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OBSERVING WAVE-AFFECTED MARGINAL ICE ZONES IN
SOUTHERN OCEAN BY SATELLITE RADAR ALTIMETER
SYNERGY

Xu S
1Tsinghua University

Marginal Ice Zone (MIZ) is an integral part of the
Antarctic sea ice cover and usually associated with
intensive air-ice-ocean interactions. Wave-affected MIZs
form due to the wind wave/swell propagation into the
ice pack, the ice breaking, the pronounced ocean
mixing, as well as the potential positive feedback to the
sea ice cover. However, great challenges exist for the
satellite-based observations of the MIZ, mainly due to
its small temporal and spatial scales. In this talk we
introduce recent advances of observing MIZs with radar
altimeters. Circumpolar remote sensing of Antarctic
MIZs is carried out through the synergy of multiple
satellite campaigns, with July of 2017 as the sample
period of study. We show that, the wave-affected MIZ
can be effectively retrieved with radar altimeters
through the waveform properties, which is modulated
by both sea ice and the wave's modulation.
Furthermore, the synergy of multiple radar altimeters
greatly improves the temporal and spatial
representation of the underlying MIZ. Hot-spots of MIZs
are revealed around the Antarctic, especially around
Ross/Amundsen Sea and Weddell/Riiser-Larsen Sea.
Related topics, including the swell attenuation in the
MIZ, are also discussed.

ASSESSMENT OF SENTINEL-6 MF SAR MODE AND
REPROCESSED JASON-3 LRM SEA LEVEL
MEASUREMENTS OVER GLOBAL COASTAL OCEANS

Peng F', Deng X?, Shen Y?
ITongji University, 2The University of Newcastle

With dedicated coastal processing strategies and
advanced Delay-Doppler technique, the quality of
altimeter data from Low-Resolution Mode (LRM) and
Synthetic Aperture Radar (SAR) mode altimeters in
coastal areas have been greatly improved. In this study,
we present a new 20-Hz along-track sea level anomaly
(SLA) dataset of Jason-3 within 100 km to the global
coastlines using the modified SCMR (Seamless
Combination of Multiple Retrackers) processing
strategy. The new reprocessed Jason-3 dataset, along
with Sentinel-6 Michael Freilich (MF) SAR mode data,
are evaluated and validated over global coastal oceans.
The evaluation results show that the modified SCMR has
significantly increases the data availability by 16%-67%
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for Jason-3 when compared to the official SGDR MLE4
dataset, especially in the last 5 km to the coast. The
resultant data availability retains more than 90%
beyond 5 km to the coast and 80% within 5 km to the
coast, which is slightly higher (2%-10%) than that
obtained by the Sentinel-6 MF. Most importantly, the
modified SCMR can mitigate the hump artifacts
observed for the SLA spectrums of LRM altimeters and
make the noise level of 20-Hz SLA estimates from Jason-
3 (5.52 cm) comparable with that from Sentinel-6 MF
(5.42 cm). This result demonstrates that the modified
SCMR strategy would improve the LRM altimeters’
capability of monitoring the mesoscale eddies. The
evaluation results also show that the Sentinel-6 MF SAR
mode data obtain higher data precision but lower data
availability than reprocessed Jason-3 LRM data,
especially in the 0-5 km coastal strip and mid-to-high
latitude (>40°N or <40°S) regions. Although the quality
of altimeter data in the 0-5 km coastal strip has been
significantly improved, the validation results against tide
gauges demonstrate that the degraded performance
still occurs when compared to the results beyond 5 km
offshore. The significant discrepancy between tide
gauge records and altimeter data is found in places such
as sheltered bays and archipelagos where the land
contamination is severe, and thus the development of
dedicated coastal retrackers for SAR mode altimeters is
still of great importance. Finally, the good consistency
between reprocessed Jason-3 LRM and Sentinel-6 MF
SAR mode altimeter datasets has been found by
examining the inter-mission SLA biases (-0.12+0.01 m).

THE HORIZON2020 OPEN CLOUD FOR RESEARCH
ENVIRONMENT PROJECT'S HIGH-RESOLUTION
ALTIMETRY DATA FOR COASTAL ANALYSIS

Ponce De Leon Alvarez S, Orru C2, lesué M?, Orlandi M?,
Rivolta G, Restano MP, Benveniste J*

1CENTEC, 2Progressive Systems-EarthConsole, 3SERCO-
ESRIN, “Formerly, ESA-ESRIN

This work details the processing of CryoSat-2 and
Sentinel-3 data through the SARvatore services for
CryoSat-2 & Sentinel-3, which are key components of
the ESA Altimetry Virtual Lab
(https://eodsociety.esa.int/resources/earthconsole-
altimetry-virtual-lab/). Both services allow for the
selection of a "Coastal Zone" profile, specifically
designed to generate thematic coastal altimetry
products that are crucial for detailed coastal studies.

The generation of this high-resolution altimetry
database was undertaken within the framework of the
European Union’s Horizon 2020 research and innovation
program, specifically under the Open Clouds for
Research Environments (OCRE) grant, facilitated
through the ESA Altimetry Virtual Lab on Earth
Console®. This initiative has led to the creation of a
pioneering assessment of renewable wave energy



resources in coastal areas, a project entitled
"Assessment of Renewable Wave Energy Resources in
the Coastal Zone Using High- Resolution Altimetry
Products."

A key feature of these services is the integration of a
customizable unfocused SAR processor coupled with the
advanced SAMOSA+ coastal retracker. This combination
is instrumental in providing high-quality coastal zone
data. The choice of SAMOSA+ was motivated by its
superior performance in retrieving a higher number of
valid estimates in coastal areas when compared to the
SAMOSA? open ocean retracker used to produce o\icial
ESA CryoSat-2 & Sentinel-3 SAR ocean altimetry
products. This distinction highlights the tailored
approach of our methodology, specifically optimized for
coastal altimetry applications.

Overall, this work marks a significant advancement in
the field of altimetry, o\ering valuable insights into the
potential of renewable wave energy resources in coastal
regions.

WAVE CONTRIBUTION TO SEA LEVEL IN THE FRENCH
FACADE OVER 2002-2021 INFERRED FROM HIGH-
RESOLUTION SIMULATIONS  AND  ALTIMETRIC
OBSERVATIONS.

Ponce De Leon Alvarez S, H. Bettencourt J°, Leclercq L3,
Cazenave A3, Benveniste J*

1CENTEC, 2Geophysical Institute, University of Bergen,
3LEGOS, *Formerly, ESA-ESRIN

In coastal regions, local sea level (SL) fluctuations are
subject to a variety of influences, with wind-generated
waves being a significant factor. Understanding these
variations is essential, particularly in terms of the dual
impact of wave setup and swash.

To delve deeper into the role of waves in coastal SL
dynamics, we have conducted a comprehensive analysis
of time-series data, encompassing significant wave
height (Hs), both altimetric and in situ sea level
measurements, and wave setup, spanning the years
2002 to 2022. The aim is to precisely assess the impact
of waves on coastal SL alterations, with a focus on
seasonal and interannual timescales.

Our approach integrates high-resolution numerical
simulations with a diverse array of observational data.
We place special emphasis on various extreme events
known to induce rapid, high-frequency changes,
potentially affecting coastal SL. Through this approach,
we aim to unravel the critical influence of waves in
driving sea level changes in coastal environments.
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ASSESSMENTS OF WAVE RESOURCES USING THE
HORIZON2020 OPEN CLOUD FOR RESEARCH
ENVIRONMENT PROJECT'S HIGH-RESOLUTION
ALTIMETRY DATA IN THE ATLANTIC FRENCH AND
PORTUGAL

Ponce De Leon Alvarez S', Restano M?, Benveniste J?
1CENTEC, °SERCO-ESRIN, 3Formerly, ESA-ESRIN

In light of the current energy crisis, wave energy
conversion emerges as a viable and sustainable
alternative for energy generation, significantly
contributing to the advancement of the Blue Economy.
This study focuses on the potential of wave energy
resources across various coastal regions, with particular
emphasis on overseas marginal territories and European
coastal zones. Our research utilizes high-resolution
satellite altimetry sea state data, including significant
wave height and backscatter coefficient, sourced from
the European Space Agency's CryoSat-2 mission and
processed using the advanced SAMOSA+ retracker
algorithm tailored for coastal areas. The analysis spans
over a decade, from January 2011 to December 2022,
employing an empirical model to calculate wave power
density.

Autumn, when sea state conditions are less harsh for
extraction activities, appears to be the most favorable
season for harnessing wave energy. According to the
estimated positive trend in wave power density, the
wave resource is abundant along the nearby coasts of
the French fagcade and mainland Portugal, showing
promising potential for future exploitation.

The Azores, a group of nine islands located about 1200
km west of Portugal, also show considerable wave
energy resources, particularly in areas not near the
shore. Our results indicate that the northwest of the
Azores Islands, specifically Flores and Corvo, have the
most substantial wave resources. In contrast, the
Central Group of Azores islands experience a decrease
in wave resources, although it remains an area where
extraction would be easier. According to our findings,
the Wave Power Density in the central Azores region is
approximately 27 kW/m, consistent with results
obtained by other authors. This result aligns with
previous studies using altimetry (Timmermans et al.,
2020; Passaro et al., 2021).

This study highlights the importance of innovative
methodologies and the role of satellite data in
enhancing the accuracy of wave energy assessments.
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COASTAL SEA LEVEL RISE IN THE GULF OF MEXICO

Leclercg [, Cazenave A%, Léger F, Thirion G, Gravelle
MZ

1Université de Toulouse, LEGOS (CNES/CNRS/IRD/UT3),
2LIENSs, CNRS—La Rochelle University



In the context of the ESA Climate Change Initiative (CCl)
Coastal Sea Level project, a complete reprocessing
(including retracking of the radar waveforms) of high
resolution (20 Hz, i.e. 350 m) along-track altimetry data
of the Jason-1, Jason-2 and Jason-3 missions over
January 2002 to July 2021 was performed along the
world coastal zones. This reprocessing has provided
valid sea level data in the 0-20km band from the coast.
This led us to define a network of 1183 virtual coastal
altimetry stations corresponding to the location of the
first valid point along the track (with an average
distance of 3.8 km from the coast). Sea level anomalies
time series together with associated coastal sea level
trends have been computed over the 2002-2021 time
span. In the Gulf of Mexico the rate of sea level rise
significantly exceeds the global mean sea level rise,
amounting about 6 mm/yr over the satellite altimetry
era (1993-present). At some coastal sites in the Gulf,
tide gauge records corrected for GPS-based vertical land
motion show even larger rates (up to 10 mm/yr in the
Mississippi delta). In this region, the reprocessed high-
resolution along-track altimetry data show a sea level
rise increase from 6 mm/yr offshore to 8 mm/yr
(uncertainty of 1 mm/yr) in the last 4km to the coast
over 2002-2021. This is in good agreement with the tide
gauge data. River runoff data available at a few sites
along the Mississippi channels nearby the delta indicate
a positive trend over the past 15 years. We estimated
the contribution of the river runoff trend to the
observed coastal sea level rise and found it can explain
about 1 mm/yr of the excess coastal sea level rise
compared to offshore.
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SWOT'S CONTRIBUTION TO THE STUDY OF COASTAL
OCEAN CIRCULATION, AND MORE SPECIFICALLY THE
NORTH CURRENT (NW MEDITERRANEAN SEA)

Tolu L%, Birol F*, Léger F, Vergara O*?, Morrow R?
1CNRS, LEGOS, 2CLS Space Oceanography

The monitoring of ocean currents is a key component in
many coastal applications, ranging from biogeochemical
resources to marine pollution or search and rescue.
During the last three decades, satellite altimetry has
played an essential role in the understanding and
monitoring of ocean currents at global scale. But its use
is still limited in coastal areas due to a poorer data
quality as we approach the coast, and a spatio-temporal
data resolution considered as sparse relatively to the
scales of coastal dynamical features.

However, many recent studies addressing the different
issues related to the derivation and exploitation of
altimeter-derived coastal current velocities have shown
that they efficiently complement coastal velocity fields
derived from in-situ data (e.g., hydrographic
observations, surface drifter and moored or ship-based
acoustic Doppler velocities) or from shore-based HF
radars. Indeed, one of the major advantages of this
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measurement technique is to provide long time series
(i.e. > 30 years) of spatially and temporally
homogeneous information about the circulation and to
be available at near-global scale. The data quality
problem can be partially overcome thanks to dedicated
processing with adequate corrections. Additionally,
merging data from multiple missions has been shown to
improve the spatial and temporal resolution. But few
data sets including coastal processing and several
altimetry missions still exist.

The SWOT mission represents the beginning of a new
class of altimeters. Associated to substantial
improvements in terms of spatial resolution and
altimetry data accuracy, it could considerably change
the situation in terms of coastal applications. In this
study, we study and quantify the ability of SWOT to
observe coastal currents compared with conventional
nadir missions on a case study: the Northern Current
(NW Mediterranean Sea). In particular, we take
advantage of the 1-day repeat orbit during the Fast
Sampling Phase as a prototype to explore what future
altimetry based on such temporal resolution could bring
in coastal oceanography.
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COPERNICUS POD SERVICE: STATUS OF COPERNICUS
SENTINEL SATELLITE ORBIT DETERMINATION

Fernandez C, Mufioz M, Fernandez J%, Peter H?,
Femenias P?, Nogueira-Loddo C*

1GMV Aerospace & Defence, *PosiTim UG, 2ESA/ESRIN,
‘EUMETSAT

The Copernicus Precise Orbit Determination (CPOD)
Service delivers, as part of the Ground Segment of the
Copernicus Sentinel-1, -2, -3, and -6 missions, orbit
products and auxiliary data files for the operational
generation of the science core products in the
corresponding Production Services (PS) at ESA and
EUMETSAT, and to the external users through the newly
available Copernicus Data Space Ecosystem
(https://dataspace.copernicus.eu/).

Since April 2014, the CPOD Service has been supporting
the Copernicus program as soon as the different
Sentinel satellites were launched. GMV is responsible
for the operations of the CPOD Service, and together
with the CPOD Quality Working Group (QWG), is in
charge of the POD system evolutions. The CPOD QWG is
integrated by some of the leading institutions in POD in
the world such as AIUB, CNES, DLR, ESOC, JPL/NASA, TU
Delft, TU Munich, TU Graz and GFZ, among others, and
they provide support to the quality control of the POD
products, as well as helping with the inclusion and
validation of new algorithms and standards. The CPOD
Service has achieved a remarkable level of performance
for the POD products over the years, both in terms of
state-of-the-art accuracy (obtaining consistency below 1
cm in 3D RMS with the non-time-critical products
produced by the centres of the CPOD QWG) and



timeliness (generating products in less than 5 minutes
to support near-real time processing, in the most
demanding case).

The CPOD Service has been recently involved in the
analysis of the impact of the seasonal geocenter motion
modelling, making use of the new model proposed in
the frame of the latest ITRF20 standards. This work has
entailed the assessment of the different solutions
provided by the centres of the CPOD QWG in Centre of
Mass (CoM) and Centre of Network (CoN) realisations,
and how it impacts the orbit comparisons and the orbit
combination strategy, which are part of the CPOD
Service responsibilities. Other analyses that have been
conducted lately in the Service involve the improvement
of the Sentinel-3 short-time critical products by using
single-receiver ambiguity fixing strategies, and the
update of the Sentinel-6 macro-model modelling.

This contribution aims at showing the current POD
product performance of the CPOD Service, focusing on
the results obtained in the latest analyses. In addition,
upcoming evolutions with the aim of continuous
improvement of the POD products will be presented.
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DORIS PROCESSING USING FOCUSPOD

Fernandez C, Fernandez M, Varela M, Fernandez J*,
Peter H?, Femenias P>, Nogueira-Loddo C*

1GMV Aerospace & Defence, 2PosiTim, 3ESA/ESRIN,
‘EUMETSAT

GMV has recently developed a new Flight Dynamics and
geodesy library called FocusPOD, written in modern C++
and python from scratch. This library supports several
projects led by GMV, including the operational provision
of Precise Orbit Determination (POD) products of the
Copernicus Sentinel satellites in the frame of the ESA
Copernicus POD (CPOD) Service contract, the simulation
of GNSS and SLR data for Galileo 2nd Generation (G2G)
System Test Bed, or the maintenance of a catalogue of
orbit debris.

With the objective to make FocusPOD a reference SW in
geodesy, DORIS processing has been incorporated into
the library. This contribution will describe how the
DORIS observables are modelled and which parameters
are estimated, using as a real showcase Sentinel-3 and -
6 real DORIS observations. The achievable accuracy will
be shown by comparing LEO POD orbits based on DORIS
with the current state-of-the-art combined solution
generated by the CPOD Service. Other processing
metrics such as empirical accelerations and residuals
will also be analysed. Particular attention will be paid to
the treatment of the DORIS receiver clock
reconstruction. In this line of investigation, the CPOD
Service has proposed to provide GNSS-based receiver
clock series to the IDS Working Group on Sentinel clock
modelling and will also assess how the GNSS clocks fit
into the DORIS processing, analysing how the different
GNSS clock generation strategies impact the results.
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This contribution will present the implemented DORIS
processing strategy in FocusPOD, and the achievable
accuracy for the Copernicus Sentinel-3 and -6 satellites.
Moreover, the results of the GNSS receiver clock
analysis integrated with DORIS will be shown. Next
evolutions in terms of DORIS processing will be
highlighted, focusing on enhancing the receiver clock
treatment and also adding more geodesy capabilities to
the library, like the estimation of Earth Orientation
Parameters and station coordinates.
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DREAMING - FROM DESERTS TO RIVER BASINS

Berry P!, Benveniste F
1Roch Remote Sensing, Formerly, ESA-ESRIN

For many decades, satellite altimeters have collected
data over land surfaces. Monitoring inland water is a
well-established application. Also extracting soil
moisture has been attempted since the SMALT Study
initiated by ESA 15 years ago. What is the State-of-the
Art today? Can altimeter data contribute to sol moisture
monitoring?

The main challenges in deriving soil moisture estimates
are the complex and intricate changes in the underlying
surface composition and roughness on a range of spatial
scales.

The approach taken here is to craft DREAMs (DRY EArth
Models) using multi-mission satellite data and ground
truth to model the response of a completely dry surface
to Ku band nadir illumination. Initially crafted over
deserts and semi-arid terrain, this approach has been
extended to include river basins. New DREAMs over
Africa now extend the coverage to more than 80% of
the continent, encompassing more than 30 river basins
including the Congo, Niger, Okavango, Zambezi and
Volta. DREAMs have also been crafted over parts of
Australia, the Amazon basin and Arabia.

This paper presents results using multi-mission
altimeter data over these DREAM models. Envisat, ERS-
1/2, Jason-1/2, CryoSat-2 and Sentinel-3A altimeter data
were utilised in this study, together with a database of
over 86000 graded altimeter River and Lake height time
series. Soil moisture estimates were generated and
validated over a range of surface conditions.

The main outcomes are summarised here.

The highest data retrieval rate over river basin DREAMs
is found over ‘river’ and ‘wetland’ pixels, with lower
percentages over ‘soil’ pixels where soil moisture
estimates can be generated. This is an expected
outcome, as targeting ‘soil’ pixels selects for rougher
topography. Within the constraints of satellite orbit and
repeat period, data can be successfully gathered over
the majority of these overflown DREAM surfaces. Very
detailed DREAM models are required to capture the
intricate structure in river basins. Smaller tributaries in



the Congo and Amazon basins are below the current 10
arc second spatial resolution of the DREAMs, and are
classified with their surrounding terrain as wetland
pixels. The ability of nadir-pointing altimeters to
penetrate vegetation canopy gives a unique perspective
in rainforest areas.

Of prior missions, ERS-2 and Envisat performed best,
successfully retrieving data over DREAMs even in rough
terrain. The Sentinel-3A OLTC mask is found to preclude
monitoring of the vast majority of ‘soil’ pixels over all
DREAMs.

Along-track time series of surface soil moisture can be
generated at the spatial resolution of the underlying
DREAM, currently 10 arc seconds. The major constraint,
as with altimeter height measurements, is the spatio-
temporal sampling, so use is envisaged in combination
with other remote sensed and in-situ data. However,
DREAMing provides a valuable independent dataset
which can also be used to assess soil moisture estimates
from other techniques.
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VARIABILITY OF WATER LEVELS, AREAS, AND VOLUMES
OF THE SOUTHERN CHILEAN LAKES THROUGH
SATELLITE ALTIMETRY AND ITS INTERACTION WITH
CLIMATE

Cid H

1Universidad De Concepcidn

Understanding the dynamics of freshwater bodies like
lakes is crucial for assessing the impacts of climate
variability and human activities on water resources. This
study presents a comprehensive methodology for
monitoring and analyzing the water volume variability
of two major lakes in Chile, Llanquihue and Villarrica,
using a combination of satellite altimetry, remote
sensing, and climatic data.

The methodology comprises five phases: (1) data
collection and preprocessing, (2) Water volume
variation estimation (3) accuracy verification with in-situ
data (4) Water and flow balance (5) analysis of
correlation between water levels. volume data and
climate variability, focusing particularly on the phases of
the El Nifio Southern Oscillation (ENSO).

Satellite imagery from Sentinel-2, Landsat-5, and
Landsat-8, along with altimetry data from ENVISAT,
provided insights into the temporal variations of lake
surface area and water level. Challenges such as limited
altimetry data availability and cloud cover affecting
satellite imagery were encountered, particularly for
Llanquihue Lake.

Integration of altimetry and satellite imagery allowed

for the preliminary estimation of volumetric variations
in Villarrica Lake, indicating notable seasonal anomalies.
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Preliminary bathymetric results show maximum depths
of 160 meters for Villarrica and 324 meters for
Llanquihue. Satellite imagery from Sentinel-2, Landsat-
5, and Landsat-8, along with altimetry data from
ENVISAT, provided insights into the temporal variations
of lake surface area and water level. Challenges such as
limited altimetry data availability and cloud cover
affecting satellite imagery were encountered,
particularly for Llanquihue Lake.

Integration of altimetry and satellite imagery allowed
for the preliminary estimation of volumetric variations
in Villarrica Lake, indicating notable seasonal anomalies.
Variations in surface area for Villarrica Lake ranged from
171 to 177 km?, with distinct annual cycles peaking in
June-July, suggesting potential climatic implications.

However, limitations in data availability restricted the
analysis, particularly for Llanquihue Lake, where a
marked annual cycle was not evident due to cloud cover
issues. Despite challenges, preliminary volumetric
variation analysis for Villarrica Lake revealed significant
positive anomalies in 2004 and 2005, indicating a 50%
increase in volume approaching spring. Similarly,
negative anomalies in 2007 and 2008 showcased
volumetric decreases of 60% and 30%, respectively.

Further efforts are required to expand altimetry data
sources, validate results with in-situ measurements,
improve surface area estimation using better-quality
satellite imagery, and integrate climatic factors like
ENSO phases, PDO, or SOl index, for a comprehensive
understanding of lake dynamics in response to climate
variability.
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ESTIMATION OF THE QUALITY DIFFERENCE BETWEEN
SENTINEL-6 AND

JASON-3 USING THE TANDEM PHASE OVER POLISH
RIVERS USING A HYDRODYNAMIC MODEL AND
GAUGING STATIONS

Strojna N*, Schwatke C?

IMGW-PIB, 2DGFI-TUM

The development of altimetry missions such as Sentinel-
6 and SWOT enables higher-quality measurements and
new applications. This study aims to assess the
differences in the accuracy and precision between
Sentinel-6 and its predecessor Jason-3 over Polish
rivers. A reliable quality assessesment of water levels
from satellite altimetry is essential for further
exploitation. To achieve this, water levels are validated
with in-situ stations and compared with the IMGW-HD
hydrodynamic model. Here, modeled water levels are
computed for specific river mileage on specific days and
times and then compared with water levels from Jason-
3 and Sentinel-6 provided by DAHITI. In addition, factors
influencing altimetric measurements such as river



characteristics and environmental factors will be
investigated.
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WET TROPOSPHERIC CORRECTION FOR ALTIMETRY:
PROGRESS MADE SINCE THE BEGINNING OF
ALTIMETRY ERA AND CHALLENGES TO COME

Obligis E!
lEumetsat

Since the beginning of the altimetry, more than thirty
years ago, microwave radiometers have flown on
almost all altimetry missions to provide an accurate wet
tropospheric correction.

This correction has improved significantly since the early
1990s. Instruments have improved in terms of precision,
spatial resolution and stability of brightness
temperatures. Inversion algorithms have also evolved
with the development of more sophisticated statistical
or physical methods such as neural networks or
variational methods. The use of additional parameters
during the inversion and direct coupling with altimeter
measurements are particularly noteworthy. The number
of calibration and validation methods or data has
increased (new in-situ measurements, more
sophisticated diagnostics involving sea surface height
estimations, new vicarious calibration methods,...).
Finally, a great deal of effort has gone into detecting any
instrumental drift, so as not to degrade the estimation
of the global and regional mean sea level. In parallel,
models (analyses or reanalyses) have also been
significantly improved, with more efficient assimilation
methods and assimilation of more and more diverse
data.

Despite this, the wet troposphere correction remains
the most important contribution to the error budget of
the altimetry system, and radiometers are needed more
than ever to correct the altimeter range to the level of
accuracy, spatial resolution and stability required for
today's altimetry applications.

In this presentation, we will detail the most significant
improvements developed over the last 30 years and
present the challenges for the coming decades, in
particular those relating to the resolution and stability
of the wet tropospheric correction.
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ASSESSMENT OF AN ADAPTIVE SUBWAVEFORM
COASTAL RETRACKER (ASCR) OVER GLOBAL COASTAL
OCEANS FOR SAR ALTIMETRY

Peng F., Deng X, Shen Y*

ITongji University, 2The University of Newcastle,
Australia

To improve the data availability of SAR-mode altimeters
in the coastal zones, we propose a new Adaptive
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Subwaveform Coastal Retracker (ASCR) and include the
empirical coastal retracker ITAS and the full-waveform
coastal retracker MSCR in this study. The Sentinel-3A/B
altimeter data during the period between January 2021
and December 2021 are reprocessed by these coastal
retrackers. The performance of the coastal retrackers,
as well as the official Ocean retracker, is intensively
assessed over global coastal oceans within 100 km to
the coastline. The results show that the coastal
retrackers outperform the Ocean retracker in the 0-5
km distance band, with the data availability increased
by up to 7%, and the data precision increased by
25%-42%. The ASCR retracker achieves overall better
performance than both ITAS and MSCR retrackers. The
power spectrum analysis further demonstrates that the
noise level within 5 km to the coast is about 35% higher
than that offshore. Moreover, about 10%-20% of data
loss is observed in the same distance band, which may
be because the on-board altimeter fails to record the
ocean returns reflected from the nadir sea surface.
Finally, the crossover analysis and validation against tide
gauges prove that the coastal retrackers can achieve
better or at least comparable data qual-ity with official
Ocean retracker over global coastal oceans.
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EXTENDING THE CORSICA FACILITIES UP TO SWOT
SWATH

Bonnefond P, Laurain O, Calzas MP, Drezen C, Fichen
L3, Guillot A%, Guinle T*, Picot N*

1SYRTE, Observatoire de Paris, °Geoazur, Observatoire
de la Cote d'Azur, 3DT-INSU, *CNES

Initially developed for monitoring the performance of
TOPEX/Poseidon and follow-on Jason legacy satellite
altimeters, the Corsica geodetic facilities that are
located both at Senetosa Cape and near Ajaccio have
been developed to calibrate successive satellite
altimeters in an absolute sense. In anticipation of
SWOT, a first phase of extension of the reference
surfaces of the Corsica site was carried out in June 2021
(378 nautical miles) and the second in May 2022 (508
nautical miles). The measurements were carried out
simultaneously using the instruments developed by DT-
INSU as part of FOAM project (CalNaGeo and Cyclopée),
which showed very good consistency (a few mm on
average and ~20 mm standard deviation). GNSS
processing using different software (track, MIT,
differential mode / GINS, CNES, iPPP mode) and using
the GPS and Galileo constellations jointly or separately
have been analyzed. The high degree of consistency,
both at processing level and at instrumental level,
demonstrates the great maturity acquired thanks to the
synergy of the FOAM group. We will present in details,
the different phases of processing and preliminary
results of the resulting reference surface local (“Mean
Sea Surface”) covering the SWOT swath of pass #001
(60km along-track and 50km across-track)



Preliminary Calibration and Validation results of both
KaRIn and nadir altimeters will be also presented.
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CHANGING PATTERNS IN THE GULF STREAM OVER THE
LAST THREE DECADES AS OBSERVED IN THE
ALTIMETRIC RECORD

Sanchez-Roman A%, Gues F?, Bourdalle-Badie R?, Pujol
M3, Drévillon M?, Pascual A

1IMEDEA (CSIC-UIB), ?Mercator Ocean International,
3Collecte Localisation Satellites

The Gulf Stream transports warm waters from low to
high latitudes in the North Atlantic Ocean, impacting
Europe's climate. This study investigates the changing
pattern of the Gulf Stream over the last three decades
as observed in the altimetric record (1993-2022) using
monthly-averaged altimetry maps together with the
outputs from an ocean reanalysis product. The seasonal
and yearly evolution of the coordinates (destabilization
point) where the Gulf Stream starts to meander and to
convert from a stable to an unstable detached jet is
investigated. At seasonal scale, the location of this
destabilization point presents zonal shifts displacing the
Gulf Stream path to the north in summer and fall; and
to the south in winter and spring. In addition, it presents
variations at interannual scale and has varied by more
than 1400 km in longitude showing meridional shifts of
300 km over the altimetric era: it exhibits a low-
frequency remarkable shift westward and southward
between 1995 and 2012. From that year, the
destabilization point displacement inverses exhibiting a
previously unreported migration eastward and
northward that translates into a larger fraction of the
stable detached jet in detriment of the unstable
meandering jet. Changes in the Gulf Stream path impact
both associated mesoscale Eddy Kinetic Energy and
waters transported towards the subpolar North Atlantic.
The observed shifts of the path destabilization point
seem to be linked to North Atlantic Oscillation
variability during winter that may play an important
role: it presents a negative trend associated with a shift
from a positive to a negative phase between 1995 and
2011; and an opposite behavior from a negative to a
positive phase from that year until 2020 in agreement
with the associated south-westward and north-
eastward observed migration of the destabilization
point.
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COMPREHENSIVE ASSESSMENT OF SEA-ICE THICKNESS
DATASETS: THE ESA SIN'XS PROJECT

Belot C', Ribere C', El Hajj M, Fleury §?, Ludwig V3, Haas
C, Hendricks S°, Munesa E%, Pastor J%, Sabalbal J., Paul
S3, Tsamados M?, Bouffard J°, Di Bella A°, Scagliola MP
INOVELTIS, 2LEGOS, 3AWI, *UCL, °>ESA-ESRIN

Sea-ice thickness is a crucial parameter for a variety of
scientific disciplines, including climate science,
oceanography, and ecology. It plays a vital role in
regulating exchanges of heat, and moisture and
momentum between the polar oceans and the
atmosphere, influencing ocean currents, and affecting
local cloud cover and precipitation. Considerable
progress has been made in estimating sea-ice and snow
thickness using space-based observations, mainly using
spaceborne radar and laser altimeters. The
simultaneous availability of CryoSat-2, Saral/AltiKa, and
Sentinel-3 radar altimetry data, SMOS passive
microwave thin ice thickness data, and IceSat-2, high
resolution laser altimeter data, as well as the coincident
ESA/NASA Cryo2Ice project has opened opportunities
for the development of many new sea ice thickness data
products. However, all retrieval algorithms rely on many
assumptions, e.g. with regard to snow loading and radar
snow penetration, and are subject to large
uncertainties. Therefore, an intercomparison of the
different available ice thickness products among each
other, as well as with model, reanalysis and validation
data is of utmost importance in order to better
understand uncertainties and to agree on observed ice
thickness variability and change. This work will also
contribute to the preparation of the CRISTAL polar
altimeter, which will be able to simultaneously measure
sea-ice and snow thickness.

This will be pursued by the ESA-funded project SIN’XS
led by NOVELTIS, in close collaboration with AWI,
LEGOS, and UCL, with contributions by the international
sea ice thickness research and stakeholder community,
as well as the WMO Global Cryosphere Watch (GCW).
The SIN’XS project aims to comprehensively assess
available sea-ice thickness and snow thickness products
and their uncertainties. Its ultimate goal is to provide a
reconciled and comprehensive sea-ice thickness
estimate. We are building up a database of large-scale
datasets (satellite-based and models) as well as
reference datasets (in-situ, airborne, moorings, etc.) to
better understand the variability and change in
observed ice thickness in both hemispheres. A web
portal (https://sinxs-tools.noveltis.fr) enables users to
interactively explore and to analyze data.

After a short project overview, we will report on the
most recent progress, mostly the launch of the SIN’XS
data submission portal and first results of the ice
thickness product intercomparison interface and
science studies. We will encourage the ice thickness
community to submit data to our website and to
contribute to joint protocols for the intercomparison of
ice thickness products and their validation, using
established approaches from the GEO/CEOS Quality
Assurance framework for Earth Observation
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SENTINEL-3 LAND STM: PERFORMANCE OF THE S3A
AND S3B SURFACE TOPOGRAPHY MISSION OVER
LAND ICE

Rose S', Simonsen S, Aublanc J?, Chamayou A?,
Catapano F?, Femenias P?
IDTU Space, 2CLS, 3ESA-ESRIN

Sentinel-3 is an Earth observation satellite series
developed by the European Space Agency as part of the
Copernicus Programme. It currently consists of 2
satellites, Sentinel-3A and Sentinel-3B, launched on 16
February 2016 and 25 April 2018, respectively. The
satellites carry a radar altimeter among the onboard
instruments to provide operational topography
measurements of the Earth’s surface. For land ice, the
main objective of the Sentinel-3 constellation is to
provide accurate measurements of the polar ice sheet
topography to support ice sheet mass balance studies.
Compared to previous missions embarking on
conventional pulse-limited altimeters, Sentinel-3
measures the surface topography with an enhanced
spatial resolution, thanks to the onboard SAR Radar
AlLtimeter (SRAL), exploiting the delay-Doppler
capabilities.

To ensure the mission requirements are met, the
Sentinel-3 Mission Performance Cluster (MPC) oversees
the monitoring of the instrument and core product
performances. Here, the MPC Land Ice ESLs (Expert
Support Laboratories) presents the current performance
of the satellites over the Antarctic and Greenland ice
sheets.

Further improving the performance of Sentinel-3
Altimetry products is also a core element of the MPC.
Hence, ESA and MPC recently developed specialized
delay-Doppler and Level-2 processing chains over (1)
Inland Waters, (2) sea ice, and (3) Land Ice areas. The
objective was to provide users with new dedicated
“thematic products” for the three surfaces mentioned.
For land ice, delay-Doppler processing with an extended
window has been implemented to enhance the
coverage of the ice sheet margins. The full-mission
reprocessing of S3A/B data was finalized in 2023 and is
now operational.

This full-mission reprocessing shows excellent stability
and homogeneity between S3A and S3B; this addresses
the Land Ice community's demands for consistency in
deriving ice-surface elevation changes. Significantly,
we've streamlined this process exclusively through
Sentinel-3, distinguishing it as the go-to mission for
deriving essential climate parameters. Our presentation
highlights Sentinel-3's recent performance over land ice,
showcasing surface elevation change results derived
solely from its thematic product. To validate our
findings, we compare results with CryoSat-2 and ICESat-
2, providing a benchmark for future evaluations. This
reinforces Sentinel-3's reliability in a landscape with
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fewer polar radar altimeters, ensuring sustained and
accurate assessments of land ice dynamics. As part of
the Copernicus program, the Sentinel-3 mission will
provide continuous operational observations of the
cryosphere until at least 2030.
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30 YEARS OF ARCTIC SEA LEVEL FROM RADAR
ALTIMETRY: ASSESSING THE CLIMATE CHANGE IN THE
ARCTIC REGION

Rose §', Andersen O*
IDTU Space

The Arctic is undergoing an unprecedented warming,
surpassing low- and mid-latitudes. This has triggered
significant transformations, marked by a rapid decline in
sea ice and an expanded open ocean. Consequently,
oceanic waves intensify, and wind conditions shift,
impacting upper ocean dynamics and intensifying river
outflow into the Arctic Ocean, further modifying its
composition.

This study delves into sea level changes using the
European Space Agency's (ESA's) radar satellite
altimeters. Recent advances enhance our ability to
investigate climate-related phenomena. We present a
30-year time series of Arctic Ocean sea-level
measurements, focusing on the dynamic Arctic.
Emphasizing the last one and a half decades, we employ
a case study approach, analyzing the Beaufort Gyre
region and the Russian Shelf and examining Arctic
Ocean circulation patterns.

The sea-level dataset, part of the ESA Climate Change
Initiative (CCl) Sea level budget closure initiative, is
updated with enhanced CryoSat-2 processing through
the ESA G-POD SARvatore Data Repository. Our
research unveils substantial Arctic changes, leveraging a
comprehensive sea-level dataset and advanced satellite
altimetry. This sheds light on key drivers, offering
insights into the intricate dynamics of the Arctic Ocean
system amid climate change.
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14 YEARS OF CRYOSAT DATA QUALITY CONTROL:
CURRENT STATUS OF THE ICE AND OCEAN
PROCESSORS

Turner E, Charles A’, Cook H, Di Bella A?
1Telespazio UK, 2European Space Agency

Launched in 2010, the European Space Agency’s (ESA)
polar-orbiting CryoSat satellite was specifically designed
to measure changes in the thickness of polar sea ice and
the elevation of the ice sheets and mountain glaciers. To
reach this goal, the CryoSat products have to meet the
highest data quality and performance standards,
achieved through improvements of the Instrument



Processing Facilities (IPFs). Processing algorithms are
improved based on feedback and recommendations
from Quality Control (QC) activities, Calibration and

Validation campaigns and the Scientific Community.

Since launch, CryoSat QC activities have been
performed by the Telespazio UK led Quality Assurance
for Earth Observation (IDEAS-QA4EQ) service, on behalf
of ESA/ESRIN. IDEAS-QA4EOQ routinely monitors all
CryoSat ice and ocean products generated
operationally, to detect anomalies, support
investigations, and prevent the distribution of poor-
quality data to users. QC activities also provide a
valuable input to CryoSat processor evolution and all
anomalies identified are investigated, tracked, and later
resolved in an updated IPF.

Since September 2021 the CryoSat Ice products are
generated with Baseline-E. This major processor
upgrade brought improvements to all Near Real Time
and Offline ice products, including improved sea surface
height anomaly interpolation, provision of an improved
snow depth correction, improvements to land-ice
retracking, and the addition of pseudo-LRM estimates
to the L1B products. The Ice Baseline-E reprocessing
campaign recently reprocessed the full mission dataset
(July 2010 — September 2021) to Baseline-E, thereby
providing a consistent high-quality dataset to users. The
IDEAS-QA4EO team played an important role in the
reprocessing campaign, providing best practice
guidance and knowledge transfer to the reprocessing
team, checking output data products and monitoring
processing failures.

Going beyond its original ice-monitoring objective,
CryoSat is also a valuable source of data for the
oceanographic community. The CryoSat Ocean products
are currently generated with Baseline-C. A major
upgrade to the Ocean IPFs is expected later in 2024,
which will bring significant improvements to the CryoSat
Ocean products. The main evolutions include the
implementation of an updated SAR/ SARIn SAMOSA
retracker (v2.5), an improved Sea State Bias model,
improved wind speed and sigma-0 solutions, an
upgraded surface type mask, and updated models and
corrections.

This poster provides an overview of CryoSat QC
activities performed by the IDEAS-QA4EQ team on
operational and reprocessed CryoSat data products. The
main evolutions and improvements implemented in the
Ice Baseline-E and Ocean Baseline-D processors are also
presented.
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TOWARDS SYNTHETIZATIONS OF THE SATELLITE
ALTIMETRY SEA SURFACE HEIGHT ANOMALY AND NCEI
IN SITU DART® AND TIDE GAUGE OBSERVATIONS IN
THE IMPROVEMENT OF THE GRIDDED PRODUCTION
USING MACHINE LEARNING TECHNIQUES

Zhang Y., Frech JX, Mungov G?, Huang B?, Huai-min H?
INOAA/NESDIS/NCEI - University of Maryland College
Park/ESSIC/CISESS, °NOAA/NESDIS/NCEI - University of
Colorado/CIRES, 3NOAA/NESDIS/NCEI

The NOAA National Centers for Environmental
Information (NCEI) provides data stewardship for the
Jason-2 and Jason-3 mission products and manages a
complex sea level archive of over 300 Deep-ocean
Assessment and Reporting of Tsunamis (DART®) records
and high-resolution tide gauge records from NOAA
tsunami-ready network. DART® records represent the
pressure of the water column above the bottom
pressure recorders (BPR) and the effect of the
atmospheric pressure at the ocean surface. The DART®
measurements of the depth equivalent ocean bottom
pressure gives an estimate of open-ocean sea-level
height and provide essentially continuous sampling in a
one-minutes time frame. Currently the gridded sea
surface height anomaly (SSHA) maps are produced from
independent satellite altimetry using traditional optimal
interpolation (Ol) and face the challenges from an
irregular space-time sampling and very large missing
data rate on a daily scale due to the sensors’
characteristics and the satellite limited time repeating
track, which may lead to high mapping errors in regions
with rapidly-evolving mesoscale features. Therefore,
synthetizations of in situ and satellite observations using
the machine learning (ML) techniques may provide a
notable improvement of accuracy and resolution of
gridded SSHA. In our previous comparison studies, we
investigated the representativity of the DART®
observations to the water level variations by comparing
them to the satellite altimeter and tide gauge data. We
documented a good agreement of DART® SSHA with the
altimeter SSHA and coastal or island tide gauge records
in regions where DART® SSHA characterizes the open-
ocean water level variations in the high frequency. For
the lower frequency variations, DART® systems do not
record the long-period pressure variations due to the
plastic deformations of the alloy containers with the
BPR sensors on the ocean floor. Based on the ML
techniques developed in NCEI for estimating offshore
wind speed profiles from satellite-derived surface (Frech
et al., 2024) and producing a global surface temperature
dataset (Huang et al., 2023; Yin et at., 2024), this study
will use ML to synthetize the satellite SSHA, DART® and
tide gauge observations. Our primary goal is to explore
the methods for improving SSHA gridding maps with a
combination of satellite and in situ observations and
estimate the effectiveness of the altimeter sampling
where the oceanic mesoscale is energetic. The
preliminary results will be presented in the meeting.
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ICE COVER AND EDDIES IN LARGE DEEP SEASONALLY-
FREEZING EURASIAN  LAKES: INSIGHTS FROM
SATELLITE REMOTE SENSING AND FIELD
OBSERVATIONS
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Ginzburg A%, Rémy F®, Petrov E’, Zdorovennov RS, Suknev
A9
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Large Eurasian lakes are an integrator of climate
processes at the regional scale and a good indicator of
climate changes. Variability of ice and snow regime is
important for their physical, chemical and biological
properties, and for human activity.

We present studies of ice and snow cover and water
dynamics for the lakes Baikal and Teletskoye (Russia)
and Hovsgol (Mongolia). We address the formation of
giant ice rings and eddies under ice in lakes Baikal,
Hovsgol and Teletskoye. Multi-mission satellite
observations make it possible to monitor ice cover
evolution and water dynamics in ice-free period with
high spatial and temporal resolution. We have used
satellite imagery in the visible, near-infrared, shortwave
and thermal infrared (MODIS Terra/Aqua, Sentinel-2,
Landsat-8, PlanetScope), complemented by active
microwave observations (Sentinel-1 SAR, Jason-3 radar
altimeter). We also complement these observations
with in situ data from our field campaigns and loggers.

We also address drivers and patterns of eddy
generation during ice-free season before and after
vertical overturning. Eddies generated between
autumnal vertical overturning and ice formation
continue to exist under ice cover and may lead to ice
melting and destabilisation, leading to surface
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manifestation as giant ice rings. Better understanding of
eddy dynamics and continued monitoring help to
improve safety for people travelling or working on the
ice. There is a need for timely communication of results
for non-scientific audience - fishermen, tourism
agencies, tourists, journalists and local administration.

This research was supported by the CNES TOSCA
Lakeddies, TRISHNA and SWIRL projects, P.P. Shirshov
Institute of Oceanology Project N FMWE-2024-0016)
and Institute of Water Problems Project N FMWZ-2022-
0001.
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SATELLITE ALTIMETRY-BASED EXTENSION OF GLOBAL-
SCALE IN SITU RIVER DISCHARGE MEASUREMENTS
(SAEM)

Saemian P, EImi O, Riggs R?, Stroud M?, Kitambo B>,
Papa P, Allen G?, Tourian M?*

lnstitute Of Geodesy, University of Stuttgart,
2Department of Geosciences, Virginia Polytechnic
Institute and State University, 3Laboratoire d’Etudes en
Géophysique et Océanographie Spatiales (LEGOS),
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Freshwater, a fundamental resource for life, demands
accurate monitoring to address global water challenges.
River discharge, a pivotal metric reflecting the volume
of water flowing through rivers, plays a crucial role in
freshwater monitoring. However, its monitoring faces a
significant challenge marked by a decline in the number
of operational gauges globally. Reducing monitoring
capabilities, especially in regions crucial for
understanding water dynamics, emphasizes the need
for alternative solutions. Remote sensing offers a
unique possibility to overcome this challenge. Using
satellite altimetry, we present a new dataset to extend
river discharge measurements for globally available in
situ gauged river discharge data. Our dataset is entitled:
Satellite Altimetry-based Extension of global-scale in
situ river discharge Measurements (SAEM). SAEM
includes altimetry-based river discharge with an
uncertainty estimate and quality metrics.

