOT observations.
Researchers can revisit and re-analyze these measurements
for years. What happens, however, to these operational
users and applications after SWOT? A clear recommenda-
tion is, therefore, to consider a mission extension for
SWOT of some sort.

5.2. SWH and wind speed data

Wave height is another important piece of information
provided by altimetry. High-resolution observations of
wind and waves for coupling the ocean and wave models
are crucial for operational oceanography. Measuring wind
and waves and the “weather” of the ocean is one way to
increase collaboration between different science teams
and the meteorology community. Additional effort is
required to secure an accurate wave height measurement
as close to the coast as possible, and also to develop instru-
ments permitting access to other important variables like
wave direction, spectra, etc. (e.g. CFOSAT). This relates
to coastal oceanography and also to sea level monitoring
requirements as the evolution of the near shore wave field
may contribute to sea level changes near the coast.

5.3. Backscattering coefficient

Radar altimetry backscattering coefficients (g,) provide
useful information on the Earth surface roughness and nat-
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ure. If this information is widely used over the ocean to
retrieve the surface wind speed (Witter and Chelton,
1991), it is still underexploited over other types of Earth
surfaces in spite of its demonstrated interest. Spatial pat-
terns of radar altimetry backscattering coefficients were
found to be similar to the distribution of land types
(Prigent et al., 2015; Frappart et al., 2021). The temporal
variations of the backscattering coefficients were also
related to major components of the land water cycle (e.g.,
floods occurence, presence of snow, changes in soil mois-
ture, ...) (Frappart et al., 2021). Surface soil moisture
was found to be linearly related to this parameter over
semi-arid areas (Fatras et al., 2012). Backscattering is also
used, in combination with the brightness temperatures
acquired by the radiometer onboard the same satellite plat-
form, to identify the presence of snow and ice over inland
water bodies (Kouraev et al., 2008), sea ice types (Tilling
et al., 2018), and provides insights on the nature of snow
and ice properties of the ice sheets (Adodo et al., 2018).
Backscattering coefficients and surface roughness are
also important for detecting icebergs (Tournadre et al.,
2016), over ice sheets and sea-ice, as well as over hydrolog-
ical and coastal and estuarine targets to help differentiate
the different water surfaces and radar reflections outside
open water, water under vegetation, wet sand banks, etc.
At fine-scales over the open ocean (Ardhuin et al., 2017),
there are advanced studies on the colocation of ¢, changes
across sharp ocean temperature and SSH fronts, with
small-scale air-sea interactions acting that can be observed
by the simultaneous observations of SSH, SWH and ay.
This is already being performed in 1-D from nadir altime-
try (Quilfen and Chapron, 2019), and the 2D wind-front
interactions will be observed by SWOT with its 2D SAR
images and conjoint SSH fields (Morrow et al., 2019).

5.4. River and lake level

Monitoring water levels of lakes and rivers worldwide
has been made possible using satellite altimetry. Hydrolo-
gists, some of them being not expert in altimetry, and, con-
sequently, that are unable to calculate these variables for
their region of study, can now find them in different data-
bases such as “River&Lake”, “Hydroweb”, “USDA Lake
database”, “SAC-VEDAS database” and “DAHITI”
already mentioned. All the data produced for these systems
is provided at no additional cost to the user, and is easily
accessible. Part of the data in these databases is updated
in near real time using the IGDRs altimetry products. In
Hydroweb and DAHITI moreover, water extent and water
volume changes are produced for dozens of lakes, using
synergy between altimetry and imagery. If combined with
other available water extent time series data (e.g. Pekel
et al., 2016; Zhao and Gao, 2018; Yao et al., 2019), the
existing altimetry level databases can potentially be used
to estimate multi-decadal volume changes for at least hun-
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dreds of lakes and reservoirs worldwide. The next step is to
satisfy the requirement for automated space-borne estima-
tion of river discharge, using in synergy altimetry and opti-
cal sensors to increase the space-time sampling, and also
consider river discharge as a candidate for being the next
Essential Climate Variable from space (Woolway et al.,
2020; Williamson et al., 2009).

5.5. Tides

For barotropic tides, there is a good global network of
tide gauges for Calibration/Validation (CAL/VAL). It is
recommended to benchmark these tide gauges with GNSS
for comparisons and retrieval of vertical crustal deforma-
tions. For the high-resolution along-track, and in the pro-
spect of SWOT, a global network of moorings with upper
ocean sampling for high-frequency internal wave signals
would be beneficial.

There are challenging areas in this regard such as shelf
seas, coastal seas and polar seas. A starting point could
be to investigate barotropic tides non-stationarity or
long-term change (linked with ice-cover change, sea level
rise, etc.). Continuous efforts is required to make tidal cor-
rection errors and HF corrections more homogeneous with
dedicated efforts in shallow water/high latitudes regions —
the interleaved orbit would improve tidal estimates. It
would be useful to study and quantify the duration of the
interleaved phase that would significantly reduce errors
on tidal estimates.

Nearly 40 years ago, (Munk and Wunsch, 1982) envi-
sioned the beginnings of an operational ocean-observing
system consisting of three major programs: ocean acoustic
tomography, satellite observations of sea surface topogra-
phy and wind stress, and modelling to integrate observa-
tions and ocean dynamics. It has played a primary role in
the discovery of the internal tide signals and their nature.
As the present article attests, considerable progress has
been made in the latter two components - but implementa-
tion of the acoustical observations has lagged behind. In
coming decades, active and passive acoustical methods
should be providing data to complement the altimeter pro-
grams (Dushaw et al., 2011; Howe et al., 2019). Wide-
swath altimetry has significantly unveiled the important
internal tide signal. A recommendation is to develop an
internal tide model for use by the community (e.g., in
CMEMS processing, in Radar Altimetry Database System
(RADS), etc.). It is necessary to better understand, esti-
mate and model internal tide variability, its non-
stationary element, and learn how to handle the high-
frequency motions of internal tides and waves.