In addition to the river discharge time series, SAEM
dataset comprises three more products, each
contributing a unique facet to a better understanding of
river discharge dynamics: (1) The foundation of the
SEAM dataset is a catalog with Virtual Stations (VSs),
defined based on certain predefined criteria. This
catalog, on top of each station’s coordinates, provides
information on satellite altimetry missions, distance to
the discharge gauge, and relevant quality flags. (2) The
altimetric water level time series of those VSs, for which
we ultimately obtained good-quality discharge data. The
water level time series are sourced from both existing
level-3 water level time series and newly generated
ones within this study. The level-3 data are gathered



from pre-existing datasets including Hydroweb, the
Database of Hydrological Time Series of Inland Waters
(DAHITI), the Global River Radar Altimeter Time Series
(GRRATS), and HydroSat. (3) SAEM’s third product is
rating curves for the defined VSs: The transformation of
water level time series into discharge data is modeled
through rating curves, derived using a Nonparametric
Stochastic Quantile Mapping Function approach.

SAEM dataset deals with the limitations of existing river
discharge datasets by utilizing satellite altimetry and
river gauges, providing a comprehensive, and globally
applicable solution. This dataset is instrumental for
informed water resource management, sustainable
development, and addressing the challenges posed by
climate change.
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ENHANCING ALTIMETER OBSERVATIONS THROUGH
COMPARISON AND ANALYSIS OF WIND AND WAVE
DATA WITH OCEAN RESEARCH STATION DATA

Kim T

1Kunsan National University

Satellite-based observations play an important role in
ocean research; however, validating such data through
on-site measurements is often hindered by insufficient
observational records. This challenge is particularly
pronounced in oceanic studies, where on-site data is
primarily concentrated in coastal areas, posing
difficulties in securing continuous, long-term datasets.

Within the Yellow Sea, the Korean government operates
three strategically positioned ocean research stations—
namely, the leodo Ocean Research Station (IORS),
Gageocho Ocean Research Station (GORS), and
Socheongcho Ocean Research Station (SORS)—each
dedicated to real-time monitoring of oceanic,
meteorological, and environmental parameters. The
IORS, established in 2003, serves as Korea's pioneering
ocean research station, providing comprehensive
marine observations. GORS and SORS, established in
2009 and 2014 respectively, further contribute valuable
insights, covering the southern and central regions of
the Yellow Sea.

With an average depth of 44 meters in the Yellow Sea, a
unique opportunity arises for altimeter performance
validation in relatively shallow and narrow waters
compared to the open sea. This study capitalizes on this
distinct setting, focusing on the passage of two to three
typhoons annually, and analyzing wind and wave fields
along their trajectory. The comparison of altimeter data
with ocean research station records enhances our
understanding of altimeter observations, particularly in
extreme weather conditions.
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Furthermore, the central-southern region of the Yellow
Sea currently hosts operational offshore wind farms,
with expansion plans underway. Despite this,
comprehensive wind observations for offshore wind
energy are lacking. This research addresses the existing
gap by exploring remote sensing methods for both wind
and waves—crucial components for ensuring the
stability of offshore structures. The findings aim to
provide valuable insights to the scientific community,
particularly in advancing observations for offshore wind
energy initiatives.
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THE AVERAGE IMPULSE RESPONSE OF A SEA SURFACE
AT THE OBLIQUE SENSING

Karaev V., Titchenko Y?, Panfilova M?, Meshkov E?,
Kovaldov D?
1Waves Team Lda, %Institute of Applied Physics RAS

The altimeter performs measurement at the nadir
sensing and the backscattered signal contains important
information about the properties of the sea surface.
During processing, the waveform of the reflected
impulse is analyzed and the developed retracking
algorithms make it possible to determine the significant
wave height (SWH), the mean sea level (MSL) and the
backscattering radar cross section (RCS). The RCS is used
to retrieve the near surface wind speed along altimeter
track.

The well-known retracking algorithms are based on a
theoretical model for the waveform of the reflected
impulse developed by Brown and in further
improvement by Amarouche. However, analytical
formulas were obtained for the vertical sensing, so
information may be retrieved only along the motion
trajectory. To form a wide swath with high spatial
resolution, it is necessary to use oblique sensing.

In this research the operation of an altimeter when
sensing the sea surface at small incidence angles was
considered.

In the Kirchhoff approximation the theoretical task
about waveform of the reflected impulse at oblique
sensing was considered. Within the framework of the
two-scale model (TSM), sea waves are divided into
large-scale waves and small-scale waves (ripples),
relative to the radar wavelength. Properties of the
backscattered signal depend on the large-scale waves.
In the region of small incidence angles (< 12°),
backscattering occurs on facets of the wave profile
oriented perpendicular to the incident electromagnetic
waves. In the result of the investigation the analytical
formula for the waveform of the reflected impulse for
oblique sensing at the small incidence angles (< 12°) for
a microwave radar with a narrow antenna beam was
obtained. The dependence of the waveform of the
reflected impulse on the width of the antenna beam,



the SWH, the incidence angle and the distance from the
radar to the sea surface was investigated. It is shown
that the waveform of the reflected impulse depends on
the SWH and this parameter may be measured.

It should be noted that at the small incidence angles,
the precision of measuring the MSL will be much lower
than with vertical sensing.

The new model opens up the possibility of measuring
(retrieving) the SWH in the wide swath with high spatial
resolution.
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RECONCILING GLOBAL AND REGIONAL SEA LEVEL
CHANGES FROM 30 YEARS OF ALTIMETRY AND 20
YEARS OF GRACE AND GRACE FOLLOW ON
OBSERVATIONS.

Ludwigsen C, Andersen O, Watson C, King M
IDTU Space

Understanding the causes of sea level changes is
imperative, especially in the context of closing the sea
level budget. Recent analyses have sought to harmonize
data from GRACE (Gravity Recovery and Climate
Experiment) and its successor, GRACE-Follow On, with
steric-corrected altimetry data and terrestrial/ice
contributions to ocean mass. Despite these efforts,
studies by Wang et al. (2022) and Barnoud et al. (2022)
have uncovered inconsistencies within the mass and sea
level budgets, suggesting potential gaps in our global
sea level monitoring system or our comprehension of
Earth's mass dynamics.

Building upon the groundwork laid by Ludwigsen et al.
(2014, Nature Communications), which utilized GRACE-
independent land surface mass change estimates to
corroborate two decades of GRACE data, our study
broadens this analysis to encompass the entire 30-year
altimetry record and identifies the causes of both
transient (from seasonal to decadal) and long-term
causes for altimetry-observed sea level change on a
global and regional scale.

Our findings, as detailed in Ludwigsen et al. (2024),
reveal a substantial alignment between ocean mass
reconstructions and GRACE data up until 2020. Post-
2020, discrepancies become apparent, notably a
pronounced increase in ocean mass as per the
reconstruction compared to GRACE measurements. This
discrepancy is attributed primarily to an
underestimation of precipitation over Western Africa in
the ERAS reanalysis data, which is frequently employed
by hydrological models for assessing terrestrial water
storage changes. Validation through GRACE land mass
data confirms this underestimation, indicating a closer
alignment between models and observations when
excluding the sub-Saharan African region.

The comparative analysis of GRACE data with GRD
(Gravitational, Rotational, and Deformational)
influenced ocean mass changes reveals a consensus,
suggesting that previously identified discrepancies
between GRACE data and steric-corrected altimetry
chiefly stem from inaccuracies within the ARGO float
system. Specifically, a 'salinity drift' and errors
associated with the wet path delay caused by
radiometer drift in the Jason-3 satellite are identified as
primary contributors to the divergence observed post-
2016. Other minor differences may be attributed to
Glacial Isostatic Adjustment (GIA) effects and/or biases
in the Argo data.
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COMPARISON OF CERES AND ERA5 PRODUCTS FOR
THE EARTH RADIATION PRESSURE MODELLING OF
COPERNICUS SENTINEL SATELLITES

Peter H, Fernandez C°, Femenias P?, Nogueira-Loddo C*
1PosiTim UG, 2GMV AD, 3ESA/ESRIN, *EUMETSAT

Earth radiation pressure (ERP) modelling is an important
part of the non-gravitational force modelling in precise
orbit determination (POD) of low Earth orbiting
satellites. Mainly impacting the radial component of the
orbit it is in particular important for the orbit
determination of altimetry satellites. ERP depends on
the Earth’s outgoing radiation and consists of two parts,
the Earth albedo (reflected visible spectrum) and the
thermal radiation of the Earth in the infra-red (IR)
spectrum. Several data sets are available to be used for
the ERP modelling, e.g., the CERES (Clouds and the
Earth’s Radiant Energy System) and ERAS5 (5th
generation of ECMWF atmospheric reanalysis) products.
In the POD processing of the Copernicus Sentinel-1, -2, -
3, and -6 missions as it is done in the frame of the
Copernicus Precise Orbit Determination (CPOD) Service
an average over more than 17 years of CERES monthly
products is used for the ERP modelling.

The CPOD Service is part of the respective Ground
Segments and delivers orbit products and auxiliary data
files of the Copernicus Sentinel missions for the
operational generation of the science core products in
the corresponding Production Services (PS) at ESA and
EUMETSAT, and to the external users through the newly
available Copernicus Data Space Ecosystem
(https://dataspace.copernicus.eu/).

The impact of exchanging CERES averaged monthly
products by ERA5 monthly or even hourly products in
the ERP modelling of the NTC (not-time critical) POD
processing at the CPOD Service is the topic of this study.
This is in line with current trends of other processing
centres like CNES (Centre Nationale d’Etudes Spatiales),
who are updating the ERP modelling to use ERAS5 hourly
products in the upcoming POE-G standards for altimetry
satellites, including Sentinel-3 and -6.

Differences between the CERES and ERAS5 products are
presented and Sentinel-3 and -6 orbit determination



results and processing metrics are compared using
either the CERES or the ERA5 products. Feasibility in
terms of orbit product quality w.r.t. the larger
housekeeping effort of using the hourly instead of
monthly files is assessed.

In addition, a first assessment on the ERA5 forecast
products is done. It is analysed if they are usable for the
ERP modelling in the generation of NRT (near real-time)
and STC (short-time critical) POD products.
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ASSIMILATION OF WIDE SWATH SATELLITE ALTIMETRY
TO MAP GEOSTROPHIC AND INTERNAL TIDE SIGNALS
OF THE OCEAN DYNAMICS

Bellemin-laponnaz V2, Cosme E., Le Guillou F?, Blayo E3,
Ubelmann C*
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Mapping Sea Surface Height (SSH) from satellite
altimetry is key to many scientific and operational
applications. At the fine scales observed by SWOT, SSH
variations are primarily driven by two types of dynamics
- nearly geostrophic Balanced Motion (BM) and wavy
motion due to the Internal Tide (IT). These two
processes differently affect ocean dynamics. The IT does
not affect the surface horizontal transport of passive
tracers (oil spills, plastics, algae...) unlike BM, but has a
significant contribution to the vertical transport of heat,
salt and nutrients. Separating BM and IT contributions
to SSH variations will be essential in the mapping
process. To a different extent, this separation is now
common practice with high-frequency outputs of
numerical simulations. Yet it is still an unresolved
challenge for SSH maps computed with satellite
observations like SWOT, which are sparse in space and
time.

This study introduces an innovative method to separate
BM and IT components from SSH altimetric
observations including SWOT. The method is based
upon a data assimilation system combining two models
- quasi-geostrophic for BM and linear shallow-water for
IT. The inversion is performed with a weak-constraint
four-dimensional variational (4DVar) approach, with
two different sets of control parameters adapted to
each component. A major, expected benefit of this
approach lies in the potential to capture the non-
stationary part of the internal tide component. The
method outputs hourly SSH and surface velocity fields
over a domain for both components.

The work focuses on the North Pacific Ocean, because
this zone has a strong mesoscale and submesoscale
activity, including the two dynamics of interest.
Observing System Simulation Experiments (OSSEs) are
carried out over 20°x20° domains surrounding the
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SWOT crossovers. The experiments include both
conventional Nadir and wide-swath SSH measurements,
that are interpolated from the LLC4320 MITgcm
simulation. The mapping algorithm performances are
evaluated by comparing the outputs with the MITgcm
referenced fields. The first results indicate that the
assimilation system is able to separate the two targeted
components, including the non stationary part of the
internal tide. As this study is part of a PhD, the latest
results available will be presented at the conference.
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EFFECT OF BUILT INFRASTRUCTURE ON WATER
REGIME OF ARCTIC RIVER FROM SYNERGY OF
SATELLITE  ALTIMETRY  AND HYDRODYNAMIC
MODELLING.

Zakharova E~2, Krylenko I3, Golovlev P?
LEOLA, 2IWP RAS, 3MSU Lomonossov

Sentinel-3 SAR altimetry have demonstrated high
potential for studies of different aspects of river water
regime. Combination of altimetric water level
observations with hydrodynamic modelling allows for
more deep understanding of the hydraulic functioning
of complex rivers systems, such as confluence nodes or
large floodplain reaches. Sentinel-3A data product of
enhanced up to 50 m spatial resolution (obtained via
the SARvatore processor available from the Earth
Console ESA Altimetry Virtual Lab
https://earthconsole.eu/virtual-labs/) was used for
investigation of specifics of water level temporal and
spatial variability within 65 km long reach of the Middle
Ob River. The reach is characterised by wide swampy 25
km floodplain cut by road embankments in many places.
STREAM_2D hydrodynamic model was forced by
synthetic discharge estimated from gauges acquired
600 km upperstream. The upper and lower model
boundary conditions were assigned using Sentinel-3A
altimetry measurements. We found that the seasonal
amplitude of the water level in the small river branches
is higher than in the main Ob R. channel. Moreover,
according to altimetry measurements, during open
water period the water level in southern river branches
is several tens of centimetres lower than in the northern
ones. These hydraulic conditions were also successfully
reproduced by the hydrodynamic model. Water level
seasonal amplitude of 1-1.5 m retrieved from altimetry
for natural oxbow lakes was also simulated by the
model. The satellite measurements and the model
agree that the water level amplitudes in ponds
bordering the infrastructures differs significantly from
that in natural ponds due to backwatering by roads.
Numerical experiments revealed that the effect of
infrastructure on water heights in the main river
channel propagates up to 5 km upperstream from the
bridge.

The study is supported by RNF N_22-27-00633
AltiMo(2022-2023) grant and by the Governmental
Order to WPI RAS, Theme FMWZ-2022-0001.
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KUROSHIO EXTENSION'S ROLE IN THE MID-LATITUDE
NORTH PACIFIC CLIMATE VARIABILITY BASED ON 30-
YEAR SATELLITE ALTIMETRY MEASUREMENTS

Qiu B, Chen S*
1University Of Hawaii At Manoa

Kuroshio Extension (KE) is the wind-driven North Pacific
subtropical gyre western boundary current after the
Kuroshio separates from the coast of Japan. Over the
past 3 decades when high-precision satellite altimetry
data are available, the KE system has been observed to
vacillate between a stable and an unstable dynamic
state with a preferred period of ~10 years. Our past
analyses have found that this decadal vacillation
resulted from a delayed negative feedback process
involving the KE variability, its impact upon the
overlying stormtracks, the basin-scale wind-forced main
thermocline adjustment, and the response of the KE
system to the westward-propagating thermocline
anomalies. In August 2017, the Kuroshio south of Japan
developed into a large meander (LM) path which has
persisted over the past 7 years. By analyzing the multi-
mission sea surface height data and by adopting a wind-
forced linear vorticity model, we demonstrate that the
on-going persistent LM is maintained by an
exceptionally stable dynamic state of the KE that is both
forced by wind stresses across the Pacific basin and by
the occurrence of the Kuroshio LM. Through the
nonlinear mutual enhancement between the KE and its
upstream LM, the KE system has entered a new regime
with a super dynamic stability in which the basin-scale
air-sea interaction appears also different from the
delayed negative feedback loop prevalent during the
decades prior to 2018.
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REMOTE SENSING-BASED EXTENSION OF GRDC
DISCHARGE TIME SERIES - A MONTHLY PRODUCT
WITH UNCERTAINTY ESTIMATES

Elmi O, Tourian M, Saemian P, Sneeuw N*
nstitute of Geodesy, University of Stuttgart

The quantification of river discharge is essential for
understanding a broad range of scientific questions
focused on hydrology, hydraulics and water resource
management. However, the Global Runoff Data Center
(GRDC) data set has faced a decline in the number of
active gauges since the 1980s, leaving only 14% of
gauges active as of 2020. For extending the discharge
estimates of inactive GRDC stations, we develop the
Remote Sensing-based Extension for the GRDC (RSEG)
data set that can ingest legacy gauge discharge and
remote sensing observations.

43

First, we evaluated the feasibility of extending discharge
estimates of gauges in the GRDC dataset benefiting
from river water height time series obtained from
satellite altimetry missions (2000--2020) and river width
estimates obtained from Landsat 4-8 mission images
(1984-2020). Then we employ a stochastic
nonparametric mapping algorithm to extend the
discharge time series for inactive GRDC stations,
benefiting from satellite imagery- and altimetry-derived
river width and water height observations. Finally, we
conduct a rigorous quality assessment on our discharge
estimates, involving statistical validation, tests and
visual inspection, resulting in the salvation of discharge
records for 3377 out of 6015 GRDC stations with an
average discharge exceeding 10 m”3/s. The quality of
discharge estimates for the rivers with a large or
medium mean discharge is quite satisfactory (average
KGE value > 0.5) however for river reaches with a low
mean discharge the average KGE value drops to 0.33.
The RSEG data set regains monitoring capability for 83%
of total river discharge measured by GRDC stations,
equivalent to 7895 km”3/month, providing valuable
insight into Earth’s river systems with comprehensive
and up-to-date information.
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THE BIN-SPACE-TIME (BIST) RETRACKING METHOD: A
PARADIGM SHIFT IN RETRACKING METHODS

Tourian M., Elmi O, Khalili S?, Engels J*
1University of Stuttgart, Institute of Geodesy

In the 30 years of its existence, satellite altimetry has
established itself as an important tool for understanding
the Earth system. Originally developed for
oceanography and geodesy, it has also proven valuable
for monitoring lakes and rivers. However, when using
altimetry for inland waters, there is always a game
breaker: retracking, i.e. the procedure in which the
range from the satellite is (re)estimated from reflected
signal energies. The current retracking methods heavily
rely on single waveforms, resulting in a high sensitivity
to every individual peak in the waveform and a strong
dependency on the waveform's shape. Here, we
propose the Bin-Space-Time (BiST) retracking method
that moves beyond finding a single pointin a 1D
waveform and instead seeks a retracking line within a
2D radargram.

The retracking line divides the radargram into two
segments: the left- (Front) and right-hand side (Back) of
the retracking line. Such a segmentation approach can
be interpreted as a binary image segmentation
problem, for which spatiotemporal information can be
taken into account. We approach this by applying a
probabilistic graphical model, the Markov Random Field
(MRF). Here, we explicitly model two energy functions:
1) the bin-space energy function defined between
neighbouring pixels of a radargram being labelled as
Front and Back and 2) the temporal energy function of a



pixel for labeling Front or Back given its overall temporal
evolution. The total energy being the sum of the bin-
space and the temporal energy functions is then
minimized through the max-flow algorithm, leading to
obtaining an optimal labelling in radargram and
consequently obtaining the retracking line.

We applied our method to both pulse-limited and SAR
altimetry data over nine lakes and reservoirs in the USA
including Mendota Lake, Waubesa Lake, Kegonsa Lake,
Lake Michigan, Rathbun Lake, Lake Mohave, Abiquiu
Reservoir, Lake Boca and Lake Maumelle with different
sizes and different altimetry characteristics. The
resulting water level time series are validated against in
situ data, demonstrating significant improvements in
terms of correlation and RMSE compared to different
1D retracking methods. Our proposed retracker,
operating in bin, space, and time domains, exhibits
robustness to unexpected waveform variations,
allowing improvements of water level time series over
diverse inland water surfaces.
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VALIDATION OF THE SATELLITE RADAR ALTIMETRY
FROM ERS-1, ERS-2 AND ENVISAT FOR INLAND WATER
THEMATIC DATA PRODUCT

Camici S?, Calmettes B?, Daguzé J, Piras F?, Thibaut P?,
Amarnath G°, Femenias P*, Tarpanelli A*

1Research Institute for Geo-Hydrological Protection (CNR
IRPI), %Collect Localisation Satellites (CLS), 3International
Water Management Institute (IWMI), *ESA-ESRIN

Inland water monitoring is essential to quantify the
available and accessible water resource and assess the
amount useful for meeting human needs. It has an
essential role for both society and the environment, and
because of the many problems with ground hydro-
monitoring networks, the measurements of inland
water represent a political and economic challenge. A
viable alternative for deriving surface water information
at large scale involves satellite Earth Observations, and
in recent decades, satellite altimetry has proven to be
an established method for providing water level
measurements. The large availability of satellite sensors
guarantees a continuous and comprehensive coverage
in time and space, but often the harmonization among
different missions is difficult and most of the time is
reduced to a bias correction. With this purpose, here
the Inland Water Fundamental Data Records are
generated within the FDR4ALT project to produce the
Inland water Thematic Data Products based on the
exploitation of measurements acquired by the altimeter
onboard the ESA ERS-1, ERS-2 and ENVISAT missions.

In this work, we present the results of the project for
the rivers, showing the analysis of the different
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retrackers (Icel, Ice3, MLE3, TFMRA, Adaptive) during a
continuous period of the year. A Round Robin analysis is
carried out to evaluate the performances of each
retracker with the final goal to detect the best retracker
able to describe the inland water flow to be
implemented at global level. The global validation is
carried out through a valuation of the performances
calculated against external measurements from reliable
ground-based measurements and using datasets from
other altimetry sources freely available on the web
(Theia Hydroweb, Dabhiti, HydroSat). In general, quite
accurate long time series of altimetry water level have
been reconstructed from 1993 to 2010 by merging ERS-
1, ERS-2 and ENVISAT data.
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LONG TERM ANALYSIS OF GLOBAL SURFACE WATER
VOLUME CHANGE USING REMOTE SENSING DATA

Elmi O, Tourian M., Saemian P, Papa F°, Sneeuw N*
1nstitute of Geodesy, University of Stuttgart, 2LEGOS,
University of Toulouse, CNES/CNRS/IRD/UT3

The availability and variations of continental water
storage are of great importance for society, as they
influence agricultural, industrial, and domestic water
use. Among the water storage components, terrestrial
surface water specifically lakes and reservoirs are
essential for wildlife and human habitats as they store
freshwater in the most accessible way, control seasonal
floods and generate hydropower. Despite the
importance, the estimation of surface water storage
variation at a global scale is usually obtained from
simplified models due to the absence of necessary
gauge and remote sensing measurements.

In this study, we produce monthly water volume
anomaly time series of 182260 global lakes and
reservoirs larger than 1 km? for 1985-2018. To do so,
water area time series of lakes and reservoirs are
obtained from the Joint Research Center Global Surface
Water data set. We gather all publicly available in situ
water level time series and generate water level time
series using satellite altimetry data from various
missions and data sets. For the remaining lakes and
reservoirs, water height information is extracted from
the TerraSAR-X digital elevation model.

After collecting the required data, first, the empirical
water area-level model is developed for each object and
then the water volume variation time series are
estimated. With this data set, we can investigate the
temporal and spatial variations of surface water stored
in lakes and reservoirs from 1985-2018 on a global
scale. This study aims to answer these fundamental
questions: 1) What are the temporal behaviors of
surface water volume variations in different river
basins? 2) Does water volume variation trend agree
with other hydrological parameters’ temporal variation,
And 3) what are the major natural and anthropogenic



factors that explain the long-term water volume
variation?
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EXPLORING SIAMESE NETWORK TO ESTIMATE SEA
STATE BIAS FOR WIDE-SWATH ALTIMETRY

Ma C, Hou Q%, Gao Z%, Chen G*
10cean University Of China

Sea State Bias (SSB) is one of the key errors in sea
surface height (SSH) measurements for satellite
altimetry, whether for the nadir-looking altimetry or
wide-swath altimetry. Currently, SSB estimation is
primarily based on parametric or non-parametric
models, using parameters related to the sea surface
such as wind speed, significant wave height or mean
wave period. However, the significant differences in SSH
measurements between the nadir-looking altimetry or
wide-swath altimetry, including interferometric
measurement and wide-swath coverage, result in that
the SSB estimation model should be reexamined.
Parameters including the cross-track distance and mean
wave direction are worth considering in the SSB
estimation. Considering these, our study proposes a
novel deep-learning-based SSB estimation model,
named Siamese Network for SSB (SNSSB). Using the
latest SSH data measured by the Surface Water and
Ocean Topography (SWOT), training and testing
experiments are conducted across the global ocean. The
experimental results demonstrate that the proposed
SNSSB model can further improve the accuracy and
explained variance of SSB estimation. And another
major advantage of the SNSSB model is that more
parameters can be incorporated to estimate SSB while
ensuring the computational efficiency. In the context of
the increasing application of artificial intelligence in
oceanographic research, it is anticipated that more
accurate SSB estimation can be achieved with the help
of deep learning, thereby further improving the
accuracy of SSH measurements for wide-swath
altimetry.
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RECONSTRUCTION OF OCEAN TEMPERATURE AND
SALINITY PROFILES IN THE NORTHWESTERN PACIFIC
USING SATELLITE SSH AND ARGO FLOAT DATA

Isoguchi O
1RESTEC

Reconstructing temperature and salinity structure from
sea surface parameters obtained from satellites and
other sources is an important issue and is used in
operational-based ocean data assimilation systems. Sea
surface height (SSH) is the most important parameter in
the estimation of hydrographic structure because it is
the integral information of temperature and salinity. In
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this study, we used the multiple linear regression
method (Guinehut et al., 2012) and the vertical coupled
mode of the temperature-salinity empirical orthogonal
function (EOF) (Fujii and Kamachi, 2003). An estimation
method that combines both methods is also
investigated based on the evaluation of the
characteristics of errors due to SSH anomaly (SSHa).
ARGO float data were used to calculate the regression
coefficients and create the vertical mode of EOF. The
period was from 2001 to 2020, and the area was from
120°E to 180° and 0° to 60°N.

Calculation of regression coefficients and creation of
vertical mode of EOF were performed separately for
each ocean area. For ocean area classification, we
performed unsupervised classification using a Gaussian
Mixture Model (GMM) on the ARGO float data, with
reference to Guillaume et al. (2017). Based on the
knowledge of ocean current systems and water masses,
the Northwest Pacific was divided into seven areas:
subarctic circulation, mixed water region, subtropical
circulation, Kuroshio recirculation, subtropical
countercurrent, north equatorial current, and tropical
circulation.

Climatology of WOA18 was used as a first guess, and the
deviations from the climatology were estimated using
the two methods. The method using EOF modes had a
slightly smaller error. As a result of error evaluation, it
was confirmed that the error of the method using EOF
increases as the SSHa increases. This was thought to be
due to the difficulty in reconstructing the steep changes
in the stratified structure caused by eddies.

In order to incorporate eddy information, a high-pass
filter was applied to create a SSHa map, and the
correlation between the SSHa and the errors was
investigated. A relatively high correlation was confirmed
in the depth of the eddy core. Temperature and salinity
were re-estimated using the multiple linear regression
method for the errors of the method using EOF and
adding them to the original reconstructed profiles. The
error using the combined method was reduced by about
8% for temperature and by about 2% for salinity. The
error reduction rate for temperature in the subtropical
circulation was the highest at 11%. In the subarctic
circulation, the error of salinity was reduced by about
9%, which was about the same as that of temperature
by 8%. In this study, we use the high-pass filtered SSHa
created from multiple nadir altimeter observations to
investigate correlation with the errors. It is thought that
by using SWOT data with high spatial resolution, it will
be possible to more appropriately capture the
relationship between eddies and the stratified
structure.
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TOWARDS A COMMON PROCESSING CHAIN FOR THE
OPEN AND POLAR OCEAN ON SENTINEL-3: LOOKING
FOR THE “MAGIC" ALONG-TRACK WEIGHTING
WINDOW.

Piras F, Dinardo S°, Lucas B?, Moreau T, Rodet L,
Nencioli F*, Smith W?
1Collecte Localisation Satellites, 2EUMETSAT, 3NOAA

More than 30 years ago, the Hamming weighting
window was directly applied on-board ERS-1 in the
across-track dimension in order to transform the Point
Target Response (PTR) from a sinc? function to a
Gaussian function, that was easier to handle during the
retracking algorithm that is used to retrieve the
geophysical parameters. The same strategy was then
chosen for ERS-2 and ENVISAT. The missions from the
Poseidon family (Topex/Poseidon, Jason-1, Jason-2 and
Jason-3) use a rectangular window and therefore keep
the PTR as a sinc? function, which is retrospectively
preferable as it allows to keep the original signal and
handle it afterwards on-ground, thus preserving the
resolution of the instrument.

Moving forward, a new dimension was added with the
development of the Delay-Doppler (SAR mode)
processing with Cryosat-2 and then the Sentinel-3/6
missions, that improve the along-track resolution. No
Hamming window is applied in the across-track
dimension, but another issue was identified in the
along-track dimension: the SAR altimeter processing is
not optimal on specular regions because of the along-
track PTR that is also a sinc? function with relatively
strong secondary lobes. For specular returns, energy
spreads into these secondary lobes leading to leakage in
the off-nadir beams. Eventually, this leads to
perturbations on the Level-1B SAR waveforms
significantly degrading performance in the polar oceans.
To fix this issue, the well-known Hamming window was
tested and was proven very efficient to reduce these
off-nadir spurious, improving greatly performances over
specular surfaces. This solution was therefore
implemented for the ESA Cryosat-2 Baseline E Ice
products as well as for the ESA Sentinel-3 Sea-Ice and
Hydrology Thematic products.

For the EUMETSAT Sentinel-3 Marine products, that
cover the global ocean, including polar regions, this
solution is not fully satisfactory. Indeed, over open
ocean, the Hamming window degrades the performance
and more specifically the along-track resolution, thus
preventing the agency from using one single processor
over global ocean (which would also contribute to
continuity between the oceans).

In the frame of the COPAS project, a study was
conducted to investigate other weighting windows, to
find the “magic” weighting window that could be
applied on open ocean and leads without degrading
performance on either surface. After a bibliographic
inspection, different weighting windows have therefore
been implemented in the CNES/CLS Sentinel Processing
Prototype (SPP), and then tested on real Sentinel-3 data
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to be assessed and compared over open ocean and
specular areas.

The first part of this talk will be an overview of the
different candidates for the weighting windows from a
theoretical point of view, using [Smith,2018] “Spectral
windows for satellite radar altimeters” as the principal
source to support the investigation. Then, the details of
the implementation and processing will be presented.
This talk will finally focus on the assessment performed
over real data using the most promising windows that
were selected in our study, including a Cal/Val analysis
over one full cycle of Sentinel-3 on the open ocean at
Level-2, as well as an assessment on the resulting Level-
1B echoes over specular areas.
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A DEEP LEARNING APPROACH TO SEPARATE
BALANCED AND UNBALANCED MOTIONS FROM SEA
SURFACE HEIGHT SNAPSHOT

Gao 2, Ma C', Chapron B?, Fablet R?, Zhao W2, Chen G*
10cean University Of China, 2Ifremer, 3IMT Atlantique

Separating balanced geostrophic motions (BM) and
unbalanced wave motions (UBM) from sea surface
height (SSH) observations obtained by the Surface
Water and Ocean Topography (SWOT) mission holds
great significance in enhancing our understanding of
ocean dynamic processes. However, SSH observations
derived from wide-swath altimetry are characterized by
high spatial resolution while relatively low temporal
resolution, thereby posing challenges to separate these
two motions from an instantaneous SSH snapshot. To
address this issue, our study proposes a deep learning
model called the BM-UBM Network, which takes one
SSH snapshot as input and generates the projections
corresponding to the BM and UBM. Using SSH data from
a realistic simulation, training experiments are
conducted both in the Gulf Stream where the BM is
stronger than the UBM and the South China Sea where
the UBM is stronger than the BM. Choosing different
regions, namely different dynamical regimes, helps
demonstrate the effectiveness of the BM-UBM
Network. Three metrics are considered to diagnose
model’s outputs, including the root-mean-square error
(RMSE), the wavenumber spectrum, and the
wavenumber-frequency spectrum. Results show that
the effective separation scale of the BM-UBM Network
is roughly comparable to the resolution can be resolved
by the SWOT (15-30km), and the BM-UBM Network has
the capability to capture both the spatial and temporal
characteristics of ocean dynamics. These favorable
results highlight the potential capability of the BM-UBM
Network to process SSH measurements from wide-
swath altimetry at submesoscale wavelength. We also
expect that the BM-UBM Network will contribute to the
study of multiscale oceanic motions in the era of SWOT
mission.
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IMPROVED INLAND WATER LEVEL MEASUREMENTS
WITH SENTINEL-6 FULLY-FOCUSSED SAR PROCESSING

Domingo X, Gibert F?, Molina R, Escorihuela M*
Ysardsat

The observation of small to medium inland water
targets is currently limited by the along-track resolution
of UnFocused Synthetic Aperture Radar altimetry, which
is approximately 300 m. In this study, we analyse the
benefits of the sub-meter along-track resolution
provided by Fully-Focused Synthetic Aperture Radar
altimetry applied to Sentinel-6 Michael Freilich data
over a collection of small to medium targets in the Ebre
basin, Spain. Moreover, we evaluate the application of
extended water masks, which exploit across-track and
nadir measurements to increase measurement
acquisition. The obtained water level estimations over a
2-year period are compared to in situ data. We achieved
a median absolute deviation of 1.9 to 6 cm, with an
average of 3.78 cm, in comparison to an average of 11.1
cm for UnFocused Synthetic Aperture Radar (UFSAR)
with the Offset Center of Gravity (OCOG) retracker and
15.0 cm with the ocean retracker. In addition, FFSAR
allows us to analyse small targets (sub-300) where
UFSAR might not retrieve measurements. Finally, we
showed that extending water masks in the across-track
direction from the satellite's nominal track provided a
notable increase in valid measurements, specifically we
observed an average increase of 36.6% for UFSAR, and
47.7% for FFSAR.
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PRELIMINARY ASSESSMENT OF SWOT L2 LAKE
PRODUCTS OVER SMALL WATER BODIES IN THE
ALSACE AND LORRAINE REGIONS (FRANCE)

Amzil 8%, Azzoni M, maxant J., Ledauphin T, Batisse J.,
Pottier C2, Yésou H*
1Sertit-ICube, Unistra, 2°CNES

Launched on December 16th, 2022, the innovative
SWOT mission provides observations of inland water
bodies at unprecedented resolution and accuracy. The
surface water areas estimated shall have a relative error
smaller than 15% for water bodies exceeding
250*250m?), and the height accuracy shall be 10 cm or
better for water bodies exceeding 1km2) and 25 cm or
better for water bodies between 250%¥250m2 and 1km?2.
The preliminary results obtained over the Rhine Tier 1
CalVal site are within the requirements with margin.

An assessment of SWOT HR L2 Lake products has been
carried out over a set of 20 lakes, with sizes ranging
from 7 to 0.03 km? and varying topographic settings:
steep-sided reservoirs, lowland lakes near the Rhine
River, step-sided lakes surrounded by forest...).

A preliminary work consisted in setting up a database
containing water surface dynamics based on 6 years of
Sentinel-2 images, water elevation from historical data
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from institutes, municipalities, state agencies (VNF,
DREAL, EDF, ...), and the installation of limnimetric
scales (OECS initiative), and leveling of these stations
through ICESat-2 data and field campaigns.

The analysis of SWOT products generated daily during
the Cal/Val phase was done as follows:

- Evaluation of the accuracy of the PIXC classes
(water only, land and water, dark water, etc.).

- Exploitation of Bright Land and Dark Water
flags.

- Comparison of the in situ water elevations and
the ones provided by the L2 SWOT lake products.

- Comparison of water area provided by the
SWOT product and the ones derived either from quasi-
synchronous VHR Pleiades and HR Sentinel-2 data

In terms of lake water level, based on daily SWOT data,
it was possible to follow the reservoir behavior
(drainage or stability) with a wse error (1sigma) of 6 to
11 cm. It was also possible to obtain information on
very small water bodies (e.g. Vert Lake & Forlet < 0,1
km?).

For lake water surface area, a slight overestimation is
observed with respect to the reference water surfaces,
with a relative area error (1sigma) between 7 and 11%.

These preliminary analyses show wse and area errors
lower than the SWOT requirements, highlighting the
high accuracy of the SWOT products and their
limitations for very small water bodies, which are often
overlooked. These results have been consolidated and
extended to other lakes during the science phase
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COMPARISON OF METHODS TO DERIVE THE HEIGHT-
AREA RELATIONSHIP OF SHALLOW LAKES IN WEST
AFRICA USING REMOTE SENSING

Girard F, Kergoat L, Nikiema H?, Wubda M?>, Yonaba R?,
Fowé T*, Abdourhamane Touré A®, Mainassara I°, de
Fleury M, Grippa M*

1Geosciences Environnement Toulouse (GET, Université
de Toulouse, CNRS, IRD, CNES), 2LERMIT, Université
Joseph Ki-Zerbo, 3Université Joseph Ki-Zerbo, UFR-
SVT/DST, *Laboratoire Eaux, Hydro-Systémes et
Agriculture (LEHSA), Institut International d’Ingénierie
de I’Eau et de I'Environnement (2iE), > Université Abdou
Moumouni, Faculté des Sciences et Techniques,
Département de Géologie, °HydroSciences Montpellier
(HSM, Univ Montpellier, CNRS, IRD)

In West Africa, lakes and reservoirs play a vital role as
they are critical resources for drinking water, livestock,
irrigation and fisheries. Given the scarcity of in situ data,
satellite remote sensing is an important tool for
monitoring lake volume changes in this region. Several
methods have been developed to do this using water
height and area relationships, but few publications have
compared their performance over small and medium-



sized lakes. In this work we compare four methods
based on recent data from the Pleiades, Sentinel-2 and -
3, ICESat-2 and GEDI missions over 16 lakes in the
Central Sahel, ranging in area from 0.22 km? to 21 km?2.
All methods show consistent results and are generally in
good agreement with in situ data (height RMSE and
volume NRMSE mostly below 0.30m and 11%
respectively). The obtained height-area relationships
show very little noise (fit RMSD mostly below 0.10m),
except for the Sentinel-3-based method which tends to
produce higher dispersion. The precision of the
estimated water height is about 0.20m for Pleiades
Digital Surface Models (DSMs) and less than 0.13m for
the other methods. In addition, fine shape patterns are
consistently observed over small height amplitudes,
highlighting the ability to monitor shallow lakes with
non-linear bathymetric behavior. Inherent limitations
such as DSM quality, temporal coverage of DSM and
lidar data, and spatial coverage of radar altimetry data
are identified. Finally, we show that the combination of
lidar and radar altimetry-based methods has great
potential for estimating water volume changes in this
region.
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INSIGHT INTO THE DYNAMICS OF SAHELIAN SHALLOW
LAKES WITH SWOT KARIN

Girard F, Kergoat L%, Taburet N?, Renou J?, Vayre M?,
Grippa M*

1Géosciences Environnement Toulouse (GET, Université
de Toulouse, CNRS, IRD, CNES), ?Collecte Localisation
Satellites (CLS)

In West Africa, lakes and reservoirs are critical
resources, providing crucial social and ecosystem
services such as freshwater and food supply, natural
habitats, livestock watering and irrigation. Given the
scarcity of in-situ data, satellite remote sensing is an
important tool for monitoring lake volume changes in
the region. The recently launched Surface Water and
Ocean Topography (SWOT) mission, with its wide swath
Ka-band radar interferometer, is capable of observing at
least 90% of the inland areas, significantly increasing the
number of lakes and reservoirs that can be monitored
by the other altimeters. In this work, we evaluate the
performance of SWOT for retrieving water surface
elevation, area and hypsometric curves. The analysis is
carried out on 16 small and medium-sized lakes and
reservoirs in the Central Sahel, ranging in area from
0.22km? to 21km?2. The SWOT products are compared
with 1- in-situ water surface elevation observations over
1 reservoir in Burkina Faso and 1 small lake in Niger 2-
hypsometric curves derived from in-situ data (8 lakes)
and other remote sensing products such as Pleiades
Digital Surface Models (DSMs), Sentinel-3 and -6,
ICESat-2 and GEDI altimetry data. Pleiades DSMs and
Sentinel-2 optical imagery data are also used to assess
SWOT-derived water masks. SWOT 2D (Pixel Cloud) and
lake-averaged (Lake Single Pass) products from both 1-
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day (7 lakes) and 21-day (16 lakes) orbits are evaluated
for precision and accuracy.
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PRELIMINARY ASSESSMENT OF SWOT L2 RIVER
PRODUCTS: CASE OF THE CANALIZED RHINE RIVER
(FRANCE)

Ledauphin T, Azzoni M, maxant ), Larnier K*, Amzil 52,
Garambois P?, Fjgrtoft R?, Yésou H*
1Sertit-Icube, Unistra, 2CNES, 3INRAE, “Hydro-Matters

A preliminary assessment of SWOT L2 River products
has been carried out over the Rhine River, along 180 km
of the German-French border exploiting the daily
Cal/Val SWOT data (end of March to mid-July 2023).
This area is particularly interesting as two hydraulic
objects running in parallel can be distinguished. The
Western one, the canalized Rhine, is presenting a
succession of 10 hydropower dams, i.e. like a succession
of gently sloping basins, with 12-14-m jumps, returning
to a free river course after the Iffenzheim dam. On the
Eastern side, the Old Rhine is flowing in more natural
conditions, beginning with a first free segment of 40 km.
Then the Old Rhine corresponds to segments of about
ten km, very largely entropized, flowing at a lower
altitude of about ten meters. The difference in gradient
is recovered by a series of metric weirs. At the level of a
hydroelectric dam, the North-South offset will be 12-14
meters, with a lateral East-West offset of 8-10 m.
Preliminary work consisted in setting up a database
containing water elevation over about 40insitu gauge
stations collected from French and German agencies
(VNF, DREAL, WSV, LUBW and EDF). Several stand-alone
stations plus additional gauges were also installed, as
well as few limnimetric scales (OECS). Drone flights
were also carried out to measure the water surface
elevation and slopes.

The first analysis covered SWOT L2 HR River Node and
Reach products using the SWORD V14 river database,
but also SWOT HR L2 PIXC (pixel cloud) products. It was
done as follows:

- Comparison of the insitu water elevations and
the ones provided by the SWOT HR L2River products at
the node and reach scales.

- Comparison of the slope provided by the SWOT
HR L2 River Reach products and the ones derived from
the insitu measurements.

- Comparison of the insitu water elevations and
the ones provided by the SWOT HR L2 PIXC product.

- Evaluation of the accuracy of the PIXC classes
(water, water near land, dark water, etc.).

For most of the stations, we observed at the node scale
a 1-sigma difference between SWOT water elevation
and in situ reference data over all Cal/Val cycles of
about 10 cm, both on the canalized and the free-
running part of the river.

For a proper assessment of the quality of SWOT
measurements via SWOT HR L2 River products at local
level, it is essential to first evaluate the quality of the



SWORD database. And that by an inaccurate SWORD
centerline, which does not respect the true river
morphology, that SWOT L2 products is not biased.

For the Rhine River, a customized river database, with a
more realistic description of the Rhine's parallel
courses, and of the position of structures (dams, locks,
weirs), was used to reprocess the SWOT HR L2 River
products, using the open source RiverObs tool.

These analyses show water surface elevation errors
lower than the SWOT Science requirements, for most of
the cases. These results have been consolidated and
extended during the science phase
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LEVEL-1 PROCESSING OF UNFOCUSED SAR ALTIMETRY
DATA: 15 YEARS OF INNOVATIONS

Scagliola M, Dinardo S, Fornari M*
1Rhea For Esa, 2EUMETSAT

During the last 20 years, a new paradigm for radar
altimeter instruments has been designed, implemented
and exploited to observe the Earth surface. The
Synthetic Aperture Radar (SAR) altimeter instruments
are able to transmit pulses at high pulse repetition
frequency guaranteeing at the same time their
coherence. Such instruments allowed to exploit the
delay/Doppler processing concept that, by coherent
summation of pulses within a burst, achieves an
improvement in terms of along-track resolution
compared to conventional pulse-limited altimeters.
CryoSat, launched in 2010, has been the first satellite
radar altimeter to incorporate SAR mode capability.
Sentinel-3 is the first altimetry mission operating all
over the globe in SAR only, while Sentinel-6 has
introduced new capabilities with the open burst
chronogram. Similarly, the on-ground processing of the
echoes acquired by such instruments has improved to
allow for a more accurate estimate of the geophysical
variables. Since the first operational Level-1 processing
chain developed for CryoSat, different evolutions have
been included for the different Missions starting from a
variety of R&D activities and a wide effort of the
community, under the input of the Agencies. In
particular, in the context of the Delay/Doppler
processing, investigations have been concentrated on
the azimuth windowing (e.g. Hamming, Gaussian, etc),
on the focusing operator (e.g. DFT, Chirp-Z, exact vs.
approximate methods), on the posting rate (40 Hz, 80
Hz or higher) and on the inclusion of second order
effects (e.g. range walk compensation). Additionally,
R&D activities have been also devoted to edit and
characterize the single-look waveforms prior multi-
looking (the so-called stack): for example introducing
new stack parameters (e.g. stack peakiness and antenna
pitch estimation), extending the range window size,
weighting the single looks waveforms (e.g. stack
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trimming, Antenna Compensation Dilation
Compensation, Antenna Pattern Compensation) and
masking the Doppler ambiguities.

This abstract is aimed at giving a comprehensive
overview of the R&D activities and the evolutions in the
past 15 years that have innovated the Level-1
processing of SAR altimeters data, highlighting the
performance improvement obtained by implementing
novel algorithms in the operational Level-1 processors.

49

SYNERGY BETWEEN SATELLITE ALTIMETRY, SEA
SURFACE SALINITY AND ARGO FLOAT DATA TO
DIAGNOSE MESOSCALE EDDY FLUXES OF SALT

Melnichenko 0", Qu T?, Hacker P3

1Earth and Space Research, %Joint Institute for Regional
Earth System Science and Engineering, University of
California Los Angeles, *Hawaii Institute of Geophysics
and Planetology, School of Ocean and Earth Science and
Technology, University of Hawaii

Mesoscale eddies play an important role in the ocean
transport of heat and salt. Eddy fluxes are difficult to
observe, however, mainly because of the difficulties in
gathering observations with sufficient time and space
resolution to resolve the eddy field. In this study, the
transport properties of mesoscale eddies are diagnosed
from a synergistic use of satellite altimetry, sea surface
salinity (SSS) and Argo profile data. Here, we focus on
the SSS maximum in the South Indian Ocean (SI0),
where mesoscale eddies are believed to play a
potentially important role in shaping the ocean’s salinity
distribution with important implications for climate.

To overcome the problem of poor spatiotemporal
resolution of Argo profile data, we utilize the so-called
eddy composite analysis. In this analysis, a three-
dimensional structure of a “typical” mesoscale eddy in a
chosen geographical area is reconstructed by
synthesizing all available Argo profiles following the
trajectories of mesoscale eddies identified in altimetric
sea level anomaly (SLA) maps. The statistics of the
horizontal distribution of eddies derived from the SLA
maps are then combined with the eddy vertical
structure to compute the eddy-induced transport of
salt. Satellite SSS data along with the altimetry-derived
surface geostrophic velocities are used to calibrate and
validate subsurface estimates. The results show that the
role of mesoscale eddies in the SIO subtropical gyre is to
pump salt out of the gyre. The eddy salt transport is
equatorward on the equatorward side of the gyre and
poleward on the poleward side. In the vertical, the eddy
salt flux “penetrates” as deep as 400 m, closely
following the subsurface “river of salt”, an important
part of the Indian Ocean shallow overturning
circulation. The results also show that the eddy salt
transport in the subsurface layer can be parameterized
using a simple gradient-flux relationship with a
diffusivity coefficient given by the mixing length



formulation, while all the parameters (r.m.s eddy
velocity and length scale) can be estimated from the
eddy composite analysis. This parameterization,
developed from observations, is used to assess the
effect of mesoscale eddies on spiciness variability
originated from the SSS maximum region in the SIO.
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DAHITI - MONITORING OF WATER LEVELS AND WATER
SLOPES SURFACE USING USING SWOT KARIN
MEASUREMENTS OVER INLAND WATERS

Schwatke C, Scherer D', Dettmering D*
1Deutsches Geodétisches Forschungsinstitut, Technical
University Munich (DGFI-TUM)

For more than three decades classical satellite altimetry
has been successfully used to monitor water levels of
inland waters such as rivers, lakes and reservoirs. In
December 2022, a new generation of altimeter mission
called Surface Water and Ocean Topography (SWOT)
was successfully launched. SWOT is equipped with a
classical radar nadir altimeter comparable to Jason-3,
but also with a new Ka-band Radar Interferometer
(KaRIn). KaRIn uses the principle of SAR interferometry,
which has the capability to monitor almost every inland
water body worldwide because of its 120 km wide
swath and its 21 day repeat science orbit.

In this contribution, we present two new approaches to
derive hydrological parameters over inland waters. For
lakes and reservoirs are water level time series derived.
For rivers, however, not only water levels but also time-
varying water surface slopes are derived from the high-
resolution SWOT pixel cloud dataset. This dataset allows
us to monitor water levels of very small targets. We use
SWOT data measured on the fast sampling orbit
(03/2023 - 07/2023, 1-day repeat cycle) and the science
orbit (since 07/2023, 21-day repeat cycle). This
contribution also discusses the challenges due to
measurement noise, data gaps, and dark water pixels
when using SWOT KaRIn data and how the new
approach addresses them.

For quality assessment, the resulting time series of
water levels and water surface slopes will be validated
with in-situ data and compared with other data sets. All
time series of water levels and surface water slopes will
be freely available on the web portal of the , Database
of Hydrological Time Series of Inland Waters,, (DAHITI,
https://dahiti.dgfi.tum.de).

51

30 YEARS OF WIND AND WAVE ENERGY ASSESSMENT
IN THE OFFSHORE AREAS OF CHINA FROM SATELLITE
ALTIMETRY

L/ @, BAO L2, WU L%, WANG Y2
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1State Key Laboratory of Geodesy and Earth’s Dynamics,
Innovation Academy for Precision Measurement Science
and Technology, Chinese Academy of Sciences,
2University of Chinese Academy of Sciences

Energy has always been a major problem plaguing
human development. Developing renewable and clean
energy sources is crucial in addressing the energy
challenge and building a sustainable future. Offshore
wind and wave energy exhibit significant potential and
can help optimize our energy mix. However, due to the
limitation of observation data, there is a lack of effective
and accurate assessment of wind and wave energy in
the global or local ocean.

Satellite radar altimeters have been providing
outstanding contributions to the long-term monitoring
of global marine environment. Benefiting from that
altimeter can directly measure the key parameters such
as wind speed and significant wave height, satellite
altimetry has the potential to offer a valuable tool for
long-term assessment of offshore wind and wave
energy resources.

This research investigates the wind and wave
characteristics, the spatial and temporal distribution as
well as the long-term trends of wind and wave energy in
the offshore areas of China (100°-145°E, 0°-45°N) from

1993 to 2022. The data used is measured significant
wave height and wind speed from satellite altimeters
(T/P (1993)-Jason-3 (2022)). The data are firstly
validated by buoy measurements, and the results
showed good consistency. Then the theoretical wind
and wave energy in the study area are calculated, and
the spatial distributions of the annual, seasonal, and
monthly mean wind power density and wave power are
presented. The results show that wind and wave energy
exhibit significant seasonal characteristics and show
long-term increasing trends. The long-term trend of
wind energy is relatively stable with subtle growth. In
contrast, the wave energy demonstrates a strong
growth trend with an average annual growth rate of
0.15 kW/m. Both wind and wave energy are most
abundant in winter, followed by spring and autumn, and
least abundant in summer. The distribution of energy
resources varies across different regions. The wind
energy is rich in the Taiwan Strait, Luzon Strait, and the
Northwest Pacific Ocean, with a northeast-southeast
direction. The annual average wind energy density near
the Taiwan Strait exceeds 1000 W/m?2. Meanwhile, wave
energy-rich areas are primarily found in the Northwest
Pacific, Luzon Strait and the northeastern part of the
South China Sea, and the annual average wave energy in
the Northwest Pacific reaches 40 kW/m. Comparatively,
the East China Sea coast shows relatively high levels of
wind and wave energy.

These results show the potentials for wind and wave
energy development, providing scientific references for
offshore resources assessment, wind and wave climate
prediction, and ocean engineering. The study also
demonstrates the capability of satellite altimeter to
provide accurate and reliable data for more
comprehensive estimates of global energy potential.
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MONITORING KUROSHIO MEANDERS AROUND THE
IZU RIDGE BY FERRY-BORN GNSS AND SWOT
ALTIMETRY DATA

Ichikawa K
1RIAM, Kyushu University

Since 2017, the Kuroshio south of Japan has taken a
large meandering path. Significant bottom topography
of the lzu Ridge is one of the factors affecting
generation and degeneration of the large meander,
together with variations of the wind stress and eddy
activities in the North Pacific. Frequent monitoring of
the Kuroshio around the Izu Ridge is therefore required,
but short-term variations of the Kuroshio are not well
observed due to the absence of proper satellite tracks
of conventional satellite altimeters. In this study, we
have started Global Navigation Satellite System (GNSS)
observations on a ferryboat "Tachibana Maru" (Tokai
kisen co. Itd., 5681 ton) sailing between Takeshiba Port,
Tokyo, and Hachijo-jima Island, which crosses the
Kuroshio over the Izu Ridge twice a day. Among various
GNSS positioning methods, Precise Point Positioning
(PPP) can provide reasonable daily sea surface height
(SSH) variations of the Kuroshio, except near islands.
Meanwhile, beta pre-validated SWOT altimeter data can
provide a spatial extension of SSH variations observed
by the along-track ferry GNSS data, although
intermittent in time. Combination of these two SSH data
sets enables us to trace movements of small meanders
of the Kuroshio around the Izu Ridge. In the upstream of
the Izu Ridge, since the Kuroshio turns its direction
clockwise due to the large meandering path, significant
positive SSH anomaly (SSHA) peaks of approximately
100-km diameter are found at around 33.5° N, with
temporal modulations of the amplitude. However, in
the downstream of the Izu Ridge, no significant SSHA
peaks were found. Instead, the boundary of the positive
SSHA areas is present in the coastal area with frequently
changing its position in time, which represents
movements of the Kuroshio axis in the downstream of
the lzu Ridge.
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USE OF GNSS-IR TO DETECT RECENT AND HISTORICAL
STORMS SURGES IN HONG KONG

Peng %, Chui K*
1Department Of Land Surveying And Geo-informatics,
The Hong Kong Polytechnic University

Hong Kong commonly experiences around 5 to 6
typhoons per year, with an average occurrence of one
super typhoon every three years. These extreme
weather events pose a significant threat to the region,
causing substantial damage and economic loss.
Therefore, it is crucial to monitor storm surges to
mitigate potential coastal hazards. Tide gauges have
traditionally been the primary tool for providing this
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information; however, they may fail to record the peak
water level (i.e., storm surge height) due to breakdown
during extreme events. Over the past decade, Global
navigation satellite system interferometric
reflectometry (GNSS-IR) has been emerging as an in-situ
sea-level observing technique. GNSS-IR offers
comparable accuracy to conventional tide gauges but
has the advantage of being less susceptible to damage
during extreme events. This is possible because GNSS-IR
stations can be installed at higher locations, such as
rooftops, reducing the risk of being damaged or
destroyed during the most intense storms. In this study,
we employ GNSS-IR to detect typhoon-induced storm
surges in Hong Kong from 2009 to 2023. Additionally,
we aim to investigate the limitations and challenges
that GNSS-IR may encounter in detecting storm surges.
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ARE NEAR-COASTAL SEA LEVELS ACCELERATING
FASTER THAN GLOBAL DURING THE SATELLITE
ALTIMETRY ERA?

Jevrejeva S', Qu Y?, Palanisamy H?
INational Oceanography Centre, 2School of Geography

Science and Geomatics Engineering, Suzhou University
of Science and Technology, 3World Climate Research
Programme, World Meteorological Organization
Impact and risk assessments in coastal areas are
informed by current and future sea level rise and
acceleration, which demands a better understanding of
drivers for regional sea level acceleration. In our study
we analyze the near-coastal sea level acceleration
compared with global values during satellite altimetry
(1993-2020) and discuss the potential drivers of
regional sea level acceleration. We estimate regional
sea level acceleration using high-resolution satellite
altimetry sea surface height anomalies. Our study
reveals a wide range of regional acceleration estimates,
varying from -1.2 to 1.2 mm/yr?, which can be up to 20
times larger or smaller than the global mean sea level
acceleration of 0.07 mm/yr?. Notably, sea level
acceleration near the global coastline is calculated at
0.10 + 0.03 mm/yr?, exceeding the global mean sea level
acceleration by 40%. Regional patterns of sea level
acceleration are in good agreement with acceleration
patterns calculated from the steric sea level. However,
the magnitude of acceleration is only partially explained
by the changes in steric sea level, with increasing
contributions from the non-steric component.
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GLOBALLY TRAINED LSTM MACHINE LEARNING-BASED
APPROACH TO ESTIMATE RIVER DISCHARGE USING
THE GLOBAL RUNOFF DATA CENTRE (GRDC) RIVER
DISCHARGE AND INLAND ALTIMETRY WATER LEVEL
DATA

Shakya A%, Rietbroek R, Tourian M?, van der Wal D



UTC Faculty Of Geo-information Science and Earth
Observation, University Of Twente, ?Institute of
Geodesy, University of Stuttgart, 3Department of
Estuarine and Delta systems, NIOZ Royal Netherlands
Institute for Sea Research

Estimation of river discharge is essential from the
perspective of river basin management and disaster risk
management, as well as from the fundamental science
perspective - to better understand our hydrological
cycle. However, the number of publicly available river
discharge monitoring station data has been gradually
declining over the past decades. In recent times,
supervised machine learning-based approaches, such as
the LSTM machine learning models (using
hydrometeorological predictor datasets), have been
used to estimate river discharge (Kratzert et al., 2018;
Feng et al., 2020; Arsenault et al., 2023). Notably, these
models have reportedly outperformed traditional
conceptual hydrological models. Furthermore, these
data-driven models, when trained on a global dataset,
have shown potential for river discharge estimation in
ungauged basins. The progress in data-driven river
discharge prediction has even led some to question the
role of hydrological theories and conceptual
hydrological models (Nearing et al., 2020).

In parallel, the satellite altimetry community has
advanced towards inland water level and inland river
discharge estimation. While the altimetry-based river
discharge estimation typically works well in wide rivers
with in-situ observations, altimetric water level-based
river discharge predictions in ungauged basins (PUB) is
largely limited to the application of Manning-based
empirical equations. Such Manning-based empirical
equations are not highly reliable. As such,
improvements in inland altimetry application in
predictions in ungauged basins may be desirable.
Furthermore, machine learning-based techniques have
not been explored much, alongside inland altimetry
data, to estimate river discharge. In this contribution,
we explore machine learning-based approaches, such as
the LSTM machine learning model, to predict river
discharge (at GRDC station locations) when trained with
the Global Runoff Data Centre (GRDC) river discharge
data and altimetric water level data. We intend to train
the LSTM machine learning model on the globally
available altimetric water level dataset and the GRDC
river discharge dataset. We further intend to validate
our results and evaluate the predictive capability of
such globally trained LSTM models, trained on altimetric
water level and GRDC river discharge data, in ungauged
river basins in East Africa. We look forward to
presenting early results, as well as the opportunities and
challenges of using altimetric observation data in a
machine learning framework.

Key References:

- Arsenault, R., Martel, J. L., Brunet, F., Brissette, F., &
Mai, J. (2023). Continuous streamflow prediction in
ungauged basins: long short-term memory neural
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networks clearly outperform traditional hydrological
models. Hydrology and Earth System Sciences, 27(1),
139-157.

- Feng, D., Fang, K., & Shen, C. (2020). Enhancing
streamflow forecast and extracting insights using
long-short term memory networks with data integration
at continental scales. Water Resources Research, 56(9),
€2019WR026793.

- Kratzert, F., Klotz, D., Brenner, C., Schulz, K., &
Herrnegger, M. (2018). Rainfall-runoff modelling using
long short-term memory (LSTM) networks. Hydrology
and Earth System Sciences, 22(11), 6005-6022.

- Nearing, G. S., Kratzert, F., Sampson, A. K., Pelissier, C.
S., Klotz, D., Frame, J. M., ... & Gupta, H. V. (2021). What
role does hydrological science play in the age of
machine learning?. Water Resources Research, 57(3),
€2020WR028091.
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DRIVERS OF HALOSTERIC REGIONAL SEA LEVEL
INTERANNUAL VARIATIONS

Hochet A, Llovel W, Tajouri S
icnrs

In addition to the global mean sea level rise associated
with ongoing climate change, sea level exhibits large
interannual variability, which is known to strongly
influence regional sea level trends. Since the launch of
Topex-Poseidon in 1992, accurate measurements of sea
level variations are available with a S\pm
\SI{66}{\degree}s latitude coverage. A better
understanding of the mechanisms leading to the
observed patterns of sea level rise is needed to better
interpret these measurements.

Although generally smaller than thermosteric regional
sea level variations, Argo float measurements show that
halosteric sea levels can reach amplitudes comparable
to their thermosteric counterparts in several regions,
such as the North Atlantic or southwestern Indian
Ocean.

The associated variations in salinity may be directly
driven by variations in evaporation, precipitation, and
river runoff, or by oceanic processes.

In addition, freshwater input to the ocean from melting
continental ice may also contribute to regional
variability in sea level trends. In this study, we seek to
further our knowledge of the mechanisms of halosteric
regional sea level variations at the interannual time
scale.

To do so, we use a novel framework based on variance
budgets, which we applied to full-depth steric sea level
from observations and oceanic numerical models to
investigate these mechanisms. Using a specially
designed eddy-permitting global configuration based on
an ensemble approach (OST/ST IMHOTEP project), we
further evaluate the contribution to halosteric sea level



from long-term freshwater input due to melting
continental ice.
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SEA ICE THICKNESS RETRIEVAL AND IMPLICATIONS
FROM SNOW EFFECTS USING CRYOSAT-2, OIB, AND
ICESAT-2 IN THE WEDDELL SEA

Zhou L', Skourup H?, Sahra K3, Zhu W*, Xu S*, Stroeve J°
1Utrecht University, ?Technical University of Denmark,
3California Institute of Technology, *Tsinghua University,
>University College London

Snow overlying sea ice significantly impacts the
accuracy of altimetric remote sensing, introducing
uncertainties through radar propagation delay due to
slower radar speeds in snow and altered radar
waveform shapes caused by varying snow
morphologies, surface roughness, and mixed surface
conditions. This study presents a novel approach to
deconvolute and quantify snow scattering effects on the
CryoSat-2 (CS-2) waveform, utilizing comparisons with
the airborne Ka-band altimeters KAREN. We introduce
an enhanced CS-2 freeboard estimation method,
calibrated against multiple undertrack Operation
IceBridge (OIB) campaigns, which notably improves sea
ice thickness measurements. Our analysis reveals a
snow-induced bias in sea ice thickness of up to 0.5 m
within the CRYO2ICE campaigns. This paper also debuts
a pioneering sea ice thickness product for the Weddell
Sea derived from CryoSat-2 data. Our findings mark a
significant advancement in sea ice thickness retrieval
techniques from radar altimeters, offering new insights
into the current state of Antarctic sea ice mass. With
this improved product, we pave the way for further
investigations into the mechanisms and processes
driving the recent dramatic losses of Antarctic sea ice.
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GLOBAL TRENDS IN EDDY KINETIC ENERGY OVER THE
ALTIMETRIC ERA: ARE THE OCEANS BECOMING MORE
ENERGETIC?

Barceld-Llull B, Rossellé P, Combes V%, Sanchez-Roman
Al Pujol M?, Pascual A’
{IMEDEA (CSIC-UIB), 2CLS

Earth has undergone anthropogenic global warming
driven by the emissions of greenhouse gasses released
to the atmosphere by human activities since the
beginning of the Industrial Revolution. The ocean is
Earth's major heat reservoir and has absorbed 90% of
the anthropogenic excess heat. Ocean circulation plays
a key role in the global climate system by redistributing
water masses and their properties, including heat and
carbon, throughout the global ocean. At the same time,
changes in the climate system have not only warmed
the upper ocean but also altered the wind stress, heat,
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and freshwater fluxes that act as driving forces for
ocean circulation. Hence, climate change can modify the
intricate system that constitutes the global ocean
circulation. The mesoscale circulation (~10-100 km) is an
essential component of the global ocean circulation
constituted by a steady flow and a time-varying flow
(also called mesoscale variability). Mesoscale features
exist throughout the global ocean and transport and mix
water masses and their properties over long distances
and locally in depth, influencing larger and smaller-scale
processes. This study aims to evaluate if the global
ocean mesoscale variability is increasing or decreasing
over the altimetric era. To achieve this goal, we evaluate
global trends of eddy kinetic energy (EKE), a widely-used
metric for characterizing the intensity of the ocean
mesoscale variability. The EKE is computed from
altimetric observations provided by a product
constructed for climate applications, which includes
observations from a consistent pair of altimeters to
ensure almost uniform errors over the altimetric era
(two-sat). Additionally, we compute the EKE from a
product that includes all available altimeter missions
(all-sat), whose number generally increases over time.
The inclusion of new satellites enhances the capacity to
map mesoscale structures, despite the time-variable
errors dependent on the number of satellites used. Our
investigation reveals that two-sat yields a non-
significant global EKE trend over the altimetric era,
suggesting (i) that the all-sat positive EKE trends may, at
least partially, be induced by the increasing number of
satellites and (ii) that two-sat may not completely
capture a potential increase in mesoscale kinetic energy
due to its lower resolution. However, conducting the
same analysis but after 2003, when the satellite
constellation was constituted by three or more
altimeters, we obtain significant and positive global EKE
trends for both altimetric products, revealing that over
the period 2003-2022 the mesoscale variability is
becoming more energetic. The exact value of the global
EKE trend is expected to be between the trends
obtained from two-sat and all-sat, due to the intrinsic
limitations of each product. Additionally, our results
reveal that the regions of the global ocean of intense
mesoscale activity (with the highest EKE) are the areas
that are becoming more energetic. Providing knowledge
on this topic is crucial for predicting the future state of
our oceans and their role in the broader climate system.
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FULLY FOCUSED SAR ALTIMETRY AND INNOVATIVE
RIVER LEVEL GAUGES FOR COASTAL MONITORING -
THE FFSAR-COASTAL PROJECT

Cotton D, Nielsen K2, Andersen O, Kruse M?, Poisson J3,
Thompson C* Becker A°, Restano M®, Benveniste J/
ISATOC, °DTU, 3VorteX.io, *Channel Coast Observatory,
>National Oceanography Centre, SSERCO/ESA, "Formerly,
ESA-ESRIN



“Fully focused” processing of SAR altimeter data

provides opportunities for exciting new applications, as
it provides hitherto unachievable along-track resolution
and offers the potential to monitor small water bodies.

The objective of the FFSAR-Coastal Project was to
evaluate the potential of FFSAR altimeter data to make
a significant new contribution to coastal and estuarine
monitoring systems.

Two different environments were considered:

. The Severn Estuary and river: A highly dynamic
mixed tidal estuary environment.
o The lower Rhone Delta and Camargue: A low

lying, flat river delta and wetland environment

DTU Space implemented the SMAP (Standalone Multi-
Mission Altimetry Processor) and applied it to Sentinel
3A and 3B altimeter data for the two regions in the
study). Different Fully Focused SAR processing options
have been implemented and assessed for the two
regions. The best performing options were then used to
generate time series of data for selected tracks, and
these data validated against in-situ data. The in-situ
data comprise data from existing tide gauges, but also
from four newly installed innovative “micro-gauges”
provided by vortex.io, two in each region. Drone
campaigns with an embedded LiDAR altimeter were
carried out to provide high-resolution sea level
measurements, to provide a water level profile between
the micro-gauge location and the satellite ground track.

Subsequent analysis has investigated the capability of
FFSAR altimeter data to capture small scale physical
signals (surface gradients, currents, roughness
signatures) in highly tidal regions and to detect and
measure tidal asymmetry/gradients across estuaries not
seen with conventional altimetry. For the Rhéne delta
the analysis has focussed on the ability of FFSAR data to
accurately map different low-lying channels and
filaments. We present results of these analyses and
provide key recommendations for further developments
and implementation.
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PRECISE SEA LEVEL AND GRAVIMETRIC
MEASUREMENTS, ALONG WITH IN-SITU ARGO

PROFILES, ENABLE THE ESTIMATION OF CHANGES IN
THE GLOBAL WATER-ENERGY CYCLE AND THE
CONSTRAINING OF CLIMATE SENSITIVITY.

Meyssignac B, Chenal J, Guillaume-Castel R, Fourest S,
Blazquez A
llegos/cnes

Over the past 30 years, the scientific community, space
agencies and oceanic institutes have developed a global
geodetic and hydrographic observing system to monitor
sea level rise and its climatic contributions. The
objective was to produce observations that are accurate
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enough to determine the sea level variations in
response to current climate change and enable further
studies that evaluate the potential impacts and risks for
coastal populations and ecosystems. After 30 years, this
observing system composed of 14 satellite altimeters
(including the Topex/Jason series and the Sentinel
series), 2 space gravimetry missions (GRACE and GRACE-
FO) and millions of ocean in-situ temperature and
salinity profiles (including XBT, CTD and Argo profiles)
has reached a level of maturity and accuracy that
enables to estimate sea level variations and their
contribution on a monthly basis with quasi global
coverage and a stability <0,5mm/yr over periods =20
years. This unprecedented level of accuracy appears
now sufficient for a new scientific application:
estimating the ocean storage of heat and water and
further constraining the global water-energy budgets to
derive more accurate estimates of the global water-
energy fluxes that are responsible for climate change
and their sensitivity to greenhouse gases emissions. This
is a change of paradigm for an observing system that
was designed to monitor the impact of climate change
and which is used now to evaluate the causes for
climate change. With this change of paradigm come
new requirements on the accuracy of the observing
system and on the determination of the uncertainties.
In this talk | will recall the performance of the current
sea level observing system. Then, | will show how the
sea level observing system can be used to estimate the
ocean storage of heat and water and how this
information enables to constraint the global water-
energy budgets leading to more accurate estimates of
the global water-energy fluxes and of the climate
sensitivity. In conclusion, | will list a few important
scientific questions related to the global water-energy
cycle, recall the level of accuracy that is needed in the
estimate of the ocean heat and water storage to
provide new insights on these questions and then
estimate the constraint it places on the sea level
observing system to achieve this objective. | will also
explain why this new paradigm emphasizes the need of
robust, comprehensive and validated uncertainty
estimates for the sea level observing system.
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FROM  MESOSCALE TO SMALL-SCALE OCEAN
VARIABILITY THROUGH SATELLITE ALTIMETRY AND
MULTI-PLATFORM  INTEGRATION: A REVIEW OF
NEARLY THREE DECADES OF RESEARCH

Pascual A%, Sanchez-Roman A%, Mason E*, Barceld-Llull
B, Gémez-Navarro L%, Cutolo E?, Rodriguez-Tarry D?,
Verger-Miralles E?, Vega-Giménez D', Mourre B**, Ruiz
S%, Pujol P, Bouffard J6, Troupin C’, Capet A’, Tintoré J*,
D'Ovidio F¢, Mahadevan A°, Morrow R, Verron J*,
Faugere Y*?, Le Traon P*3

LIMEDEA(CSIC-UIB), ’IMT-Atlantique, 3University of
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Over the past three decades, ocean variability research
has undergone a transformative journey, evolving from
a focus on large-mesoscale phenomena to the
exploration of finer-scale features, such as fronts,
meanders, eddies, and filaments. These small-scale
ocean features, ranging from 1 to 100 km, play a critical
role in the distribution of heat, fresh water, and
biogeochemical tracers, thus influencing climate
dynamics. Integrating our understanding of these
processes into climate scales has emerged as a key
challenge in Earth observation.

In this presentation, | propose to give a review of 25
years of research devoted to studying mesoscale and
small-scale ocean variability through the integration of
satellite altimetry and multi-platform observations. |
started working with altimetry thanks to an internship
during my first year of PhD. | used gridded products
combining two altimeters to analyze a mesoscale eddy
in the Balearic Sea (western Mediterranean) that
reversed the general cyclonic circulation of the basin, a
previously undetected feature. After completing my
PhD, | conducted postdoctoral research at CLS (France),
where | focused on integrating data from various
altimeter missions to study global mesoscale variability.
Upon returning to Spain, | initiated satellite altimetry
projects at our IMEDEA team, fostering international
collaborations.

The transition towards studying small-scale ocean
variability has been facilitated by the synergy of in-situ
and satellite altimetry observations, alongside
numerical simulations. Multi-platform field
experiments, particularly in the western Mediterranean
Sea, have been key in estimating small-scale horizontal
and vertical currents. For example, the ALBOREX multi-
platform experiment in 2014 focused on studying
mesoscale features in the Alboran Sea. In 2018, the PRE-
SWOT campaign expanded on ALBOREX's efforts,
preparing for the Surface Water and Ocean Topography
(SWOT) satellite mission. By combining in-situ and
satellite observations with numerical models, PRE-
SWOT aimed to enhance our understanding of small-
scale ocean structures, particularly in the Balearic Sea.
The CALYPSO initiative, spanning from 2017 to 2024 and
funded by the Office of Naval Research, has represented
a significant milestone in the study of vertical oceanic
transport. Through field campaigns and modeling
studies in the western Mediterranean, CALYPSO has
shed light on coherent pathways for vertical transport.
The launch of the SWOT satellite mission in December
2022 marked a significant advancement in ocean
observation capabilities. The FaSt-SWOT experiment
(April-May 2023) contributed to the calibration and
validation of SWOT data by collecting in-situ
observations (drifters, glider, ship, cameras, HF radar,...)
of a small-scale eddy in the Balearic Sea during the
SWOT fast sampling phase. Innovative approaches,
combining optimal interpolation schemes with machine
learning algorithms, have also emerged to reconstruct
three-dimensional ocean states.

These initiatives, spanning nearly three decades,
including the validation of all the new satellite altimeter
products, highlight the transition from large-mesoscale
to small-scale. Looking ahead, continued collaboration,
innovation and sustained integrated observations will
be essential for advancing our understanding of ocean
variability and its impact on climate. The list of co-
authors aims to reflect some of the collaborators,
students, postdocs, and advisors with whom | have had
the privilege of working so far. But the list is
incomplete!
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RIVER DISCHARGE DATA ASSIMILATION FROM
SIMULATED DAILY WIDE-SWATH OBSERVATIONS IN
THE MISSISSIPPI BASIN

Oubanas H-?, David C?, Yang Z°, Gierach M?
1INRAE, 2NASA Jet Propulsion Laboratory, 3Jackson
School of Geosciences, University of Texas at Austin

River discharge is a fundamental component for
comprehending the hydrological cycle and optimizing
various water-related activities, including irrigation,
flood forecasting, and dam management. However,
accessing discharge data presents challenges due to
limited ground observations globally. Considerable
efforts have been made to infer discharge from satellite
data, particularly altimetry, using established rating
curves at local virtual stations. The Surface Water and
Ocean Topography (SWOT) mission, launched in
December 2022, is providing groundbreaking wide-
swath data, allowing innovative approaches to infer
discharge from simultaneous SWOT observations of
height, width, and slope using hydraulic models and
inverse problem methodologies. Notably, SWOT enables
the promise of a new discharge product globally
available at rivers wider than 50m.

Despite SWOT's dense swath-based spatial coverage, its
21-day repeat cycle remains a challenge in capturing
rapidly changing river dynamics, especially during flood
events occurring between satellite overpasses. In hope
to partially alleviate this challenge, we explore the
potential of a high-frequency wide-swath satellite
mission combined with hydraulic models and data
assimilation techniques. While no such mission
currently exists, we propose a preliminary study to
evaluate its potential, drawing inspiration from the daily
CalVal orbit configuration of SWQOT’s first three months
of observations to create an Observing System
Simulation Experiment (OSSE).

We focus on the Mississippi basin for continental-scale
river discharge analysis. Our synthetic truth is
reconstructed using data assimilation of available daily
USGS in-situ gauges to correct Land Surface Model
runoff, performed through the Data Assimilation (DA)



capabilities of NASA’s RAPID model. A performance
assessment among various land surface models ensures
a 'synthetic truth' closely aligned with observations,
accounting for systematic and random errors from
ground measurements and Land Surface Models. This
synthetic truth is then resampled using daily SWOT
calval orbit to extract idealized discharge observations
at SWOT observable reaches.

We investigate the Data Assimilation capabilities of
RAPID and their potential in bridging the gap between
satellite observations in space. Given the limitations of
deterministic DA methods in the presence of high bias
in the prior information, we first employ a Long-Term
Inverse Routing (LTIR) approach to correct prior runoff
bias at and upstream of any satellite observation.
Subsequently, we utilize Kalman Filter to further correct
runoff variance by assimilating satellite-like discharge.

RAPID DA Capabilities demonstrate promising
performance at the continental scale, with discharge
estimation showing satisfactory accuracy at and beyond
observed reaches. Runoff bias correction significantly
reduces discharge bias across the basin, upstream of
observed rivers. DA improvement is noted downstream
until a corrected river's relative contribution to total
downstream discharge diminishes within the network.
However, DA estimation remains uncertain in very small
rivers (Q<1m3/s), potentially due to limited knowledge
of error covariances , hydraulic representation, and
equifinality.

Our findings indicate that by observing only 0.7% of the
basin, constituting SWOT observable reaches, we can
correct up to 30% of the basin’s discharge. Future
research will delve into SWOT science orbit sampling
and assess the uncertainty associated with the SWOT
discharge product.
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20-YEAR-LONG SEA LEVEL CHANGES ALONG THE
WORLD'S COASTLINES FROM SATELLITE ALTIMETRY:
THE NEW ESA CClI DATASET OF COASTAL VIRTUAL
STATIONS

Legeais J', Cazenave A, Leclercq L, Léger F, Birol F,
Nifio F?, Passaro MP, Calafat F*, Shaw A°, Oelsmann /3,
Restano M®, Benveniste J/

1CLS, 2LEGOS, 3TUM, *NOC, *Skymat Ltd, ¢ Serco/ESRIN,
’Formerly, ESA-ESRIN

In the context of the ESA Climate Change Initiative (CCl)
Coastal Sea Level project, a complete reprocessing
(including retracking of the radar waveforms) of high
resolutions (20 Hz, i.e. 350 m) along-track altimetry data
of the Jason-1, Jason-2 and Jason-3 missions since
January 2002 was performed along the world coastal
zones. The latest release (v2.3) of this SL_cci coastal
altimeter sea level dataset covers the period January
2002 to June 2021 and is now available for the users
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(https://doi.org/10.17882/74354). A new improved
processing of the waveform retracking and computation
of the coastal sea level anomalies was developed and a
new editing procedure for the coastal sea level trend
computation was implemented. This new dataset shows
spectacular reduction of the data noise compared to
previous versions, both in terms of sea level anomaly
time series and trends. We now obtain more than 1200
coastal virtual stations (i.e., the location of the first valid
point from the coast along the satellite track) at an
average distance from the coast of about 3 km,
including more than 200 stations at less than 2 km from
the coast. These coastal sea level anomalies and trends
of the altimetry-based virtual stations have been
validated with tide gauges data where possible. An
example is presented in the Mississippi river delta.
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PERFORMANCES OF THE SWATH ALTIMETER SAOOH
ON BOARD THE SENTINEL 3 NEXT GENERATION
TOPOGRAPHY MISSION

Demeestere F, Houpert A%, Phalippou L, Deschaux-
Beaume M2, Rey L, Rys L1, Dubois P>, Amarouche L2,
Thibaut P, Vuilleumier P?, Egido A3

1Thales Alenia Space, °CLS, 3ESA/ESTEC

The Sentinel-3 Next Generation Topography mission,
addresses the need for a timely extension of the current
Sentinel-3 capability in terms of stability and continuity,
while improving performances and increasing the
quantity and quality of geophysical products. Sentinel-3
Next Generation belongs to the Copernicus “enhanced
continuity” missions of the European Union.

The baseline concept relies on Thales Alenia Space state
of the art technology with an altimetry payload
composed of Poseidon-5 (POS5) a SAR nadir altimeter
for continuity, and SAOOH the Swath Altimeter for
Operational Oceanography and Hydrology for enhancing
sampling, coverage, revisit, and enhanced topography
product. In order to achieve the specified five days
revisit time, two satellites will operate simultaneously,
on a dawn-dusk sun synchronous orbit, with same
ground tracks as for Sentinel 3 First Generation.

SAQOOH is currently developed, under ESA contract, by
Thales Alenia Space and benefits of heritage from
CryoSat (SIRAL), Sentinel-3 (SRAL), Sentinel-6 (POS4),
SWOT (KaRin) and Cristal (IRIS) missions. SAOOH
improves the spatial/temporal sampling of the ocean
and inland waters with respect to nadir altimeters. The
products are available over a typical swath of 120 km
centred on nadir. Swath altimeters also permit to
observe continental water extent, and to measure
surface elevation and river slopes. New observation
capabilities for significant wave height (SWH), wave
spectrum, sea ice and land ice are anticipated as shown
by preliminary SWOT data.

SAOOH is a Ka-band multibeam swath altimeter using
one transmit antenna and two receive antennas with a
3m interferometric baseline.



The SAOOH antenna design results in high signal to
noise ratio (SNR) to comply with the random error
requirement while keeping a relatively short
interferometric baseline. The thermally regulated low
noise amplifier front-ends (LNA) integrated very close to
the antenna feeds further maximises the SNR.

It is then possible to accommodate SAOOH without
deployment mechanism, leading to a simple mechanical
design and excellent antenna stability.

This presentation addresses the SAOOH design with a
focus on achievable performances at radar level and the
related end-to-end geophysical product accuracies (L2
level). The measurement principle, including the
external calibration is addressed. Random errors and
systematic errors are also presented and discussed with
respect to the mission requirements.
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SENTINEL-3 LAND STM: PERFORMANCES OF THE
HYDROLOGY THEMATIC PRODUCTS OVER INLAND
WATERS

Renou J, Chapellier M, Nielsen K?, Taburet N?, Aublanc
JL, Chamayou A%, Catapano F°, Femenias P?
1CLS, ZDTU, 3ESA-ESRIN

Sentinel-3 is an Earth Observation satellite series
developed by the European Space Agency (ESA) as part
of the European Copernicus Programme. It is currently a
constellation composed of 2 satellites: Sentinel-3A and
Sentinel-3B, launched on 16 February 2016 and 25 April
2018, respectively. Among the on-board instruments,
the satellites carry a radar altimeter system which aims
at providing operational topography measurements of
the Earth’s surface. Over inland waters, the main
objective of the Sentinel-3 constellation is to provide
accurate measurements of the water surface height, to
support the monitoring of freshwater stocks. Compared
to previous missions embarking conventional pulse
limited altimeters, Sentinel-3 measures the surface
topography with an enhanced spatial resolution, due to
the on-board SAR Radar ALtimeter (SRAL) which exploits
the delay-Doppler capabilities.

ESA and the Sentinel-3 Altimetry Mission Performance
Cluster (MPC) recently developed dedicated delay-
Doppler and Level-2 processing chains for the
generation of Hydro-Cryo Thematic Products over
Inland Waters, Sea-Ice, and Land Ice. Since September
2023, Hydrology Thematic Products has become the
official Sentinel-3 STM products for inland waters, while
previous Land Products stopped being produced. The
Hydrology Expert Support Laboratories (HY-ESL) is in
charge of monitoring the SRAL performances and
making sure that these products meet the mission
requirements, but also of proposing evolutions that
could potentially be included in the Hydrology Thematic
Products in order to improve their performances.
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We will first present the main results of routine
activities ensuring the quality of the Hydrology Thematic
Products. In a second part, our study will be mainly
focused on providing the performance assessment of
dedicated-water surface retrackers, the sinc2-based
model and SAMOSA+ retrackers for rivers and lakes
respectively. These retracker algorithms will be applied
on Sentinel-3 measurements over specific areas which
are monitored by in-situ stations: French rivers (SCHAPI
network) and Canadian and American lakes
(Wateroffice and USGS networks). Global comparisons
will be performed between these retrackers and those
currently available for the users in the Hydrology
Thematic Products. Statistics based on precision and
accuracy will be inferred in order to quantify the
performance improvement.
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RECENT UPDATES AT THE GSC DORIS ANALYSIS
CENTER

Lemoine F, Chinn D*%, Zelensky N*%, Yang X*?
INASA Goddard Space Flight Center, 2KBR Inc.,
3ESSIC/University of Maryland

We discuss updates to the operational series for the
GSC DORIS Analysis Center. We describe recent updates
that we have implemented, including the reprocessing
of all data using DPOD2020, the additional of new
satellites, and where appropriate, the adoption of
improvements to the nonconservative force modelling,
and other background models. Preliminary results for
2023 show that we can improve the WRMS from 8.97 to
7.80 mm by using the new a priori station set
(dpod2020_015). We test newly available atmospheric
density models, DTM2020, and MSIS2, and report on
whether they improve the DORIS satellite orbit
determination. We describe updates to our operational
series including the addition of newer satellites, such as
Sentinel-6A, and the HY-2C & HY-2D satellites. We
investigate how to improve the scheme we use to
weight each set of satellite in the weekly solutions. We
take a new look at the 2nd order ionosphere
perturbation in DORIS data, and assess how it might
affect DORIS POD and the development of DORIS
products.
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INNOVATIVE OFF-NADIR VALIDATION AND
PROCESSING APPLIED ON HYDROLOGY THEMATIC
PRODUCTS OF SENTINEL-3 LAND STM FOR
PERFORMANCE ASSESSMENT OVER RIVERS

Renou /., Chapellier M, Taburet N, Aublanc /%,
Chamayou A%, Catapano F?, Femenias P?
1CLS, 2ESA-ESRIN



Sentinel-3 is an Earth Observation satellite series
developed by the European Space Agency (ESA) as part
of the European Copernicus Programme. It is currently
composed as a constellation of 2 satellites: Sentinel-3A
and Sentinel-3B, launched on 16 February 2016 and 25
April 2018, respectively. Among the on-board
instruments, the satellites carry a radar altimeter
system which aims at providing operational topography
measurements of the Earth’s surface. Over inland
waters, the main objective of the Sentinel-3
constellation is to provide accurate measurements of
the water surface height, to support the monitoring of
freshwater stocks. Compared to previous missions
embarking conventional pulse limited altimeters,
Sentinel-3 measures the surface topography with an
enhanced spatial resolution, due to the on-board SAR
Radar ALtimeter (SRAL) which exploits the delay-
Doppler capabilities.

ESA and the Sentinel-3 (S3) Altimetry Mission
Performance Cluster (MPC) recently developed
dedicated delay-Doppler and Level-2 processing chains
for the generation of Hydro-Cryo Thematic Products
over Inland Waters, Sea-Ice, and Land Ice. Over
hydrology, the processing chain includes new
algorithms, in particular the hamming window and the
zero-padding processing. While it has been
demonstrated that such algorithms greatly improve the
quality of the Hydrology Thematic Products,
performance of these products over rivers is still
difficult to assess. Indeed, the standard nadir validation
of altimetric measurements is often impacted by the
river slope, so that it prevents to clearly evaluate the S3
product performances. This limitation is partially
overcome when external datasets provide slope
estimates, e.g. drone profiles, but it is restricted to a
limited number of sites.

In this study, we will propose an innovative validation of
altimetric measurements over rivers, for which the
effect of river slope is greatly reduced, therefore
allowing to assess the global performance of S3
measurements over various type of rivers. The so-called
“off-nadir” validation takes advantage of the SAR
processing to isolate S3 measurements that are not
directly at the nadir of the river monitored by the in-situ
station. However, the waveforms at this location still
include backscattering signal of the river. We apply this
approach over French rivers that are monitored by the
SCHAPI network, composed of hundreds of in-situ
stations. After selecting in-situ stations nearby
theoretical tracks of S3A and S3B, our results suggest
that, without external datasets providing slopes, off-
nadir validation provides much more reliable Cal/Val
sites for performance assessment than the standard
nadir selection. Based on these sites on various rivers,
we finally apply a sinc?-based model retracker,
particularly well-suited for specular waveforms.
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Comparisons of the precision and accuracy of this
retracker with threshold retrackers, like OCOG provided
in the Hydrology Thematic Products, will be proposed in
order to quantify the performance improvement.
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30 YEARS OF RADAR ALTIMETRY OF THE CASPIAN SEA

Kostianoy A, Lebedev S?
1Shirshov Institute of Oceanology, °Geophysical Center

In this paper we follow 30 years of progress in radar
altimetry application to the Caspian Sea since the first
publications by Cazenave et al. (1997), Vasiliev et al.
(2002) and Lebedev and Kostianoy (2005) who showed
that satellite altimetry can be successfully used for the
investigation of the Caspian Sea level variability in a
deficiency of the traditional sea level gauge
measurements. Spatial location of the TOPEX/Poseidon,
Jason-1, Jason-2 and Jason-3 ground tracks at the sea
surface makes it possible to investigate different
features of hydrological, hydrodynamic and
meteorological regimes of the Northern, Middle and
Southern Caspian Sea, as well as of the Kara-Bogaz-Gol
Bay. In this paper we show capabilities of application of
satellite altimetry to monitor sea level, wind speed,
wave height, water dynamics, water exchange seasonal
and interannual variations in different parts of the
Caspian Sea, as well as the Volga River water level. We
present the results of verification of the satellite
altimetry data with in-situ measurements at gauge and
meteorological stations, as well as with numerical
modelling of water dynamics in the Caspian Sea.