5.6. Other data

It is important to note that SSH and SWH data should
not be considered alone. Using SSH with other satellite
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data is a priority, and in many cases also with in situ data.
The same remark can be made for lake water level in order
to retrieve extent and volume change, and the river water
level to retrieve discharge. In other words, the building of
multi-sensor, multi-mission, consistent data sets, as men-
tioned earlier, should be advocated. This implies that in
several cases efforts must be made to support and partici-
pate in the development of consistent in situ components,
as well as in supporting efforts to recover and reprocess his-
torical in situ data for easy-of-use. In situ components
should, in particular, be sustained and improved upon in
coastal zones (more in situ data in the zone 0-3 km from
the coast is needed for validation) and inland waters as
well. Bathymetry improvements are needed in coastal and
shallow water regions, notably for tides and internal tide
modeling. Bathymetry along rivers would also allow
improvements in the assimilation of levels, widths and
slope products (as will be done with SWOT) in models
for discharge calculations.

The development of multi-sensor, multi-mission, consis-
tent data sets is therefore a key point as well as the ability
to integrate across them.

6. Data and methods
6.1. Wet tropospheric correction

The wet tropospheric correction is considered as the lar-
gest source of uncertainty in the sea level estimate (Ablain
et al., 2019), especially in the coastal zone (Cipollini et al.,
2018; Vieira et al., 2019) and for inland waters. It has to be
improved at all spatial and temporal scales (Vieira et al.,
2019) so that as to comply with the main requirements of
altimetry missions related to mesoscale observability, glo-
bal mean sea level monitoring, and long-term sea level rise.
The new generation of altimeters, either in SAR mode
(CryoSat-2 over ocean, Sentinel-3, Sentinel-6) or in Ka-
band (SARAL/AItiKa), have significantly improved the
quality of altimetry range in terms of accuracy and spatial
resolution. To take full benefit of these new instruments
and associated processing, there is a need to have a better
estimation of the wet tropospheric correction. The spatial
resolution with the current radiometers (10 to 30 km) is
coarse compared to the altimeter one. The resolution
should be improved in the coming years with a new gener-
ation of radiometers providing observations at higher fre-
quencies (>37 GHz), the first one to be launched on-
board the Sentinel-6/Michael Freilich satellite (Maiwald
et al., 2020). The resolution should be also improved by
the integration of high frequency GNSS measurements
(Fernandes et al., 2015; Lazaro et al., 2019). GNSS tropo-
spheric values have been shown to have millimeter level
bias and standard deviation compared to ECMWF tropo-
spheric models (Pearson et al., 2020; Dousa et al., 2017,
Pacione et al., 2017).

This will be supported by dedicated processing (Brown,
2010) to better characterize the variability of water vapor
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over open ocean, in coastal areas or even over continental
waters where currently the models estimation of the wet
tropospheric delay is preferred to the radiometric measure-
ments (Fernandes et al., 2014; Crétaux et al., 2018). Sea
level rise is one of the main parameters to monitor climate
change. As any artificial temporal drift in the wet tropo-
spheric correction will translate immediately into a similar
drift in the mean sea level, there is a need for an extremely
well calibrated system to retrieve this wet tropospheric cor-
rection (Maiwald et al., 2020).

6.2. Orbit and geodesy

Precise Orbit determination (POD) for altimetric satel-
lites has made enormous progress owing to the continuous
improvement in the quality of the tracking systems (SLR,
DORIS and GNSS), the density of the data they provide
and the continued improvements in the dynamical force
models and in the definition of the underlying reference
system in which the orbits are computed (e.g. Cerri et al.,
2010; Lemoine et al.,, 2010; Rudenko et al.,, 2012;
Couhert et al., 2015; Peter et al., 2017). For example, for
the TOPEX/Poseidon mission, the requirement for the
radial orbit accuracy requirement was 10 cm but only
two years after the launch a 5 cm accuracy was achieved
and the goal of 2 cm considered as reachable (Nouél
et al., 1994). Both the expectation of users and the science
requirements have evolved. Given the current state-of-the-
art, intercomparisons between OSTM/Jason-2 and Jason-3
orbit solutions from different techniques and different anal-
ysis centers have demonstrated radial orbit accuracy is cur-
rently at the level of 6-8 mm radial RMS. The
improvement in the quality of the Earth geopotential
model has contributed both directly and indirectly to the
improvements in altimetric satellite POD (Rudenko et al.,
2014). Due to the GRACE (Tapley et al., 2004) and GOCE
(Pail et al., 2011) missions, these models have a level of res-
olution and accuracy that was not available at the begin-
ning of the precise altimetric missions era in 1992.
Information about temporal variations of the Earth geopo-
tential is now a required input for POD to reach the current
and future accuracy requirement. The advent of space-
borne GNSS receivers provided the second major leap in
orbit precision. Continuous and precise 3D tracking allows
to either correct or mitigate for errors in the surface force
modelling, which leads to orbit precision that is very close
to the GNSS phase noise (e.g. Bertiger et al., 2010). The
DORIS tracking system has improved considerably in the
past 25 years. Today DORIS delivers orbits on altimetric
satellites at close to 10-mm radial RMS accuracy for
SARAL/AItiKa (Zelensky et al., 2016) and between 8
and 9 mm for Sentinel-3A and Sentinel-3B (Fernandez
et al., 2020). The SLR network over the last 25 years has
improved both in the precision of its data, and in the rigor
with which it characterizes the errors in the satellite laser
ranging systems (Pearlman et al., 2019; Wilkinson et al.,
2019). In addition, SLR is the only tracking system that
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can provide absolute estimation of radial orbit accuracy. A
stable reference frame is a fundamental requirement for
altimetric satellite POD. New SLR systems providing bet-
ter, and more frequent data have been deployed and are
under development. The present realization, ITRF2014,
used space geodetic data obtained over the last 30—40 years
of the space age for its definition (Altamimi et al., 2016).
Accurate and timely estimates of the Earth Rotation
Parameters (e.g., polar motion and UTI, see Bizouard
et al. (2019)) are also important both for low-latency prod-
ucts (including near-real-time) and longer latency products
(for Geophysical Data Records). The challenge in the
future will be to continue to deliver sub-cm radially accu-
rate orbits for altimetric satellites. For POD, it is required
that the precision and quality of the tracking systems, ref-
erence frame, Earth Rotation Parameters, and static and
time-variable geopotential models be at a minimum main-
tained at current performance, and that information from a
variety of sources be made available in a timely manner.
While one can be pleased at the progress that has been
made in the past 25 years, there is a societal obligation to
deliver a stable and accurate orbit product, since the mea-
surement of altimetric sea surface height, as well as the
change in global mean sea level has such profound societal
significance. The data and background geophysical models
needed to achieve and improve the orbit accuracy (such as
the terrestrial reference frame, and up-to-date models of
time-varying gravity) can only be obtained from other
sources. Thus it is recommended that the communities
involved in generating these external data and models be
sustained by the space agencies and national geodetic orga-
nizations involved in these endeavors.