This research was supported by the Russian Science
Foundation Grant N 23-77-00027 «Investigation of the
climate variability of thermo-hydrodynamic regime of
the Caspian Sea based on remote sensing data»,
https://rscf.ru/en/project/23-77-00027/.
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A METHOD FOR ESTIMATING DAILY DISCHARGE USING
SPACE-BASED DISCHARGE ESTIMATES

Ke S, J. Tourian M2, Sneeuw N, Prata de Moraes
Frasson R?, C. D. Paiva R?, Durand M*, Gleason C°, Elmi
0%, Malaterre P®, David C?

nstitute of Geodesy, University of Stuttgart, %et
Propulsion Laboratory, California Institute of
Technology,, 3Instituto de Pesquisas Hidr aulicas,
Universidade Federal do Rio Grande do Sul, *School of
Earth Sciences, Ohio State University, >Department of
Civil and Environmental Engineering, University of
Massachusetts Amherst, (INRAE, UMR G-eau

An accurate estimate of river discharge is vital to
quantifying the global hydrological cycle and managing
water resources. In view of the steadily deteriorating



data provision from gauge networks, hydrological
monitoring through spaceborne sensors becomes a
necessity. The SWOT mission is the first satellite to
conduct a global survey of the Earth's surface waters,
measuring water surface elevation, river width, and
surface slope for estimating discharge. Since SWOT can
only sample mid-latitude locations approximately twice
per its 21-day cycle, we develop a linear dynamic
system for daily discharge estimation over a continuous
single-branch river network. The linear dynamic system
includes a process model based on a physically-based
spatiotemporal correlation and observation equations
utilizing SWOT discharge products. We solve this
dynamic system through a Kalman filter, which is
simultaneously executed in the time and space domain
to obtain daily discharge. Since SWOT discharge
products are currently inaccessible, we use a perturbed
version of synthetic SWOT datasets obtained by Monte
Carlo simulation to test the feasibility of our approach.
The validation of the estimated discharge against true
discharge in the synthetic datasets over all rivers leads
to a median correlation as high as 0.95, a median NSE
for residuals as high as 0.82, and a median relative bias
as high as 5.22%, respectively. Our method delivers
promising results and the hope of obtaining daily
discharge once the required SWOT data is available.
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HOW MUCH ENSO-RELATED SSH PREDICTABILITY
DOES OCEAN DYNAMIC PERSISTENCE PROVIDE IN THE
TROPICAL PACIFIC OCEAN?

Lee T}, Wang O’
INasa Jet Propulsion Laboratory

Understanding the predictability of El Nifio-Southern
Oscillation (ENSO) has significant environmental,
economic, and societal implications because of the
widespread influence of ENSO around the globe. In the
tropical Pacific, the variation of upper-ocean heat
content preconditions the development of ENSO-
related sea surface temperature anomalies (SSTA), thus
providing some ENSO predictability. Sea surface height
anomaly (SSHA) is a good proxy for upper-ocean heat
content in tropical oceans. Therefore, it is important to
understand the predictability of tropical Pacific SSHA.
Although coupled ocean-atmosphere models can be
used to study SSHA predictability, they suffer from
initialization shocks that limit the positive contribution
of an accurate initial ocean state to ENSO prediction
skill. It is not clear how much SSHA predictability an
accurate initial ocean state alone can provide without
considering post-initialization ocean-atmosphere
coupling. Here, we address this question by performing
a set of 12-month hindcasts of the 3-D ocean state using
a global ocean model. The ocean model is initialized
from the initial condition at every month and every year
from 1992 to 2017 obtained from the ECCO
(https://ecco-group.org) ocean state estimates that are
constrained by altimetric SSHA and other observations.
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During each 12-month hindcast, the atmospheric
forcings are set to climatological seasonal forcings.
Therefore, any interannual ocean anomaly in the 12-
month hindcasts is solely due to the evolution of the
initial ocean state without subsequent ocean-
atmosphere coupling. We refer to this as ocean dynamic
persistence. We show that ocean dynamic persistence
provides significant predictability of tropical-Pacific
SSHA for several months, owing to the dynamic memory
provided by equatorial Kelvin and Rosssby waves as well
as the advection of initial steric height anomalies. We
also compare the skill of ocean dynamic persistence in
predicting SSHA with the statistical persistence. The
latter is a common baseline evaluation metrics for
predictions where the initial anomalies, e.g., SSHA
observed by satellite altimetry, is damped as a function
of prediction lead time. Ocean dynamic persistence
offers a more stringent metrics for evaluating ENSO
prediction skill. It allows the ENSO prediction
community to determine how much improvement of
the coupled models is needed to claim a skillful
prediction. The method is also applicable for studying
the predictability of other oceanic phenomena such as
marine heat waves.
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THE EVOLUTION OF RADAR ALTIMETRY FROM SEASAT
TO SWOT

Fu L}, Archer M, Wang J*
1Jet Propulsion Laboratory, California Institue of
Technology

The era of satellite oceanography began with Seasat 46
years ago. With only one month’s worth of data, the
Seasat radar altimeter revealed a blurred view of the
global ocean variability of sea surface height (SSH).
Seasat also carried a synthetic aperture radar (SAR) that
provided images of sea surface features at high
resolution. These two measurement techniques have
gone separate ways ever since. Radar altimetry has
provided a modern record of global sea level change
and the large-scale ocean circulation. However, its two-
dimensional spatial resolution is limited to ~100 km by
the large radar footprint (~10 km), measurement noise,
and nadir observations. While SAR provides high-
resolution images of many features of the ocean and
land waters (e.g. 10 m resolution of Sentinel 1 SAR
data), it is difficult to derive the quantitative
information needed to study the underlying physical
processes. The SWOT Mission has reconciled the
strengths of each instrument: using two SAR antennas
carried onboard to perform radar interferometry in
orbit, the Ka-band radar Interferometer (KaRIn)
achieves measurements of SSH at a resolution close to
that of SAR. We have analyzed KaRIn data on 250 m
grids and identified SSH features as small as 1 km. This
represents a breakthrough of radar remote sensing. To
illustrate the impact of SWOT, we have calculated the
difference between the KaRIn observations and those



from the constellation of conventional altimeters
provided by AVISO. This provides a new global view of
small-scale ocean variability, which will take years to
explore and analyze fully. We will present findings from
a survey of selected features across the globe, and
demonstrate the ability of SWOT to advance the
understanding of small-scale ocean processes and their
interaction with larger-scale ocean dynamics and other
processes of the climate system.
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MESO AND SUBMESOSCALE DYNAMICS: A NEW
APPROACH COMBINING THE AUTOMATIC

INFORMATION SYSTEM (AIS) DATA AND SWOT DATA.

Cardot C?, Dadou I, Le Goff C?, Morel Y, Garreau P?
1LEGOS, 2e0dyn, 3IFREMER

The aim of this study is to characterize the meso and
submesoscale dynamics in the western Mediterranean
Sea. This region is dominated by a strong current, the
northern current, but we can also note the presence of
strong fronts than are not detected with the nadir
altimetry data, such as Jason or Sentinel. We used the
data of the SWOT mission using the fast sampling phase
to have the 2D SLA at fine scale. The new SWOT data
during the fast sampling phase have a high resolution (~
2km) and a periodicity of one day. In this work, we
combined the SWOT data with AIS (Automatic
Information System) data to study the dynamics of the
meso and submesoscale currents in this region. The AlS
data offer high spatio-temporal resolution of the total
current in coastal area and along the main maritime
road across the ocean. So it is unique data set, that can
be combined with several data such as the in-situ data
from the C-SWOT and WEM-SWOT campaign, with
several ADCP transects that can be used to validate the
currents from the SWOT data. The CMEMS data
(combined nadir altimetry product) is also used and
compared with the SWOT and AIS data especially for the
mesoscale dynamics. Combining these data allows us to
study the fronts at submesoscale in this region and also
the mesoscale dynamics. We show that the front
detected in the SWOT data are comparable to the fronts
detected with the AIS data. So the AIS data represent a
very useful data set to validate the SWOT data and to
study submesoscale dynamics such as fronts in the
ocean.
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PERSPECTIVES ON DEVELOPING THE SURFACE WATER
OCEAN TOPOGRAPHY MISSION (SWOT) FROM
CONCEPT TO REALITY FOR OBSERVING EARTH'S
PRECIOUS WATER FROM SPACE

Vaze P!
INASA JPL
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The Surface Water and Ocean Topography (SWOT)
satellite was launched on 16 December 2022,
commencing a new era of high-resolution satellite
remote sensing of Earth’s ocean and inland surface
waters. SWOT was developed jointly by NASA and the
French space agency (CNES) with contributions from the
UK and Canadian space agencies. Using state-of-the-art
"radar interferometry" technology, SWOT is measuring
the elevation of water to observe millions of lakes and
wetlands with surface areas 250 m2 and thousands of
rivers whose width exceeds 100 m, while detecting
ocean features with unprecedented resolution,
accuracy, and spatial coverage.

The primary science payload, a novel Ka-band Radar
Interferometer (KaRlIn), is the first in-flight
demonstration of wide-swath (2, 50Km swaths) SAR
interferometry for more accurate and comprehensive
mapping of Earth’s ocean and surface water from space.

SWOT is expected to revolutionize hydrology and
oceanography, providing a set of observations for nearly
all surface waters on planet Earth, allowing scientists to
determine changing volumes of water across the globe.
SWOT will also significantly advance climate and ocean
sciences by detecting ocean features with 10 times
better resolution than present technologies. The higher
resolution will reveal small-scale ocean features that
contribute to the Earth’s fundamental cycles of heat,
energy, carbon, moisture, and nutrients.

SWOT measurements are key to understanding surface
water availability, informing water-resource
management, preparing for important water-related
hazards such as floods and droughts, improving ocean
circulation forecasts, and benefiting ship and offshore
commercial operations, along with coastal planning
activities such as flood prediction.

Parag Vaze will provide a retrospective and prospective
on how two decades of activities lead to the
groundbreaking measurements being provided by
SWOT today. The talk will describe the programmatic
and technical challenges to conceive, develop, launch,
and operate one of the most complex Earth observing
space systems. An overview of the
calibration/validation activities and initial results will
also be provided along with the applications potential
that SWOT enables.
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SHORT-TERM SUBMESOSCALE EDDY VARIATIONS
OBSERVED IN SWOT KARIN SLA FIELDS

Chen X, Chen G*2, Quartly G°
1Ocean University of China, ?Laoshan Laboratory,
3Plymouth Marine Laboratory



In this study, we present a series of typical
submesoscale eddy short-term variations revealed by
SWOT KaRIn sea level anomaly (SLA) fields. First, several
representative cases demonstrate SWOT's capacity to
continuously track submesoscale signals (<80 km
diameter) over multiple days. By comparing with eddies
detected based on traditional merged SLA fields with
0.25° spatial resolution, it is observed that SWOT can
well resolve the process of eddy generation and
dissipation. The unique morphological, kinematic, and
dynamical characteristics of eddies during this process
will be investigated. Second, the study validates the
effectiveness of SWOT in resolving complex eddy-eddy
interactions of merging and splitting which are often
ambiguous in data merged from multiple altimeters,
especially in high latitudes. Then, the vertical structures
of SWOT-derived submesoscale eddies are revealed by
combining with Argo observations. Results indicate that
these submesoscale eddies can induce strong
temperature and salinity anomalies, and also exhibit
vertical biochemical signatures (e.g., chlorophyll,
backscattering coefficient of particles). A BGC-Argo float
was trapped by an anticyclonic eddy for nearly 2 months
in the Northwest Pacific, revealing that the vertical
temperature anomaly of the eddy had a double-core
structure with a warm (cold) core in the upper (lower)
layer during its generation phase. In addition, the
submesoscale eddy features detected by SWOT are
further verified by chlorophyll and sea surface
temperature data. This study demonstrates the robust
submesoscale resolving ability of new-generation
altimetry and its advantage in capturing rapidly evolving
signals. Such insights are invaluable for advancing our
understanding of submesoscale eddies and energy
cascading from meso- to sub-mesoscale processes.
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PROMOTING & EXPLAINING A NEW TECHNOLOGY:
SWOT OUTREACH

Rosmorduc V., Picot N, Germineaud C
icLs

Swot KaRlIn instrument is a completely new concept.
Some pieces of explanations existed through the CNES
space technology training courses, some had been
posted on the JPL & Cnes project web pages, but more
could be done and made available -- and has been, with
a major focus on hydrology, but not forgetting the
ocean, and the complementarity with currents
techniques, including nadir altimetry. Series of ppt slides
have been developed and released during the past 5
years, they have now been updated with real Swot data,
and will continue to be.

With those data available, a portfolio of the early
images is posted and updated on Aviso web site.

Communication on results, articles and other
publications is also done, in order to promote Science
Team work, and also to get would-be users familiar with
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the data, pinpoint their differences with classical and
delay-Doppler altimetry alike and give glimpses of what
new uses and applications could be developped from
those data.
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INTERANNUAL VARIABILITY OF WATER LEVEL IN
LADOGA AND ONEGA LAKES BASED ON RADAR
ALTIMETRY

Lebedev S, Kostianoy A?, Kostianaia E*, Prokofiev Y?
1Geophysical Center of the Russian Academy of Sciences,
GC RAS, °National Research University "MIET", 3Maykop
State Technological University, “Shirshov Institute of
Oceanology, Russian Academy of Sciences, °S.Yu. Witte
Moscow University

Regional climate change affects the state of inland
water bodies and, first of all, their water balance, which
is determined by a number of hydrometeorological and
hydrogeological factors. An integral characteristic of
changes in the water balance is the behaviour of the
level of lakes and reservoirs, which not only largely
determines the physical and ecological state of water
bodies, but also significantly affects the coastal
infrastructure and socio-economic development of the
region. The paper investigates the interannual
variability of the level of Ladoga and Onega lakes, two
largest lakes in Europe, located in the northwest of
Russia, according to satellite altimetry data for 1993-
2020. For this purpose, we used three specialized
altimetry databases: DAHITI, G-REALM, and
HYDROWEB. Water level data from these altimetry
databases were compared with in-situ records at water
level gauge stations. Information on air temperature
(1945-2019) and precipitation (1966-2019) acquired at
three meteostations located at Ladoga and Onega lakes
was used to investigate interannual trends in the
regional climate change. Finally, we discuss a potential
impact of the lake level rise and regional climate
warming on the infrastructure and operability of
railways in this region.

This research was supported by the Russian Science
Foundation Grant N 21-77-30010 (2021-2024) “System
analysis of geophysical process dynamics in the Russian
Arctic and their impact on the development and
operation of the railway infrastructure”.
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SEASONAL AND INTERANNUAL VARIABILITY OF WATER
EXCHANGE THROUGH THE KERCH STRAIT BASED ON
RADAR ALTIMETRY

Lebedev S, Kostianoy A*

1Geophysical Center of the Russian Academy of Sciences,
GC RAS, °National Research University "MIET", 3Maykop
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Oceanology, Russian Academy of Sciences, °S.Yu. Witte
Moscow University

In this paper we propose new methodology for
calculation of water exchange anomalies between the
Sea of Azov and the Black Sea. To analyze changes in
water exchange through the Kerch Strait, altimetry
measurements from the TOPEX/Poseidon, Jason-1,
Jason-2 and Jason-3 satellites were used. Calculation of
water exchange anomalies was carried out according to
the methodology developed for the Caspian Sea
(Lebedev, Kostianoy, 2019). The analysis of the
variability of water exchange through the groundtracks
is based on the analysis of the variability of surface
velocity anomalies, which are calculated through sea
level anomalies determined from satellite altimetry
data. The positions of 007 and 042 tracks of the
TOPEX/Poseidon, Jason-1, Jason-2 and Jason-3 satellites
are optimal for analyzing water exchange between the
Black and Azov Seas. To do this, it is necessary to
consider a part of the 042 track from the Crimean coast
to the point of intersection with track 007, and then a
part of the track 007 to the coast of the Taman
Peninsula. In this part of the Black Sea, limited by
groundtracks 007 and 042, there is no river runoff, and
most of water fluxes are determined by water exchange
through the Kerch Strait. To calculate water exchange,
the time interval was taken from October 23, 1992 to
September 22, 2016. Processing and interpretation of
satellite altimetry data were carried out using the
Integrated Database of Satellite Altimetry (IBDSA)
software developed at the Geophysical Center of the
Russian Academy of Sciences.

Maximum current velocity anomalies associated with
water exchange between the Black and Azov Seas
through the Kerch Strait are observed at the track 042
closer to the coast. In this area, geostrophic velocity
anomalies exceed 20 cm/s. Temporal variability of
water exchange anomalies between the Black and Azov
Seas through the Kerch Strait shows seasonal and
interannual variability of its values. The maximum
amplitudes of water exchange anomalies reach more
than 4 km3. The maximum values of water exchange
anomalies were observed in 2000, 2003 and 2015. From
2001 to 2013, water exchange through the Kerch Strait
decreased at a rate of 0.082+0.264 km?3.

A.G. Kostianoy was partially supported in the
framework of the P.P. Shirshov Institute of Oceanology
RAS budgetary financing (Project N FMWE-2024-0016).
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STILL IMPROVING THE ERS-1, ERS-2 AND ENVISAT
ALTIMETER AND RADIOMETER HISTORICAL DATASETS:
TOWARDS A NEW VERSION OF THE FDR4ALT
PRODUCTS

Piras F, Aublanc J*, McMillan M?, Guilhen J., Calmettes
B, Fell P, Picard B*, Roinard H', Nifio F°, Tran N, Behnia
S°, Woolliams E®, Ollivier A%, Nigou A, Asfour K, Garcia

P’, Fernandes J, Vieira T¢, Otten M°, Springer T°,
Fouchet E*°, Thibaut P?, Catapano F', Femenias P**
1Collecte Localisation Satellites, °Lancaster University,
3Informus, *Fluctus, >LEGOS, °NPL, “IsardSat, Porto
University, °Positim, 1°Noveltis, 1ESA/ESRIN

In the framework of the European Heritage Missions
Program, aiming at generating innovative Earth system
data records named Fundamental Data Records
(basically level 1 altimeter and radiometer data) and
Thematic Data Records (basically level 2+ geophysical
products), the European Space Agency (ESA/ESRIN)
launched a reprocessing activity of the ERS-1, ERS-2 and
ENVISAT altimeter and radiometer datasets. A large
consortium of thematic experts has been formed to
take in charge these activities which are to 1) define
thematic products including the long, harmonized
record of uncertainty-quantified observations, 2) define
the most appropriate level 1 and level 2 processing, 3)
reprocess the whole times series according to the
predefined processing and, 4) validate the different
products and provide them to large communities of
users focused on the observation of the atmosphere,
ocean, coastal, hydrology, sea ice, ice sheet regions.
The project reached its end in 2023 and the FDR4ALT
products have been finalized and delivered to ESA. An
overview of the available products has been presented
in Puerto Rico at the 2023 OSTST, and the products will
be made available to the public during the first
semester of 2024. Following the paper related to the
Sea-Ice TDP recently published
(https://doi.org/10.5194/tc-17-3013-2023), several
papers will be submitted in 2024 on the performance
assessment of the Radiometry FDR, the Inland Waters
TDP and the Land-Ice TDP.

Following the success of the FDR4ALT project, ESA
decided to continue the project for an additional 3 years
follow-on activity, in order to deliver a new version of
the FDR4ALT products in 2026 by following the most
recent recommendations and up-to-date algorithms,
allowing the end users to continue the exploitation of
this 21-years long time series that is extremely valuable
for climate studies. Different technical activities are
planned that should lead again to great improvements,
such as an innovative relocation technique for Land-Ice,
an up-to-date hydrological targets database for Inland
Waters, investigations about the SSE correction linked
to wave groups, new orbits for ERS-1/2, new wet
tropospheric corrections (GPD+ and 1DVAR), updated
geophysical corrections and new SSB solution for the
Ocean & Coastal, investigations about ERS-2 data
beyond the tape recorder failure ... and a long list of
other planned improvements.

The first part of this talk will remind the context and
give a global overview of the FDR4ALT project and
products. Then, this talk will focus on the follow-on
activities, by introducing the new consortium and
especially present in details the planned evolutions for
the second version of the FDR4ALT products.
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ASSESSING THE  ACCURACY OF  SENTINEL-3A
ALTIMETRY-BASED WATER LEVELS OF THE ODRA RIVER
USING UAV PHOTOGRAMMETRY

Witek M, Walusiak G*
1University Of Wroctaw

Aerial Imagery belongs to most important sources of
data in the Earth sciences. Acquisition methods have
changed significantly over last decade. Currently, in
addition to satellite and traditional aerial photographs,
also low-altitude images from unmanned aerial vehicles
(UAV) are commonly used. The state-of-the-art of
unmanned technologies allows for the installation of
various sensors onboard UAVs, including highly
specialized ones, but the most popular are still the
visible light cameras (RGB). The usage of RGB images
and photogrammetric products, as the reference data
for other measurement methods, is extremely valuable,
low-cost and easy to obtain.

In frame of the project no. 2020/38/E/ST10/00295
(“Forecasting water levels at ungauged river sections
using satellite altimetric data”), financed by the National
Science Centre of Poland, we tested various approaches
to delineate the river coastline, and one of them was
based only on low-altitude aerial photos taken by
unmanned aerial vehicles (UAVs) with RGB camera.
Subsequently, water levels were estimated based on
the delineated coastline.

In many research fields the problem of water detection
is extremely important. It can be successfully solved
with the use of specialized sensors, such as
multispectral or thermal cameras. However, these
sensors are not as common as traditional RGB cameras.
The problem of water detection on UAV-based RGB
images or orthophotomozaic has not been fully solved
yet. We tested several methods for detecting the
boundary between water and land, using only RGB
images. The detected lines were used to determine
water levels at eight virtual stations (places, where the
satellite passes the river) in the Odra river channel
(western Poland). These data are the reference for
water levels determined by altimetric measurements of
the Sentinel-3A. The river coastlines, and thus water
levels, were estimated based on close-range UAV data
from 40 UAV field campaigns, carried out when
Sentinel-3A overpassed virtual stations. Mapping with
the use of UAV covered an area of approximately 2 x 0.5
km in the vicinity of each virtual station, including the
area of ground track shifts. The measurements were
conducted in various hydrological situations. Water
levels on UAV-mapped sections of the channel were
obtained by intersection of the delineated coastline
with following digital elevation models (DEMs): (1)
national, (2) UAV aerial images (close-range
photogrammetry with the Structure-from-Motion
algorithm), (3) UAV LiDAR based, (4) high-accuracy field
surveying with total station and GNSS receiver. We
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compared water levels from UAV photogrammetric data
with water stages from Sentinel-3A measurements. The
preliminary verification of altimetric measurements of
water levels, carried out at one of the eight virtual
stations, has shown that the accuracy of altimetric
measurements in relation to the reference, obtained
from photogrammetric data, is of approximately 0.5 m.

The research is supported by the National Science
Centre, Poland, through the project no.
2020/38/E/ST10/00295.
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THE CNES-CLS 2024 FREE AIR MARINE GRAVITY
ANOMALY MODEL: A  PRELIMINARY  GLOBAL
SOLUTION.

Schaeffer P, Bruinsma S°, Rouxel D?, Reinquin F?,
Dibarboure G
1CLS, °CNES, 3SHOM

The determination of this first global model of free air
gravity anomalies follows the solution strategy applied
in the 2022 calculation over the Mediterranean, which
showed a level of accuracy similar to the two reference
solutions, USCD and DTU.

This new model is based on Mean Profiles of the Exact
Repeat Missions sampled at 1 Hz along track (T/P, J1, J2,
J3, ERS-2, EnviSat, SARAL, GFO), and on high-resolution
data that are provided by the Cryosat-2 (20 Hz) and
SARAL (40 Hz) missions in the geodetic/drifting phase. A
particularity of the colocation method implemented is
that it allows for different types of uncertainties and
cross-correlation functions. All these parameters are
adjusted locally to improve the result.

A validation of this new solution based on a comparison
with existing altimetry-inferred models (the most recent
releases of the UCSD and DTU models), as well as with
ship data, is presented.
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PRELIMINARY PERFORMANCE ASSESSMENT OF THE
WATER SURFACE ELEVATION OF HR SWOT PRODUCTS
BASED ON COMPARISONS WITH IN-SITU NETWORKS
AND IN-FLIGHT NADIR ALTIMETRY MISSIONS

Renou /', Vayre M, Fjgrtoft R?, Picot N?, Pottier C2,
Delhoume MP, Siles G*°, Trudel M*

1CLS, 2CNES, 3CS Group, *Université de Sherbrooke,
>Université Laval

The Surface Water and Ocean Topography (SWOT)
mission, conducted by CNES and NASA was successfully
launched on 16 December 2022. It provides
unprecedented 2D observations of the sea-surface
height and mesoscale structures as well as water
surface elevation, water stock estimates and discharge



over continental water surfaces. An interferometric SAR
altimeter, the Ka-band Radar Interferometer (KaRlIn), is
designed to cover two 50-km cross-track swaths. In
terms of repeat time, the SWOT mission has two main
phases: the 7-month Calibration/Validation (Cal/Val)
phase, during which daily measurements are provided
over limited areas, and the nominal Science phase with
its 21-day repeat cycle and global spatial coverage up to
78° latitude. Both mission phases are relevant for
Cal/Val purposes.

The High Rate (HR) mode of KaRIn, dedicated to
hydrology, provides several HR SWOT products. Their
performance assessment is achieved through
comparison with reference measurements. Although
specific in-situ Cal/Val sites have been equipped for the
validation of HR SWOT products over lakes and rivers,
existing in-situ networks are essential, especially for
statistical validation that requires a significant number
of comparisons. As an extension of this, the use of
measurements from current nadir altimetry missions
(Sentinel-3A/B, Sentinel-6, ICESat-2, etc.) has also the
potential to generate reference measurements over a
large number of lakes and rivers, or to perform levelling
of existing gauges.

Our analysis is part of the global assessment of the HR
SWOT products during the Cal/Val and the first part of
the Science phases. In particular, we address the use of
ICESat-2 measurements to level in-situ water surface
elevation measurements of lakes provided by the USGS
(USA) and MELCCFP, Hydro-Québec, and ECCC (Canada)
networks, comparing also with data from the BAFU
network (Switzerland) that is already accurately
levelled. Similar analysis is carried out over rivers based
on the SCHAPI network (France). The use of
measurements from nadir altimetry mission to include
water bodies that are not monitored by in-situ networks
will also be described. We will first focus on lakes and
rivers, observed daily by SWOT during the Cal/Val phase
to assess the performance of HR SWOT products for
monitoring short timescale variation of the water
surface elevation. In a second step, we will take
advantage of the global spatial coverage of the SWOT
mission during the Science phase for broader statistical
analysis.
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ADDED VALUES OF GEODETIC DATASETS OF SATELLITE
ALTIMETERS FOR INLAND WATER RESEARCH

Jiang L', Nielsen K, Andersen O
1Southern University of Science and Technology

Satellite radar altimetry has attracted much attention in
hydrology over the past two decades. Unlike imagery
that quantifies the water dynamics from the horizontal
dimension, altimetry observations deliver vertical
information about water dynamics. With such
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information, hydrological changes and water resources
can be estimated for inland water bodies. Compared
with altimetry datasets of exact repeat missions,
geodetic datasets such as CryoSat-2, SARAL/AItiKa, as
well as the end-of-life phase of Jason-1/-2, were less
used by the hydrology community, but contributed
considerably to oceanographic and cryospheric studies.
Spurred by the successes of oceanographic studies using
geodetic altimetry datasets, this study aims to augment
such data for hydrological research and to bring
awareness to its potential applications.

We demonstrate the values of CryoSat-2, Saral/AltiKa,
Jason-1 GM, and Jason-2 GM in terms of large-scale lake
monitoring, retrieval of local geoid undulation over
large lakes, as well as the construction of time series of
river levels. The preliminary results show that geodetic
datasets are more useful if lake dynamics at large scales
is of interest instead of the detailed variations in a few
certain lakes. The combined use of more geodetic
datasets allows us to resolve much finer geoid
undulations. Last but not least, with such datasets, we
are able to retrieve time series of river levels at a higher
temporal resolution that is better than the resolution of
any of the four geodetic missions.

The findings of the current study will draw the attention
of hydrologists and engineers to make use of such data
for various purposes.
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INLAND WATER MONITORING USING CRYOSAT-2
DATA: ADVANTAGES AND LIMITATIONS

Tarpanelli A, Nielsen K2, Renou 3, Sahoo D*, Ciabatta L}
1CNR-IRPI, °DTU Space, 3CLS

Fresh water is an essential resource for both society and
environment. The significant stress on this resource is
constantly increasing. Monitoring inland water stocks is
thus a political, environmental and economical
challenge. The use of altimetry to measure surface
water height is a well-established technique that has
evolved over the past three decades. With the launch of
CryoSat-2 in 2010, carrying the first Synthetic Aperture
Radar (SAR) altimeter, an along-track sampling of 300 m
has allowed accurate measurement of smaller targets,
and the dense ground track sampling has allowed
substantially more lakes and rivers to be monitored in
comparison to repeat orbit missions.

Outside the altimetry community, hydrologists benefit
from an along-track altimeter product, which is used to
estimate river discharge and hydraulic modelling
through data ingestion, parameter calibration and flow
validation along the water course. Nevertheless, the
current along-track products are not easy to use for
non-expert users and require a detailed understanding
of the altimetry system.

An activity called Cryo-TEMPO (CryoSat-2 ThEMatic
PrOducts) was launched by ESA to better exploit the
CryoSat-2 measurements. The overarching aim of Cryo-



TEMPO is to develop agile, robust and state-of-the-art
CryoSat-2 products, which are dedicated to specific
Thematic Areas, and which are accessible to —and can
easily be used by — a broad range of scientific and
service users, beyond the traditional altimetry experts.
To achieve this aim, the main technical objectives of the
study are as follows:

- To implement dedicated, state-of-the-art processing
algorithms over each thematic domain.

- To develop agile, adaptable processing workflows, that
are capable of rapid evolution and processing at high
cadence.

- To create products that are driven by, and aligned
with, user needs; thereby opening up the data to new
communities of non-altimetry experts.

- To deliver transparent, traceable uncertainties
associated with each thematic parameter.

Thus, as part of the ESA Cryo-TEMPO Project, the inland
water Thematic Data Product (TDP) is designed to be a
state-of-the-art Geophysical level (L2-type) product for
users outside the altimetry community and it will
include water levels based on the most appropriate
retracker. In this poster, we present the retrackers that
will be analysed (MLE4, OCOG, TFMRA, SAMOSA+) over
different water bodies such as rivers and lakes of
different sizes and environments during a 10-year
period and considering the three different acquisition
modes of the CryoSat-2 radar instrument (LRM, SAR and
SARin). Results of the validation phase are also
presented referring to the comparison against ground
recorded water level for some stations over rivers and
lakes.
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MEAN SEA SURFACE STATE OF THE ART OVER THE
LAST 30 YEARS.

Schaeffer P, Pujol M, Laloue A?, Sandwell D?, Andersen
O°, Faugere Y*, Dibarboure G, Picot N*
1CLs, %510, 3DTU, “CNES

The Mean Sea Surface is by definition the steady state
of the ocean over an arbitrary period which is used as a
reference field for altimeters calibration and for
oceanographic and geophysical studies. Determining
the MSS is multiple challenging, goal is to provide the
best compromise between the removal of seasonal and
interannual ocean variability and an accurate mapping
of the shortest wavelengths of the topographic
structures. The first component is theoretically available
only from repetitive missions (T/P, ERS-2, Jason-1/2/3,
EnviSat, SARAL, and Sentinel-3A/B) whereas until SWOT,
the finest structures smaller than 20 km were only
available from geodetic or drifting phases such as
Cryosat-2 and SARAL, sampled at 20 Hz and 40 Hz
respectively. An overview of the evolution of the
precision and of the spatial resolution of the MSS is
proposed, from the late of the 1990s to the most recent
models.
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ASSESSING THE PERFORMANCE OF SWOT ALTIMETRY
AGAINST TIDE GAUGE OBSERVATIONS IN THE
WESTERN MEDITERRANEAN SEA

Vega-Gimenez ¥, Sanchez-Roman A’, Gémez-Navarro
LY, Amores Al, Pascual A’
1IMEDEA (UIB-CSIC)

The coastal region of the Western Mediterranean Sea
exhibits particular oceanographic features influenced by
its semi-enclosed nature, complex bathymetry, and
circulation patterns of the basin characterized by the
presence of energetic mesoscale structures. As a result,
the region is equipped with a network of tide gauges
provided by the Copernicus Marine Service In Situ
Thematic Centre (INS-TAC) that ensures a robust
dataset providing continuous water level observations
that are crucial for assessing coastal hazards and sea
level changes. This dataset can be also used to validate
altimeter Sea Level Anomalies (SLA) in the coastal zone.
Thus, this is an optimal region to (i) validate the
capabilities of KaRIn swath and nadir altimeter data,
which offers unprecedented 2D maps of water levels,
and (i) to assess SWOT data quality in the coastal and
nearshore environments of the Western
Mediterranean.

In this context, this study aims to conduct a comparison
between the Level-3 (L3) high-resolution SLA retrieved
by the SWOT mission and Sea Surface Height (SSH) from
21 tide gauges located along the Western
Mediterranean coasts during the 90-day daily Cal/Val
mission phase, spanning from April to July 2023. To
have SSH measurements closer to SLA from the SWOT
mission, the atmospherically induced sea level changes
due to atmospheric pressure and wind were removed
from the tide gauge residuals after subtracting the tidal
signal. In addition, the capabilities of the SWOT nadir
altimeter are assessed through the comparison with
other altimeter missions in the region (e.g., Cryosat-2,
SARAL/AIltiKa, Jason-3 and Sentinel-3 series).
Preliminary results indicate strong correlations and low
RMSD, demonstrating the effectiveness of the SWOT
mission in capturing sea level anomalies in coastal
regions.
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THE EOLIS DATASET: MONITORING LAND ICE FROM
CRYOSAT-2 SWATH PROCESSING

Incatasciato A%, Jakob L1, Michael C1, Gourmelen N?,
Bizon J%, Dubber S, Ewart M, Horton A%, Goss T, Di
Bella A3, Bouffard J3, Parrinello T

lEarthwave Ltd, 2University of Edinburgh, 3ESRIN,
European Space Agency



Satellite radar altimetry has been routinely used to
monitor land ice heights since the 1990s. However, the
launch of CryoSat-2 - the first altimetry mission to carry
a synthetic aperture radar interferometer on board -
has allowed several technical breakthroughs and led to
many new applications that were previously
unforeseen. One such breakthrough is Swath processing
of CryoSat’s SARIn mode, making full exploitation of the
information contained in CryoSat’s waveforms and
leading to one to two orders of magnitude more
measurements than the conventional so-called Point-
Of-Closest-Approach (POCA) technique.

Following on from the early demonstration of the
technique and of its potential impact, the CryoTEMPO
EOLIS (Elevation Over Land Ice From Swath) dataset
now routinely provides information of elevation over
land ice at high resolution on a monthly basis. The
dataset allows the use of radar altimetry in new
environments such as the more complex terrain over
glaciers and ice caps, as well as new applications thanks
to the superior spatial and temporal resolution, such as
the more precise quantification of subglacial lake
drainage events. Currently, the EOLIS dataset is
provided at monthly intervals over both ice sheets as
well as all larger glacier regions, with future
developments such as the expansion of the dataset to
the ice shelves and new gapless annual DEMs over the
two ice sheets coming soon.

With the aim of making CryoSat-2 altimetry data
available to non-altimetry experts and encouraging its
use more broadly by the community, the platform
CS2EO (cs2eo.org) provides advanced data access to the
EOLIS suite datasets. In CS2EQ, users can query
coincident data with other altimetry sensors, as well as
explore and download custom elevation change time
series over desired areas on ice sheets and glaciers,
without having to download the EOLIS data first.
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A FACET-BASED NUMERICAL MODEL TO RETRIEVE ICE
SHEET TOPOGRAPHY FROM SENTINEL-3 ALTIMETRY

Aublanc £, Borde F?, Boy F>, Yanez C, Femenias P*
1CLS, 2ESA/ESTEC, 3CNES, “ESA/ESRIN

Sentinel-3 is an Earth observation satellite series part of
the Copernicus program. The mission provides
operational topography measurements of the
cryosphere since the launch of Sentinel-3A in 2016. In
this study we present a facet-based model simulating
the Sentinel-3 UnFocused-Synthetic Aperture Radar (UF-
SAR) waveforms. To this end, the backscatter radar
signal is calculated over the 10 m facets of the
Reference Elevation Model of Antarctica (REMA). A
dedicated level-2 processing was developed, taking
advantage of the numerical modelling to geolocate the
Sentinel-3 altimetry measurements in the radar
footprint. The end-to-end software, named the
“Altimeter data Modelling and Processing for Land Ice”
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(AMPLI), provides topography estimations posted at
~330 m along the satellite track.

Sentinel-3A and Sentinel-3B acquisitions made over the
Antarctic ice sheet in 2019 and 2022 were processed
with the AMPLI software. Using ICESat-2 as a reference
mission, we demonstrate that AMPLI provides
significant performances improvements in comparison
to surface height measurements delivered in the ESA
Land Ice Thematic Products. In terms of elevation
precision, there is more than a factor 10 improvement
over the ice sheet margins, where surface slope exceeds
0.5°. In terms of elevation accuracy, the median bias
between Sentinel-3 and ICESat-2 ATLO6 remains on
average below 50 cm over the whole ice sheet. While
with the ESA Land Ice Thematic Products it can reach
several meters. We finally assess the capability of
Sentinel-3 to monitor Surface Elevation Change (SEC)
over the Antarctic ice sheet. The comparison between
2019-2022 SEC maps from Sentinel-3 AMPLI and ICESat-
2 ATL15 shows a Pearson correlation of 0.92. Future
processing improvements will focus on correcting the
snow volume scattering effect, which biases the
Sentinel-3 ice sheet elevation at the decimetre scale.

The study highlights the benefit of radar signal
modelling, in synergy with high resolution Digital
Elevation Model (DEM), for improving the measurement
geolocation over ice sheet. The results emphasize the
potential of the Sentinel-3 constellation for ice sheet
mass balance studies. Complete time series of Sentinel-
3A and Sentinel-3B AMPLI “Demonstration Products”
are planned to be publicly released by ESA and CNES in
Q3-Q4 2024.

88

COASTAL HYDROLOGY SUPPORTED BY SATELLITE
ALTIMETRY RADAR (CRYOSAT-2)

Gomez-Enri /, Aldarias A°, Mulero-Martinez R,
Vignudelli S°, Bruno M, Mafianes R, Izquierdo A*,
Ferndndez-Barba M*

1University of Cadiz, Spanish Institute of Oceanography,
3CNR-IBF, #Institute of Marine Science of Andalusia-CSIC

This work analyses the capability of the European Space
Agency’s CryoSat-2 (CS2) satellite (operating in SAR
mode) to measure the sea level elevation associated
with coastal bulge-like lenses of water from river
discharges. We analyse four events of high river
freshwater discharges in two river estuaries in Spain:
Guadalquivir and Ebro. The orbit configuration of CS2
(non-sun-synchronous with high inclination) provides
dense coverage of tracks in the study areas, improving
the revisiting time during periods of high river
discharges. We estimate the along-track Absolute
Dynamic Topography (ADT) during these events and
compare them with periods of low discharge conditions.
We observe that, during high river discharges, the
associated less-salty water bulges increase the sea level



between 5 and 10 cm with respect to the sea level
observed under low/normal discharge conditions. The
lens spreads out far from the estuary mouth (more than
25 km off the coast in the case of the Guadalquivir River
and about 50 km for the Ebro River). In addition,
auxiliary materials including Red-Green-Blue optical
images from MODIS satellites, model-based IBI-
ADT/surface circulation, and ERA5-wind model are used
to support the observations made by the satellite
altimeter in the coastal zones close to river estuaries
during strong river freshwater discharges. We analyse
the effect of the wind regime and the surface circulation
modifying the properties of the bulge-like lens in terms
of sea level and plume extension.

This contribution discusses how more accurate fine-
resolution sea levels estimated from satellite altimeters
might help in understanding interactions between river
outflow waters and shelf waters, and in determining the
fate and transport of materials associated with river
discharges. We also conclude that more efforts are still
needed to improve the quality of satellite altimeter data
in coastal waters significantly close to the estuary
mouths. This could enhance the characterisation of high
freshwater discharge events close to the coast and in
surrounding waters affected by the spread of lower
salinity river waters.

89
USE OF ALTIMETER DATA IN A COUPLED DATA
ASSIMILATION SYSTEM

Semane N, Browne P!, Massart S*, Abdalla S?,
Anesfadou A*, Healy S*
1European Centre for Medium-Range Weather Forecasts

Altimeter information is currently used in ocean data
assimilation (DA) system as sea level anomalies (SLA).
These anomalies are subject to several geophysical
corrections, including one related to the atmospheric
delay. The atmospheric delay correction is similar to the
ground-based GPS Zenith Total Delay (ZTD)
measurements, which are assimilated in atmospheric
DA systems and provide column integrated water
vapour information.

Recent developments in coupled DA, linking the ocean
and atmospheric DA components more closely, suggest
the assimilation of quantities coming from instruments
that are sensitive to both earth system components.
Altimeters are such instruments.

The main idea of this work is to explore the potential of
advancing the use of altimeters in a coupled DA system
and in particular advance the use of altimeters for Near
Real Time applications for Numerical Weather and
Ocean Predictions. This is implemented by assimilating a
new quantity derived from altimeter range (without
atmospheric delay correction) which is sensitive to both
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the sea surface height above the geoid (SSH) and the
atmospheric delay. This quantity, called here the sea
surface to satellite delay (S3D), is equal to ZTD minus
SSH and is being assimilated in the atmospheric 4D-Var.
To do that, SSH is incorporated and estimated in the
atmospheric 4D-Var system as an extended control
variable.

Preliminary results show that by assimilating S3D, the
SSH analysis is more consistent with the CMEMS daily
mean analysis by about 1 cm, compared to the ocean
forecast SSH background field. The next, currently on-
going step is to strengthen the coupling/communication
between the two DA systems and feed the outcome of
the S3D assimilation back in the Ocean DA system.
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IMPROVING SAR ALTIMETER PROCESSING OVER THE
COASTAL ZONE, THROUGH IMPLEMENTATION OF
INNOVATIVE PROCESSING  ALGORITHMS  AND
ASSESSMENT OF A NEW COASTAL ZONE DATA SET.
RESULTS FROM THE ESA HYDROCOASTAL PROJECT

Cotton D', Urien S°, Escorihuela M?, Nielsen K3, Fenoglio-
Marc L*, Vignudelli S°, De Biasio F°, Shaw A’, Fernandes
J2 Slobbe C°, Gémez-Enri J*°, Restano M*., Benveniste J**
1SATOC, 2isardSAT, 3DTU Space, “University of Bonn,
>CNR-IBF, °CNR-ISP, ’SKYMAT Ltd, 8University of Porto,
9TU Delft, *°University of Cadiz, *'SERCO/ESA,
2Formerly, ESA-ESRIN

The objectives of the HYDROCOASTAL project, funded
by the European Space Agency under the EO Science for
Society programme, were to enhance our
understanding of interactions between the inland water
and coastal zone, between the coastal zone and the
open ocean, and the small scale processes that govern
these interactions. The project also aimed to improve
our capability to characterize the variation at different
time scales of inland water storage, exchanges with the
ocean and the impact on regional sea-level changes.

To achieve these aims, the HYDROCOASTAL project
team has developed and implemented new SAR
altimeter processing algorithms for the coastal zone and
inland waters, and with these processed Sentinel 3A, 3B
and Cryosat-2 data to generate an initial 2-year Test
Data Set for selected regions. The performance of these
new algorithms has been evaluated, by statistical
analyses and comparison against in situ data. From this
analysis, the best performing algorithms were identified
and a processing scheme implemented to generate a
global scale coastal zone and inland water altimeter
data set, over 24 regions. The source data were Sentinel
3A and Sentinel 3B SRAL L1a data, for all the operational
mission to 30/09/2022 (S3A from 01/04/2016 to
30/09/2022, S3B from 11/05/2018 to 30/09/2022) and
Cryosat-2 SAR mode FBR data, for all the operational
mission available in Baseline D (from 06/09/2010 to



21/08/2021). U Porto have provided new dry and GPD+
wet troposphere corrections, and these have been
merged with the final products.

The University of Bonn STARS re-tracker and the DTU
MWaPP (Mult-waveform Persistent Peak) re-tracker
were selected and implemented to generate Level 2
along track data for the coastal and estuary regions. The
DTU re-tracker was implemented to provide continuity
with the HYDROCOASTAL inland water level data sets.

A series of case studies were implemented to assess
these products in terms of their scientific impact in the
coastal zone. These studies included: The Severn
Estuary; Baltic, German Bight and Elbe Estuary;
Northern Adriatic Sea; Saline Intrusion in the Ebro delta;
Data Assimilation Study in the Southern North Sea.

All the produced data sets are available on request to
external researchers, and full descriptions of the
processing algorithms available via the project web-site
(https://www.satoc.eu/projects/hydrocoastal/).

We will provide a short introduction to the project,
before presenting the results from the coastal zone
impact assessment case studies, and key
recommendations for future implementation in SAR
altimeter processing.
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IMPROVING INLAND WATER ALTIMETRY BASED ON
ANALYZING DUAL-FREQUENCY ALTIMETER
WAVEFORM DATA

yu s, Tourian M*
1University of stuttgart, institute of geodesy

Satellite altimetry has revolutionized our understanding
of inland water due to its frequent sampling and global
coverage. However, its application in inland water is
limited by interference from land and calm water within
the altimeter and radiometer footprint. Various
dedicated retracking solutions have been proposed and
tested in recent years to mitigate the influence of
altimeter footprint contamination. Nevertheless,
effectively separating the water body components of
the waveform remains challenging.

In this study, we conduct a systematic analysis
comparing Ku-band and C-band waveforms from Jason-
1, Jason-2, and Jason-3 radar altimeters in inland water.
Due to the differing backscatter coefficients of water
bodies and land for different radar frequencies within
altimeter footprints, dual-frequency waveforms exhibit
high correlation in inland water bodies. As the distance
from the shore decreases, contamination of waveforms
by land increases, resulting in significant disparities in
the correlation between waveforms of Ku- and C-band.
Based on this analysis, we propose establishing a model
to fit the relationship between dual-frequency
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waveforms. By analyzing the relationship between dual-
frequency waveforms of water bodies, we are able to
distinguish segments containing water and non-water
components. The classical open ocean Brown model is
then modeled using the least squares method to
characterize it. Different weights are allocated to the
water and non-water components to reduce
contamination from non-water body land in waveform
retracking.

We evaluate our method on a limited number of lakes
and reservoirs and validate the results against in situ
water level data. Our results demonstrate that our
method has the potential to reduce the influence of
footprint contamination and improve the accuracy of
water level estimation.
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IMPROVING SAR ALTIMETER PROCESSING OVER
INLAND WATER, THROUGH IMPLEMENTATION OF
INNOVATIVE PROCESSING  ALGORITHMS  AND
ASSESSMENT OF A NEW INLAND WATER DATA SET.
RESULTS FROM THE ESA HYDROCOASTAL PROJECT

Cotton D', Urien S°, Nielsen K°, Fenoglio-Marc LY,
Bercher N*, Tarpanelli A>, Zakharova E°, Bauer-Gottwein
P’ Fernandes J¢, Restano MP, Benveniste J1°

1SATOC, 2isardSAT, 3DTU Space, *AltiHydrolLab / QINAO,
>CNR-IRPI, °NUIM, ’DTU Environment, 8University of
Porto, °SERCO/ESA, “°Formerly, ESA-ESRIN, *University
of Bonn

The objectives of the HYDROCOASTAL project, funded
by the European Space Agency under the EO Science for
Society programme, were to enhance our
understanding of interactions between the inland water
and coastal zone, between the coastal zone and the
open ocean, and the small scale processes that govern
these interactions. The project also aimed to improve
our capability to characterize the variation at different
time scales of inland water storage, exchanges with the
ocean and the impact on regional sea-level changes.

To achieve these aims, the HYDROCOASTAL project
team has developed and implemented new SAR
altimeter processing algorithms for the coastal zone and
inland waters, and with these processed Sentinel 3A, 3B
and Cryosat-2 data to generate an initial 2-year Test
Data Set for selected regions. The performance of these
new algorithms has been evaluated, by statistical
analyses and comparison against in situ data. From this
analysis, the best performing algorithms were identified
and a processing scheme implemented to generate a
global scale coastal zone and inland water altimeter
data set, over 24 regions. The source data were Sentinel
3A and Sentinel 3B SRAL L1a data, for all the operational
mission to 30/09/2022 (S3A from 01/04/2016 to
30/09/2022, S3B from 11/05/2018 to 30/09/2022) and
Cryosat-2 SAR mode FBR data, for all the operational
mission available in Baseline D (from 06/09/2010 to



21/08/2021). U Porto have provided new dry and GPD+
wet troposphere corrections, and these have been
merged with the final products

The DTU MWaPP (Mult-waveform Persistent Peak) re-
tracker was selected and implemented to generate
Level 2 along track data for the inland water regions,
and from these data, Level 3 water level time series
were generated by different schemes implemented by
DTU and AltiHydroLab. Finally Level 4 River Discharge
time series were generated for a subset of the inland
water regions by CNR-IRPI and NUIM.

A series of case studies were implemented to assess
these products in terms of their scientific impact on
inland waters. These studies included: The Rhine River
and Lake Constance; Discharge validation and the River
Po outlet; Lake size and riverbank configuration study,
Republic of Ireland; A hydraulic model of the Amur River
informed with ICESat-2 elevation.

All the produced data sets are available on request to
external researchers, and full descriptions of the
processing algorithms available via the project web-site
(https://www.satoc.eu/projects/hydrocoastal/).

We will provide a short introduction to the project,
before presenting the results from the inland water
impact assessment case studies, and key
recommendations for future implementation in SAR
altimeter processing.
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CRYOSAT MISSION: 14 YEARS OF CALVAL AND SCIENCE
FOR EARTH'S CRYOSPHERE—AND MORE

Di Bella A, Fornari M?, Hoyos Ortega B2, Casal T,
Bouffard J, Parrinello T*
1ESA, 2ESA

Launched in 2010, the European Space Agency’s (ESA)
CryoSat mission was the first polar-orbiting satellite
flying a SAR Interferometric altimeter dedicated to the
cryosphere, with the objectives to monitor precise
changes in the thickness of polar ice sheets and floating
sea ice. After 14 years in orbit, CryoSat remains one of
the most innovative radar altimeters in space and
continues to deliver high-quality data, providing unique
contributions to several Earth Science and application
domains. The mission is funded to be operated until the
end of 2025 with the scope to achieve important
scientific objectives and to extend the synergy with
other missions by further strengthening international
cooperation.

Routine CalVal activities are fundamental to evaluate
the accuracy of CryoSat measurements, to monitor the
long-term stability of the altimeter, and to characterise
uncertainties on the final geophysical retrievals. Here,
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we present the CryoSat mission status and show results
from several CalVal activities currently in place, e.g.,
acquisition over transponders, comparison of sea level
at tide gauges and exploitation of data collected during
polar field campaigns. We then provide an overview of
the ever-growing CryoSat data portfolio, with a special
focus on the state-of-the-art thematic data products,
so-called “Cryo-TEMPOQO”, enabling the full scientific and
operational exploitation of CryoSat data.

We discuss the importance of international cooperation
in CalVal and Science activities from the perspective of
the ESA-NASA CRYO2ICE campaign, aligning CryoSat
orbit to the one of ICESat-2, and the Sea Ice Thickness
Intercomparison Exercise (SIN’XS) project, aiming to
provide reconciled sea ice thickness estimates in both
hemispheres. Finally, we discuss how current and future
CryoSat activities are crucial to prepare for the
upcoming Copernicus CRISTAL mission which will
provide coincident measurements at Ka and Ku bands.
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COASTAL ALTIMETRY PRODUCTS: FROM HISTORICAL 1
HZ ALONG-TRACK DATA TO VIRTUAL TIDE GAUGES

Léger F, Birol F., Leclercq L?, Djeumeni L%, Tolu L%, Blarel
F!, Cazenave A%, Nifio F
LLEGOS / Université de Toulouse, CNES, CNRS, IRD, UPS

The Center of Topography of the Oceans and the
Hydrosphere (CTOH) has been involved in major
advances in coastal altimetry and to its coastal
applications. One of its contributions has been the
development of the X-TRACK processing software
(developed in collaboration with LEGOS), dedicated to
improving the quality and coverage of altimetry data in
coastal regions. X-TRACK has now evolved into a
mature product distributed worldwide by AVISO+
(https://www.aviso.altimetry.fr) and which has been
used in many scientific publications. It provides long
time-series of sea level anomalies (SLA) along the tracks
of many altimetry missions, processed homogeneously,
and also empirical tidal constants derived from these
series, offering valuable data for regional/coastal ocean
analysis, tidal studies, and model validation.

A new stage in bringing altimetry data closer to the
coastline has been completed at CTOH/LEGOS with the
ESA Climate Change Initiative Sea Level project. in close
collaboration ESA, TUM, CLS, NOC and SKYMAT. By
combining the Adaptive Leading Edge Subwaveform
(ALES) Retracker and the X-TRACK software for the first
time, 19.5 years of sea level anomaly data (Jan. 2002 to
Jun 2021) from the Jason missions have been
reprocessed at a high frequency level (20 Hz). This has
led to the development of a new coastal sea level
product called X-TRACK/ALES, which significantly
extends the spatial coverage of sea level altimetry data
in the coastal direction, now reaching a distance of 1.2-4
km from the coast on average (Birol et al., 2021). This is



an unprecedented coastal coverage for any long-term
altimetry data set, and a significant contribution to the
coastal research community.

Based on this dataset, a network of virtual altimetry-
based stations has also been derived within a 20 km
coastal zone, providing new information on how long-
term sea level trends change as it approaches land (see
Cazenave et al 2002).

Following the same approach of Cazenave et al 2002,
the concept of virtual tide gauge, already used for
continental hydrology, has been derived. It corresponds
to the 20Hz altimetry measurement points closest to
the coast, averaged to construct a single point of SLA
time series at each intersection between one altimetry
track and the coastline. This work reveals the significant
contribution that we can expect from altimetry in terms
of coastal sea level monitoring in all the regions with
little or no tide gauge observations.
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SEA  LEVEL RISE FROM ALTIMETRY: CLIMATE
BELLWETHER AND IMPLICATIONS FOR FUTURE
MISSIONS

Scharroo R, Obligis E?, Bojkov B, Figa J*, Egido A%,
Donlon C?
1EUMETSAT, 2ESA/ESTEC

The era of precise satellite altimetry is generally
regarded to start with the launch of TOPEX/Poseidon in
1992. Since then, a continuous series of missions, Jason-
1, -2, -3 and Sentinel-6 Michael Freilich have been
monitoring global and regional mean sea level from
what is called the "altimetry reference orbit" at 1336 km
and with a 662 inclination. Many consecutive
improvements in satellite instrumentation, satellite
design, as well as to the precise orbit determination
systems on-board contributed to an increasing accuracy
and precision. By flying the successive missions in
tandem with a separation of 30 seconds to 30 minutes,
it was possible to cross-calibrate those missions to
within a few millimeters or better, thus ensuring the
long-term stability of the now 32 years record.

Other external factors have also contributed to the
continued success of the altimetric sea level record. The
ever increasing precision and accuracy of the
atmospheric and other geophysical modelling, and the
availability and maintenance of a number of tide gauges
against which any drift of the altimetric sea level
measurements can become evident.

But the most overlooked source of critical validation of
the reference missions as well as contributors to the
long-term record have been nine other missions that
have operated during the same time from a much lower
altitude (ERS-1, ERS-2, Envisat, GFO, CryoSat-2,
SARAL/AIltiKa, Sentinel-3A and -3B, and SWOT),
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generally in Low Earth high inclination sun-synchronous
orbits, conditions that were widely thought to prohibit
an accurate retrieval of global mean sea level.

During the course of time, technologies, background
models, and orbit determination have evolved. For
example, on the reference orbit, Sentinel-6 makes the
transition to High Resolution altimetry that is
intrinsically more precise, while also providing
continuity Low Resolution measurements on the
reference orbit. Sentinel-3 also introduced global High
Resolution altimetry on the polar orbit and deviating
slightly from the previous polar orbits of the
ERS/Envisat/SARAL heritage.

That poses the following questions:

. How well can we currently determine
sea level rise and its acceleration?

. Is there a distinction between the
reference and polar altimeters?

. How relevant is the selection of the
orbit for the continuation of the sea level record?

. What does this all mean to the design

of the Next Generation altimeter missions?

This presentation makes a statistical analysis and
highlights the results of the altimetric sea level rise
measurements, summarises some of the essentials to
their success and discusses the way forward to maintain
this record for the next decades with the Sentinel-3
Next Generation Topography Mission and Sentinel-6
Next Generation.
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SWOT VALIDATION IN THE WESTERN MEDITERRANEAN
SEA WITH HIGH-RESOLUTION OBSERVATIONS AND
MODELLING DURING THE  FAST-SWOT  FIELD
CAMPAIGNS

Gomez-Navarro 1, Verger-Miralles E?, Barcelo-Llull B,
Casas B?, Combes V2, Cutolo E3, Diaz-Barroso L, Garcia-
Jove MP, Lizarrdn I, Reyes E?, Tarry D*, Zarokanellos N?,
Mourre B2, Pascual A

LIMEDEA (UIB-CSIC), °SOCIB, 3IMT Atlantique, *Applied
Physics Laboratory and UW

The FaSt-SWOT field campaigns sampled the western
SWOT pass in the western Mediterranean cross-over
region of the fast-sampling phase. Two campaigns took
place between 25-28 April and 7-10 May 2023, with the
aim of collecting multi-platform in-situ observations of
meso- and submesoscale ocean structures in the area
covered by the SWOT satellite during its initial fast-
sampling phase. The data collected during the
campaigns included both using multi-scale ship-based
instruments (CTD, Moving Vessel Profiler,
thermosalinograph, ADCP and GoPros), autonomous
platforms (surface drifters and gliders), and satellite
observations (SST, ocean colour and altimetry). This
data was complemented with a model simulation at a



spatial resolution of 2 km and including data
assimilation, providing another view of the fine-scale
surface dynamics.

The sampling first focused on a small (~20 km in
diameter) anticyclonic eddy detected under the swath
of the satellite thanks to satellite imagery and drifter
trajectories. Several cross-sections of the ship-based
instruments, namely the Moving Vessel Profiler, and
underwater gliders provided insights into the structure
of temperature and salinity fields and the associated
signals in chlorophyll and dissolved oxygen. This allowed
the comparison of the in-situ measurements with the
observation of this small-scale eddy by SWOT. Two
gliders were programmed to perform back-and-forth
sections during a 3-week time with a 1-day delay
between them. This gives us the opportunity to
evaluate the temporal variability of the ocean fields at
the same frequency as SWOT’s fast-sampling phase
repeat cycle time. The second campaign started 9 days
after the end of the first one. A 48-hour dense radiator-
like pattern was performed by R/V SOCIB, allowing to
characterize the evolution of the small eddy observed
during the first leg. 45 surface drifters were deployed
during the two phases to evaluate in-situ surface
currents and their associated convergence and
divergence in the vicinity of the eddy. This dataset
brings further insights into the observability of fine-
scale structures by SWOT. While conventional altimetry
was not able to properly represent the sea level
signature of the observed eddy, initial SWOT
measurements indicate an improved detection
capability by the new satellite. In addition, high-
resolution numerical simulations reproduce a small
anticyclonic eddy with similar characteristics as that of
the observed eddy. These simulations are used to
provide a more general understanding of the situation,
and helps us to evaluate SWOT observations
before/after the field campaigns.

We provide here an overview of the whole FaSt-SWOT
dataset, including both observing and modelling
components, and a multi-platform perspective to the
validation and comparison of the SWOT fast-sampling
observations with in-situ, remote sensing and modelling
efforts in the region, at the ocean surface. The data
obtained during the FaSt-SWOT project, in addition to
helping with SWOT’s cal/val activities, will help to
improve the characterization and understanding of the
fine-scale dynamics, thanks to the combination of in-
situ multi-platform and satellite data with high-
resolution numerical models.
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SARMAT: SAR ALTIMETRY MATLAB SOFTWARE
PACKAGE FOR LEVEL 1 AND LEVEL 2 PROCESSING
Khalili S, Tourian M*

1University Of Stuttgart
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SARMat provides a user-friendly graphical environment
to catch and work with satellite altimetry data and delve
into intermediate steps in L1B and L2 processing. The
software is open source and the codes are developed in
Matlab.

A key feature is the Level 1-A to Level 1-B processing
pipeline in SARMat. SARMat employs Unfocused and
Fully-Focused SAR techniques to generate waveforms
and radargrams. The package also incorporates Level 2
processing, with the current version (V1.0)
implementing the OCOG retracking method, SAMOSA
retrackers, and the recently developed algorithm by GIS
the so-called Bin-Space-Time (BiST) retracking method.
SARMat is an easy-to-use application that gives you the
power to: directly download satellite datasets from the
available FTPs and data hubs, select specific regions of
interest for subsequent analysis, explore files, allow
users to crop data to desired boundaries, and facilitate
efficient handling of large datasets.

SARMat facilitates analysis and visualization of results
upon processing through built-in plotting tools. The
generated data is saved with system time tagging,
ensuring traceability and organization for subsequent
analyses.

SARMat aims to contribute to the accessibility and
understanding of SAR altimetry data processing
techniques. The software's modular design allows for
future expansion and the incorporation of additional
retracking methods, fostering collaboration and
advancement within the altimetry research community.
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INLAND WATER EXTENT MEASUREMENTS FOR THE
CRISTAL MISSION

Gomez Olivé A%, Gibert F., Garcia-Mondéjar A,
McKeown C, McMillan MP, Scagliola M*

lisardSAT SL., 2isardSAT Ltd., 3Lancaster University,
4RHEA, ESA ESRIN

The CLEV2ER LI+IW (CRISTAL LEVel-2 procEssor
prototype and R&D - Land Ice and Inland Water) aims at
developing, implementing, and supporting the evolution
of the CRISTAL Level-2 product and algorithms, which
are associated with the thematic Ground Processor
Prototypes (GPP’s) over Land Ice and Inland Water
surfaces. Within this framework, one of the objectives is
to study the potential and exploit the development of
valuable FF-SAR applications [1] to estimate inland
water bodies extent using FF-SAR waveforms. We have
chosen to utilise Sentinel-6 data, acquired in open-burst
mode (and thus minimising the impact of secondary
lobes effects) in order to better assess the applicability
and benefits of such method.

Fully-Focussed SAR (FF-SAR) algorithm allows the
focusing of whole target observation echoes in a fully
coherent way, achieving improvement of the along-
track resolution down to the theoretical limit and



statistically reduction of waveforms contamination,
facilitating the estimation of water bodies extent.
Within this scope, the study introduces the
methodology for geo-referencing and estimating the
size of inland water bodies, such as reservoirs or lakes,
located on unambiguous across-track targets, using
Fully-Focussed SAR (FF-SAR) processed altimetry data.
Indeed, a FF-SAR Ground Prototype Processor (GPP),
developed by isardSAT and based on the backprojection
algorithm, has been used to generate FF-SAR
radargrams of off-nadir inland targets located within
certain observation constraints. Cloud coverage does
not have an impact on the measurements as radar
signals can penetrate clouds without being altered,
allowing for consistent and continuous data collection.
Post-processing techniques were then implemented to
enhance the contrast between water and non-water
pixels before classification. The filtered FF-SAR
radargrams were segmented using unsupervised
techniques, such as K-means clustering, to classify pixels
based on shape or intensity similarities and extract the
corresponding water regions. Subsequently, the
obtained water pixels were projected onto the ground
to estimate the total extent of the water bodies.

The performance of the technique was evaluated
through a validation process, which involved comparing
the FF-SAR water extent measurements derived from
Sentinel-6 data against optical measurements from
Sentinel-2 as well as in-situ observations. The results
demonstrate the capability of the method to estimate
the size and spatial distribution of inland water bodies,
making it ideal for monitoring water targets with
substantial seasonal extension variability.

[1] A. Egido and W. H. F. Smith, ‘Fully Focused SAR
Altimetry: Theory and Applications’, IEEE Transactions
on Geoscience and Remote Sensing, vol. 55, no. 1, 2017,
doi: 10.1109/TGRS.2016.2607122.
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FAULT TOLERANT APPROACH TO REGENERATE LEVEL
1B SAR ALTIMETRY WAVEFORMS FOR ENHANCING
LEVEL 2 RETRACKERS PERFORMANCE

Khalili S, Tourian M, ElImi O, Engels J%, Sneeuw N*
1University Of Stuttgart

This study deals with identifying and retrieving
anomalous waveforms generated in the Level 1B
processing chain of satellite altimetry over coastal areas
and inland water bodies. Efficient identification of
anomalous waveforms greatly improves the retracking
performance, leading to the generation of precise water
level time series that serve as vital inputs for
hydrological studies. Abnormal behaviour in waveforms
may be an indication of environmental changes,
instrument malfunctions, or other critical factors. To
find abnormal waveforms, our framework utilizes an
unsupervised machine learning technique. We
categorise different parameters of the satellite's
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altimeter like AGC parameter, tracker range, and
features related to the shape of waveforms for instance
waveform’s skewness, number and location of peaks,
and so on for each sample in the dataset. Then we
identify abnormal waveforms using a two-step density
distribution probability analysis.

The secondary purpose of this study is to propose a
robust strategy to retrieve abnormal waveforms in the
level 1B SAR processing chain. This step is vital for
narrow rivers and small inland water bodies, in which a
low number of measurements on related cycles cause
missing water level variation. In contrast to previous
studies focusing solely on investigating L2 waveforms to
determine precise retracking gates for multipeak and
noisy waveforms, we propose an additional step in the
L1B processing chain, specifically tailored to coastal and
inland waters, enabling the retrieval of abnormal
waveforms. In both fully focused and unfocused SAR
processing, the final waveform is formed through the
combination of various beam looks from the altimeter
during fixed illumination time in stacks to the desired
point on the surface, certain looks in the stack may
exhibit undesirable patterns due to variations in
environmental characterization, antenna footprint, and
sidelobe gain. The proposed methods will mitigate the
presence of undesirable waveforms in the stack before
generating the final waveforms.

We applied the proposed methodology for Sentinel 3-A,
3-B and Sentinel 6-MF datasets over different inland
waters and validated our results against in-situ data.
The results demonstrate that the water level time
series, obtained by regenerated waveforms have
significantly improved. The results show the potential of
our proposed framework for detecting and retrieving
anomalous waveforms leading to robust water level
estimates from satellite altimetry data.
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CHANGES IN WATER LEVELS, EXTENT AND STORAGE
OF THE TITICACA LAKE USING SWOT DATA

Frappart F, Normandin C, Visitacion K?, Bourrel [?,
Pefia Luque S°, Rau P*, Lavado W°, Wigneron J*

1ISPA, UMR 1391 INRAE/Bordeaux Sciences Agro, 2GET,
UMR 5563, CNRS/IRD/UPS, 3CNES, *CITEC, >SENAMHI

Lakes are considered as sentinels of climate change.
Water stored in lake is an important component of the
land water cycle. Earth Observations offer a unique tool
to monitor lakes extent, water levels variations, and
hence changes in water volume combining these two
variables or one of them with lakes bathymetry. Lake
Titicaca, the second largest lake in South America with
an area of 197,000 km?, located in a high semi-arid
plateau between Peru and Bolivia, has been
experiencing an ENSO-related drought of an exceptional
intensity starting in 2023. In this study, SWOT data (i.e.,
surface water levels, extent and storage anomalies) will
be evaluated against in-situ (i.e., water levels,
bathymetry filled with water levels) and other sateliite



data (i.e., water levels from LRM and SAR altimeters,
surface water extent from Sentinel-1 and 2 and MODIS,
surface water anomalies derived from the combination
of surface water extent and levels). Current drought
intensity will be compared to the previously
experienced ones observed during the Earth
Observation period (e.g., the 1997-1998 ENSO). For
instance, a minimum water level of 3,808.7 m was
recorded in November 2023 using radar altimetry
measurements compared to the previous minimum of
3,808.9 m derived from radar altimetry in December
1996.
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A BOTTOM-UP  METROLOGICAL  UNCERTAINTY
ASSESSMENT OF SEA ICE THICKNESS MEASUREMENTS
FROM SATELLITE AND NON-SATELLITE SYSTEMS

Woolliams E., Erni T', Behnia S*, Fleury S°, Fredensborg
Hansen R>*, Skourup H?

INational Physical Laboratory, °CNRS, 3Department of
Geodesy and Earth Observation, The National Space
Institute, DTU Space, *“Department of Civil and
Environmental Engineering, NTNU

The Committee on Earth Observation Satellites (CEOS)-
endorsed Quality Assurance Framework for Earth
Observation (QA4EQ) encourages a metrological
uncertainty assessment for satellite-derived data
products. ESA has led the way in applying formal
metrological uncertainty analysis to observational data
through its ‘fundamental data record’ (FDR) and ‘fiducial
reference measurement’ (FRM) programmes. Initially
established for passive sensors, these methods have
more recently been applied to radar altimetry data
products in projects such as FDR4ALT, St3TART and
ASELSU.

Here, we describe a bottom-up metrological uncertainty
assessment of sea ice thickness products developed
within the FDR4ALT and St3TART projects. Our analysis
encompasses both the satellite radar altimeter data
series and the FRMs used during the calibration and
validation of satellite products. Sea ice thickness poses
many unique challenges, including its dynamic
movement, non-homogeneity and the intricate
conversion process from the measured parameter (such
as Ku-band radar freeboard) to the desired quantity (sea
ice thickness). This conversion relies on numerous
assumptions and approximations related to, for
example, ice densities, snow thickness and radar
penetration through snow layers.

Despite these inherent difficulties, our systematic
application of the ‘5-steps to an uncertainty budget’
methodology, with its tools such as the ‘uncertainty tree
diagram’, has yielded valuable insights. Additionally, the
uncertainty tree diagram has provided a structure for
conducting a thorough literature review of the
methodologies and information available on these
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auxiliary parameters used in the conversion to ice
thickness. Furthermore, our comparative study between
Monte Carlo and the law of propagation of uncertainty
approaches to uncertainty assessment, has shed light
on effectively assessing uncertainties within this highly
sensitive system.

In this presentation, we will present the scientific
findings, including the uncertainty assessment and
results from our quantitative studies involving various
satellite data records and FRMs. Additionally, and as a
reflection from these early experiences of integrating
metrological uncertainty assessment into sea ice
thickness estimates, we will summarise the practical
experiences, building on insights from our own work,
and from the outcomes of a workshop organised by the
Sea Ice Intercomparison Exercise (SIN’XS) project. That
workshop provided a forum for diverse perspectives on
the application of metrological methods, ranging from
enthusiastic support to scepticism. In this presentation
we reflect on that breadth of viewpoints and provide
our conclusions on how metrological approaches can
benefit the assessment of historical data sets and the
preparation for future missions.
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THE JASON-3 ERROR BUDGET PERFORMANCE

Flamant B
icLs

From TOPEX/Poseidon to Sentinel-6 MF, a long record
of high-precision ocean altimetry data has been
acquired over the same historical ground track. From
2016 to 2022, Jason-3 was the reference mission
orbiting this ground track before giving up its role to
Sentinel-6 MF. Nowadays, it keeps orbiting and
contributing to the better understanding of the ocean,
while before then its instrumental stability has allowed
the accurate calibration of Sentinel-6 MF during their
tandem phase (another one is planned to prepare the
future missions).

Thanks to the CNES SALP (Systéme d'Altimétrie et
Localisation Précise) project, CLS has provided the long-
term monitoring of the various Jason altimetric missions
on the CNES behalf. This activity provides an assessment
of the missions’ performances for oceanic applications
such as climate studies.In particular, as
TOPEX/Jason/Sentinel-6 have all been reference
missions used in operational applications and in delayed
time studies (especially for the Global Mean Sea Level
monitoring), the main focus of this activity has been the
long-term stability of their Global Mean Sea Level
(GMSL).

To ensure the most reliable content to all scientists
involved in climate change studies as well as operational
oceanography, it is essential to precisely observe Jason-
3 data quality and errors. This characterization is
necessary to evaluate the impact of the instruments’



ageing, the performance of the geophysical corrections
and the performance of the retracking methods.

This presentation aims at providing an error budget for
the Jason-3 mission at different spatio-temporal scales:
- high-frequency errors through a spectral
analysis and an analysis of the standard deviation of
20Hz data;

- low-frequency errors through the evaluation of
the mission performance at mono-mission crossovers
and along-track;

- long-term errors through the comparison with
other missions;
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OCEAN TIDES IN THE COASTAL REGION:
GAINED FROM SWOT

Hart-Davis M, Ray R?, Andersen O, Arildsen R?, Zaron
E¢, Schwatke C', Dettmering D?

IDGFI-TUM, °Geodesy & Geophysics Lab., NASA Goddard
Space Flight Center, 3National Space Institute, Technical
University of Denmark, “College of Earth, Ocean, and
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INSIGHTS

Studying ocean tides from satellite altimetry has
traditionally been difficult in coastal regions, mainly due
to the complexity of tides in these regions, limited
spatial coverage, and land contamination of the radar
returns. Significant efforts have been made by
modellers to better resolve the ocean tides closer to the
coast by employing enhanced retracking algorithms for
coastal altimetry and leveraging more accurate
bathymetry products. In late 2022, the SWOT satellite
launch introduced the Ka-band Radar Interferometer
(KaRIn), marking a significant leap beyond traditional
altimetry by offering high-resolution, two-dimensional
sea surface measurements. Starting with a 90-day
Cal/Val phase featuring a 1-day repeat cycle, followed
by a science phase with a 21-day repeat cycle, SWOT
enables observation of geophysical phenomena over
several days. Additionally, it enhances the geophysical
record with significantly better spatial resolution and
coverage, offering an excellent opportunity to expand
our knowledge of the spatial variability of ocean tides.
This is particularly interesting in complex coastal
regions, such as fjords or coastal inlets, where
conventional altimetry missions have previously
struggled to provide reliable measurements. This opens
the door for improving tide estimations and studying
nonlinear tidal effects, which play a substantial role in
the tidal dynamics of specific regions and provide a
serious challenge to accurate tidal prediction within
these regions. In this presentation, the current state-of-
the-art tide models are contrasted to tidal estimations
made from the KaRIn products of SWOT in two complex
coastal areas: the Bristol Channel and the Great South
Bay. Conclusions are then made about the usability of
SWOT for tidal estimation, and recommendations are
provided for research to further improve the reliability
of tidal estimations.
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GLOBAL OCEAN DATA QUALITY ASSESSMENT OF
SARAL/ALTIKA'S GDR-F PRODUCTS

Philipps S, Kientz N°, Prandi P, Bignalet-Cazalet F>,
Picot N?
1CLS, 2CNES, 3CELAD

The SARAL mission was successfully launched on
February 25th 2013. Its Ka-band altimeter and dual
frequency radiometer have been delivering high quality
sea surface topography measurements since. On July
4th, 2016 an orbit maneuver was performed to move
the spacecraft to a new orbit where the satellite
altitude is no longer maintained, starting the so-called
drifting phase. Following the loss of one of the
platform’s reaction wheels on September 13th 2014 and
star tracker on February 3rd 2019, the pointing accuracy
is degraded from 2019 onwards.

We present the current mission performance status of
the SARAL/AItiKa mission over ocean, based on the
analysis of the latest GDR version data (GDR-F).

The main objective of this study is to assess quality of
the SARAL/AItiKa's product over the whole series.
Several Cal/Val metrics are presented to document data
availability and overall mission performance. Cross-
comparisons with other altimetry missions show the still
excellent performance of SARAL/AltiKa.

The aim of this work is also to provide an overview of
SARAL/AItiKa’s data quality at different scales: climate,
mesoscales, high latitudes...
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LOW WATER MAPS OF GROUNDWATER TABLE USING
MULTISATELLITE DATA IN THE INNER NIGER DELTA
(IND) OVER THE PERIOD 2000-2022

Normandin C, Frappart F, Bourrel L, Bonnet M,
Wigneron J
lInrae

The Earth's largest reservoir of liquid freshwater is
situated within groundwater, comprising 30% of the
planet's freshwater supply.This reservoir plays a crucial
role in both hydrological and biogeochemical cycles. Its
significance extends to agriculture, with approximately
43% dedicated to irrigation, contributing to global food
security as the primary freshwater source for around 2
billion people worldwide. As climate change and human
activities intensify, the demand for freshwater is
projected to rise. Traditional water sources, such as
surface water, are becoming less reliable due to
contamination and depletion. Therefore, effective
management of these resources necessitates vigilant
monitoring of the groundwater reservoir both spatially



and temporally. However, the current lack of
comprehensive spatial data inhibits global assessment
of changes in reservoir dynamics, particularly in areas
with limited accessibility. Remote sensing from space
emerges as a potential solution to address this
challenge. This study aims to assess the spatio-temporal
variability of the groundwater table from 2000 to 2022
using multi-satellite datasets over the Inner Niger Delta
(IND), located in Central Mali between 3-5° W and 13-
17° N. The IND, Africa's second-largest wetland, forms a
crucial hydrological network within a flat and sandy
basin. The Niger River, entering through Ke-Macina, and
its principal tributary, the Bani, entering through Sofara,
originating from the South, on the high plateau of
Guinea at the base of the Tingi Mountains. Subject to
seasonal rainfall from the West African Monsoon, the
IND experiences a wet season with flood events
occurring between August and December (maximum
flood extent of 30,000 km?2). During flood periods, water
levels rise significantly by 4.5 to 7 meters compared to
low-water periods. Previous studies have shown that
minimum water level maps can estimate the
groundwater table during low-water periods (Pfeffer et
al., 2014). To achieve this, our methodology employs
water level maps derived from MODIS sensors'
multispectral imagery (with a spatial resolution of 500
m and temporal resolution of 8 days) and virtual
stations created from radar altimetry. This method
involves interpolating altimetry-based water stages over
inundated pixels using an inverse distance weighting
technique. Consequently, water level maps were
generated monthly from 2000 to 2022 with a spatial
resolution of 500 meters. Priliminary findings are
promising, revealing spatial pattern changes over the
years, with temporal variations seemingly correlated to
cumulative rainfall variations. This study marks the first
time spatial-temporal variations in groundwater base
level have been observed over a 20-year period.
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SYNERGY OF FINE-RESOLUTION REGIONAL MODEL
AND SWOT MEASUREMENTS TO STUDY COASTAL
DYNAMICS

Yeasmin N, Hyeans A?, Testut L%, Ballu V*
1Ljttoral Environnement Et Sociétés (lienss) - Umr 72686,
CNRS/La Rochelle Université

Satellite altimetry has revolutionized the study of ocean
dynamics as well as the monitoring of the global mean
sea level. Despite its significant contributions,
traditional altimetry measurements encounter
challenges near the coast due to land proximity and the
complexity of the coastal processes. In this challenging
front, the SWOT (Surface Water and Ocean Topography)
altimetry mission utilizing Ka-band SAR has made
remarkable advancements in resolution, coverage and
overall observability. While traditional nadir altimetry
offers valid (‘good’ quality flag) observations up to
roughly 30 km from the coast, SWOT extends this range
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to approximately 3-5 km. Although SWOT's primary
objective is to monitor both open ocean and inland
water bodies at an unprecedented spatial resolution, its
potential application in coastal regions appears
promising. However, fine scale SWOT measurements in
the coast faces two major challenges regarding fine
scale geophysical correction and coastal dynamic
processes.

In order to improve the geophysical correction related
to tides and dynamic atmospheric correction, a fine
resolution regional tide and surge model based on
SCHISM (Semi-Implicit Cross-scale Hydroscience
Integrated System Model) (Zhang et al., 2016) is being
developed in the coastal region of Pertuis Charentais,
located in the Bay of Biscay, France. This area is situated
under LR (Low Resolution) and HR (High Resolution)
coverage of SWOT swath and covered by several long-
term tide gauge stations, making it an ideal site to
validate SWOT measurements in a macro-tidal coastal
region. The importance of a regional tide and surge
model in a semi-closed system like Pertuis Charentais
has previously been demonstrated for traditional nadir
altimetry (Tranchant et al., 2021). This study aims to
improve the existing regional tide model by refining
spatial resolution and bed roughness characterization,
employing better tidal forcing, and aligning it with
SWOT swath coverage to enable local reprocessing of
tide and atmospheric correction for both LR and HR
measurements. The model and SWOT observation will
be validated using available tide gauges as well as
several pressure gauges deployed within the SWOT
coverage. Additionally, this study will utilize the planned
in-situ campaigns along SWOT swath using an
innovative unmanned marine drone, PAMELi
(Plateforme Autonome Multicapteurs Pour I’'Exploration
Du Littoral), to validate the model and the altimetry
data. With improved geophysical correction, this study
will eventually investigate the fine scale coastal
dynamics observed by SWOT, which are typically not
resolved from traditional altimetry.
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Bonnefond, P. (2021). Near-Coast Tide Model Validation
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DEEP STERIC SEA LEVEL VARIABILITY INFERRED FROM
SATELLITE OBSERVATIONS, OCEAN REANALYSIS AND
DEEP ARGO PROFILES

Llovel W2, Hochet A%, Zilberman N?, Steinberg J?
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Monitoring and predicting sea level change is of great
importance as nearly 10% of the world population lives
at an altitude within 10 meters above sea level. Regional
sea level change has been largely investigated for years
using complementary observing systems including
satellite altimetry, GRACE/GRACE-FO and Core Argo
floats profiling the upper 2000-m. However, the
contribution to sea level of the deep ocean below 2000-
m remains poorly understood as historical data consist
mostly of CTD profiles from oceanographic campaigns
along sections with limited repeatability, and generated
uncertainties in regional-to-global deep sea level are
comparable to the signal.

In this study, we investigate regional steric sea level
change at subannual to interannual time scales using an
integrative approach. First, we analyze ocean reanalysis
(available from Copernicus Marine Service) and
compare the results with geodetic observations (based
on satellite altimetry and space gravimetry). We will
highlight common hot spots of large deep steric sea
level variability at subannual and interannual time scale
detected in western boundary currents and in the ACC,
and describe regions of large discrepancies between
ocean reanalysis and geodetic estimates. We will
further investigate deep steric sea level change by
comparing ocean reanalysis and space geodetic
approach with quality-controlled Deep Argo profiles
collected in the North Atlantic Ocean. Using Deep Argo
data as the ground truth, we will describe performance
and limitations of space observations and ocean
reanalysis to estimate variability in deep-ocean steric
sea level.
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COASTAL PROCESSING USING SAR INTERFEROMETRIC
MEASUREMENTS

Garcia P, Guerra M, Granados A%, Roca i Aparici M?,
Garcia-Mondéjar A, Vendrell E%, Femenias P?, Lucas B>
lisardSAT, 2ESA-ESRIN, 3EUMETSAT

Coastal zones present unique challenges for altimetry
studies, aiming to obtain precise geophysical data of the
ocean surface, including Sea Surface Height (SSH),
Significant Wave Height (SWH), and wind velocities.
Various factors affect the quality of these scientific
parameters in coastal environments. These factors
include coastal topography, the angle of attack of the
ground track concerning the coastline, the specularity of
water surfaces near the coast or high-return ground
targets, sea state conditions, onboard operational
mode, science chronogram, and other variables.

Efforts have been made over time to manage undesired
interferences within coastal zone science datasets. One
effective strategy involves isolating the ocean signal
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segment of the echo, significantly enhancing data
quality by filtering out most interferences.

In the CryoSat-2 Plus for Ocean (CP40) project, funded
by ESA, isardSAT proposed a method for coastal
altimetry processing with SAR interferometry (SARin)
data. This approach leverages SARin capability to
determine the across-track angle of arrival for all
echoes’ range bins, which has not been utilised in any
ESA altimetry mission since CryoSat-2 (CS2). The CP40
coastal processor employs a method that identifies a
segment of the original science echo characterised by
high coherence and power and a low angle of arrival. It
assumes that the nadir backscattering represents the
ocean signal during overflight, utilising SARin
capabilities effectively.

In the second phase of the CP40 project, an enhanced
version of the SARin retracker was introduced,
broadening its capabilities to distinguish coastal
environmental interferences in modes other than SARin.
By incorporating the Window Delay parameter, the
coastal processor can be tailored to accommodate any
altimetry mission requirements.

Later significant enhancements were made to the
coastal processor, rebranded as CORS, considering new
retracking processing modifications. Validation exercises
were conducted after adapting the model to Copernicus
missions Sentinel-3A/B (S3) and Sentinel-6 (S6), funded
by ESA.

This presentation explains recent validations conducted
on CryoSat-2 (CS2) data over a SARin mode area around
the Cuban archipelago coasts, integrating CP40 SARin-
specific and CORS methodologies. They validated SSH
and SWH parameters through various means, resulting
in SSH noise reduction and improved PSD function
across all wavelengths. However, rough sea states tend
to exacerbate these outcomes.

The upcoming CRISTAL altimetry mission, first in
incorporate SARin mode since CS2, will benefit from the
validation efforts presented here, facilitating the future
development of coastal processor solutions tailored for
the mission.

(Ray et al. 2015) SAR altimeter backscattered waveform
model. IEEE Trans.Geosci. Remote Sens. 53, 911-919.
https://doi.org/10.1109/TGRS.2014.2330423.

(Garcia et al. 2018). SARin mode, and a window delay
approach, for coastal altimetry. Advances in Space
Research, 62(6), 1358-1370.
https://doi.org/10.1016/j.asr.2018.03.015.

(Makhoul et al. 2018). Evaluation of the precision of
different Delay-Doppler Processor (DDP) algorithms
using CryoSat-2 data over open ocean. Advances in
Space Research, 62(6), 1464-1478.
https://doi.org/10.1016/j.asr.2018.04.004.

(Garcia et al. 2022): The CORS processor outcomes.
Improving the Coastal Ocean SSH & SWH series from
the Copernicus altimetry constellation. 2022 OSTST
Meeting.
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ADVANCEMENTS IN MAPPING SURFACE CURRENTS

WITH  DOPPLER  OCEANOGRAPHY:  HISTORICAL
DEVELOPMENT AND INSIGHTS FROM  OSCAR
AIRBORNE DATA DURING THE BIOSWOT-MED
CAMPAIGN

Martin A%, Le Merle EX, MicCann D?, Macedo K°, Meta
A3, Gommenginger C?, Boy F*, Casal T°

INOVELTIS, ?National Oceanography Centre,
3MetaSensing, *CNES, *ESA

The study of ocean surface currents has gained
significant attention in recent years, driven by the need
to better understand the complex interactions between
the ocean and atmosphere, as well as the crucial role
these currents play in marine ecosystems and global
climate. In this context, Doppler Oceanography has
emerged as a promising field of research, leveraging
advances in satellite remote sensing to directly measure
ocean surface motion from Doppler shifts in microwave
radar signals. This abstract provides a historical
perspective on the development of Doppler
Oceanography, its complementary nature to altimetry,
and recent insights derived from the OSCAR (Ocean
Surface Current Airborne Radar) instrument during the
BioSWOT-Med campaign.

Doppler Oceanography origins traced back in the 1970-
80s, with first airborne demonstrations. Since then, the
technique has evolved, with notable advancements
achieved through analysis SAR data from missions such
as Envisat-ASAR, TerraSAR-X, and Tandem-X. These
developments have fueled renewed interest in the
capabilities of ocean Doppler signals to measure surface
currents from space, opening up new opportunities for
oceanographic applications.

The Doppler shift can be measured using two primary
techniques: Along-Track Interferometry (ATI) and the
Doppler Centroid Anomaly (DCA) method. The large and
stable Envisat satellite platform has played a significant
role in advancing our understanding of the geophysical
information contained in ASAR Doppler signals. As the
prospect of accurate Doppler signal measurements from
space gains maturity, a wealth of satellite mission
concepts are emerging to measure ocean surface
currents, including SKIM, Harmony, SeaSTAR, OSCOM
and ODYSEA.

In addition to satellite capabilities, airborne instruments
have been developed as demonstrators of satellite
concepts. Among these, OSCAR provides 3-look
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direction SAR images at 8m resolution, from which a
synoptic 2D view of ocean and atmosphere dynamics,
including currents, waves, and winds, at fine scales over
a 5km swath is derived. The success of OSCAR has been
demonstrated in various campaigns, such as the
SEASTARex campaign held in May 2022 over the Iroise
Sea in Brittany, France, where it showed excellent
performance against various measurements, including
marine radar, ADCP, and HF radar in a macro tidal
environment.

Building on OSCAR's success, a campaign was organized
in May 2023 to coincide with the BioSWOT campaign,
during which OSCAR flew together with SWOT over an
area known for its meso- and submeso-scale dynamics.
The BioSWOT-Med cruise focused on the Western
Mediterranean Sea, aiming to investigate the role of
fine-scale circulation as a driver of plankton diversity.
Initial comparisons between OSCAR and satellite data,
spanning remote sensing instruments like SWOT, SAR
imagers, and optical sensors, showed a high level of
agreement.

OSCAR Doppler and scatterometry capabilities offer a
fresh perspective on dynamic processes, particularly at
fine scales, bridging the gap between in-situ point
measurements and space-based sensors. The ongoing
synergy between OSCAR and satellite data holds
potential to advance our understanding of oceanic and
atmospheric phenomena, addressing critical challenges
related to climate, weather, and marine ecosystems,
which are relevant for past, present, and future
missions like Harmony, Copernicus Sentinel-1 NG and
Sentinel-3 NG.
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TOPEX GDR-F AND SWOT NADIR: CALIBRATION OF
TWO NEW DATASETS FROM THE BEGINNING AND END
OF THE 30 YEARS OF ALTIMETRY TIME SERIES

Dettmering D', Schwatke C?
1Deutsches Geoddtisches Forschungsinstitut der
Technischen Universitdt Miinchen (DGFI-TUM)

DGFI-TUM has been performing multi-mission crossover
analysis (MMXO) for many years. This methodology
allows for a cross-calibration of all available nadir
altimeter missions and reveals possible systematic
differences between the systems, such as offsets, drifts,
and geographically correlated errors. Such
harmonization is a prerequisite for any long-term, multi-
mission sea level analysis.