6.3. Mean sea surface, geoid and mean dynamic topography

Radar altimetry, aimed at measuring oceanic surface
features, also measures the topographic features of the
ocean’s floor for which dense orbital coverage is required.
The general objectives and methodology were first
described in Greenwood et al. (1969). When the data from
Geosat were declassified in the mid-1980s, rapid progress
ensued (Cheney et al., 1986), eventually followed by bathy-
metric charts of the world’s oceans created largely from
radar altimetric data (Smith and Sandwell, 1994). The
radar altimetric community collectively is looking forward
to the next generation of instruments, including the first
demonstration from orbit of a wide swath altimeter
(Rodriguez et al., 2018).

The development of accurate Mean Sea Surface (MSS),
Mean Dynamic Topography (MDT) and Geoid models is
an ongoing process incorporating both Exact Repeat Mis-
sions for the temporal mean and geodetic missions for fine
scale spatial features (Sandwell et al., 2021). MSS products
have improved over recent decades, even in the coastal
regions (Ophaug et al., 2021; Karimi et al., 2021), particu-
larly with the availability of the second generation altime-
ters (CryoSat-2 and SARAL/AItiKa) as well as longer
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time series and improved modeling techniques. Continuous
improvement of data pre-processing and also of mapping
methods for finer scale structures is essential for the
improved value of satellite altimetry on new ground tracks
(e.g. Sentinel-3, Dibarboure and Pujol, 2021) and for
oceanographic use of geodetic mission altimetry in the
future. Geoids have much improved with the availability
of GRACE and GOCE data and shipborne gravimetry.
Parallel development to resolve increasing finer scale of
the MDT using GRACE, GOCE, Argo, altimetry and drif-
ter data enables mutual constraint and benefit to the devel-
opment of all three quantities as MSS = MDT + Geoid.

Currently CryoSat-2 and SARAL/AItiKa operate in
geodetic mission. SARAL/AItiKa operates in an uncon-
trolled geodetic mission and CryoSat-2 operates with a
369-days repeat limiting the cross track spacing to 8 km.
Likely CryoSat-2 will be moved to new groundtrack and
Jason-2 has completed a Long-Repeat Orbit (LRO) as part
of an Extension Of Life mission. The LRO orbit has been
optimized to serve oceanographic and geodetic purposes.
Jason-2 played a fundamental role to improve the spatial
resolution of particular MSS and geoid models as the cho-
sen 370 day LRO (8 km ground track spacing) has been
interleaved in a controlled way creating a uniform 4 km
across track pattern after two interleaved LRO cycles
before the satellite ceased operating in October 2019.

The value of geodetic missions is paramount for deriv-
ing accurate sea level retrieval along non-repeated tracks
(uncontrolled orbits like SARAL/AItiKa) and for future
missions like SWOT. It is also important to consider the
orbit choice for future polar mission satellites. Sea level
anomaly is insufficiently sampled poleward of 66° latitude,
i.e. outside the orbit range of the TOPEX/Poseidon and
Jason series because existing satellites are sun-
synchronous. This impacts the recovery of major tide con-
stituents, which further impacts the accuracy of sea level
recovery and MSS determination. These limitations
directly impact the precision of sea ice thickness and sea
ice drift retrievals. We must note that having polar orbits
do not solve completely the sampling issue as these regions
are seasonally covered by ice and as a consequence the sea
level cannot be measured by altimetry. The geodetic orbit
would help improve the mean sea surface, which is impor-
tant to compute accurate SLA close to the coast.

6.4. Calibration and Validation (CALIVAL)

Current estimates of regional and global change in mean
sea level need continuity of altimeter data in term of mis-
sions but also in term of standards’ homogeneity. This is
only possible through careful and continuous CAL/VAL
of the altimetry missions. Cross calibration of past, present
and future altimetry missions will remain essential for the
realization of a continuous and homogeneous series of
sea level (Ablain et al., 2015; Fu and Haines, 2013). There
is no doubt, however, that calibration of an altimeter
requires a multiple approach, including using both in situ
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calibration sites and global studies based on the global tide
gauge network (Bonnefond et al., 2011). The relative cali-
bration between different missions flying on the same per-
iod through crossover analysis or by along-track
comparisons during tandem phase (Ablain et al., 2010) of
the missions is also a key contribution for the CAL/VAL
activities. All these techniques are considered complemen-
tary and fundamental in oceanography.

The recognition of the importance of CAL/VAL is
unanimous. This must include as much as possible compre-
hensive CAL/VAL as well as coordinated ocean science
campaigns. It is also suggested that CAL/VAL infrastruc-
ture should have a durable vision (Haines et al., 2021) — as
for space infrastructure — and not be only single agency/
mission oriented (Bonnefond et al., 2021). Agencies seek
involvement from the international community with expe-
rience in conducting scientific verification and validation
of satellite data, and in using independent Fiducial Refer-
ence Measurements (FRM) (Mertikas and Pail, 2020;
Mertikas et al., 2019), field experiments and campaigns to
validate these data. As a consequence, the development
of spatial observation must be accompanied by an evolu-
tion of in situ observation, whether for CAL/VAL or
enhancement. It is essential that space agencies strengthen
their cooperation with the organizations in charge of in situ
observation and develop an inter-agency policy on CAL/
VAL aspects. The challenge is to set up a long-term pro-
grammatic support for the in situ observation necessary
for CAL/VAL activities (not limited to a specific mission
but rather linked to a ““sector”, such as ocean color radiom-
etry or altimetry). It also includes long-term and sustain-
able archiving of CAL/VAL data. These mechanisms
should be organized jointly with national agencies, and
also at the global, or at least regional levels, e.g. European
level (Sterckx et al., 2020). The CEOS Working Group on
Calibration/Validation (http://calvalportal.ceos.org) has
been set-up for this aim and should be strengthened.