This contribution presents crossover validation results
for two recently released datasets of the very first
modern altimetry mission (TOPEX) and the most recent
one (SWOT nadir). For TOPEX, the newly released GDR-F
dataset is independently evaluated to quantify the
improvements over older datasets and to analyze the
consistency with other missions. In particular, biases
between the different altimeters on board (Side A, Side
B, and Poseidon) are evaluated, as well as potential
remaining drifts, large-scale orbit errors, or systematic



errors in the geophysical corrections. For SWOT, nadir
data from both mission phases (1-day repeat and 21-
day repeat) are analyzed. In particular, the consistency
with other missions, such as Sentinel-6A, is investigated,
and the mission is checked for possible systematic
effects.
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INSTRUMENTAL
ALTIMETERS

Garcia P, Guerra M, Garcia-Mondéjar A', Roca i Aparici
M Vendrell EL, Femenias P>, Lucas B?, Aublanc J*,
Nencioli F*

lisardSAT, 2ESA-ESRIN, 3EUMETSAT, #CLS

CALIBRATION  OF COPERNICUS

The Sentinel-3A, 3B, and 6 missions configure a
constellation of Copernicus altimeters, all working in the
enhanced Synthetic Aperture Radar (SAR) mode to
continue the legacy of a long ESA altimetric series, now
with improved performances. The crucial importance of
the instrumental calibration when processing the
altimeter data, in order to produce reliable and accurate
geophysical retrievals, such as sea surface height,
significant wave height, or wind speed over the oceans,
is well known.

isardSAT is responsible for monitoring the calibration
parameters during the Sentinel-3A and B missions, first
within the ESA S3 Mission Performance Center, and now
fort the Sentinel-3 Land Altimetry Mission Performance
Cluster Service and the EUMETSAT Copernicus Altimetry
Service.

In addition, isardSAT designed and implemented the
complete L1B processing algorithms of the Sentinel-6
mission, which include the calibration processing chains,
and is still monitoring the Sentinel-6 altimeter
calibration data. For the CRISTAL altimetry mission,
planned for launch in 2027, isardSAT is responsible of
the design and implementation of the L1B processing
algorithms,

This presentation gives an overview of the most recent
calibration monitoring data acquired from the altimeter
instruments of the three aforementioned current
missions. Internal delay, power, transfer function, burst
power and phase, USO clock frequency and thermal
behaviour variables are depicted among other
instrument characterisation performances.

When available, a comparison with other ESA altimetry
missions (e.g. Envisat, CryoSat-2) is shown, so we can
have a wide picture of ESA altimeters in-orbit
performances, compared to each other. The impact of
the new digital architecture and the new SAR altimetry
mode can be clearly depicted in these combined
representations.
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In addition, a specific investigation from Sentinel-3A and
B Moon Calibration orbital measurements is addressed.
Its aim is to build an orbital instrument characterisation
during the operational phase, already available for the
Sentinel-6 mission (Echo CAL mode), but not for the two
Sentinel-3 units, which activate the calibration
measurements over specific geographical areas. If the
orbital excursions of a particular calibration parameter
are not negligible, an additional calibration model can
be proposed to increase the level of accuracy of the
final geophysical data.
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HYDROLOGICAL DYNAMICS OF THE FLOODPLAIN IN
THE CUVETTE CENTRALE (DEMOCRATIC REPUBLIC OF
CONGO) USING SURFACE WATER AND OCEAN
TOPOGRAPHY (SWOT) MISSION

Normandin C, Frappart F, Bourrel L, Zeiger P, Salameh
E, Peiia Luque S, Ygorra B, Betbeder J, Gond V, Kitambo
B, Papa F, Riazanoff S, Wigneron J
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Climate change is impacting all the different
compartments of the Earth, and in particular the surface
water reservoir (lakes, rivers, floodplains, wetlands).
Within this reservoir, wetlands, which include
floodplains, play a major role in regulating river flows by
storing large quantities of water for periods of up to
several months, modulating air temperatures and
increasing evapotranspiration. However, the spatio-
temporal dynamics of floodplains are still poorly
understood at regional and global scales. The main
reasons for this are the lack of multi-year
measurements of the extent and height of flooded
areas, and the limited inclusion of these variables in
hydrological and hydrodynamic models. To address this
issue, the Franco-American (CNES/NASA) Surface Water
and Ocean Topography (SWOT) mission, launched in
December 2022, will provide for the first time direct
measurements of the extent and height of surface
water on floodplains, at spatial resolutions of 100 m and
temporal resolutions of 21 days. My study focuses on
the monitoring of the Cuvette Centrale floodplain,
based on the first data obtained from the SWOT
mission. To do this, I'm first looking at the
backscattering coefficients derived from the radar
altimeter to identify surface water, and comparing
these results with data from the Sentinel-1 satellite.
Preliminary results are currently being processed. Next,
I will focus on the study of the coherence and water
level maps. The study area is the Cuvette Centrale,
located in the center of the Congo Basin in Africa. The
Cuvette Centrale is a large floodplain covering an area
of 1,176,000 km?, ranging from latitudes 3 to 5°N and
longitudes 16 to 22°E. In this area, the main river, the
Congo River, meets its two main tributaries, the Ubangi
River and the Sangha River. This area is dominated by a
tropical climate, with heavy seasonal rains occurring at
two distinct times of the year: a peak in October and



another in March. Thus, the central basin is subject to a
bi-modal flooding pattern, with a maximum peak in
November-December and another in May-June. In
contrast, low-water periods occur in August and
February-March (Betbeder et al., 2014).
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EXPANDING THE USE OF COPERNICUS MARINE
ALTIMETRY DATA: EUMETSAT USER SUPPORT AND
TRAINING ACTIVITIES

Evers-King H, Loveday B?, Wannop S*, Rosmorduc V?
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Following the successes of the first phase of the
European Commission Copernicus programme,
EUMETSAT is continuing and expanding its offer of data
access services, marine data products, as well as marine
training activities and user support services, under
phase two. EUMETSAT operates the Sentinel-3,
Sentinel-6 and Jason-3 satellites, and provides level-1,
level-2, level-2p and level-3 marine data products for
altimetry science and applications. User support
services include data access tools, web-based technical
information about products, as well as a help-desk
available to answer a full range of user queries on the
products and their use.

EUMETSATSs approach to user engagement and training
revolves around open source tools and resources
showing how marine data is relevant for a broad range
of applications. This is achieved through the use of
Python based Jupyter Notebooks and various thematic
case studies relevant to current topics and initiatives
such as the UN Ocean Decade. Interactive training
courses are designed to accommodate a diverse range
of audiences, both research and operational, putting
trainee needs and interests at the centre of learning
objectives. A focus on co-development of resources and
participant-led learning interventions allows
participants to tailor their own experiences towards
development of the skills and knowledge that will help
them in their own applications and work tasks. Building
on four years of successful general courses, EUMETSAT
now seeks to develop further specialised training and
advanced courses for the marine community.

This presentation will showcase existing services and
resources, and provide information on planned training
events for 2024 and beyond. It will expand on our
training approaches and provide further information on
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opportunities for collaboration with the wider marine
community, during the UN ocean decade.
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ASSESSMENT OF SWOT KARIN SPECTRAL
PERFORMANCE AND ERROR REQUIREMENTS DURING
THE 1-DAY REPEAT ORBIT
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The launch of the Surface Water and Topography
Mission (SWOT) in December 2023 represented a major
breakthrough in satellite altimetry. SOWT Ka-band radar
interferometer (KaRIn) provides surface ocean
topography measurements at the km resolution over a
swath of 120 km, enabling the possibility to observe
ocean processes at spatial scales well below those from
the current nadir altimeter constellation.

The novelty of the KaRIn instrument compared to
current nadir altimeters, and the move from 1-
dimensional to 2-dimensional surface ocean topography
observations represent also a main paradigm shift for
Cal/Val activities. Furthermore, as opposed to other
altimeter missions, SWOT KaRIn error requirements are
specified in a spectral form in order to be able to
resolve ocean signals down to 15 km in wavelength. All
these aspects make the assessment of KaRIn
performance a particularly challenging task.

Along-track wavenumber spectra are a common
diagnostics to investigate altimeter noise levels. Here
we present a spectral assessment of KaRIN performance
and error requirements using LR observations from
SWOT one-day repetitive orbit Cal/Val phase (Jan to July
2024). 1-day SSHA difference spectra were obtained by
subtracting the SSHA observed over the same track over
two consecutive days. Since those spectra include ocean
variability and decorrelated 1-day KaRlIn errors, ocean
variability spectra were also estimated via independent
approaches that combined SWOT KaRIn with SWOT
Nadir observations, as well as those from other
altimeters. The resulting spectra of KaRIn errors
evidenced good performance, in line with the
expectations.
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NAVIGATING UNCERTAINTIES: OPTIMIZING SWOT
ASSIMILATION FOR RIVER DISCHARGE ESTIMATION
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Rivers play a pivotal role in the global hydrological cycle,
yet a substantial portion remains inadequately



monitored, hindering comprehensive understanding
and sustainable management of water resources. The
emergence of the Surface Water and Ocean Topography
(SWOT) satellite in December 2022 offers a
groundbreaking opportunity to enhance river discharge
estimation through precise measurements of water
surface elevation (WSE). However, the integration of
SWOT observations into hydrological models, especially
on a global scale, presents multifaceted challenges. This
study introduces a novel data assimilation framework,
known as CTRIP-HyDAS (Total Runoff Integrating
Pathways - Hydrological Data Assimilation System),
which effectively incorporates SWOT observations into
a high-resolution (1/120) river routing model utilizing
the Local Ensemble Transform Kalman Filter (LETKF).
Through rigorous systematic assessment, we scrutinize
the assimilation of SWOT-derived WSE and river
discharge, addressing fundamental research questions
regarding their efficacy and realism within the modeling
framework. Our methodology encompasses a
comprehensive delineation of the hydrological modeling
system and experimental conditions to ensure
robustness and reliability of the results. The findings of
this study reveal significant enhancements in global-
scale river discharge estimates across diverse hydro-
climatic contexts, underscoring the transformative
potential of SWOT observations in refining our
understanding of river system dynamics within the
broader framework of the continental water cycle. By
harnessing SWOT altimetry data and employing
innovative assimilation methodologies, this research
contributes to bridging critical gaps in global
hydrological modeling, highlighting the paramount
importance of satellite-based observations in advancing
sustainable water resource management practices.
Upon the release of real SWOT discharge products, the
methodologies developed in this study could be
instrumental in producing the first assimilated
continuous spatio-temporal simulations at the global
scale. These insights hold considerable promise for
informing policy-making and facilitating more effective
decision-making processes aimed at ensuring the
resilience and sustainability of water systems
worldwide.
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COLLABORATIVE DATA CHALLENGE FOR SEA LEVEL
AND SURFACE CURRENT MAPPING: REVIEW OF
OPERATIONAL PRODUCTS AND EMERGING METHODS

Metref S', Ballarotta M?, Ubelmann C., Le Guillou F°,
Fablet R*, Martin S°, Cosme E®, Le Sommer J°
1Datlas, *Collecte Localisation Satellites, *European
Space Agency, *IMT-Atlantique Bretagne-Pays de la
Loire, °School of Oceanography, University of
Washington, ®Institut des Géosciences de
I'Environnement
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Collaborative data challenges have emerged as open
comparative platforms in the field of oceanography,
facilitating the evaluation and enhancement of data
processing methods and products. By bringing together
multidisciplinary teams and leveraging diverse datasets,
these challenges enable a comprehensive assessment of
operational products and the exploration of innovative
methodologies.

Through various projects (CMEMS Service Evolution
SLICING project, CNES and ESA funded projects),
collaborative data challenges were created to allow
researchers and operational centers to compare and
evaluate a wide range of ocean data processing
techniques, leading to continuous improvements in
product accuracy and reliability. These challenges serve
as catalysts for innovation, fostering the development
of novel approaches and algorithms through open
science for extracting meaningful information from
satellite observations and in-situ measurements.

In this presentation, we propose a comparative review
of emerging methods and products in sea level and
surface current mapping. This review stems from two
main collaborative data challenges: WOC-ESA surface
current and SLICING global altimetry data challenges. By
comparing new developments to operational products,
we aim to identify strengths, weaknesses, and areas for
improvement, ultimately contributing to the refinement
of operational sea level and surface current data
products.

Concurrently, the use of open and collaborative data
challenges can extend beyond gridded product
evaluation, already playing a role in improving SWOT
preprocessing techniques, they could also be central to
the design of future satellite missions, such as the
upcoming S3NG ESA mission.

Finally, following the overarching spirit of the Digital
Twin of the Ocean initiative, the argument is made in
this presentation that both product users and
operational centers would strongly benefit from users
having a better knowledge and a more direct access to
the operational data streams through, for instance,
access to cloud-deployed data production processes.

117

CTOH PRODUCTS TO EXTEND THE RANGE OF
ALTIMETRY APPLICATIONS OVER THE OCEAN AND
CONTIENTAL SURFACES

Léger F, Birol F., Allain D%, Blarel F*, Boussaroque M?,
Nifio F*, Morrow R?

1LEGOS / Université de Toulouse, CNES, CNRS, IRD, UPS,
2Hydro Matters, hosted at LEGOS / Université de
Toulouse, CNES, CNRS, IRD, UPS

The Center for Topography of the Oceans and
Hydrosphere (CTOH) is a French Observation Service
created in 1989 and dedicated to the dissemination of
satellite altimetry products and knowledge. It focuses
on the development and improvement of approaches to
processing altimetry data for emerging research



domains (coastal ocean, mesoscale/sub-mesoscale
ocean dynamics, continental surface water). It works in
close relationship with space agencies (mainly CNES and
ESA) at different levels of satellite altimetry missions:
preparation, definition of the user’s needs, CAL/VAL
studies, signal analysis & data reprocessing,
development of thematic products, teaching and
outreach.

In terms of data distribution, the CTOH maintains a
global GDR data base for almost all altimetry missions
since Topex/Poseidon. All the products are made
homogeneous by providing up to date altimetry
corrections to historical missions. All products are in
NetCDF format.

For the hydrology community, this poster presents the
latest developments of the AITiS software, which
enables the easy computation of sea level time series
over rivers, lakes, flood areas, starting from Level 2
altimetry products. We also present the development of
the new virtual station product based on SINC retracker
developed at CTOH.

For the coastal community, we present the multi-
mission X-TRACK L2P product, based on the latest
altimetry standards for the Topex/Jason-1/Jason-
2/Jason-3, ERS/Envisat, Sentinel, Geosat and HaiYang-
2A missions. The X-TRACK along-track tidal constant
product is presented as well. The latter provides
independent synoptic data on the coastal ocean for tidal
studies, validation of tidal models or assimilation into
tidal models.

For open-ocean applications, the CTOH distributes also
a multi-satellite Southern Ocean fronts product,
providing information on the position of the three main
fronts of the Antartic Cicumpolar Current, which was
updated in early 2024.
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ACHIEVING SIGMAO CONSISTENCY FOR THE ENTIRE
TOPEX/JASON RECORD

Quartly G*
1pPML

The normalised backscatter, sigma0, measured by
radar altimeters is normally interpreted as just a simple
monotonic function of wind speed. However the
precise value recorded depends subtly on wave height,
sea surface temperature, and other factors, contingent
upon the particular choice of retracking algorithm used.
Furthermore the development from conventional low-
rate mode (LRM) altimetry to SAR mode produces a
much smller footprint, and thus the variability between
Ku- and C-band is increased as there is much less areal
averaging. These factors have been codified to produce
empirical adjustments in order to generate the best
possible agreement between the dual-frequency
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observations at Ku- and C-band. This enables clear
discrimination of long-term changes and correction for
instrumental differences. The resultant datasets are
then better suited for long-term climate studies of wind
speed (including extremes), rainfall, air-sea gas transfer
and the occurrence of slicks on the sea surface. With
temperature having an appreciable effect on the
backscatter signal, a temperature-dependent correction
may be necessary before a universal wind speed
algoirthm is applied, else rising values of SST may be
conflated with changes in wind speed.
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VALIDATION OF THE SWOT CROSS-OVER CALIBRATION
OVER LARGE LAKES

Vayre M, Renou J%, Dibarboure G?
1CLS, °CNES

The Surface Water and Ocean Topography (SWOT)
mission, conducted by CNES and NASA was successfully
launched on 16 December 2022. It aims at providing
unprecedented 2D observations of the sea-surface
height and mesoscale structures as well as water
surface elevation, water stocks estimates and discharge
over hydrological areas. A SAR-interferometry wide-
swath altimeter, namely the Ka-band Radar
Interferometer (KaRlIn), is designed to cover two 50-km
cross-track swaths with a 21-day repeat cycle.
Considering the need of different spatial scales for
observations, dedicated processing methods are used to
generate Low Rate (LR) products for oceanography and
High Rate (HR) products for continental hydrology.

The specificity of the interferometric-SAR technique
leads to several errors included in the KaRIn
measurements that must be considered. The
uncalibrated systematic errors, for example the roll and
phase errors, are the main components of the total
error budget in hydrology. The objective of the so-
called cross-over calibration is to isolate these
systematic errors impacting the quality of the KaRlIn
measurements to obtain a residual error within the
performance requirements. This approach proposes a
correction based on models over ocean crossovers that
is further extrapolated over continental areas. The
quality assessment of such correction is therefore
mandatory to validate SWOT swath measures over
inland waters.

Our analysis proposes an evaluation of the Level-2 and
Level-3 cross-over corrections over large lakes. Both LR
and HR data are used to evaluate XCAL L2 and L3
solutions. We will take advantage of external datasets
providing reliable estimates of the water surface
elevation. Particularly, in-situ measurements from the
Swiss (BAFU) or the American (USGS) networks are
used. Comparisons are also performed with
conventional altimetry (Sentinel-3A/B and Sentinel6)



and ICESat-2 missions providing reliable references of
the water surface elevation.
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CYCLOGEOSTROPHIC INVERSION FOR ESTIMATING
SEA SURFACE CURRENTS FROM SWOT ALTIMETER
DATA

Bertrand V2, E V Z De Almeida V, Le Sommer J., Cosme
El

1Univ. Grenoble Alpes, CNRS, INRAE, IRD, Grenoble INP,
IGE

The spatial resolution of the Sea Surface Height (SSH)
observations provided by the SWOT mission

opens unprecedented perspectives for estimating ocean
near surface circulation at scales <100km. The
geostrophic balance, which relates the pressure
gradient, the current velocity, and the Coriolis force,

is commonly employed to estimate Sea Surface Currents
(SSC) from SSH. This equation represents a

drastic approximation of the Navier-Stokes equations
adapted to mesoscales and larger scales ocean
dynamics, which neglects in particular the velocity
advection term. However, it is known that at

the scales allowed by SWOT’s observations, the
advection term can no longer be neglected in the
leading order balance, especially in highly energetic
regions. But solving the cyclogeostrophic balance
equation, which includes the advection term, can not be
achieved analytically, and requires the use of

numerical methods. Still, (1) existing iterative
approaches are known to diverge, and ad-hoc
procedures

are required to avoid local discontinuities; (2) publicly
available implementations are missing.

To overcome these limitations, we propose a new
Python package, named jaxparrow. jaxparrow
formulates the cyclogeostrophic balance as a variational
problem and solves this problem using state-

of-the-art optimization procedures. Its implementation
heavily relies on JAX, a Python library which

brings together automatic differentiation and just-in-
time compilation. In this presentation, we will

describe the variational formulation of the
cyclogeostrophic balance inversion and demonstrate
the

performance of this approach with high resolution
ocean model data. We will then illustrate how

global estimates of cyclogeostrophic SSC can be
obtained from SWOT altimeter data by combining
jaxparrow

with existing SSH mapping techniques. Finally, we will
validate how cyclogeostrophic corrections may improve
our ability to estimate SSC using measurements from
drifters released during the 2023 C-SWOT campain.
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PHYTO- AND ZOO-PLANKTON RESPONSE TO EDDIES
IN THE NORTH ATLANTIC

Han G, Quartly G', Chen G, Yang J*
1Plymouth Marine Laboratory

The North Atlantic Ocean is region with two contrasting
regimes. A northern area (circa 35-500N) contains the
Gulf Stream, the Azores Current and many energetic
eddies, and undergoes pronounced wintertime mixing
replenishing the nutrient pool. In contrast, a region
within the North Atlantic Subtropical Gyre (10-250N)
has little mesoscale variability and the generally weak
winds lead to permanent stratification and low
productivity in these oligotrophic waters. Cyclonic and
anticyclonic eddies derived from altimetric sea level
anomaly fields can be combine with synoptic ocean
colour and SST data to show the contrasting behaviour
of these eddies on surface variations of temperature
and chlorophyll concentration. By collating profiles
from Biogeochemical Argo floats, we can explore how
the chlorophyll concentration varies with depth in
eddies in these regions. The raising/lowering of
isopycnal surfaces due to the eddy-pumping mechanism
is shown by both isotherms and the depth of the deep
chlorophyll maximum (DCM); however the associated
changes in nutrient supply and vertical advection of
plankton lead to increased concentrations of chlorophyll
at the DCM in cyclones, but elevated concentrations
reaching deeper in anticyclones. Taking advantage of
multiple towed zooplankton surveys in the northern
region, we can establish that zooplankton numbers are
significantly higher at the edges of anticyclonic eddies
than at their centres. Given that these zooplankton are
incapable of swimming large distances, these findings
show that the conditions on the edge of anticyclonic
eddies are better suited for zooplankton growth. This
confirms the link between distributions of megafauna
(seabirds and turtles) and mesoscale oceanic structures.
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GLOBAL EVALUATION OF LAKE WATER HEIGHT AND
VARIABILITY USING ICESAT-2 SATELLITE ALTIMETRY

Guilhen £, Vayre M, Renou J%, Taburet N, Picot N?
1CLS, °CNES

Satellite altimetry has emerged as a powerful tool for
monitoring water bodies on a global scale. In this study,
we present a comprehensive assessment of lake water
height and variability worldwide utilizing satellite
altimetry data. We used data from the Ice, Cloud and
land Elevation Satellite-2 mission (ICESat-2) ATL13
version 6, from October 2018 to June 2023. It provides
high-resolution measurements of water levels across
various lakes globally, enabling a robust analysis of
temporal and spatial variations. Our methodology
involves the preprocessing of satellite altimetry data to



extract water level measurements over lakes. We
analysed the temporal patterns of water height changes
throughout the whole time period. Preliminary results
provide average water level height for more than one
million lakes around the world. Additionally, our
analysis reveals distinct variabilities in lake water levels,
potentially driven by precipitation, evapotranspiration,
and hydrological inputs. Overall, our study
demonstrates the efficacy of LiDAR satellite altimetry in
evaluating lake water height and variability on a global
scale. The findings provide valuable insights into the
dynamics of lakes worldwide and underscore the
importance of satellite-based remote sensing for water
resource management and climate research.
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USING SPATIAL ALTIMETRY TO CALIBRATE AND
VALIDATE SURFACE WATER STORAGE MODELLING IN
THE FLOODPLAINS OF THE AMAZON BASIN

Guilhen J, Parrens M?, Sauvage S°, MERCIER F*, Al Bitar
A?, Martinez J°, Sanchez-Pérez S

1CLS, 2Dynafor, INRAE, 3Laboratoire Ecologie
Fonctionnelle et Environnement, “*CESBIO, °GET, IRD

Inland surface waters in tropical environments play a
crucial role in both global water and biogeochemical
cycles and are critical for water resources management.
However, spatiotemporal dynamic of freshwaters in
floodplains are still widely unknown and are still not
consistent both at local and large scales. In this study,
we used a transposable methodology coupling in situ
observations, remote sensing, and modelling tools to
better assess the alluvial functioning of the whole
Amazon basin, more particularly over its floodplain
system at a daily time step between 2000 and 2018. We
used the semi-distributed hydrologic Soil and Water
Assessment Tool (SWAT) model with a new hydraulic
module for water routing, as well as a new floodplain
module. The floodplain is implemented either as a
simple reservoir or as a continuum where the water can
flow along the floodplain network. In the SWAT-
FlooPlain model, L-band passive microwaves (SMOS)
data were used for floodplain delineation as inputs
which corresponds to the maximum water bodies
extension. Spatial altimetry (Jason 2-3 and Sentinel-3A)
data were applied both to rivers and floodplain areas
between 2009 and 2018 over the whole Amazon basin
to validate the floodplain module of the model. SWAT-
FloodPlain offers relevant modelling of surface waters in
floodplains both at local and large scale. The calibrated
model for discharge gauging stations shows a mean R? 2
and NSE of about 0.83 and 0.74 for the whole basin and
means R? / RMSE of 0.63 + 0.14 / 0.75 + 0.32 for the
1,100 Jason 2-3 river stations and 0.75 £ 0.14 / 0.65 +
0.14 for the 3800 Sentinel-3A river stations. Concerning
the floodplain virtual stations, there are 840 Jason 2-3
stations with means R? / RMSE of 0.61 +0.16 / 0.72 +
0.28 and there are 2570 Sentinel-3A stations with
average scores of R2 and RMSE of 0.75+0.14 /0.65 *
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0.81. As so, surface water storage in the floodplains of
the Amazon Basin is about 1800 km3 per year, or one
third of the average discharge at the outlet. The
Negro/Branco and Madeira river Basins are the main
contributors in terms of water storage, with respectively
480 km3 and 312 km3 of water stored each year
between 2000 and 2018.
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INDUS  BASIN  WATER  STORAGE  VARIATION
ESTIMATION COMBINING ALTIMETRY AND

GRAVIMETRY DATA SETS

Lefebve f, Biancamaria S*, Blarel F%, Papa F, Blazquez
Al
1LEGOS, Université de Toulouse (CNES, CNRS, IRD, UT3)

At global scale, South Asia's rivers are one of the main
sources of freshwater to the oceans. However, their
temporal variability and the causes of these variations
are still subject to considerable uncertainty. Among
these basins, the Indus, a transboundary river, is
characterized by a lower discharge at its outlet than
other major rivers in the region (such as the Ganges-
Brahmaputra, Mekong, Irrawaddy and Godavari),
despite a larger drainage area. This difference can be
explained not only by the hydrology of the basin, but
also by an a priori higher level of anthropization
(numerous reservoirs along the river network) than
other basins in the region. However, even though there
are several in situ water level/discharge stations in this
basin, there is a lack of freely accessible data to
characterize the spatio-temporal variability of water
stored in the Indus and its sub-basins.

Remote sensing data can help to fill this observation
data gap at basin scale. In this study, we compute river
discharge and lake volume change over the Indus basin
from 30 years of altimetry data (Topex/Poseidon, ERS-2,
Jason1, Envisat, Jason2, Saral/Altika, Jason3, Sentinel3A,
Sentinel3B, Sentinel6 and SWOT) and compare them
with the total terrestrial water storage from 20 years of
gravimetry data (GRACE, GRACE FO)
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DEEP TOPOGRAPHIC PROFILE REGRESSION USING
SATELLITE RADAR ALTIMETRY OVER ANTARCTICA

Phillips /-, McMillan M
Lancaster University

Between 1992 and 2020, the Antarctic Ice Sheet (AlS)
lost approximately 2671 + 530 billion tonnes of ice,
contributing to a global sea-level rise of 7.4 + 1.5 mm.
Continuous and detailed monitoring is crucial for
tracking these processes.

Our understanding of how ice sheets are changing is
largely informed by satellite observations, with the



longest continuous record coming from the technique
of satellite radar altimetry. While satellite radar
altimetry provides valuable data, current methods for
extracting elevation measurements have limitations,
especially over complex topography like the Antarctic
coast and Peninsula.

Leveraging deep learning, we present a novel approach
for estimating across-track surface topography directly
from the detected power waveform, without the need
for conventional L2 processing steps such as retracking
and echo relocation. This is done using Synthetic
Aperture Radar Interferometric (SARIn) mode
observations from CryoSat-2 (CS2) and the Reference
Elevation Model of Antarctica (REMA). By interpolating
REMA within the illuminated footprint of each CS2
observation, we obtain a 15 km-wide, 30-point target
topographic profile for each 1024-bin waveform.
Filtering based on a rudimentary waveform simulator
and balancing across topographic complexity, we obtain
a final dataset comprising 1,000,000 labelled
observations from 2014-2017.

Utilising ResNet-RS, a modified ResNet-D architecture,
we achieve a preliminary Root Mean Square Error
(RMSE) of 26.3 + 9.23 m. While this is large, we highlight
that performance is limited by the fact satellite radar
altimetry is a 1D process, meaning there exists a
distribution of possible topographic profiles for each
waveform. Therefore, our model provides insights into
the mean of the distribution of topographic profiles for
each waveform, with future work aiming to model the
underlying distributions themselves. Despite these
challenges, our analysis demonstrates that our model
successfully captures the large-scale topographic profile
geometry in the vast majority of cases.

In summary, this preliminary study underscores the
potential of deep learning approaches in advancing our
understanding of Antarctic ice sheet dynamics, offering
a pathway for more detailed and robust monitoring
strategies in the context of ongoing climate change.
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THE LONGEST SINGLE SATELLITE ALTIMETRY RECORD
FOR  OCEANS: CRYOSAT OCEAN  PRODUCTS
VALIDATION AND SCIENCE

Banks C, Calafat F?, Di Bella A’

INational Oceanography Centre, *University of the
Balearic Islands, Spain/National Oceanography Centre,
3European Space Agency

14 years since ESA launched the innovative Synthetic
Aperture Interferometric Radar Altimeter (SIRAL)
onboard CryoSat-2, the data continue to update our
understanding of how the oceans work. By exceeding its
expected lifetime, CryoSat-2 provides the longest data
record of the sea surface height anomaly (SSHA),
significant wave height (SWH) and wind speed (WSP)
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measurements from a single instrument. CryoSat-2
pioneered the use of delay doppler (SAR) altimetry that
has since been adopted for subsequent ESA nadir
altimeters.

Since 2014, a dedicated ocean processor has provided
CryoSat Ocean Products (COP) at different latencies
(near-real time, a few days and about a month); here
we only consider the approximately 30-day latency
Geophysical Ocean Product (GOP). 2024 sees the
implementation of an improved operational processor
and the release of new operational products (Baseline
D), followed by a full mission reprocessing. This
reprocessing will further improve the quality of the
global and regional mean sea level timeseries available,
alongside timeseries in SWH and WSP.

This study is part of a larger ESA funded project
concerned with ensuring the quality of the SIRAL data
(CryOcean-QCV) including routine daily and monthly
quality reports (available from
https://qras.earth.esa.int/?mis=CryoSat&ins=SIRAL).
Beyond presenting the validation of COP we look at
additional work on a longer time-series including
comparisons of SSHA/SWH/WSP trends regionally and
globally. We incorporate additional data sources and
comparisons to extend the assessment of the data (e.g.
comparison with additional tide gauges or ERA5 wind
speed).

Finally, we present findings of novel local/regional
studies on the utility of SIRAL data for investigation of
specific oceanographic features.
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OPERATIONAL LAKES AND RIVERS WATER LEVEL
MONITORING IN NEAR REAL TIME USING THE
SATELLITE ~ ALTIMETRY NADIR  CONSTELLATION:
CONTRIBUTIONS FROM HYDROWEB AND COPERNICUS
GLOBAL LAND SERVICES

Taburet N, Guilhen J:, Vayre M, Calmettes B, Barroso
T?, Cretaux J°, Calmant §°
1CL$, 2CNES, 3LEGOS/IRD

With the increasing demography, inland water face
mounting pressures to meet population needs
presenting both a crucial resource and a significant
societal risk for local populations. It is also a
fundamental element for industry and agriculture,
therefore becoming an economic and political stake.
The monitoring of inland water level, proxy to surface
freshwater stocks, conditions of navigability on inland
waterways, discharge, flood risk management, is thus
an important challenge. With the decreasing number of
publicly available in situ water level records, the
altimetry constellation brings a powerful and
complementary alternative.



The HYSOPE software was designed by Legos and Cnes
to operationally process altimetric data and to generate
water level timeseries products with their associated
uncertainties over rivers and lakes worldwide. Thanks to
the combined support of CNES (THEIA Hydroweb) and
the European Copernicus program it provides the Water
Level timeseries since 2017 in the Copernicus Global
Land Service. The number of operational products is in
constant augmentation as a result of evolutions to
successively integrate the Sentinel-3A, Sentinel-3B
missions. This allowed to define new targets as well as
Sentinel-6MF to ensure continuity of the historical Jason
series. Successive upgrades of Open Loop Tracking
Commands onboard the satellites are also valued by
continuously adding new rivers and lakes targets. This
yields to an operational monitoring of more than 22000
virtual stations over rivers and 250 lakes worldwide (as
of February 2024).

The accuracy of reconstructed water level timeseries
from nadir altimetry can be affected by various factors,
among which is the satellite excursion within a 1km
deadband (requirement for the Copernicus missions)
around its theoretical ground track. The last evolution of
the HYSOPE processing workflow integrates a river slope
correction to account for such satellite excursion
effects, exploiting river slope databases derived from
IceSat2 data (IRIS) and will soon benefit from slopes
estimates from SWOT data.

This presentation will detail the validation and benefits
of this algorithmic evolution, then comparing the
timeseries of the virtual stations with that of in situ
gauging stations (e.g. French network Schapi), as well as
results from the regular quality assessment of the
produced water level timeseries.
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SEA-ICE DETECTION FROM SWIM OFF NADIR BEAMS:
FOCUS ON WAVE FORECASTING IN POLAR OCEANS

Gounou A, Aouf L%, Peureux C3, Hauser D?, Ollivier A3,
Hazan D°, Tourain C°
1Cs Group, ?Meteo France, 3CLS, *LATMOS CNRS, °CNES

An algorithm based the analysis of SWIM off nadir
beams has been developed to detect sea ice presence
(Peureux et al.2022). The algorithm uses geophysical
Model Function (GMF) for NRCS signatures over open
water and sea ice. The probability of sea ice presence is
estimated by comparing the observed sigma0 profiles
with GMFs using a Bayesian approach. The results of
this algorithm have been validated in comparison with
OSI-SAF sea ice products and show a good consistency.

Since the beginning of 2023, this algorithm is operated
on a daily basis and the output files are broadcast via
AVISO website. A global gridded sea ice product with a
resolution of 0.5°x0.5° is also available as a
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demonstrational datasets covering the whole mission
period (2019-present).

More than 5 years of sea ice probability jointly with
directional wave spectra from SWIM are available to
investigate wave-ice interactions, which are not
accounted in most of the climate models.The SWIM sea
ice data have been used as a forcing in the wave model
MFWAM in order to evaluate the impact on the wave
forecast in polar oceans, particularly in the Marginal Ice
Zone of Antarctica. Several model runs are performed in
Austral and boreal summer. Validation of wave
parameters such as Significant wave height from model
runs has been performed with Sentinel-3 altimeter
wave data. Comparisons of model integrated wave
parameters with available drifting wave buoys have also
been investigated.
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SHELF/DEEP-OCEAN
ATLANTIC

Matano R, Combes
1Ceoas, Oregon State University, ?2Institut Mediterrani
d’Estudis Avang¢ats

INTERACTIONS IN  THE SW

This presentation summarizes the main achievements of
our efforts to characterize the interactions between the
shelf and the deep-ocean circulation in the
southwestern Atlantic. This region is one of the
fundamental sources for the primary productivity cycle
of the Southern Ocean. The SW Atlantic shelf is the
largest continental shelf area in the Southern
Hemisphere, exporting highly fertilized waters into the
Southern Ocean. In this presentation we summarize the
characteristics of these flows (volume transport,
detrainment location, temporal variability, etc.) and
identify their dynamical drivers. We show that the
boundary currents surrounding the continental land
mass (ACC, Malvinas and Brazil currents) regulate the
shelf/deep-ocean exchanges by entraining, on the one
hand, deep-ocean waters onto the northern and
southern portions of the shelf and detraining, on the
other hand, shelf waters from its middle region. These
interactions generate a frontal system that extends
from the shelf to the deep-ocean and which has no
equivalent in any other region of the world ocean.
Besides the transports of nutrients, the cross-shelf
exchanges also carry large volumes of fresh water into
the South Atlantic, thus creating a region with large SSS
gradients. This presentation combines synergistic
analyses of different types of satellite data, in-situ
observations and model data produced by a suite of
dedicated numerical experiments. Our analysis also
considers the impacts of climate changes on the
circulation and shelf/deep-ocean interactions of this
region.
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ANALYSIS OF FINE-SCALE DYNAMICS IN THE BALEARIC
SEA THROUGH HIGH-RESOLUTION IN-SITU
OBSERVATIONS, MODELLING, AND SWOT SATELLITE
DATA

Verger-Miralles E, Mourre B*?, Barceld-Llull B!, Gémez-
Navarro L', Cutolo E3, Tarry D?, Zarokanellos N?, Pascual
Al

nstitut Mediterrani d’Estudis Avangats, IMEDEA (CSIC-
UIB), 2Balearic Islands Coastal Observing and
Forecasting System (SOCIB), 3IMT Atlantique, *Applied
Physics Laboratory and UW

The FaSt-SWOT experiments aim to integrate SWOT
measurements with in-situ observations from two high-
resolution multi-platform field campaigns and advanced
data assimilative models. The goal is to evaluate the
satellite's performance, characterize fine-scale dynamics
(10-100 km), and quantify associated horizontal and
vertical transports. The FaSt-SWOT experiments were
specifically designed to collect multi-platform in-situ
observations within the swath of the SWOT satellite for
validation, focusing on the area around the Balearic Sea.
The campaigns took place in April and May 2023 and
involved the simultaneous use of various ship-based
instruments (CTD, Moving Vessel Profiler (MVP),
thermosalinograph, ADCP, GoPros), autonomous
platforms (surface drifters and gliders), and satellite
observations (SST, ocean color, altimetry). The sampling
location was defined a few days before the first
experiment based on the presence of a remarkable
small-scale anticyclonic eddy (~20 km diameter)
detected in SST imagery and in the trajectory of a drifter
within one of the SWOT swaths north of the Ibiza Island.
Subsequent SST and ocean color maps showed the
temporal evolution of the sampled eddy, which evolved
into finer-scale features. Therefore, the context was
ideal for analyzing SWOT's capability to detect this type
of small structures.

This poster will present the results of a data integration
approach that combines high-resolution in-situ
observations collected during the FaSt-SWOT
experiments, utilizing a Moving Vessel Profiler (MVP), a
rosette CTD, an ADCP, and two gliders that conducted
back-and-forth transects along the satellite swath. In
particular, we will discuss the processing of ~ 1000 MVP
profiles of temperature and salinity, along with the
cross-calibration performed between CTD, MVP, and
glider measurements. This step is crucial to ensure the
provision of accurate and reliable quality-controlled
observations. The integration also includes altimetric
measurements, with a specific focus on the SWOT data
provided during the experiments. Additionally,
numerical models, such as the WMOP, with resolutions
reaching up to 650 m, have been incorporated into the
analysis.

The analysis and reconstruction of the field using these
diverse datasets provide an overview of fine-scale

86

dynamics in the study area, revealing detailed spatial
and temporal patterns.

131

THREE DECADES OF ALTIMETRY DATA RECORDS AND
PROGRESS: GLOBAL WATER MEASUREMENTS OF
SURFACE ELEVATION OVER LAKES, RESERVOIRS,
WETLANDS, AND RIVERS

Ricko M2, Birkett C', Yang X*2, Yi C*3, Barbieri K3, Hao
W4
INASA GSFC, 2KBR, 3$$AI, 4GST at NOAA/NESDIS/STAR

The Global Water Measurements (GWM) system and
web portal is a NASA/USDA funded program which
offers recent and historical products of surface
elevation variation for lakes, reservoirs, river reaches,
and wetland zones. These are provided by a suite of
satellite-based radar altimeters and potentially span up
to 31 years in length. The program fulfills NASA
requirements of creating long-term, high-quality, Earth
Data Records, but also serves stakeholders including the
USDA/Foreign Agricultural Service (for the Global
Reservoirs and Lakes Monitor or G-REALM)
applications), the US Geological Survey, USACE/NGA,
and various Wetland-related organizations.

Progress to improve the surface elevations
measurements over inland water bodies and the along
track resolution (minimum water body width) includes
exploration of: i) use of the Open Loop acquisition
(DEM) mode, ii) the high resolution (Doppler) radar
altimetry Range estimates, iii) the FF-SAR Range
measurements, and iv) the high-resolution microwave
radiometer-based wet tropospheric correction. Ongoing
surface acquisition checks and feedback to the CNES
continues to focus on the success or failure of the
Sentinel-6 and Sentinel-3 on-board DEM'’s. This is done
on a case-by-case basis, contributing to the improved
DEM which is being updated once per year, though the
potential of a new ICESat-2/GEDI DEM is being explored
for a more global approach.

In addition, more recent observational parameters from
the laser-based ICESat-2 mission, and the enhanced
SWOT KaRlIn instrument and the SWOT profiling radar
altimeter (RA), are also being explored to meet various
end user requirements and provide new products via
the GWM and G-REALM portals. The profiling SWOT RA
is to be integrated into G-REALM as per USDA’s request
to increase the number of lakes and global coverage
being monitored. The ICESat-2 data continue to be used
as a validation tool for radar-derived surface elevation
products, but the laser measurements will be integrated
into the GWM system for more high-latitude targets, to
address complex lake dynamics (water storage
variability) and river dynamics (discharge variability). It
will further showcase the advantages of fusing
lidar/radar datasets and test if SWOT/KaRIn data can be
used to cross-validate the ICESat-2 measurements.



The resulting GWM measurements will be a
combination of surface water level and slope, surface
water extent, water storage and basin bathymetry, with
a suite of Status Indicators which highlight deviations
from long-term and seasonal averages. While ongoing
Level3+4 surface water products are being directed by
end user requirements, the overriding NASA objectives
are to continue with the successful formation of high-
quality Earth Data Records from multiple instrument
platforms.
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MAPPING THE DIRECTIONAL SEA SURFACE SLOPES
WITH SWOT AND ICESAT-2

Nilsson B, Andersen O*
IDTU Space, National Space Institute

Over 70% of the world is covered by oceans, from which
we for the most part lack high-resolution bathymetry
maps, achievable from sonar. Observations from
satellite altimeters are thereby a key part of the global
mapping of the marine gravity field and bathymetry.
Monitoring sea surface heights and sea surface slopes
from conventional satellite altimetry enables us to
determine the marine gravity field to a few mGals,
however, improvements are challenging.

One major challenge lies in the sampling geometry, as
conventional satellite altimetry observes along-track sea
surface heights and relies on several passes to
determine across-track sea surface slopes. This results
in the north-south direction being better determined
than the east-west direction. Therefore, being able to
determine the directional sea surface slopes, we would
achieve a large improvement in the ability to map the
marine gravity field. With the new swath-altimetry
achieved from the KaRlIn instrument on the Surface
Water and Ocean Topography (SWOT) satellite, we
obtain 2-dimensional observations of the ocean surface.
From these observations, it is possible to determine the
directional sea surface slopes for a single pass.

Using this new SWOT level 2 data, we present
directional sea surface slopes associated with
underwater seamounts and observe major
improvement in resolution with the use of SWOT data.
To characterize these, we use observations from the
ICESat-2 satellite. We utilize the geometry of the ICESat-
2 satellite, which due to its three parallel beams is also
able to characterize the across-track sea surface slopes.
We determine the difference in sea surface height
between the parallel beams to achieve along-track and
across-track sea surface slopes. With this method, we
achieve promising results, and we can therefore
compare the two satellites SWOT and ICESat-2 at
crossover points to determine the relative performance.
The characterizing and validation of the new swath-data
from SWOT is of major importance for the improvement
of the global mapping of the marine gravity field.
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30 YEARS OF SEA LEVEL  MULTI-MISSION
REPROCESSED TO  IMPROVE  CLIMATE  AND

MESOSCALE SATELLITE DATA RECORD

Kocha C, Lievin M, Philipps S*, Pageot Y*, Rubin C°,
Dibarboure G?, Nogueira-Loddo C3, Denis I, Guinle T?
1CLS, 2CNES Centre National d'Etudes Spatiales,
3EUMETSAT, “CELAD, °ALTEN

Since the launch of TOPEX/Poseidon 30 years ago, more
than 15 other Altimetry missions were launched. They
are operated by different agencies with different
instruments and orbit. We learn a lot from these
differences by comparing them all together. Our goal is
to inter-calibrate all missions and provide as much as
possible the same up to date corrections. It allows us to
build a precise sea level at mesco-scale for level 3
CMEMS (Copernicus Marine Service) products and to
have consistent time series in the last 30 years at
climatic scales for C3S (Copernicus Climate Change
Service).

30 years of sea level multi-mission were reprocessed
and released early 2024. We present here the last
improvements on sea level corrections (ocean tide,
mean sea surface, ...), improvements on instruments
algorithms (including level 2 reprocessing of most
reference missions, among others). We show the inter-
calibration method used to reduce regional inter-
mission bias, and the contribution of the new regional
reference mission Copernicus mission Sentinel-
6A/Jason-CS. We show here how continuity of sea level
observations is ensured into a fourth decade.

In the frame of the SALP (Service d’Altimétrie et de
Localisation Précise) project supported by CNES (Centre
National d’Etudes Spatiales) and of the Sentinel Marine
Altimetry L2P-L3 Service (in cooperation agreement
with EUMETSAT in the frame of the Copernicus
Programme funded by the European Union) level 2P
data are available to users for all the altimeter missions
(TOPEX/Poseidon, Jason-1/2/3, ERS-1/2, Envisat,
Saral/AltiKa, Sentinel-3A/B, Sentinel-6A, GFO, Cryosat-2,
HY-2A/B, SWOT Nadir) on AVISO+(
https://www.aviso.altimetry.fr/en/data/products/sea-
surface-height-products/global/along-track-sea-level-
anomalies-12p.html ) and L3 on CMEMS catalogue
(https://marine.copernicus.eu).
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HOW FAR DOES RIVER FLOODING CHANGE THE
MORPHOLOGY OF A FLOODPLAIN? A CASE STUDY
USING UAV IMAGES ANALYSIS RELATED TO SENTINEL-
3A SATELLITE ALTIMETRY ON THE ODRA RIVER,
POLAND.