6.5. Data uncertainty

In addition to data, it is also essential to have informa-
tion on the errors associated with these data. Characteriza-
tion of the errors in the observations and complete
knowledge for the users of the corrections that have been
made to the data are crucial. A dedicated plan to properly
characterize the uncertainty features of the observational
data is recommended especially for data assimilation pur-
poses. An uncertainty characterization of the observations
must be provided. This is at the interface between the
observations and the assimilation and for progress to be
made in the assimilation schemes, but progress must also
be made in the characterization of the uncertainties of
the observations, not only for altimetry but for the other
sources of data as well. There is a clear need for systematic
(and rigorous) uncertainty estimations. An error formalism
needs to be adopted to estimate drift impact and correc-
tions, and to provide error budgets of altimeter missions
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with adequate and coordinated information. Note that
error budget tables could be improved by independent
studies based on uncertainty calculation dedicated to each
source of error.

6.6. Data access and handling

As mentioned already, a strong message is the capability
for users to have open and free access to data. Addition-
ally, a concern of many scientists is the problem associated
with the handling of massive data. Scientists often lack the
work force and the tools necessary to handle, analyze, and
exploit large amounts of data that are increasingly grow-
ing. Such issue is recognized by the agencies and efforts
have being made to move forward but must be reinforced
in the future. A pilot demonstration, dubbed ESA GPOD
SARvatore (https://gpod.eo.esa.int), designed for custom
processing SAR mode data over specific targets like coastal
zone and inland water, which implies much higher volumes
of data than classical low resolution mode, has been offered
in the past 6 years using high computing power near the
input product storage; users would have difficulties other-
wise to perform research on SAR and SARIn mode algo-
rithms relying solely on local computing and lengthy data
transfers.

The SWOT mission is very much concerned by this dif-
ficulty (Hausman et al., 2021). Large volumes of data cou-
pled with higher resolutions will likely require the use of
data classification methods using big data and Artificial
Intelligence (AI) techniques. With the increasing amount
and diversity of data, data processing and access must be
seen in its entirety. Data poles should evolve and be cou-
pled with computing means to take into account new algo-
rithmic strategies such as Al. In the long term, an overhaul
of the spatial data acquisition, production and manage-
ment strategy could be envisaged. This would include
thoughts on the fine management of acquisitions, the flex-
ibility of on-board processing, and the storage and process-
ing of data. It is also important to mention that, as far as
possible, data reprocessing from historical missions must
be made in order to homogenize their standards to current
ones. For example, in light of the need to maintain continu-
ity and integrity of the 28-year record of sea level, the
OSTST recommends that agencies continue to support
ongoing reprocessing of the TOPEX/Poseidon and Jason
records as new improvements become possible, and so that
regular reprocessing of new follow-on missions does not
impact the continuity and homogeneity of the climate
record. For climate records of continental areas (lakes
and rivers) it is also needed some reprocessing of historical
missions, particularly thanks to efforts done by the altime-
try community in the development of new retracking algo-
rithms not available when the ERS-1 and ERS-2, Geosat
Follow-On or TOPEX/Poseidon were operated, not men-
tioning also Geosat in the 80’s.

The ultimate goal is to close gaps between data, infor-
mation, and users (products fit for purpose). Data access
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in a consistent and easy to use format is key. There is a
strong and continued advocacy for broad, open data poli-
cies and practices. Open data and open processing policies
are required in the sense that while there are many commu-
nities of users that want to have the data already fully pro-
cessed, there are also other users who need well detailed
documentation on all data processing steps to be able to
adapt them to their own needs.

It is generally recommended to develop product-
availability at different processing levels. Most often, near
real time products greatly improve uptake. Regarding the
new observations, short-latency products should be priori-
tized in the coming years.

6.7. DUACS

In 1997 the first homogeneous and user friendly Sea
Level data set based on TOPEX/Poseidon and ERS-1 &
2 missions was released to the scientific community: from
this date, it was no longer necessary to be an altimetry
expert to use sea level time series. This was the beginning
of DUACS (Data Unification and Altimeter Combination
System). For 25 years (Taburet et al., 2019), the system has
integrated and merged all the altimeter missions into a
multi-mission  dataset Level 3 (along-track cross-
calibrated SLA) and Level 4 products (multiple sensors
merged as maps or time series). It was disseminated first
on Aviso and now CMEMS (Europe) and used worldwide.
Regional multi-mission datasets were also produced in
NASA (US) and IMOS (Australia) showing some limits
in the operational maps, notably in terms of spatial resolu-
tion. The improvement of sea level merged products at
small scales through the development of new algorithms
(non-linear scheme, Al techniques, multi-sensor fusion. . .)
and the use of new satellite technology will be the challenge
in the coming decade.