Remisz [, Witek M?
1University of Wroclaw, 2University of Wroclaw

This study is a part of a larger research project that
includes regular Odra River observations at the virtual
stations of the Sentinel-3A satellite. The fact that a flood
event occurred in early 2024 provided an opportunity to
observe how morphology of the Odra River floodplain
changed.

In its middle section, the Odra River is a lowland river
with small channel slope. Historically, its course was
marked by a meandering pattern along almost the
entire length of the valley. Nowadays, it is a regulated
river with numerous anthropogenic, hydrotechnical
structures within the channel and in its vicinity. The
construction of flood embankments has prevented
flooding of large areas. As a result, flood waves are
shorter and water level on the floodplain between the
embankments is higher. This increase in dynamics has a
negative impact on the structure of the riverbed,
floodplain, the banks and their nearest surroundings.
Material carried by the river is accumulated in the
flooded areas, the sections of the river with river
groynes, may also be subject to small bank erosion,
deepening of flood channels and dynamic sediment
deposition into the bays between the groynes.

Regular (2021-2024) field campaigns were carried out
on eight two kilometre-long sections of the river, which
are ungauged river sections. As part of the field
campaigns, close-range visible-light (RGB) aerial images
were taken by unmanned aerial vehicles (UAV). The
photogrammetric material was collected for the
selected area and the preliminary studies were carried
out. A number of numerical terrain models were
created for the observed areas. An attempt was made
to compare the elevation data. It was used as a starting
point for investigations into changes in floodplain
morphology. The results were compared with altimeter
measurements to see if altimetric data captured the
flood event. An attempt was made to compare the
elevation data was a relationship with flood events. It
was also investigated whether the changes were more
pronounced after such an event. Initial studies show
that altimetric water level measurements can help to
determine from what water level height we can expect
to see modifications in the floodplain morphology.

The research has been conducted in frame of the
project no. 2020/38/E/ST10/00295 within the Sonata
BIS programme of the National Science Centre, Poland
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THE OPERATIONAL FRAMEWORK OF THE SURFACE
WATER AND OCEAN TOPOGRAPHY RIVER DISCHARGE

Oubanas H-°, Malaterre P, Durand M?, Gleason C,
Larnier K*

1INRAE, ’The Ohio State University, 3The University of
Massachusetts Amherst, *CS Group, >NASA Jet
Propulsion Laboratory

The Surface Water and Ocean Topography (SWOT)
mission, launched on December 16th, 2022, marks a
significant milestone as the first satellite mission
designed to monitoring Earth's continental waters. After
a successful launch, SWOT started operations in its daily
calibration-validation orbit for an initial 3-month period
before transitioning to its scientific orbit, with a 21-day
repeat cycle. This satellite mission holds the promise of
revolutionizing hydrological science by providing crucial
insights into river dynamics such as simultaneous water
surface elevation, width, slope, as well as discharge,
particularly for rivers exceeding widths of 50 meters.
Notably, SWOT has unprecedented accuracy at reach-
scale levels, achieving precision levels of 10 centimeters,
15%, and 17 millimeters per kilometer for elevation,
width, and slope measurements, respectively. One of
the most valuable outcomes of SWOT is the global
product of discharge. It is estimated using SWOT
discharge algorithms, which combine its measurements
with ancillary global databases while leveraging various
hydraulic approaches and advanced inverse methods.

To ensure timely production of these estimates at a
global scale, discharge algorithms have been
implemented on the Confluence computational engine,
which runs the entire production chain on Amazon Web
Service. Tests on the SWOT data have been performed
on CalVal sites to assess its performance in capturing
daily dynamics. Since SWOT discharge algorithms are
applied at individual or contiguous sets of reaches
between tributaries, Integrators are designed to
harmoniously "integrate" reach-scale results across
extensive river networks.

Acknowledging the diverse applications of SWOT
discharge data, two distinct branches of discharge
estimates will be disseminated: "gage-constrained" and
"unconstrained" discharge. The "gage-constrained"
discharge will be complemented by in-situ
measurements, ensuring enhanced accuracy and
reliability. Conversely, the "unconstrained" discharge
will solely rely on SWOT measurements, providing
valuable insights into ungaged basins where
conventional in-situ measurements may be lacking.
These two branches of discharge data aim to cater to a
diverse range of applications, each meeting specific
requirements in terms of accuracy and applicability.

With its unprecedented capabilities, SWOT promises to
unlock new frontiers in hydrology. The new data will
contribute to significant advancements in various fields



and foster sustainable practices for the benefit of
present and future generations.
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CLEV2ER: THE CRISTAL LEVEL-2 PROTOTYPE
PROCESSORS AND R&D FOR LAND ICE AND INLAND
WATER

McMillan M, McMillan M, Scagliola M8, Bouffard Jé,
Cipollini P°

1CPOM Lancaster University, ?UCL, 3Earthwave, *Ebrenn,
%isardSAT, 6CLS, ’DTU, 8ESA-ESRIN, °ESA-ESTEC

Satellite radar altimetry has provided a near-continuous
record of Earth’s topography for over three decades,
delivering invaluable measurements of Earth’s ice and
inland water surfaces. From the pioneering
measurements of ERS-1 in the early 1990s to the latest
observations acquired by CryoSat-2 and the Copernicus
Sentinel-3 satellites, this unique record has transformed
our ability to monitor Earth’s surface dynamics, leading
to significant advances in our understanding of the
environment under a changing climate. Scheduled for
launch towards the end of this decade, the Copernicus
Polar Ice and Snow Topography Altimeter (CRISTAL)
mission represents the next generation of polar-orbiting
radar altimeters. As such, it will introduce a number of
innovations relative to its CryoSat-2 heritage, including a
dual-frequency Ku-Ka radar altimeter, comprehensive
Ku interferometric SAR acquisitions over ice surfaces, an
increased bandwidth, and Open Loop tracking. These
innovations will, ultimately, drive improved
measurements and monitoring of various Earth system
components, including sea ice thickness, ice sheet and
glacier elevation, inland water level and ocean surface
topography.

This presentation will introduce early results from the
‘CRISTAL LEVel-2 procEssor prototype and R&D
(CLEV2ER): Land Ice and Inland Water’ study, which
aims to (1) design and build the Level-2 thematic
processor protoypes for land ice and inland water
surfaces, and (2) support the further development,
implementation and evolutions of the CRISTAL Level-2
product and algorithms, through the targeting of
outstanding scientific and technical questions relating to
these specific domains. Here we will report the progress
achieved during the first year of the project, and also
present preliminary findings from a number of the
dedicated R&D studies. This work will support the
continued development and increased scientific
readiness of CRISTAL in the years leading up to launch
and operations, as the mission progresses through
Phase C/D/E1.
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ENHANCED ICEBERG MEASUREMENTS FROM CRISTAL
MISSION

z

Ldpez-Zaragoza F, Garcia-Mondéjar Al, Tournadre J?,
Tsamados M?, Brockley D*, Scagliola M°, Bouffard J°,
Cipollini P”

lisardSAT, 2IFREMER, 3University College London,
“Mullard Space Science Laboratory, >RHEA / ESA - ESRIN,
SESA - ESRIN, 7ESA — ESTEC

The Copernicus Polar Ice and Snow Topography
Altimeter (CRISTAL) mission, planned to be launched in
2027 has as main payload a dual Ku/Ka-band altimeter,
interferometric in Ku, with specific transmission pulse
sequences designed to enhance the performances over
sea and land ice. The mission plans to have OB (Open
Burst) SARIn acquisitions over sea ice and iceberg zones,
taking onboard heritage interferometric capabilities
from CryoSat-2, and continuous transmission-reception
pulse by pulse from Sentinel-6 Michael Freilich. Thanks
to the open burst, Fully Focused processing can be
incorporated into the operational L1 production yielding
enhanced along track resolution capabilities.

For iceberg measurements, with reference to the
current methods described in [Tournadre et al. 2008],
CRISTAL will have clear capabilities. The use of Fully
Focused (FF) waveforms instead of Unfocused opens
the door to improved retrieval of the shape of the
icebergs. This can be already explored in Sentinel-6 data
over icebergs. Fully Focused Multilooked waveforms can
be generated at very high along-track resolution, for
instance every 10 metres, whereas the unfocused SAR
waveforms will have the nominal 300 metres resolution.
This increase in resolution will help address both
iceberg detection and volume change user
requirements. The combination of FFSAR and
interferometric acquisition at Ku band allows in
principle the estimates to be extended in the across-
track direction, and further R&D activity is foreseen to
exploit the Ka band waveforms together with FFSARin
waveforms at Ku band.

Within the CLEV2ER Sea Ice and Icebergs project for the
design and implementation of the Ground Prototype
Processor (GPP), state-of-the-art algorithms for iceberg
detection and volume estimation are being included in
the GPP as part of the first development iteration. This
allows an early assessment of the performance of these
algorithms with data simulated or adapted from other
missions. These algorithms will be further tuned to
CRISTAL data, and detection and estimation methods
suitable for FF-SARIn data will be developed.

In this work we will present the assessment of the
CRISTAL iceberg detection and volume estimation
performances based on the combined use of CyoSat-2
and Sentinel-6 together with CRISTAL simulated data.



[1] Tournadre, J., K. Whitmer, and F. Girard-Ardhuin
(2008), Iceberg detection in open water by altimeter
waveform analysis, J. Geophys. Res., 113, C08040,
doi:10.1029/2007)C004587.
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CRYO-TEMPO: EXPANDING THE RADAR ALTIMETRY
PORTFOLIO WITH CRYOSAT-2 THEMATIC PRODUCTS
OVER LAND AND SEA ICE, POLAR AND COASTAL
OCEANS, AND INLAND WATERS

McMillan M., The Cryo-TEMPO Consortium®, Di Bella A?,
Bouffard S
1CPOM Lancaster University, 2ESA-ESRIN

Since its launch in 2010, CryoSat-2 has continued the
long-term radar altimeter record, and provided over a
decade of measurements with which to monitor and
understand our changing planet. With its unique orbit
and payload, not only has CryoSat-2 far exceeded its
primary mission objectives over both land and sea ice,
but it has also delivered scientific and methodological
advances across a diverse range of applications.
Although these datasets have historically been
processed by ESA to Level-2, following consultations
with the wider community, it has become increasingly
clear that there is significant untapped value that can be
realised by expanding the user-base through the
development of dedicated L2P Thematic Products.
Crucially, this requires simplified, agile and state-of-the-
art products and processing flows, which deliver an
easy-to-use dataset whilst maintaining the native along-
track sampling of the original Level-2 products. Thus,
ESA has embarked on a new path towards developing
CryoSat-2 Thematic Products, which aim to drive further
innovation and exploitation, and have created a model
that has now been replicated across other radar
altimeter missions.

Here, we present the latest results from Cryo-TEMPO,
an ESA-funded study that began in October 2020 with
the goal of delivering a new era of innovative CryoSat-2
Thematic Products over five domains; land ice, sea ice,
polar ocean, coastal ocean and inland water. The over-
arching objectives of Cryo-TEMPO are (1) to implement
dedicated, state-of-the-art processing algorithms over
each thematic domain, (2) to develop agile, adaptable
processing workflows, that are capable of rapid
evolution and processing at high cadence, (3) to create
products that are driven by, and aligned with, user
needs; thereby opening up the data to new
communities of non-altimetry experts, and (4) to deliver
transparent and traceable uncertainties associated with
each thematic parameter. In this poster presentation
we shall provide an overview of the project, a review of
the current generation of these thematic products, and
a look forward to the evolutions that are being
implemented within the next phase of the study.
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A 30-YEAR RADAR ALTIMETRY RECORD OF ICE SHEET
ELEVATION AND MASS CHANGE

McMillan MY, Maddalena /*, Wassink R, Phillips J*, Muir
A’, Otosaka P, Slater T°, Shepherd A3

1CPOM Lancaster University, 2UCL, 3Northumbria
University

The response of the ice sheets to changing
environmental conditions is a key climate variable and
critical to determining the ice sheet contribution to
global mean sea level. The UK Centre for Polar
Observation and Modelling (CPOM) has been at the
forefront of this endeavor, monitoring ice sheet
elevation, volume and mass changes over Greenland
and Antarctica using the long term record of satellite
radar altimetry spanning ERS-1, ERS-2, Envisat, CryoSat-
2 and Sentinel-3. Here, we present the comprehensive
datasets generated by CPOM using satellite radar
altimetry within the context of the UK’s Earth
Observation Climate Information Service, and provide
analysis of the ongoing changes of Earth's ice sheets.

In this presentation, we provide an overview of our
datasets, including data sources, spatial and temporal
coverage, and potential applications. Our ice sheet-wide
datasets over Greenland and Antarctica span three
decades enabling the identification of long-term trends.
We make use of the latest satellite altimetry products,
including ESA’s CryoSat ThEMatic PrOducts (Cryo-
TEMPO), the Sentinel-3 Thematic Ice Sheet product, and
the ERS-1, ERS-2 and Envisat Fundamental Data Records
for Altimetry (FDR4ALT) products, in order to quantify
ice sheet elevation and mass change over the past three
decades. We also utilise the elevation change datasets
to demonstrate how other important geophysical
information can be retrieved, such as estimates of
seasonal elevation change and runoff that have been
developed within ESA’s Earth Observation for Surface
Mass Balance and 4D-Greenland projects.
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A FAST-TIME COMPLEX CORRECTION FOR THE END-
TO-END RANGE [IMPULSE RESPONSE OF THE
SENTINEL-3 AND SENTINEL-6 ALTIMETER SYSTEMS

Garcia-Mondéjar A, Dinardo S°, Gémez Olivé AL, Garcia
P, Fornari M?, Cullen R*, Martin Puig C?, Scharroo R?
lisardSAT, 2EUMETSAT, 3RHEA / ESA - ESTEC, “ESA —
ESTEC

Continuing the work presented at 12th Coastal
Altimetry Workshop by Abileah & Vignudelli [1], we
studied a fast-time complex correction to the end-to-
end range impulse response (RIR) of the Sentinel-3 and
Sentinel-6 altimeter systems.



This complex correction can calibrate any instrumental
and antenna distortions out over the whole mission
time (like RIR asymmetries, RIR main-lobe widening,
antenna imperfections, etc.) and hence is expected to
improve the quality and fidelity of the end-to-end RIR of
the altimeter system.

The first step of this correction consists in the
estimation of the amplitude and phase distortions of
the CAL1 internal path. This is performed by means of
the CAL-1 SAR I/Q calibration data, estimating the fast-
time (i.e. in range) amplitude and phase distortions over
the mission time and comparing it with the ideal PTR
amplitude and phase.

The impact of the CAL1 component is very different
between the SRAL and POS4 cases. Given the digital
architecture of POS4 altimeter, the POS4 CAL1 phase
distortions are (as expected) negligible and steady in
time, with a peak-to-peak error in Ku-Band of around 1
degree. In the case of SRAL, the CAL1 phase distortion
resembles a steady (in time) parabolic-shape curve, with
peak-to-peak error in Ku-Band of around 10 degrees [2].

The second component of the end-to-end correction is
composed by the antenna amplitude and phase
distortions, as these have been measured in the pre-
launch antenna characterization test reports. The final
end-to-end complex correction is computed as the
inverse of the estimated CAL1 + antenna amplitude and
phase distortions.

This final complex correction has been applied to a
theoretical squared sinc function (i.e. ideal RIR) and
compared to the end-to-end RIR currently observed
over corner reflector (CR) in Fully-Focused SAR, once
this latter one has been averaged for several CR passes.

The performances over CR and natural targets (Salar
Uyuni, Etosha Pan) will be presented to demonstrate
the improvements provided after the correction is
applied.

The findings of this study lead to revisiting the internal
calibration strategy for future altimeters, and to
reevaluate the current processing approach for CAL1 in
the on-ground processors.

[1]: R. Abileah, S. Vignudelli: A phase error in Sentinel-3
Individual Echoes, and how to correct the error in post
processing, 12th Coastal Altimetry Workshop, Cadiz,
2023

[2] Salvatore Dinardo; Ron Abileah; Stefano Vignudelli;
Walter H.F. Smith; Bruno Lucas; Remko Scharroo. A
Fast-Time Amplitude and Phase Correction for the
Global Range Impulse Response of the Sentinel-3
Altimeter System, 8th Sentinel-3 Validation Team
Meeting, Darmstadt , December 2023
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COASTAL EVALUATION OF THE FIRST THREE YEARS OF
SENTINEL-6MF HIGH-RESOLUTION WET
TROPOSPHERIC CORRECTION

Vieira %, Fernandes J*?, Aguiar P*?, Ldzaro C*?
IDGAOT, Faculdade de Ciéncias, Universidade do Porto,
2Centro Interdisciplinar de Investiga¢cdo Marinha e
Ambiental (CIIMAR)

In orbit for more than three years, Sentinel-6 Michael
Freilich (S6MF) satellite carries the Advanced
Microwave Radiometer for Climate (AMR-C) for the
estimation of the wet tropospheric correction (WTC) of
S6MF altimeter observations, with channels at 18.7,
23.8 and 34 GHz. Compared to the previous reference
missions, this instrument contains additionally a High-
Resolution Microwave Radiometer (HRMR) with
channels at 90, 130 and 166 GHz, allowing a better
spatial resolution for enhanced measurements of
atmospheric parameters in coastal zones. The current
S6MF radiometer products in baseline FO8 provide two
different WTC fields: amr_wet_tropo, computed from
AMR measurements alone, and rad_wet_tropo,
computed from the combination of AMR and HRMR
measurements.

Motivated by this new high-resolution WTC, this study
aims at inspecting the differences between the two
provided corrections and evaluating the actual impact
of the HRMR in the retrieval of the WTC over coastal
regions. For this task, S6MF Climate-quality AMR Level 2
NTC (Non-Time Critical) Products, at 20 Hz, from
EUMETSAT Data Store have been used, available since
the start of mission. This study includes three main
parts: 1) assessment of the availability of each WTC; 2)
analysis of the differences between them, mainly
function of distance to the coast; and 3) evaluation of
these differences when compared with independent
data, e.g., from GNSS coastal stations and with a GPD+
WTC.

Regarding the availability of the WTC computed with a
combination of AMR and HRMR over coastal zones
(coastal processing), the data analysis shows that about
10% of the rad_wet_tropo estimates are derived only
with AMR data (rad_wet_tropo equals amr_wet_tropo),
which means that the remaining about 90% of the S6MF
coastal measurements incorporate HRMR data.
Concerning the differences between the two provided
corrections, the global differences are small, however
with a maximum RMS value of 0.9 cm for distances to
the coast in the range 5-10 km. For distances to the
coast smaller than 5 km or larger than 100 km, this RMS
is 0.3 cm or less.

Additionally, an independent non-collocated
comparison with GNSS-derived WTC is performed over
coastal regions. This comparison reveals that, for
distances from coast in the range 0-5 km, the two
S6MF-derived WTC are not significantly different, and
for distances to the coast in the range 5-20 km the
correction with HRMR shows an improvement, when
compared to the corresponding correction using only



AMR data. This independent comparison reinforces the
previous inter-comparison, showing that the most
significant impact of including the HRMR occurs for
distances to the coast ranging from 5 to 20 km.
Comparisons with an updated GPD+ WTC are also
shown, evaluating the small land impact still present in
the two S6MF WTC.

The current assessment of the new S6MF WTC, during
its first three years in orbit, confirms the better
performance of AMR-C, mainly at coastal zones,
attributed to the better spatial resolution provided by
the HRMR. In spite of these improvements, both S6MF
WTC reveal a small land contamination for the distances
to coast smaller than 10 km, not observed in GPD+.
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PRODUCING ICE SHEET SURFACE ELEVATION CHANGE
TIME SERIES WITH KALMAN FILTERING

Wassink R, McMillan M, Maddalena J, Slater T?
1Lancaster University, 2Northumbria University

Generating accurate estimates of ice sheet surface
elevation change (SEC) is crucial to our understanding of
the impact that ice sheets have on sea level rise. The 30-
year radar altimetry record is one of our best resources
for assessing these continental-scale changes spanning
multiple decades. Conventionally, altimetry-derived SEC
time series for ice sheets are computed by fitting a
polynomial model to repeated measurements within
small ice sheet regions for a single satellite mission.
However, with the presence of multiple synchronously
orbiting altimeters, there is now the opportunity to
employ more advanced statistical methods capable of
assimilating measurements from various sensors while
acknowledging disparities in uncertainties. Here, we
display results from work to develop one such
approach, which employs Kalman filtering to fuse data
from multiple sources.

The Kalman Filter is a recursive algorithm for estimating
the states of dynamic systems where the true state is
unobservable. This is achieved by integrating state
predictions with noisy observations over time, thereby
providing optimal estimates of a system's state. First
devised in the late 1950s, the Kalman Filter and its
extensions have found widespread use in various fields,
including Earth System Science. Four-dimensional local
ensemble transform Kalman filters have been used in
atmospheric science for generating time series of
spatiotemporally chaotic systems, and we aim to
employ a similar technique for our applications to the
cryosphere.

In this study, we present a novel approach for
generating ice sheet SEC time series from radar
altimetry data, utilising spatially localised Kalman
filtering/smoothing and Gaussian mixture model
approximations. We demonstrate this technique using
CryoSat-2 radar altimetry measurements over the
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Greenland Ice Sheet from the European Space Agency's
Cryo-TEMPO Baseline-B dataset. The results will be
assessed with two case studies over areas with different
climatological regimes: (1) Greenland Summit and (2)
Russell Glacier, making intercomparisons with existing
approaches and validating against in situ observations.
If successful, we hope this work will form the basis of a
new framework for assimilating other current and
historical missions to produce a single collective time
series of SEC over ice sheets.

143

30 YEARS OF CALIBRATION WITH TRANSPONDERS
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From ERS-1 to Sentinel-6, altimeter missions
progressively utilise ground transponders for calibration
and validation during commissioning and routine
operation. These systems are crucial for verifying
performance and maintaining altimetry product quality
through regular monitoring with independent data.

Over 30-years, significant advancements have been
made in transponder technology that have made it
possible to extend the Cal/Val network.

The Svalbard transponder was developed by RAL in
1987 to investigate the feasibility of using a transponder
with the Geosat altimeter, in preparation for ERS-1.
Although its feasibility was confirmed, it wasn't part of
the ERS-1 altimeter calibration campaign. Instead, it was
utilized by RAL for scientific research before being
stored. Years later, it was refurbished at ESTEC and
relocated to Svalbard in 2005. Prior to the CryoSat
launch, it was briefly used for Envisat passes,
highlighting the importance of transponder-altimeter
polarisation alingnment. Following the CryoSat launch
failure, it was stored in Longyearbyen until shortly
before the CryoSat-2 launch.

Crete and Gavdos islands have become the Permanent
Facility for Altimeter Calibration (PFAC) following the
Fiducial Reference Measurement Standards. Back in
2003, the first transponder, property of the Austrian
Academy of Sciences (AAS), was deployed in Gavdos
(Dias) in support of ERS-2, Envisat and Jason. Data
processing was carried out by a team from the AAS,



Technical University of Crete (TUC), ESA and CNES. In
2013, a second transponder was manufactured by TUC.
It was initially installed near the university and moved
to its permanent Crete (CDN1) site in 2015. It has been
the main absolute Cal/Val site for Sentinel-3A and 3B for
range measurement and for CryoSat-2, Jason-2&3 and
Sentinel-6. Finally in 2021, a new range & o0
transponder, manufactured by Space Geomatica, was
installed in Gavdos (GVD1) to replace the old one and
enhance the calibration of Sentinel-6 and Sentinel-3A.

Also in 2021, the Catalina transponder, developed by
JPL, incorporated the innovative approach to calibrate
both Ku and C bands at the same time, for both range
and o0. It has been used primarily to calibrate Sentinel-
6 and Jason-3 and can also cover Sentinel-3A and SWOT
Nadir Altimeter.

Finally, the o0 transponder, designed at ESTEC/ESA in
2001, and used during the Envisat Commissioning phase
(March — December 2002) in the Nederland, for o0
absolute calibration. Successively, it was operated by
Sapienza University of Rome in two different phases:
2004-2005, it was moved around four sites near Rome
each time Envisat overpassed them, and then between
2006-2010, it was installed in a permanent site over the
centre of the city. It was refurbished by RAME in 2019
and it has been used for both Sentinel-3A and 3B, firstly
during a preliminary campaign in 2020 and since
February 2023 in the permanent location near
Leonessa, Italy.

This presentation will give comparison between the
different sites, systems, and the results that they have
been providing for the different missions. By examining
how calibration systems have changed over time, we
can understand our past achievements and anticipate
future capabilities in calibrating altimeter
measurements, showcasing its significance.
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SYNTHESIZING NADIR ALTIMETRY AND SST USING
DEEP LEARNING IMPROVES THE RESOLUTION OF
GLOBAL SSH MAPS

Martin S', Manucharyan G2, Klein P?

1School of Oceanography, University Of Washington,
2Jet Propulsion Laboratory, California Institute of
Technology

In recent years, there has been an intense community
effort to improve the resolution of gridded (L4)
altimetry products derived from multi-mission nadir
altimetry. The linear interpolation algorithms used in
the creation of existing operational products (e.g.
DUACS) smooth the mesoscale eddy field both in space
and time owing to the sparsity of nadir observations.
Among the recently-proposed algorithms for improved
SSH mapping, two families of methods have emerged as
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particularly promising avenues: (i) data-driven methods
that allow the optimal mapping to emerge objectively
from the data, and (ii) methods that exploit synergies
between altimetry and other surface ocean tracers (e.g.
SST) to reconstruct eddies between altimeter tracks.
Deep learning methods can exploit both (i) and (ii) and
have proven especially effective in regional proof-of-
concept studies. However, it remains to be
demonstrated that this impressive performance in
regional studies can be translated into improved global
altimetry products. Global mapping poses a significant
challenge to deep learning approaches since they need
to be able to generalise across the wide range of
dynamical regimes present in the global ocean.

Here, we present a new global SSH product that uses
deep learning to synthesize SSH and SST observations to
better map mesoscale eddy dynamics. We trained a
deep learning neural network to map SSH from nadir
altimetry and SST using real-world observations alone,
with no pre-training on synthetic observations from
numerical simulations. We demonstrate that the
resulting data-driven global SSH maps have lower
mapping errors and higher effective spatial resolution,
resolving wavelengths up to 30% smaller than DUACS in
eddy-rich regions. This enhanced resolution reveals a
strong seasonality of eddy dynamics in the small
mesoscale range with an associated seasonal upscale
kinetic energy cascade. In the subtropics, qualitatively
different eddy dynamics emerge in our maps compared
to DUACS, with a strongly interacting eddy field rather
than a uniform westward propagation of eddies.
Further, we show that exploiting the SSH-SST synergy
significantly improves the altimetry mapping for periods
when only 2 nadir altimeters are operational, as was the
case for most of the 30-year altimetry era. We also
propose a new metric that relates the spectral
characteristics of the mapped signal to an equivalent
coarse-graining filter, aiding the interpretation of
coarse-graining analyses (e.g. for kinetic energy cascade
diagnosis). This study demonstrates that deep learning
approaches can significantly enhance operational global
gridded altimetry products which will help to shed new
light on ocean eddy dynamics.

Associated pre-print: Martin, S. A., Manucharyan, G. E.,
Klein, P., "Deep Learning Improves Global Observations
of Ocean Eddy Dynamics", under review,
https://doi.org/10.31223/X5W676
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COMBINING FULLY = FOCUSED  AND
PROCESSING FOR GLACIER APPLICATIONS

McKeown C, Garcia-Mondéjar A®, Gibert F?, Gourmelen
N3, Ewart M?, Jakob L, Dubber S*, McMillan VP,
Scagliola M®, Cipollini P”

lisardSAT, 2isardSAT, 3University of Edinburgh,
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SWATH



High PRF altimeters transmit pulses at a high pulse
repetition frequency thus making the received echoes
suitable for coherent processing on-ground.

Conventional delay-Doppler processing (commonly
called Unfocused SAR-UFSAR or High Resolution)
coherently integrates echoes in a burst-by-burst basis to
provide single look waveforms referred to a specific
ground location, which after being correctly aligned
(compensating for the slant-range migration, among
others) can be incoherently averaged, increasing the
performance in terms of the speckle reduction and the
along-track resolution compared with the traditional
Low Resolution Mode and in turns in terms of
geophysical retrieval.

The Fully Focused SAR processing (FFSAR) moves one
step ahead and intends to coherently integrate the
echoes over a time longer than a burst to get an even
higher along-track resolution with an improved speckle
reduction with respect to UFSAR.

The Open Burst (or interleaved) transmission mode to
be implemented in Sentinel-6 and the Copenicus polaR
Ice and Snow Topography Altimeter (CRISTAL) missions
makes more suitable the exploitation of the FFSAR
thanks to the uniform along track sampling of the scene.
However, in the conventional Closed Burst mode (like in
CryoSat-2), replicas induced by the non-uniform
sampling of the Doppler spectrum will be mixed with
the main echo and, in most cases, will not be able to be
filtered out.

Swath mode processing has been used to monitor
elevation of areas with complex topography such as
over ice sheet margins, ice caps and mountain glaciers,
improving upon the resolution of conventional radar
altimetry. Swath mode relies on an accurate angle of
arrival of the measured echo, this is obtained from the
SAR Interferometric mode of CryoSat-2 and CRISTAL and
post-processing strategies resolving the ambiguous
nature of the phase measurement.

The CRISTAL Mission will include Open Burst and
Interferometric capabilities. It will be the first altimeter
to be able to combine both methodologies to increase
both the along and across-track resolutions improving
the current performances of CryoSat-2 over small
glaciers that can't be observed properly.

In this poster we present the first results from the
assessment and impact of the combined Fully Focussed
and Swath solution within the CLEV2ER Land Ice &
Inland Water project.
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GLOBAL MARINE GRAVITY RECOVERY USING SWOT
WIDE-SWATH ALTIMETRY

Yu V¥, Sandwell D*
1Ucsd

The Surface Water and Ocean Topography (SWOT) is a
wide-swath satellite radar altimetry mission observing
global water body elevation with unprecedented detail.
Over the ocean, each SWOT cycle can deliver gravity
anomalies with an accuracy of 2.7 mGal and a spatial
resolution of 14 km. Our analysis of 90 repeat
measurements, collected during the 1-day repeat orbit
phase, demonstrates a substantial improvement in
resolution (8 km) and accuracy (1.2 mGal) after stacking
60 repeat passes [Yu and Sandwell, in review, 2023].

There are two issues with the current SWOT L2 data
products that result in less than optimal global gravity
recovery. The first issue is only 88% of the oceans are
covered because the outer edges of each swath have
strong filter edge effects. The second issue is that the
cross-track sea surface gradient is contaminated by
systematic variations associated with the antennae
phase screen. We have developed methods to improve
both issues, achieving 98% ocean coverage at better
than 2 mGal accuracy. The results will be presented as a
new high-resolution global grid of vertical gravity
gradient (i.e., ocean surface curvature) to reveal
previously uncharted details of the seafloor, including
thousands of uncharted seamounts.
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CRISTAL SEA ICE AND ICEBERG L2 PROCESSING:
BASELINE APPROACH AND NEW DEVELOPMENTS
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The Copernicus Polar Ice and Snow Topography
Altimeter (CRISTAL) is a satellite system developed as
part of the European Union Copernicus program
expansion activities. Main objective of the CRISTAL
mission design is to measure and monitor variability of
Arctic and Southern Ocean sea ice thickness and its
snow depth.

Built on the heritage of CryoSat, the CRISTAL instrument
technical solution is based on a dual-frequency
synthetic-aperture radar altimeter with interferometric
capabilities at Ku-band and a second Ka-band



frequency. Moreover, CRISTAL will be equipped with a
passive microwave radiometer to aid in atmospheric
corrections and surface-type classification.

The features of the CRISTAL instrument will enhance our
ability to estimate geophysical parameters: (i) better
precision for sea ice freeboard and along-track
resolution, exploiting the open-burst chronogram and
the FFSAR processing on-ground, (ii) the capability to
detect leads across tracks through interferometric
acquisitions and (iii) retrieval of snow thickness by
analysing scattering range at both Ku- and Ka-bands.

The CRISTAL Level-2 ground processor prototype in the
sea ice domain will implement the geophysical retrieval
algorithms for the following variables: sea ice freeboard,
sea ice thickness, snow depth over sea ice, ice shelves
thickness, iceberg distribution and volume. To achieve
the Mission performance objectives, advanced
geophysical retrieval algorithms for sea ice and icebergs
are needed to be defined so that the CLEV2ER activity
will carry on R&D studies to support the definition and
implementation of the retrieval algorithms. Such R&D
studies are geared towards addressing current scientific
inquiries regarding sea ice retrieval in the context of
CRISTAL: (i) evaluating variations in sea ice thickness
derived from Ku-band and Ka-band altimetry resulting
from differing penetration depths in snow cover on sea
ice, (ii) enhancing the quantity of sea surface height
measurements in regions covered by ice through the
utilization of multi-peak waveform retracking and swath
processing, and (iii) expanding the capacity to retrieve
geophysical data in challenging sea ice conditions

As part of the activity, a Transcoding tool has been
developed in order to adapt L1B data from other
altimeter into the CRISTAL L1B format so their products
can be used to emulate L2 products and derive the
performances.

This presentation will detail the overall project
approach, status and the expected outcomes from the
research tasks.
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A PERFORMANCE ASSESSMENT TOOL (PAT) TO
EVALUATE CRISTAL END-TO-END PERFORMANCES

Gallego M., Lépez-Zaragoza J?, Garcia-Mondéjar A’
lisardSAT

The Copernicus Polar Ice and Snow Topography
Altimeter (CRISTAL) Expansion mission, planned to be
launched in 2027, will incorporate a dual Ku/Ka-band
interferometric altimeter with specific transmission
pulse sequences designed to enhance the performances
over sea and land ice. The open burst mode will enable
the generation of Fully Focussed products over sea ice
with snow depth retrievals derived from the Ku/Ka
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range differences instead of taking them from external
auxiliary data. In the same way as in CryoSat-2, the
closed burst interferometric mode over land ice will
allow the generation of swath elevations for the full
Greenland and Antarctica, improving the current
coverage of the CryoSat-2 swath products that are only
produced in the ice margins.

At this stage of the mission design, the expected
performances are being evaluated against the
requirements to verify the effectiveness of the mission
configuration and assess its compliance. In this
framework, an end-to-end validation environment has
been designed. It is composed of the System and
Instrument Simulator (SIS), in charge of generating
datasets for the different scenarios relevant for the
mission performance assessment, the Ground Processor
Prototype (GPP), including L1 GPP and geophysical
retrievals (GR) to process the simulated data and the
Performance Assessment tool (PAT), designed to test
and verify the scientific requirements.

The PAT closes the end-to-end chain as it will cross-
check each geophysical parameter generated by the
GPP against the corresponding requirement, starting
from the knowledge of the simulated parameters,
assessing and validating the end-to-end performance
chain.

Firstly, the PAT uses specific algorithms to read the
variables of the different input files (L1A, L1B, GR, and
auxiliary). Secondly, five scenario modules analyse the
five types of scenarios: point target, land ice, sea ice,
open ocean, and inland waters. Finally, the PAT
generates a csv file containing the information of all the
requirements which are being checked for the current
validation scenario under analysis.

Each module has a list of possible requirements to be
checked and from those, only the ones indicated in the
Validation Plan are checked for the corresponding
scenario. Examples of parameters analysed are: for the
point target module, the range and dation bias of LR, HR
and L1B-S products or peak power side lobes ratio for
Fully Focussed products; for the land ice module, the
along-track resolution for glaciers and ice sheets and
elevation uncertainty; fort the sea ice module, sea-ice
thickness along-track resolution, first-year ice thickness
uncertainty, width lead elevation, or iceberg freeboard;
for open ocean, SSH uncertainty, o0 and range random
error, or wind speed uncertainty, and for inland waters
only water surface height uncertainty.

The poster will describe the PAT design and provide
some example outputs for the analysis of different TDS
validation.
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CRISTAL PERFORMANCE ASSESSMENT: AN END-TO-
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The Copernicus Polar Ice and Snow Topography
Altimeter (CRISTAL) Expansion mission, planned to be
launched in 2027 will incorporate a dual Ku/Ka-band
interferometric altimeter with specific transmission
pulse sequences designed to enhance the performances
over sea and land ice. The open burst mode will enable
the generation of Fully Focussed products over sea ice
with snow depth retrievals derived from Ku/Ka
waveforms comparison instead of taking them from
external auxiliary data. In the same way as in CryoSat-2,
the closed burst interferometric mode over land ice will
allow the generation of swath elevations for the full
Greenland and Antarctica, improving the current
coverage of the CryoSat-2 swath products that are only
produced in the ice margins.

At this stage of the mission design, phase C/D, the
expected performances are being evaluated against the
requirements to verify the effectiveness of the mission
configuration and assess its compliance.

In this framework, an end-to-end validation
environment has been designed. It is composed of the
System and Instrument Simulator (SIS), the Ground
Processor Prototype (GPP), and the Performance
assessment tool (PAT).

Following the validation plan defined during the first
stage of the project, the SIS will be in charge of
generating datasets for the different scenarios that are
foreseen to be of interest for the mission performance
assessment (e.g. point targets, sea ice with different
snow properties, ice sheet with small slope and uniform
snow and ice characteristics, glaciers with different size,
slope, and orientations, ocean tracks with different SWH
and wind conditions, river and lakes for specific size and
geometry)..

The GPP will process the instrument science data
packets using different processing chains to ensure
compliance with the functional and performance
requirements. It is composed among others of Levell
Calibration chains, Levell Low Resolution chains (LR-
RMC, LR Over-Sampled, and the conventional LR),
Levell Delay Doppler chain, Levell Fully Focussed chain,
Level2 retrackers module (compilation of different
retrackers tailored for the different thematic surfaces),
Level2 Geophysical corrections and retrievals
(translating the information from the retrackers into sea

96

ice, land ice, ocean and inland waters measurements).
Calibration data measured during the instrument
characterisation can be processed and analysed to
ensure the quality of the point target response echoes.

The PAT is in charge of closing the end-to-end chain: it
will cross-check each of the geophysical parameters
generated by the GPP against the corresponding
requirement, starting from the knowledge of the
simulated parameters, assessing and validating the end-
to-end performance chain.

This presentation will give an overview of the expected
performances of the CRISTAL mission based on the end-
to-end validation activity carried out in this project.

150

INVESTIGATION OF SWOT ALTIMETRY FOR THE
IMPROVED MARINE GRAVITY FIELD OFFSHORE THE
WESTERN AUSTRALIA

Zhou M, Deng X, Andersen O, Salajegheh F, Jin T
1The University of Newcastle, Australia; Wuhan
University, China

Before the SWOT satellite altimetry mission, the marine
gravity field relied heavily on conventional altimeters’
geodetic phases. Compared to conventional altimeters,
SWOT is more efficient and brings cross-track geoid
gradients due to its high resolution and two-
dimensional sea surface height observations. We
investigated the marine gravity field using so far
available cycles of SWOT L2 and L3 data products over
the Indian Ocean offshore the Western Australia. The
deflections of the vertical (DOV) in north and east
directions were determined by multi-direction geoid
gradients and then used to determine gravity anomalies
by the Inverse Mening Meinesz formula. The results
show that there are obviously residual errors in SWOT
L2 data, which affect the DOV estimates, especially roll
errors affecting the east-west DOV component. The
SWOT long-wavelength error, appearing in the along-
track (or nearly north-south) direction, predominates
the DOV components.The residual instrumental error
seems to have been corrected in SWOT L3, and the
error does not appear in the SWOT L3-based DOV
estimated. The DOV and marine gravity anomalies are
improved by using multi-directional geoid gradients,
which reveal small-scale details of seafloor in the study
area.
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CONGO RIVER BASIN'S HYDROCLIMATOLOGY AND ITS
LINK WITH CLIMATE VARIABILITY UNRAVELED FROM
SPACE
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As the second-largest watershed and tropical forest
worldwide, the Congo River Basin (CRB) is of global
significance for biodiversity and the water and carbon
cycles. However, it remains among the least studied
regions globally due to the lack of adequate in situ
observations over space and time.

Therefore, CRB’s hydroclimatology, its freshwater
availability, distribution and variability remain relatively
unknown. Here, we characterize the CRB's surface
hydrology using a robust approach based on a multi-
scale combination of in situ and remote sensing
measurements, in particular altimetry-derived
observations, along with hydrological modeling.

First, we built an extensive database (a total of ~2,300
virtual stations) of long-term time series (more than 20
years) of water levels (WL) from satellite altimetry,
validated using an unprecedented in situ database
across the basin (root mean square error varying
between 10 cm to 75 cm across the altimetry missions).
This unique dataset revealed the great spatial and
temporal variability of CRB’s surface hydrology,
especially its annual amplitude of surface water levels
across the entire basin and sub-basins. We estimate, for
the first time, using time-lag time correlation, the water
time travel across the basin and the relative
contribution of each sub-basin to the outlet of the
basin, characterized by a bimodal hydro-climatic regime.
In parallel, Surface Water Extent (SWE) from the Global
Inundation Extent from Multi-Satellite (GIEMS-2) in the
basin are assessed in the Cuvette Centrale and large
wetlands of the Lualaba sub-basin. Secondly, the
combination of altimetric water levels, SWE and digital
terrain models enabled to estimate interannual
variations of Congo basin’s surface water storage (SWS)
over the period 1992 to 2015. The mean annual
amplitude of the monthly SWS anomaly over wetlands,
floodplains, rivers and lakes in the CRB has been
estimated at ~101 km3. Furthermore, we are able to
characterize the impact of extreme events on
freshwater resources in the CRB. The illustration of the
exceptional drought of late 2005 and early 2006 showed
significant negative anomalies of SWS, with a deficit of
up to ~40% compared to the long-term SWS average.
Water level’s time series confirm the extension of these
extreme negatives anomalies up to the lower Lualaba
basin.

Finally, building on the previous results, this study
helped the development of a calibrated hydrological-
hydrodynamic MGB model over 1981 to 2020 at daily
scale that can be updated to present. This provides a
>40-year reconstruction of hydrological simulation over
the entire CRB offering an unprecedented
representation of hydrodynamics at different spatial
and temporal scales of the basin. This long-term series
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has enabled us to establish the teleconnections
between extreme drought and flood events, and large-
scale processes such the variability sea surface
temperatures and El Nifio phenomena.

These results contribute to a better understanding of
the overall functioning of the Congo Basin and its links
with large scale processes and demonstrate the capacity
of remote sensing coupled with hydrological modeling
to further improve the management of the basin's
water resources.
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A KALMAN-BASED APPROACH TO SIMULTANEOUSLY
ESTIMATE REGIONAL VERTICAL LAND MOTION AND
MISSION-SPECIFIC ~ SYSTEMATIC ~ ERRORS  USING
COMBINED ALTIMETER, TIDE GAUGE, AND GPS
RECORDS

Rezvani M, Watson C, King M
1School of Geography, Planning, and Spatial Sciences,
University of Tasmania

Many studies have sought to integrate absolute sea-
level from altimeters (ASL, ALTs) and relative sea-level
from tide gauges (RSL, TGs) to investigate vertical land
motion (VLM) along the coastlines. Previous studies
often assume the VLM is linear and regional
geographically correlated errors in altimetry records are
negligible. We developed a Kalman filtering and
smoothing approach to simultaneously quantify the TG-
specific VLM and altimeter-specific systematic errors at
regional-scales. We assimilated specific datasets from
multi-mission altimeters, long-running TGs, and
permanent GPS sites since the early 1990s wherever
available. We did this while including the space-time
covariances and time-correlated errors within the
observational series of altimeter minus TG, tandem and
dual crossovers, and GPS heights. We evaluated the
performance of three variations of the approach to
study regions including the Baltic Sea, Australia, and
South America expanding to the Antarctic Peninsula.
We quantified the long-term variability of VLM across
the TG lifespans in the Baltic Sea and around Australia,
typically ~1.1 mm/yr (but up to ~4.5 mm/yr), that
otherwise cannot be inferred from spatially interpolated
GPS velocities or from predicted GIA rates. We
examined the capabilities of the method in determining
time-variability in VLM in terms of co- and post-seismic
deformation in the Chilean subduction zone, and
ongoing ice-mass loss in the Antarctic Peninsula. We
detected small but significant trends in systematic
errors in the regional altimetry data within a typical
range of ~0.5-2.5 mm/yr over mission lifespans.
Appropriately capturing these systematic errors
narrowed the deviation between the ASL estimates
inferred from the TG and close by ALT records, reducing
the RMSE of the differences by ~40%. Here we review
our approach, present the key findings, and discuss
potential limitations of the technique including
unresolved differential oceanographic signals between



the ALT and TG measurement locations that can in part
be mitigated by incorporating non-reference-mission
measurements close to the TGs. In summary, we found
that the developed approach advances the ALT minus
TG technique to estimate VLM at TG locations, and
places bounds on regional altimeter-specific systematic
errors. Our approach further provides the ability to
estimate sudden changes and significant non-linear
signals in VLM at TGs. Such VLM estimates can
subsequently be used to improve geophysical
interpretation following their use as new constraints in
inverse geophysical modelling applications given the
sparsity of early GPS-based VLM records across space
and time.
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30 YEARS OF IN SITU ALTIMETER VALIDATION:
RESULTS AND PERSPECTIVES FROM THE BASS STRAIT
FACILITY

Watson C°, Legresy B>?, Hay A, Beardsley J>%, Zhou B,
King M*
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The Bass Strait altimeter validation facility (~ 40° 39S,
145° 36’ E) has provided cycle-by-cycle estimates of
absolute altimeter bias since the launch of
TOPEX/Poseidon in 1992. The site has since evolved to
provide ongoing in situ validation of the reference
missions (now Sentinel-6 Michael Freilich), in addition
to Sentinel-3A, Sentinel-3B and SWOT. The facility uses
a direct geometric approach to validation that involves
maintaining an in situ network of sensors including
moored oceanographic instruments, GNSS equipped
buoys, a coastal tide gauge and continuously operating
GNSS reference stations. Outputs from the facility
highlight the need for holistic and sustained observation
of the ocean, the solid Earth, and atmosphere in order
to probe altimeter performance in this shelf-sea coastal
region. Observations made directly at mission-specific
comparison points avoid the need for extrapolation and
yield highly precise estimates of altimeter bias over
time.