7. Transversal views

An important message is to keep an open mind with
regards to the specific objectives of a mission. Even if a
given mission is designed for a particular objective, it is
important to maximize the science return from it. There-
fore, beyond the many recommendations that have been
made for specific missions or scientific objectives, including
for an operational mission, it is important to try optimizing
the science returns in all dimensions of science and applica-
tions. For example, CryoSat-2 was designed primarily for
the cryosphere but it appeared to be very useful for
oceanography and inland water even though the mission,
per se, was not optimized for these objectives. Sentinel-6
is primarily an oceanographic mission but one can maxi-
mize the science return for coastal zones and for hydrology.
SARAL/AItiKa was originally designed for oceanic mesos-
cales and also appeared to be very profitable for inland
waters and cryospheric sciences and even for geodesy in
the drifting phase (Verron et al., 2018; Verron et al., 2021).
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7.1. Scales

The question of scale is underlined as such because it
crosses many scientific issues in the field of Earth observa-
tion. As a summary of the challenge, a somewhat naive for-
mulation would be to wish to establish a path to future
altimetry missions addressing both the climate record and
high-resolution observations of small-scale and fast signals,
or, more simply, be able to work across spatial and tempo-
ral scales. More practically, it is likely that the space agen-
cies will, in the future, have to confront wish-lists
encompassing items such as higher spatial resolution,
higher temporal resolution, guaranteed continuity, more
multi-sensor satellites with more in situ data, etc. The
example of SWOT is interesting as the excellent fine spatial
coverage is accompanied by a less dense (and not dynami-
cally consistent) time coverage. So, for the future, it would
be useful to anticipate plans for better space-time coverage
of SSH and surface currents in the open, coastal and polar
oceans. The coastal ocean and marginal ice zones are espe-
cially challenging in terms of time scales and spatial scales.
To try to sample spatial and temporal variability in such a
highly dynamic environment is a great challenge from
space. This concerns sea state and winds due to variability
on very short time and spatial scales, complicated by the
impact of local topography/bathymetry. Covering all rele-
vant time scales and spatial scales for sea state is especially
challenging and cannot be resolved with the currently
available altimeter sampling, making integration with mod-
els and other measurements essential. One solution is to
integrate satellite data with modeling and other measure-
ment technologies, but if one can improve the sampling
with either constellation or swath instruments, this
becomes moot. Altimeters in a sun-synchronous orbit
could introduce a diurnal bias for measuring coastal winds
and waves, by only sampling at set local times of day (land
breeze, sea breeze effects). For coastal investigations in gen-
eral, more investigations on the real spatial and temporal
resolution that satellites can achieve are recommended.
For inland water bodies, the temporal and spatial scales
are also a fundamental key issue. Higher temporal resolu-
tion (like with the Jason series) missed a high number of
targets (lakes and reservoirs not overflown). High spatial
resolution missions (e.g. CryoSat-2) lead to missed hydro-
logical signals and do not allow an efficient survey of many
of the flooding events occuring in rapid response time. For
rivers, hydrologists can be reluctant to use altimetry due to
the low temporal resolution, although it allows acquiring
information in remote areas where no in situ measurements
exist. Regarding scales there is an interesting contrast
between hydrology and oceanography in the way scientists
approach scales. In oceanography, the approach has been
starting from the larger scale and moving to the mesoscales
and now even smaller scales. In contrast, hydrologists have
been focusing at the river basin scale mainly or lake or
regional areas and are now focusing on global hydrology
trying to solve questions in global water cycle, impact of
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climate change, etc. For these latter objectives, satellite
data are really a good tool.

7.2. Integration

Models and data assimilation have appeared in all scien-
tific domains whatever their developments, as key elements
to extract all the benefits of observations and of altimetry
in particular (for a recent review, see Chassignet et al.,
2018). Data assimilation covers an ensemble of various
mathematical techniques that provide a rational way to
synthetize information provided by models and by obser-
vations (assuming estimations of their accuracy), in order
to provide a realistic state estimation (and possibly fore-
cast) with error estimates. These are key tools to use, ana-
lyze and understand current data, but also to anticipate the
use of new observations. Modeling and OSSEs may be used
to simulate these new observations, such as SWOT altime-
try for example. There are key tools to give an integrated
perspective of a system involving many observations of dif-
ferent types and some understanding translated in terms of
dynamic equations. Models and data assimilation provide
adequate tools to make consistent use of multi-sensors,
and multi-missions datasets.

The status of model development is not similar in all dis-
ciplines. Efforts must be made to develop modeling for
hydrology and the cryosphere. Such efforts must be made
in the same consistent manner to improve the Earth observ-
ing system. For example, in order to understand upcoming
observations from SWOT, what is needed is not only to do
comprehensive CAL/VAL and to coordinate the ocean
science campaigns, but also interpretation from high-
resolution modeling and data simulation. With SWOT the
resolution is high, but the temporal resolution is poor, so
observations might be uncorrelated, implying an immediate
need for modeling. It is even true prior to the launches as
model outputs can provide some good indications (“‘simula-
tors”) of the data that will be observed, in order to prepare
the right approach for exploitation. The quality of ocean
models has increased in the past years especially because of
the growing computing capabilities. Hydrological models
of water cycle at continental to global scales have also
emerged over the last ten years, and assimilation of altimetry
in synergy with other mission products into land surface and
global climate models, is a current big challenge. Even more,
model outputs must be more and more used to simulate
observing approaches and scenarios and then provide ratio-
nale to justify missions and also to optimize the data acqui-
sition for current missions (see Section 6.6).

Another important point is the fact that space ocean
observations relate to only the surface. Modeling can help
provide a consistent vertical perspective: a 4D reconstruc-
tion. Regarding SWOT again and the need to help with inter-
preting higher resolution altimetry data, it is expected that
models will help further disentangle the questions of the
internal wave motions and the balanced dynamics. From a
data assimilation perspective, it is important to have high
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quality data to ingest into models but even with imperfect
data it is essential that they are supplied with a good estimate
of errors’ levels. In both cases, a clear recommendation is
that the corresponding efforts must be recognized, as models
and data assimilation are keys for the future of space obser-
vations and a better understanding and forecasting of the
Earth System. One keyword that emerged from the discus-
sions among scientists worldwide is “‘synergy”. Synergy
relies on altimetry seen as connected to other remote sensing
techniques, as a part of a larger observational system and of
modeling development. What are the future innovations in
the synergy of satellite data and in situ observations includ-
ing data assimilation methodologies and statistical and
dynamical interpolations?

7.3. Artificial Intelligence (Al)

The concept of artificial intelligence (Al) is quite broad,
sometimes confusing, and it is not yet completely clear
what benefits can be derived from it in the field of altime-
try. However, it is quite obvious that the abundance of spa-
tial data and integrated data (notably from numerical
models integrating altimetry data and other available data)
can benefit from the tools developed in the field of Al
sciences for manipulating, processing, interpreting, and
understanding these large masses of data, and therefore
increasing their value. It is, therefore, recommended to
explore these tools as articulated above.

There are multiple other potential Al contributions worth
developing. Al may enable a simplified representation of a
model too complex to be able to be used in full time/space
analysis. It thus may allow to better take into account the
physics of a measure in these analyses or to provide essential
auxiliary information (e.g. Fablet et al., 2018).

7.4. Education and training

Last but not least, it is necessary to develop the capacity
of people to better understand satellite altimetry and remote
sensing and how they can be used. For that, help must be
sought from the agencies for training courses in summer
schools, and also funding for the employment of young
researchers, grants for students and young engineers, etc.
There have already been a number of international schools
on altimetry, and operational oceanography (with a strong
component on space observations) (e.g. Chassignet et al.,
2018). We should also assess the development of more
specific schools on topics such as coastal altimetry, space
hydrology and the cryosphere, and more generally of tuto-
rials on tools/data products to increase use. Some impor-
tant ressources already exist. For example, by accessing
the Copernicus Research and User Support Service (RUS,
https://rus-training.eu/) readers can find information on
face-to-face lessons, online webinars and e-learning courses
on both oceanography and radar altimetry. ESA annually
offers training sessions during the Coastal Altimetry Work-
shop (http://www.coastalt.eu/, training material available
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for download) and has also funded many toolboxes and
tutorials such as the Broadview Radar Altimetry Toolbox
(BRAT, http://www.altimetry.info/), designed to facilitate
the visualisation and processing of radar altimetry data
and the Delay-Doppler Altimetry Studio (DeDop, https://
dedop.org/), which is an open-source customizable and
modifiable toolbox to process Sentinel-3 SRAL data. How-
ever, several regions of the world are under-represented in
the international oceanographic, hydrologic, and cryo-
spheric communities. Efforts are therefore needed through-
out the world to diversify and widen the altimetry
community. Education and training at the university as well
as for PhD or post-doc students are also critical to the
future success altimeter science missions. Another critical
component of the successful development of this pipeline
is the science-interested students in the younger community
of learners—grade school through high school (Rosmorduc
et al., 2021). Successful recruitment of students into Earth
and ocean technical studies begins with science-literate chil-
dren. Finally, we should consider another requirement in
order to advance sea level science objectives: advocacy of
the value and relevance of sea level science research and
modeling outcomes in order to better communicate on the
added-value to public and private sector user communities
and to decision makers.

8. Programmatic issues

After the first technology concept demonstrations
mostly conducted in the USA (Wilson et al., 20006), the
development of modern altimetry has been based on multi-
fold cooperation and partnership (e.g. Escudier et al.,
2018):

— Partnership between space agencies developing and
operating the missions (NASA, CNES, ESA, ISRO,
CNSA, ...), extended to operational organizations
(NOAA, EUMETSAT, EU/Copernicus Services);
Partnership between space agencies and oceanographic
institutions to develop the synergies between the space
component, the in situ component and the analysis
and forecast capacities;

Partnership between agencies and oceanographic com-
munity (science, applications) to optimize the definition
of the system, develop the data processing tools, conduct
the calibration and validation activities.

In particular the OSTST, gathering worldwide selected
scientists together with engineers developing and operating
the missions, has proved to be essential. This was a key ele-
ment for the altimetry development success considering the
complexity and diversity of expertise to be combined for
such a system of systems that shall include:

— Multiple satellites flying on different orbits to provide
the adequate time and space sampling and coverage up
to the polar areas;

343

Advances in Space Research 68 (2021) 319-363

— Multiple instruments, each contributing to the global
data set but providing specific characteristics (wide
swath versus along track scanning, instrument optimiza-
tion for ocean, land, ice, river and lake, ...);

— In situ instrumentation to complement the satellites
observation and provide adequate calibration activities;

— Multiple expertise to properly manage and handle the
data (instrument processing and corrections, geophysi-
cal corrections, multi-satellite merging, assimilation into
models, ...)

The OSTST work and recommendations are of great
benefit to the OST Virtual Constellation (VC) of the Com-
mittee on Earth Observation Satellites. The OST VC
(NASA, ESA, CNES, CNSA, JAXA, ISRO, EUMET-
SAT, NOAA, US Navy) coordinates ocean inter-agencies
actions.

Considering the challenges to be met in the future (in-
creased time and space coverage and resolution, coastal,
hydrology, cryosphere, ...) it is essential to pursue these
multifold partnerships. Priorities that shall be conducted
in parallel are:

— Continuity of current missions allowing us to monitor
on an operational basis large and medium scale oceanic
variability. This requires specific care to guarantee the
high level measurement performance necessary for
altimetry considering applications such as mean sea level
monitoring, and to maintain minimum time and space
coverage performance. The latter implies close coordi-
nation between the various agencies flying altimetry
missions;

Minimizing likelihood of a gap in polar ocean and ice
monitoring, Agencies should strive to launch CRISTAL
in the early 2020s and maintain operation of CryoSat-2,
ICESat-2, and SARAL/AItiKa as long as possible.
Research, development and in orbit demonstration of
the new mission concepts that are necessary to meet
the identified challenges for the future in the various
application fields. In this context, as was initiated
20 years ago for the ESA Earth Explorer CryoSat-2
for the Synthetic Aperture Radar Altimetry concept,
in orbit demonstration of wide swath altimetry, such
as the SWOT concept developed in cooperation between
NASA, CNES, Canada and the UK, is a unique oppor-
tunity to meet the resolution challenges. In parallel,
exploration of new mission concepts derived from
altimetry, such as the SKIM concept aiming at monitor-
ing directly the total surface current, is also essential to
move in this direction;

Research and development of new processing tech-
niques, in particular algorithms to enhance our ability
to merge different instrument measurements, will allow
to maximize benefit from each technique’s intrinsic
advantage while bypassing their limitations. Support
for Al applications should be encouraged as it may
prove highly efficient;
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— Continuous close cooperation between agencies and
users to optimize the use of in orbit operational missions
and the definition of future mission concepts. To sup-
port these discussions aiming at maximizing the science
and operational return while optimizing resources it
may be worthwhile to use OSSEs or equivalent tech-
niques to define the most valuable evolutions that will
allow to meet the challenges identified.

On the European side, the Copernicus programme is a
key element for the future of altimetry and operational
oceanography. The Copernicus programme is in routine
mode with 7 satellites launched up to now, combined with
services in charge of processing and delivering world-class
data products used extensively by a large community of
users from science, public bodies, private corporations,
start-ups, to citizens. This is a success to be shared with
space agencies and also with the community of scientists
and operators that are building information products on
top of remote sensing data, and users. The future of the
programme is on the table. The Arctic, coastal zones and
marine biology are the next big priorities for the Coperni-
cus marine service. The European Commission, ESA and
EUMETSAT are working together on a long-term sce-
nario. In the 2030’s timeframe, Sentinel-3 and Sentinel-6
series will need to be continued benefiting from latest tech-
nologies that will be available in coming years (e.g. wide
swath altimetry). This will also be very important to keep
the reference mission with Sentinel-6. Before that, the cur-
rent priority is to define if and which gap-filler missions
between 2025 and 2028 could be developed to tackle new
challenges expressed by the space strategy. ESA has started
many parallel phase-A studies, of which one is related to
topography and many related to oceanography in general.

9. Conclusions

We, the altimetry community, are proud to celebrate the
astounding successes of 25 years of precision radar altime-
try from space. This saga started in the early 1980’s, thanks
to the efforts of a small group of visionary scientists and the
leadership of a few space agency program managers. Radar
altimetry from space started in the context of the World
Ocean Circulation Experiment. Since its inception, the
altimetry community has expanded in size and scope from
a handful of ocean scientists and a couple of countries to a
worldwide concerted effort involving both R&D and oper-
ational space agencies from China, Europe, India, and the
USA, benefiting from the expertise of several hundreds of
scientists and engineers, serving the needs of thousands of
data users, and covering a variety of disciplines, from
large-scale to mesoscale oceanography, through to coastal
studies, ice sheets and ice cap surveys, marine geodesy,
hydrology, biodiversity and limnology.

One crucial achievement of radar altimetry has been the
25-year record of sea level rise and its geographic pattern
and variability, a key climate indicator of global warming,
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made possible by the incredible accuracy of the combined
technique of sea surface height measurement and precise
orbit determination. The iconic image of global mean sea
level variations since 1992 (Fig. 4), showing not only an
uninterrupted increase of 3.2 mm/yr, twice as much as
the average rate over the 20th century, but also an acceler-
ation in the past five years and regional variations of the
global trends with 25 km resolution, are the symbol of
the success of radar altimetry, supplying a global climate
indicator for GCOS used also in the United Nations
Framework Convention on Climate Change Conferences
of Parties (CoPs).

More recently synthetic aperture radar altimetry has
provided the first ever image of the rapidly declining Arctic
sea ice cover (extent and thickness) and of the fast melting
Greenland ice sheets. Radar altimetry is a key component
of the Global Earth Observation System of Systems
(GEOSS), and over the last 25 years has provided the prin-
cipal global data source enabling the development of oper-
ational oceanography. Radar altimetry contributes to a
large number of societal needs, from climate monitoring
to weather forecasting, with subsequent applications in a
range of activities of socioeconomic importance, including
agriculture, energy, health, maritime safety, water, and
many others.

In a very synthetic way, we could say that the main and
unique virtues of altimetry are:

— Its intrinsic nature: composite measurement providing
integrated information on multiple parameters, in 3D
for the ocean part;

Its metrological construction making it possible to aim
for absolute precision (even though this includes the lim-
its mentioned above);

Its comprehensive, all-weather, repetitive coverage.

And that the limits of altimetry are:

The complexity of its interpretation arising in particular
from this composite nature, requiring the use of complex
techniques and auxiliary modeling to be able to be ana-
lyzed (i.e., for the ocean model of tide, geoid, atmo-
sphere and HF wvariations of the ocean, electro-
magnetic bias, ...);

Space-time coverage, very limited for nadir altimetry
and relatively limited for “wide swath” altimetry
(100 km field on SWOT while fields of more than
1000 km are used in passive imagery).

These 25 years of success cannot mask the fact that
this complex system is fragile and at risk: today we are
just one satellite-failure away from a gap in the 28+ year
record. Such a situation should be taken seriously, in
view of the dramatic and costly impact that sea level rise
and associated extreme events will have on many coastal
areas of the planet, coastal megacities and their
inhabitants.
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We, the global altimetry community, wish to express our
collective will to work at ensuring the continuity of the his-
torical climate data record and preparing the next genera-
tion of missions, which will continue the success and
expansion of radar altimetry. The purpose of this summary
is to express the following recommendations that are
respectively addressed to the relevant scientific community,
to space agencies, to intergovernmental entities, national
governments and the European Union.

To conclude we provide a synthesis of the most impor-
tant recommendations, most of which have a character
common to all scientific disciplines, technological develop-
ments and/or applications benefiting from altimetry:

— Continuity of measurements is essential, including not
only the continuity of altimetry, but also of the other
observing systems that accompany altimetry. Such con-
tinuity needs also that the complete data set are regu-
larly reprocessed, using most recent models and
corrections;

— Continuation of a broad collaboration between engi-
neering and science, research and operations, and inter-
national partners facilitating the transition of
demonstrated capabilities from research agencies into
corresponding capabilities within the operational agen-
cies 1s needed;

— Sustainability of open data policies including near-real
time data for operational purposes promoting timely
access to data to all for the public good, typically within
three hours of collection for operational use and with a
reasonable delay to consolidate the data for research
should be secured;

— A strong investment in the modeling developments and
more generally to integration through AI and data
assimilation methodology development is necessary; and

— A strong increase of investment of national and regional
governments in research in terms on human resources is
a necessary prerequisite.

Appendix A. GCOS Essential Climate Variables (ECV)

Oceanic Surface Sea-surface temperature
Sea-surface salinity
Sea level, Sea state
Sea ice, Surface current
Ocean colour
Carbon dioxide partial pressure
Ocean acidity
Phytoplankton

SubSurface Temperature

Salinity
Current
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Terrestrial River discharge
Water use
Groundwater
Lakes
Snow cover
Glaciers and ice caps
Ice sheets
Permafrost
Albedo
Land cover (including vegetation type)
Fraction of absorbed photosynthetically
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Nutrients

Carbon dioxide partial pressure
Ocean acidity

Oxygen

Tracers

Appendix B. Acronyms
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active radiation (FAPAR)
Leaf area index (LAI)
Above-ground biomass
Soil carbon

Fire disturbance

Soil moisture

— Argo: A program of free-drifting profiling floats that measures temperature and salinity

— AVISO: CNES data center for Altimetry and DORIS products

— CAL/VAL: Calibration/Validation

— CCEL: Climate Change Initiative (https://tinyurl.com/ESA-CCI)

— CFOSAT: China France Oceanography SATellite

— Copernicus: Previously known as GMES (Global Monitoring for Environment and Security), is the European Union’s

Earth observation programme

— CMEMS: Copernicus Marine Environment Monitoring Service

— CNES: Centre National d’Etudes Spatiales, French space agency

— CRISTAL: Copernicus polaR Ice and Snow Topography ALtimeter

— CryoSat-2: ESA’s Earth Explorer for Cryospheric studies (April 2010 -)

— DLR: Deutsches Zentrum fiir Luft- und Raumfahrt, German Aerospace Center

— DORIS: Doppler Orbitography and Radiopositioning Integrated by Satellite
— DUACS: Data Unification and Altimeter Combination System
— ECMWF: European Centre for Medium-range Weather Forecasts

— ECV: Essential Climate Variables

— Envisat: ESA Environmental Satellite (March 2002 - May 2012)

— ERS-1: ESA European Remote-Sensing Satellite-1 (July 1991 - March 2000; Altimetry mission ended in June 1996)

— ERS-2: ESA European Remote-Sensing Satellite-2 (April 1995 - Sept. 2011)

— ESA: European Space Agency

— EUMETSAT: European Organisation for the Exploitation of Meteorological Satellites

— GCOS: Global Climate Observing System

— GEO: Group on Earth Observations

— Geosat, Geosat Follow-On: GEOdetic SATellite

— GEOSS: Global Earth Observation System of Systems
— GNSS: Global Navigation Satellite Systems

— GOCE: Gravity field and steady-state Ocean Circulation Explorer

— GRACE: Gravity Recovery And Climate Experiment, NASA/DLR missions, (March 2002 - Oct. 2017) and GRACE-

FO (May 2018 -)
— HR: High Resolution

— HY-2 (Haiyang-2): Second generation ocean observation/monitoring satellite series by CNSA (China National Space
Administration). A (August 2011 - September 2020), B (October 2018 -) and C (September 2020 -)

— ICESat-2: NASA'’s Ice, Cloud and land Elevation Satellite-2

— IGDR: Interim Geophysical Data Record
— IMOS: Integrated Marine Observing System
— InSAR: Interferrometric Synthetic Aperature Radar

— ISRO: Indian Space Research Organisation, Indian space agency

— ITRF: International Terrestrial Reference Frame

— Jason-1/2/3: NASA/CNES/NOAA/EUMETSAT Franco-American satellite, altimetry reference missions
— Jason-CS: Jason-CS (Continuity of Service) was first used for the Sentinel-6 mission

— KaRlIn: Ka-band Radar Interferometer onboard the future SWOT mission

— LRM: Low Resolution Mode
— MDT: Mean Dynamic Topography
— MSS: Mean Sea Surface

— NASA: National Aeronautical and Space Administration, US space agency
— NOAA: National Oceanic and Atmospheric Administration
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— NSOAS: National Satellite Ocean Application Service
— NRT: Near Real Time

— OSSE: Observing System Simulation Experiment

— OSTST: Ocean Surface Topography Science Team

— RADS: Radar Altimetry Database System

— SAR: Synthetic Aperature Radar (SARM for SAR mode)

— SARIn: SAR Interferometry
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— SARAL/AIltiKa: Satellite with Argos and AltiKa, ISRO/CNES ka-band altimetry satellite (Feb. 2013 -)

— SCO: Space Climate Observatory (https://www.spaceclimateobservatory.org/)

— Sentinel: European Copernicus Programme operational satellites built and launched by ESA

— Sentinel-3: Four Copernicus operational altimetry missions (includes color and temperature sensors). The 2 first ones
Sentinel-3A and Sentinel-3B were launched on 16 February 2016 and 25 April 2018 respectively

— Sentinel-6A/Michael Freilich: First of two Copernicus operational successors to the Jason series (initially called Jason-

CS), launched on 21 November 2020

— SKIM: Sea surface KInematics Multiscale monitoring, pre-selected for Earth Explorer 9

— SLA: Sea Level Anomaly

— SLR: Satellite Laser Ranging or Sea Level Rise (depending on the context)

— SSB: Sea State Bias

— SSH: Sea Surface Height

— SST: Sea Surface Temperature
— STC: Short Time Critical

— SWH: Significant Wave Height

— SWOT: Surface Water Ocean Topography, NASA/CNES satellite mission (planned launch in 2022)

— TC, TCHP: Tropical Cyclone, Tropical Cyclone Heat Potential

— TOPEX/Poseidon, TP: NASA/CNES first satellite altimetry reference mission (1992) (Aug. 1992 - Jan. 2005)

— WiSA: WIde Swath Altimetry, a concept for Copernicus Next Generation satellite (including hydrology) (> 2030)
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