Here we review the drivers for in situ absolute
validation alongside the relative approach involving the
global tide gauge network. We detail our results from
Bass Strait for all missions including the latest GDR-F
data from TOPEX and the most recent releases of SAR
data from the Sentinel-6 Michael Freilich and Sentinel-
3A/3B missions. We summarise some of the key lessons
learned from 30 years of operation at the Bass Strait
facility. We draw on experience across the different
nadir missions using both traditional low resolution
mode and high resolution SAR mode, as well as from
our experience of validating the exciting new SWOT
mission over its critical Fast Sampling Phase (FSP).
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PHYSICALLY-CONSISTENT MAPPED ALTIMETRY
PRODUCTS ON USER-CUSTOMIZABLE GRIDS

Wortham C., Early J, Guillaumin A?
!NorthWest Research Associates, >Queen Mary
University of London

Mapped sea surface height (SSH) anomaly products
from satellite altimetry are an integral part of modern
oceanography, widely used in both scientific and
operational contexts. However, we note three
significant limitations of the present mapped products
and distribution system. 1) The correlation function
imposed by the most common mapped products is
physically unrealistic and inconsistent with the
underlying along-track observations. This correlation
function artificially steepens spectral slopes in mapped
SSH products, significantly smoothing small scale
features. 2) Effective resolution, signal covariance,
errors, and uncertainties in mapped products are often
misunderstood by users, leading to mis-application of
altimetry products. 3) Scientists often require the SSH
field on a custom grid, and either apply additional
interpolation or improvise their own mapping
procedures.

We attempt to address these three issues by combining
altimetric data and statistical models to ensure the most
accurate and useful global multi-satellite record of sea
level. Our approach is based on Gaussian process
regression methods with a carefully chosen parametric
covariance function that is consistent with observations.
Covariance parameters (space and time decorrelation
scales, spectral slopes, and propagation speeds) are
estimated from along-track data, and will be presented
as part of the mapped data product. We also introduce
an open-source, reproducible tool that allows statistical
SSH mapping on custom grids by end users. The final
distributed products are fully open source and flexible
to meet the needs of scientists.
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30 YEARS OF ALTIMETRY SEA LEVEL L3/L4 PRODUCTS
RECORD: MAJOR IMPROVEMENTS IN RECENT DECADES

Pujol M, Ballarotta M*, TABURET G2, Delepoulle A’
Vergara O, Veillard P?, Treboutte A%, Dupuy S*, Jahdou
D%, Dibarboure G?, Faugere Y?

1CLS, °CNES

The DUACS system (Data Unification and Altimeter
Combination System) produces, as part of the
CNES/SALP project, Copernicus Marine Service and
Copernicus Climate Change Service, high quality multi-
mission altimetry Sea Level products for oceanographic
applications, climate forecasting centers, geophysics
and biology communities. These products consist in
directly usable and easy to manipulate Level 3 (L3;



along-track cross-calibrated SLA) and Level 4 products
(L4; multiple sensors merged as maps or time series)
and are available in global and regional version.

The first DUACS products were released in 1997, few
years after the launch of TP and ERS1. Over the years,
DUACS processes and products have evolved to adapt to
user needs, incorporate the measurement of new
altimeters, and take into account the latest technical
and technological advances in processing these
measurements.

The objective of this presentation is to make a synthesis
of the major improvements of the DUACS multi-mission
products in recent decades and express the challenge of
the coming years.
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DUACS DT-2024: THE NEW REPROCESSING OF THE SEA
LEVEL ANOMALY LEVEL-3&4 ALTIMETRY PRODUCTS

TABURET G, Pujol M, Ballarotta M?, Delepoulle A%,
Jenn-Alet M?, Dagneaux @, Kocha C, Jahdou D', Dupuy
S%, Dibarboure G*, Faugere Y*

1CLS, 2ALTEN, 3CELAD, *CNES

Since 1997, the multisatellite DUACS system (Data
Unification and Altimeter Combination System) has
been providing high quality multi-mission altimetry Sea
Level products for oceanographic applications, climate
forecasting centers, geophysics and biology
communities. They consist in directly usable and easy to
manipulate Level 3 (along-track cross-calibrated Sea
Level Anomaly SLA) and Level 4 (multiple sensors
merged gridded gap-free) products, for global and
regional applications. Initiated as part of the CNES/SALP
project, this production is now carried out jointly with
the Copernicus Marine and Climate Change Services.

A full reprocessing of these products is carried out
almost every 3 years, based on the state-of-the-art
Level 2 to Level 4 algorithms. A new version, identified
as DT-2024, is now in preparation to cover 31 years of
altimetric data (i.e. more than a century of cumulated
data using 15 altimetric missions). It is expected to be
available in November 2024 and concerns the DUACS
product lines distributed via the Copernicus Marine and
Climate Change Services. This reprocessing allows the
incorporation of the latest L2 reprocessing for various
missions (e.g. Sentinel-3, Sentinel-6, etc.), the latest
versions of geophysical corrections (e.g. Ocean Tide
FES22 model; etc.), and other parameters used in
processing, as well as a new multiscale cartography
method (i.e. Multiscale Inversion of Ocean Surface
Topography from Ubelmann et al. (2021, 2022). All of
these developments contribute to an improvement in
DUACS products, to be better able to capture oceanic
signals, ranging from mesoscale to climate scales.

The objective of this presentation is to present this
DUACS DT2024 multi-mission reprocessing with an
overview of the different evolutions and expected
product quality improvement.
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BATHYMETRY FROM SWOT AND
STUDIES IN AUSTRALIA WATERS

Deng X, Andersen O? Coleman R>, Salagegheh F,
Hallstrém E2, Zhou M*

1The University of Newcastle, Technical University of
Denmark, 3University of Tasmania

ICESAT-2 - CASE

Australia is a continent surrounded by a 200 nautical
mile Australian Exclusive Economic (AEE) Zone
comprising 8.2 million square kilometres of shallow
coastal and deep waters. However, only 25% of the
seafloor in the AEE Zone has been measured, and this is
mostly at a sparse spatial resolution often to no better
than tens or hundreds of km using time-consuming and
costly shipboard sounder surveys. Satellite altimetry, a
remote sensing technique, has significantly changed this
situation. Using the new generation of satellite altimetry
sensors, such as ICESat-2 and SWOT, we are
investigating and mapping bathymetry in several
shallow water bays (e.g., Moreton Bay and Shark Bay)
and oceans offshore the Western Australia in the Indian
Ocean. ICESat-2 data from 2018 to present and all
available SWOT L2 and L3 data have been used. We
found that (1) ICESat-2 photon data contribute to
estimates of the detailed bathymetry that is missing in
the current bathymetry models in shallow waters, and
(2) using SWOT L3 data products produces more
accurate marine gravity anomalies than L2 data
products and then reveals more small-scale details of
seafloor.
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IAS PILOT SERVICE FOR SCIENTIFIC AND GEODETIC
APPLICATIONS

Deng X', Shum C, Benveniste J?, Vignudelli $*

1The University of Newcastle, 2Ohio State University,
3Formerly, European Space Agency (ESA-ESRIN),
4Consiglio Nazionale delle Ricerche

Satellite altimetry has evolved into a unique geodetic
remote sensing measurement system with multi-
satellite missions and constellations generating an
unprecedented climate data record since 1993, for
three decades and in the decades to come. Satellite
altimetry has fostered seminal research in
interdisciplinary Earth sciences, contributing to many
scientific and operational applications in geodesy, as
well as in climate research, including climate
monitoring, meteorological and ocean circulation
forecasting, coastal hazards, vertical datum realization,
Earth's gravity field and its changes, maritime safety,
ocean pollution tracking services, inland water level,
river discharge, freshwater flux to the ocean, floods



monitoring and forecasting, water resources
management, energy, and many others.

The IAS (International Altimetry Service) Pilot Service,
approved by the International Association of Geodesy
(IAG) at IUGG Berlin in July 2023, brings international
collaborations together to anticipate and solve geodetic
and climate research problems using the community’s
satellite altimetry expertise. It aims to fill the knowledge
'gaps' between space agencies and scientific/other
users of satellite altimetry data and data products from
both radar and lidar, and to conduct non-duplicated or
complementary efforts to advance validated alternate
altimetry data processing algorithms/analytics towards
new and even innovative data products. The IAS Pilot
Service will provide a platform for open access to
information on satellite altimetry and data distributions
for scientific, educational and operational applications.

The IAS Pilot Service is implemented as a multi-
institutional effort. Critical to activities of the IAS Pilot
Service are six clusters (or analysis centers) based on
activities of the IAG Satellite Altimetry sub-commission.
The clusters will provide products covering, but not
limited, the following fields: (1) sea level and geodetic
monitoring, (2) altimetry-based information and tools,
(3) coastal and inland altimetry, (4) high-resolution
altimetry, (5) synergy of satellite sensors’ data, in situ
data and physical models, and (6) high resolution Mean
Sea Surface (MSS), marine gravity field and bathymetry.
The clusters/centers have produced different data
products and tools.

The IAS has now 32 members from 11 countries:
Australia, China (and China-Taipei), Denmark, France,
Germany, Indonesia, Italy, Netherlands, Norway, Spain
and USA. The IAS is welcoming new members, especially
Early Career Scientists. The IAS and its members are a
pivotal source of knowledge in altimetry and an
excellent forum to support IAG's capacity building
altimetry workshops in Geodesy.

IAS Pilot Service Group Members:

Mohammad Al-Khaldi (USA)

Ole Andersen (Denmark)

Lifeng Bao (China)

Jérédme Benveniste (France), Co-Chair
Jean Francgois Crétaux (France)
Xiaoli Deng (Australia), Chair
Denise Dettmering (Germany)
Luciana Fenoglio-Marc (Germany)
James Garrison (USA)

Cheinway Hwang (China-Taipei)
Sinem Ince (Germany)

Yongjun lJia (China)

Yuanyuan Jia (USA)

Taoyong Jin (China)

Chungyen Kuo (China-Taipei)
Jirgen Kusche (Germany)
Hyongki Lee (USA)

Weigiang Li (Spain)
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Xiaopeng Li (USA)

Marc Naeije (The Netherlands)
Hossein Nahavandchi (Norway)
Jason Otero Torres (USA)

Marco Restano (Italy)

Fukai Peng (China)

Richard Salman (USA)

David Sandwell (USA)

Christian Schwatke (Germany)

C K Shum (USA), Co-Chair
Yohanes Budi Sulistioadi (Indonesia)
Stefano Vignudelli (Italy), Co-Chair
Pieter Visser (The Netherlands)
Xiaoyun Wan (China)
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PROGRESS IN PRECISE ORBIT DETERMINATION OF
ALTIMETRY SATELLITES

Rudenko S', Dettmering D, Bloffeld M-, Zeitlhéfler 1%,
Kehm A?

1Deutsches Geodétisches Forschungsinstitut, Technical
University of Munich (DGFI-TUM)

Precise orbits of altimetry satellites are a prerequisite
for various scientific applications, such as the
determination of the mean sea surface, the mean
dynamic topography, ocean tides, sea level change
investigations, and some others. The accuracy of
altimetry satellite orbits depends on the type of
observations used (SLR, DORIS, GPS, or combinations of
them), corrections applied to the observations,
background models of the forces acting on the satellite,
reference system realizations, satellite macro-models
and other factors.

Significant progress in precise orbit determination (POD)
for altimetry satellites has been made in the last 30
years. In this presentation, we review the main
improvements in the POD of altimetry satellites in the
last three decades. A special focus is put on the level of
accuracy which can be achieved by using most-recent
solutions of the Earth’s time-variable gravity field and
the terrestrial reference frame as well as state-of-the-
art ocean and atmospheric tide models.
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TOWARDS AN OPERATIONAL GLOBAL COASTAL
ALTIMETRY PRODUCT: ALTICAP (ALTIMETRY
INNOVATIVE COASTAL APPROACH PRODUCT)

Léger F, Birol F,, Bignalet-Cazalet F?, Cancet MF,
Dagneaux Q*, Daguzé J*, Ferrari R?, Fkaier W2, Fouchet
E3, Maraldi C, Nifio F., Pujol M?, Tran N*, Tolu L!

LLEGOS / Université de Toulouse, CNES, CNRS, IRD, UPS,
2CNES, 3Noveltis, *CLS, *Noveltis, now at Mercator Ocean

Although spatial altimetry was originally developed for
measurements on the open sea, it can be used in a
coastal context, even though this type of use is far more



complex. Part of the problem lies in the land
contamination of radar observation in the last few
kilometers from the coast. In the last few dozen
kilometers approaching the coastline, this problem is
further aggravated by the poor quality of some of the
geophysical corrections applied. In view of the large
number of altimetry applications, the international
community and space agencies have been trying to
resolve this issue for more than 15 years. Following
extensive work and studies, a number of processing
algorithms have been developed and a few
experimental products have been proposed.

In order to move towards the routine use of sea level
altimetry measurements along the coastal strip on a
global scale, we have conducted a Round Robin study
aimed at comparing 25 algorithms used to calculate sea
level anomalies (SLA) from altimetry in low resolution
mode (LRM) and targeting the ocean region between 0
and 200 km from the coast. For each one, a significant
number of diagnostics was carried out at global and
regional levels. The most immediate outcome of this
study is the new global AltiCAP altimetry product
available on the AVISO+ portal since January 2024.
Note that the processing solution which was adopted is
a compromise between:

* The capability of each algorithm (correction or
parameter) to provide the best SLA dataset over the
entire strip between 0 and 200 km from the coast (and
not necessarily in the most coastal zone) in order to
guarantee continuity with the open ocean.

¢ The availability of the correction or parameter on
several altimetry missions.

¢ A guarantee of product continuity in the future.
Integrated with the Jason-3 mission in the first instance,
this high resolution (20Hz) altimetry product will rapidly
include other missions in order to extend the use of the
product in time and space, and ensure a long-term
implementation. It is provided with different case
studies in the form of Python notebooks. Its distribution
will also be supported by training workshops for the
international community (virtual schools).
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IMPROVEMENTS IN IN SITU INSTRUMENTATION AT
THE BASS STRAIT SATELLITE ALTIMETRY CAL/VAL
FACILITY TO RESPOND TO THE ADVANCES IN
ALTIMETRY PRECISION.

Legresy B3, Watson C>°, Hay A%, ZHOU A%, COWLEY R?
1CSIRO Climate Science Centre, 2University of Tasmania,
3Integrated Marine Observing System

Responding to the stringent requirements for climate
quality sea level monitoring is a challenge. The space
agencies have responded with new generations of
satellites and instruments with SAR mode, swath
altimetry and improved radiometers. To validate the
measurements in situ to ensure they are consistent with
the requirements has been quite a challenge. The Bass
Strait cal/val facility has developed a new generation of
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in situ instrumentation to respond to this challenge
while maintaining the ongoing validation of the
reference missions climate record. In this presentation
we focus on the analysis of moored oceanographic
sensors, specifically our CWPIES in Bass Strait. Our
CWHPIES instrumentation has been developed over the
last 7 years to respond to the Sentinel-6 and SWOT
validation requirements. The facility has also developed
a new generation of GNSS buoys which allow for longer
deployments and provide a stronger tie of in situ
mooring data to the satellite reference frame while
providing robust datasets to validate the mooring Sea
Surface Height consistency.

Here we show how the moored instruments are quality
assured and quality checked and validated. A series of
experiments with various configurations of in situ array
deployment and overlap with “classic” (bottom pressure
and dynamic height) moorings and satellite phases
allow us to generate a sustained SSH record at
centimetre level. We show the results from the new
mooring compared to the classic over the Sentinel-6
time series. We also present ancillary datasets produced
by the facility to describe the wave field (continuous
directional wave spectra besides Significant Wave
Height) and currents through the column> from the
ADCPs. These extra datasets are available to the
community to test the impacts of waves on the radar
measurements and validate the currents inferred by the
altimetry products.

The Bass Strait facility will now operate continuously
with the CWPIES at 3 key sites: the historical Jason-
Sentinel-6 comparison point as well as Sentinel-3A and
Sentinel-3B crossovers comparison points, all of which
are covered by SWOT regularly.

162

THE ESA PERMANENT FACILITY FOR ALTIMETRY
CALIBRATION IN CRETE: RANGE, SIGMAO, AND SEA-
SURFACE  CALIBRATION  WITH TRANSPONDERS,
CORNER REFLECTORS AND COASTAL REFERENCE
SITES.

Mertikas S', Donlon C?, Piretzidis D?, Kokolakis C, Cullen
R?, Femenias P*, Fornari M?, Bouffard J, Di Bella A%, Boy
F°, Frantzis X%, Tripolitsiotis A3, Lin M®, Yang L’
1Technical University Of Crete, 2European Space Agency,
3Space Geomatica P.C., *European Space Agency, Space
Research Institute, ° Centre National d'études Spatiales,
France, ®National Satellite Ocean Application Service,
’First Institute of Oceanography

Two microwave range transponders, one sigma0
transponder and two corner reflectors have been
operating on the mountains of Crete and on the island
of Gavdos to calibrate international satellite radar
altimeters at the Ku-band. In 2023 and early 2024, a
couple of corner reflectors in Crete have been
established to complete the infrastructure for range and
sigma0 calibration of all ESA satellite altimeters. This



ground infrastructure is also supported by four sea-
surface Cal/Val sites operating, some of them, for over
20 years. To cover the entire extent of Crete island, two
additional such Cal/Val sites are set up in 2024. This
ground infrastructure is part of the European Space
Agency Permanent Facility for Altimetry Calibration
(PFAC), and has been producing continuously as of 2004
(sea-surface) and 2015 (range) a time series of biases
for Sentinel-3A, Sentinel-3B, Sentinel-6A, Jason-2, Jason-
3 and CryoSat-2.

This work presents a thorough examination of the
transponder Cal/Val responses to understand and
determine absolute biases in all satellite altimeters
overflying this infrastructure based on the principle of
fiducial reference measurements. Using various
techniques, infrastructure, and settings, the latest
calibration results for the Jason-3, the Copernicus
Sentinel-3A and -3B, Sentinel-6A and the HY-2B, HY-2C
radar altimeters will be described based on six sea-
surface, two transponder and two corner reflector
Cal/Val sites of the PFAC in west Crete, Greece.
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SENSITIVITY OF CLIMATE SIGNALS TO ALTIMETRY
MAPPING.

Legresy B, Monselesan D*
1CSIRO Climate Science Centre

Here we evaluate gridded sea level products ability to
reproduce climate signals. CSIRO maintains an
independent climate Sea Level record using the
reference missions that is complementary to the
“AVISO” grids, the Copernicus allsat and twosat gridded
products as well as new aviso products. We use the sea
level modes of variability from the gridded products to
reconstruct the ocean heat content from the Argo
datasets. The sea level modes of variability are
extracted using empirical orthogonal functions. The
Argo record is aggregated and extended to a 3d gridding
from the spatial patterns of variability using the
Reduced Space Optimal Interpolation. The global heat
content time series trends are comparable when using
the various input sea level variability patterns. However
the reconstructed patterns of vertical profiles and inter-
annual variability are much better reproduced when
using the CSIRO gridded product which only uses the
reference mission. We investigate the reasons for this
surprising result and point to some mapping process
tending to dampen the intermediate spatial scales at
which inter-annual heat transfers seem to be
prominent.
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MONITORING LAKES AND RESERVOIRS FROM SPACE
USING ICESAT-2 AND GRACE FOLLOW-ON MISSIONS

Boy J, Carabajal C?
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1EOST/ITES, 2SSAI, >NASA GSFC

Since their respective launches in May and September
2018, we have been using data from the GRACE-FO
gravity and the ICESat-2 laser altimetry missions to
monitor lake and reservoir mass and volume variations.
In more details, we use MODIS imagery to estimate the
water bodies’ surface water extent, and then filter out
returns from the ICESat-2 ATL13 inland water products.
The conversion from ellipsoidal heights into orthometric
heights requires an accurate geoid model. We show the
value of replacing the EGM2008 geoid model used in
the ATL13 products and highlight the importance of
using more recent models to allow a more accurate
conversion to ellipsoidal heights. In addition, and as we
have done in previous studies, we also show how the
ICESat-2 altimetry products can be used to improve
geoid models over large water bodies. To validate our
water level estimates, we compare them to available
state-of-the-art radar altimetry products and in-situ
measurements when available.

In addition, we derive lake and reservoir mass variations
from high resolution time-variable gravity solutions
(mascons) from the GRACE and GRACE-FO missions. The
main limitation of the gravimetry products is due to the
spatial resolution of the GRACE & GRACE-FO solutions,
and the quality of the hydrology models used to correct
for the other continental water storage components. In
spite of the limitations, we show that a good agreement
between the water volume changes computed from
ICESat-2 and MODIS and the mass changes deduced
from space gravity missions can be obtained.
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TESTING OCEAN CURRENTS GEOSTROPHY USING
ALTIMETRY PRODUCTS AND IN SITU DRIFTERS IN A
MEANDER OF THE ANTARCTIC CIRCUMPOLAR
CURRENT SOUTH OF TASMANIA.

TRANCHANT T*?, Legresy B>, Sandery P?, LANGLAIS C?,
FOPPERT A%, PHILLIPS H*, PENA-MOLINO B?, HERRAIZ-
BORREGUERO [?

lAustralian Antarctic Program Partnership, University of
Tasmania, °CSIRO Climate Science Centre

The Southern Ocean and its main component, the
Antarctic Circumpolar Current (ACC), have a key role in
the heat and carbon uptake and transport, with
hotspots occurring where the current interacts with
topographic features. In recent times, more and more
studies have pointed out that smaller scale ocean
processes, likely to be ageostrophic, have a key role in
the Heat and Carbon transfers and cross-frontal
exchanges in the ACC.

During the SWOT-ACC validation cruise in a meander
south of Tasmania (RV Investigator FOCUS voyage) in
November-December 2023, we deployed a set of
instrumentation, including 15 SVP drifters. They often



experience surface intensified current that depart from
geostrophic balance and represent a reference ground-
truth for the validation of near-surface currents and
their observability in altimetry observation (nadir
altimetry and SWOT). We develop a strategy for
mapping SWOT observations in the region by taking
profit of its high-latitude coverage and have higher
temporal resolution while not degrading the spatial
resolution.

With a lagrangian approach, we quantify and partition
the ageostrophic contributions to surface drifters
velocities (higher-order balance, Ekman current, stokes
drift, ...), using ancillary ADCP dataset (CTD, shipborne)
and altimetric geostrophic currents.

With the help of a regional model and synthetic
particles experiments, we quantify errors that can be
made on geostrophic velocities by including the
signature of unbalanced motions in SSH fields, and
discuss their impact on lagrangian trajectories and
characteristics in the ACC meander.

In this presentation we evaluate the impact of the
SWOT mapping to recover more intense currents
compatible with the drifters in situ observation, test the
dispersion statistics and regimes and infer diffusivity.
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VALIDATION OF SWOT DATA AND ANALYSIS OF MULTI-
SCALE HYDRAULIC SIGNATURES VISIBILITY WITH A
WAVELET-BASED ALGORITHM AND IN SITU DATA ON
THE MARONI, NEGRO AND TSIRINBIHINA RIVERS

Moreira D', Larnier K3, Garambois P*, Paris A3, Emery
C°, Andriambeloson J°, Desroche D, Papa F®’, Cretaux
J2¢ Calmant 53¢

1CPRM, 2GET/CNRS, 3Hydromatters, *INRAE, RECOVER,
Aix-marseille University, °CS GROUP - France., Space
Business Unit, °®LEGOS, ’IRD, 8CNES, °lIOAGA

The SWOT satellite mission launched in December 2022
provides an unprecedented cartographic hydraulic
visibility of water surfaces deformations over worldwide
rivers, in addition to decades of nadir altimetry and
imagery. Here we focus on the informative content of
the SWOT pixel cloud (2D in space) and of 1D data
(spatial aggregation along rivers centerlines), on the
vertical accuracy of water surface elevation
measurements and of resulting slopes, on the detection
capabilities of spatio-temporal variabilities associated
with hydraulic signatures. They reflect variabilities in
inflows and/or river-floodplain bathymetry and/or
hydraulic friction. We consider data from the SWOT Cal-
Val phase, i.e. 1-day revisits without global coverage,
and from the final SWOT science orbit with nearly global
spatial coverage by 21 days cycles but with sparser
temporal revisits over the same spatial location. SWOT
data are analyzed on the Maroni, Negro and Tsiribihina
rivers against rich in situ datasets, and especially
accurate georeferenced water surface profiles and
water level time series, including ones especially
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collected during the SWOT fast sampling phase. SWOT
measurement errors are evaluated with in situ data and
highlight the unprecedented potential of SWOT to
capture longitudinal and temporal hydraulic signatures
accurately. The application of our wavelet based
denoising and multi-scale segmentation algorithm to
the 1D product, enables to preserve multi-scale
signatures of hydraulic controls while denoising raw
data and to produce meaningfull reach averaged
elevation and slope products. The capability to depict
flood propagation in a river network with SWOT is
analyzed and depends on the spatial orientation of the
river network and on the spatio-temporal sampling of
measurement, which is dense in space but sparser in
time relatively to flows dynamics and associated WS
signatures. WS surface signatures indeed reflect
hydrological signals variabilities and hydraulic
propagation at network scale, hence multi-frequential,
multi-scale non linear physical processes that SWOT
enables us to observe in a new way.
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FORECASTING RIVER STAGES AT VIRTUAL STATIONS OF
SENTINEL-3A: CASE STUDY FROM THE ODRA RIVER
(WESTERN POLAND)

Niedzielski T, Halicki M, Witek M, Walusiak G*, Remisz
Jl
LUniversity of Wroclaw

The paper reports on the preliminary results of the
project (funded by National Science Centre, Poland,
grant no. 2020/38/E/ST10/00295), the objective of
which is to issue predictions of water levels at ungauged
sites of the Odra/Oder River located in western Poland
as well as at the Polish-German border. We developed a
hydrologic prediction system that calculates in real time
(every hour) forecasts of river stages at virtual stations
of the Sentinel-3A altimetry. Since the satellite cycle if
of 27 days, we transfer predictions computed for
nearest upstream in-situ gauge to a virtual station using
the hourly updated gauge-gauge relationship. The water
level prognoses issued for in-situ gauges are based on
vector autoregression (VAR) supported by our
stochastic-deterministic no-data gap infilling method
known as LinAR as well as by the dedicated outlier
removal approach. The prediction lead time is set to 72
hours, however, we found that forecasts up to 24 hours
into the future are the most skillful when anticipating
high flows at in-situ gauges. For every gauge, the
prognoses are moved from in-situ site to a virtual
station using the aforementioned gauge-gauge
relationship, the latter being established in real time
using the lag correlation approach. Finally, we compute
72-hour predictions of water levels at eight Sentinel-3A
virtual stations, with the recommendation that
maximum reasonable lead time is much shorter in case
of high flow development.



In order to verify prediction accuracy at virtual stations
we conduced a long-term fieldwork, consisting of forty
5-day excursions to eight locations along the Odra River
in western Poland. During each excursion, we observed
virtual stations using airborne LiDAR (light detection and
ranging) and high resolution digital camera, installed
onboard an unmanned aerial vehicle. Dense point
clouds acquired by LiDAR allowed us to delineate river
coastline and compute water levels at approximate
times when Sentinel-3A was overpassing virtual
stations. Such data were used to infer on the accuracy
of altimetry-derived water levels and — most
importantly — to assess the performance of our
hydrologic prediction system designed for ungauged
sites.
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SENTINEL-6/MICHAEL FREILICH PERFORMANCES
ASSESSMENT OVER INLAND WATERS DURING TANDEM
PHASE WITH JASON-3

Taburet N, Moreau T, Boy F?
1CLS, °CNES

The Copernicus Sentinel-6/Michael Freilich mission was
successfully launched on November 21st, 2020.
Although the primary objective of the mission is to
measure sea surface topography with high accuracy, it
also allows to monitor water level over inland waters.
Freshwater stocks monitoring is of great interest for
climate change monitoring studies as well as near real
time lakes and rivers monitoring services. This benefits
to domains such as flood and droughts risks
management, health, agriculture, economic and
political activities, transportation. Sentinel-6/MF is
another essential brick in the altimetry constellation to
support the validation of the recent SWOT mission
swath altimetry datasets and prepare for the Sentinel
next generation topography missions.

Poseidon-4 altimeter on board Sentinel-6 differs from
previous conventional sensors by operating
simultaneously in Low Resolution mode (LRM) and in
Synthetic Apeture Radar mode (SARM), in a so-called
interleaved mode which allows for continuous
transmission (also refers as open burst mode). Over one
year, December 18th, 2020, to April 7th, 2022, Sentinel-
6 was in tandem flight with Jason-3, before this later
being moved to another orbit. This configuration
allowed comparing Sentinel-6 and Jason-3 data, which is
of importance to ensure continuity of downstream
services.

This presentation focuses on Sentinel-6 CalVal activities
over inland waters exploiting the tandem phase.
Comparisons between Sentinel-6 and Jason-3
continental water level retrievals will be presented, as
well as assessment of the reconstructed water level
timeseries with respect to insitu measurements.
Precision and accuracy of water level estimates will be
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quantified, focusing on the improvements Sentinel-6
brings comparing to Jason-3. The benefits of SAR mode,
as well as the Fully focus SAR processing it allows, will
be emphasized in terms of unexpected opportunities to
now monitor very small water bodies in complex
hydrological geometries.
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INFERRENCE OF SPATIO-TEMPORAL PARAMETERS OF
BASIN SCALE HYDROLOGICAL-HYDRAULIC MODEL BY
VARIATIONAL ASSIMILATION OF MULTI-SATELLITE AND
SWOT DATA

Larnier K, Garambois P?, Emery C, Gal L%, Paris A%,
Colleoni F?, Ledauphin T, Yésou H?, Pujol L°, Pefia Luque
S Calmant S, Monnier J/

1Hydro Matters, ?Inrae, Recover, Aix-marseille
University, 3CS - Group , *SERTIT - Icube, >°HSM, °CNES,
’INSA Toulouse, IMT

In complement to decades of nadir altimetry and
imagery, the SWOT satellite mission launched in
December 2022 provides an unprecedented
cartographic hydraulic visibility of water surfaces
deformations over worldwide rivers. This contribution
investigates the informative content of multi-satellite
and in situ observations of rivers for estimating
unknown or uncertain parameters of basin scale
hydrological-hydraulic model. The modeling approach
with DassHydro consists in a 1D Saint-Venant
differentiable hydraulic model of the river network
inflowed by a spatially distributed hydrological model.
An automated toolchain (Hydropreprocessor) enables
to (1) determine inflow coupling points between the
hydrological and hydraulic domains, (2) to generate the
1D hydraulic mesh over the river network using
observations of water heights and widths either from
SWOT L2 river products or from other EO missions
(ICESat-2, Copernicus Sentinels). A variational data
assimilation algorithm is used for the first time at river
network scale with heterogeneous data cocktails for
simultaneously inferring spatially distributed inflow
discharge hydrographs, bathymetry and friction
parameters of the hydraulic model. This approach is
illustrated on the Maroni River basin in French Guyana
with assimilation of water level data from altimetry
alone or in combination with temporally dense but
spatially sparse data from in situ gages. The validation
dataset consists of in situ discharge time series and
altimetric water level dataset split into two subsets, one
for building the model (along with water masks) and
one for the assimilation.

The obtained results show that realistic spatially
distributed bathymetry-friction and inflow discharges
corrections can be inferred with prior information of
sufficient quality and respecting flow laws. Frequential
inferrability of inflow discharge hydrographs depends
on the spatio-temporal visibility of their mixed
signatures in the water surfaces downstream in the
river network, which corroborates our findings in



previous studies at single river portion scale. Working at
network scale with a hydrological-hydraulic model
ensures physical consistency in terms of non linear flood
propagation and water surface signatures, while global
optimization in space and time enables to maximize
information extraction from heterogeneous data and to
improve the coherence of model internal states. This
approach enables information feedback from hydraulics
observables downstream to hydrological modeling and
can be applied to other basins worldwide and other
data cocktails. The differentiable model is usable as
backbone for building a learnable spatialized
hydrological-hydraulic framework.

References:
[1] DassHydro: https://dasshydro.github.io/
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INLAND WATER LEVEL MONITORING WITH RADAR
ALTIMETRY : THE SPECR RETRACKER

Nifio F, Boussaroque M?, Blarel F*, Paris A2,
Biancamaria S, Juca Oliveira R?

1Université de Toulouse, LEGOS (CNES/CNRS/IRD/UT3),
’Hydro Matters

Inland waters are an essential part of the water, carbon
and energy global cycles, and river and lake water levels
are essential climate variables (ECV) as defined by the
Global Climate Observing System. Water resources over
the continents, however, have been and continue to be
affected by climate change and anthropogenic impact.
Monitoring their evolution is essential for risk
management and successful water governance policies.
Despite the urgent need, the number of publicly
available water level temporal series has dwindled in
the last decades, making water level databases sparse
and very heterogeneous in space and time. By virtue of
their global coverage and continuous operation,
spaceborne radar altimeters can mitigate the lack of in
situ data.

After summarizing the evolution of altimetry retrackers
for inland waters, we present one of the most recent
retrackers, tailored for historical altimetry missions in
low-resolution mode (LRM). This retracker shows very
good performance on inland waters and enables the
generation of extended water level time series. The
Specular waveform retracker for inland waters, uses the
fact that there is a high backscatter contrast between
inland waters and their surroundings, frequently
produces specular waveforms. The physical model used
is based on a sinc-squared function, with the novelty
that we also take into account radar signal clipping as is
often the case with Poseidon altimeters (Jason
missions).
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We present some case studies in the Garonne and
Mississippi rivers, as well as global performance
assessment.
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SYNERGIES BETWEEN RADAR ALTIMETRY AND
MULTISPECTRAL REFLECTANCE SIGNAL FOR RIVER
DYNAMICS DETECTION AND RIVER DISCHARGE
ESTIMATION: PROGRESS AND NEXT STEPS

Tarpanelli A, Filippucci P!, Sahoo D?
1CNR-IRPI

River discharge is a fundamental variable of the
hydrological cycle, necessary for flood forecasting,
essential for water resources management, and
supporting the identification and adaptation to
potential effects of climate change. Its estimation is
quite difficult because it is not direct and requires many
variables and references measured on the ground.
However, due to the difficulty of obtaining a
homogeneous and continuous hydro-monitoring
network on the ground, the scientific community is
looking for the possibility of estimating river discharge
from space. Among the satellite sensors, radar
altimeters provide important information for river
water level monitoring, and the increased accuracy of
the sensors encourages their use also for river discharge
estimation by traditional methods (rating curves or
hydraulic modeling). The main limitation lies in the
temporal frequency, which is often too low for classical
hydrological applications related to the identification of
extreme events in small to medium sized rivers. In this
case, a multi-mission approach, i.e. the interpolation of
different altimetric river crossings, has the potential to
overcome the limitations due to the poor spatio-
temporal sampling. Alternative sensors include optical
sensors, which due to their frequent revisit time (almost
daily) and wide spatial coverage have shown that
reflectance change can be a proxy for river discharge
variation and can be used for river monitoring. Based on
these premises, the synergy between altimeter and
optical sensors has proven successful in many cases to
overcome the limitations of the individual missions.
Recent developments and progress in the combination
of the two different sensors are presented here, tracing
the results of the advancement of the method, the use
of the different sensors available, and the application at
different sites with the prospect of achieving global
spatial coverage and a time frame of about 20 years.
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ASSEMBLING 30 YEARS OF SATELLITE WAVE
MEASUREMENTS FOR CLIMATE SCIENCE : THE SEA

STATE CLIMATE CHANGE INITIATIVE CCI TEAM

Dodet G, Ardhuin F>, Ollivier A%, Connors 5% and All The
Team
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Robust long-term sea state information are needed for
coastal adaptation, offshore engineering, marine energy
production, and marine security, but also to constrain
modern global wave reanalysis, which often suffer from
the assimilation of uneven dataset. In this context, the
European Space Agency is playing an active role through
the Climate Change Initiative program, which aims at
making the most of historical and current Earth
Observation missions in order to produce long term
records of Essential Climate Variables (ECV). The sea
state ECV has been routinely monitored from space with
radar altimeters and synthetic aperture radar imagers
over more than three decades. Over this period of time,
mission designs and technology have evolved alongside
climate change, and the production of seamless multi-
mission and multi-sensor climate data record has
become more and more challenging. For the second
phase of the Sea State CCl project,wave measurements
from 16 satellite missions, including altimeters (LRM
and SAR) and SAR imagers, will be inter-calibrated to
minimize the bias between missions and sensor types,
and between satellite, ground truth measurements and
models. This study presents the satellite missions, the
selected in situ and model dataset, and the inter-
calibration strategy developped within the project. The
impact on the long-term statistics are finally discussed.
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VALIDATION AND UNDERSTANDING OF SWOT AND
COASTAL ALTIMETRIC DATA

Hyeans A', Yeasmin N, Testut L%, Ballu V*
1Lienss Laboratory

Satellite altimetry has revolutionized the study of ocean
dynamics as well as the monitoring of the global mean
sea level. Since 2022, the SWOT (Surface Water and
Ocean Topography) altimetry mission, employing Ka-
band SAR, provides unprecedented spatial resolution
over both the open and coastal oceans and inland water
bodies. At the coast, traditional processing of radar
altimeters measurements used for the open seas are
not adapted. Radar altimeters face challenges due to
land contamination and complex dynamic processes.
Dedicated processing for coastal environments has been
developed in recent years to improve the quality of the
measurements at the coast (X-TRACK (Birol et al., 2022),
ALTICAP (Birol et al., 2023) ...).

Despite the anticipated improvements offered by
SWOT, its applicability in coastal regions remains not
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fully understood. To address this gap, our validation
approach relies on in-situ measurements obtained from
the USV PAMELI (Plateforme Autonome Multicapteurs
Pour I'Exploration Du Littoral) in the Pertuis Charentais
coastal zone (located in the Bay of Biscay, France). The
objective of these in-situ measurements is to validate
and improve both SWOT and coastal nadir altimetric
products, with the aim of facilitating cross-calibration
with SWOT. Building upon the methodology established
by Chupin et al. (2020, 2023), this study will deploy the
Cyclopee system on PAMELi along the SWOT swath.
Moreover, deploying GNSS buoys and incorporating
long-term tide gauges measurements will expand our
in-situ network, enriching validation efforts. The use of
GNSS buoys will also be used to improve tropospheric
correction in the altimetry processing. In validating and
improving coastal altimetric products, our study aims to
understand and use satellite altimetry and SWOT data in
coastal regions.

The validation and calibration process using in-situ
measurements play a crucial role in advancing the
accuracy and reliability of SWOT and altimetric coastal
products. By addressing the challenges associated with
coastal altimetry, this study contributes to
characterizing coastal dynamics and enhancing the
utility of satellite-derived data for coastal research.
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ANALYSIS OF HIGH-FREQUENCY SEA-STATE
VARIABILITY USING SWOT NADIR MEASUREMENTS
AND APPLICATION TO ALTIMETER SEA STATE BIAS
MODELLING

Mazaleyrat E!, Tran N, Amarouche L', Vandemark D?,
Feng H? Dibarboure G, Bignalet-Cazalet F?

1CLS Group, 2University of New Hampshire, 3Centre
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SWOT 1 day-phase provides a unique opportunity for
analyzing the high-frequency sea-state variability and its
implications for sea state bias (SSB) model
development. Time series of sea level anomaly (SLA)
and SSB input parameters - comprising significant wave
height (SWH), wind speed (U) and mean wave period
(MWP) - were constructed using altimeter nadir data.
Temporal autocorrelation functions were computed to
determine the decorrelation time scales (DT) associated
with SLA (= 4 days on average) and SSB input
parameters (= 1-2 days). The latter results, obtained
using unprecedented high-frequency satellite data from
multiple ocean basins, are consistent with observations
from ocean wave model. The computed average DT
values also suggest that the current assumptions
governing the formation of SSB databases (through the
selection of optimally time-differenced data points)
should be revisited whenever possible, provided that
the orbit's repeat cycle of the mission at hand allows it.
In addition, the analysis of the temporal cross-
correlations provided a description of the relationships
between SSB input parameters (SWH, U and MWP),
with distinct behaviors in swell and wind-sea-dominated
areas. Finally, it was demonstrated that computing
cross-correlations between SLA (before and after it is
corrected for SSB) and SSB input parameters, could
serve as an additional tool for quantifying the SSB
correction performances (which so far mainly relies on
variance reduction of SLA differences at crossover
points).
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NUMERICAL CONVOLUTIONAL MODEL FOR
RETRACKING SENTINEL-6 DELAY/DOPPLER ALTIMETRY
DATA

Granados A', McKeown C?
lisardSAT, 2isardSAT

The analytical form of the delay/Doppler backscattered
echo (Ray et al., 2015), currently implemented in the
Sentinel-6 (S6) Payload Data Acquisition and Processing
(PDAP) retracker, makes multiple approximations of the
analytical functions making up the convolutional model
in order to obtain a closed form solution. One of this
simplifications is the Gaussian approximation of the
Point Target Response (PTR). Anomalies in the global
mean sea level drift and significant waveheight
stimations have been observed with the PDAP retracker
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implementation, which have been related to the
evolution of the main lobe width and secondary lobes
asymmetries of the in-flight PTR (Boy et al., 2022). With
the aim to reduce the impact of the PTR model
approximation, the use of static look-up-tables (LUT)
has been exploited. However, fully reliable estimations
of the sea level trend can be obtained only if LUTs are
regularly updated, which appears to be operationally
unfeasible. As an alternative, the convolutional model
can account for the measured PTR of the instrument, so
that any PTR shape evolution is considered when
retrieving geophysical parameters, if the convolution is
solved numerically.

This work is devoted to providing a description of the
algorithms that comprise a numerical model of the
altimetric delay/Doppler backscattered echo that allows
for the use of the measured PTR, based on the physical
convolutional model in range time - Doppler frequency
domain in (Halimi et al., 2014). A circular antenna
pattern is assumed in the modeling of the flat surface
impulse response, and ocean skewness is considered in
the probability density function of the distribution of
heights. Prior to multilooking, a stack mask is applied
which eliminates bins with spurious information. In
addition, the fitting parameters correspond to the
solution of a constrained least-squares problem, where
lower weights have been given to the range bins with
high errors through the use of robust statistics.

The model is implemented in a processor which is fed
by Level-1B HR and CAL1 S6 data and provides temporal
series of geophysical parameters estimates (significant
waveheight Hs, sea surface height SSH and normalized
radar backscattering cross section 00) and quality
measures. The results over a study area on the South-
West Indian Ocean are analysed in terms of accuracy
and precision and compared with Level-2 operational
products, showing good performances and suggesting
potential uses of the current model for future
investigations.
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In the context of climate change, there is an increasing
need to understand and monitor inland waters and their



cycles. Additionally, the preservation of natural
resources is crucial, as they face mounting pressure
from human activities. Traditional monitoring networks
face challenges such as conflicts, difficult accessibility,
and high maintenance costs, making them inadequate
for effective monitoring of continental waters at large
scale. This challenge is particularly pronounced in basins
like Maroni in French Guiana and Niger, where existing
networks are unable to provide information at the
necessary time and space resolution,s mostly due to
dense forests and political conflicts. Hence, the
utilization of current and forthcoming free and
accessible datasets from space, integrated into
hydrological and hydrodynamic models, can offer crucial
information to supplement existing in situ networks.

In this context, incorporating satellite radar altimetry
observations of inland waters into hydrological models
holds significant promise for enhancing water resource
management and flood prediction. This study focuses
on integrating water surface elevation (WSE)
observations from several altimeters, including SWOT
(Surface Water and Ocean Topography) mission’s nadir
altimetry data with a one-day repetitivity (SWOT-1d),
into the MGB (Modelo de Grande Bacias) hydrological
model. WSE are converted into discharges using rating
curves (RC). The study compares the predictive
capabilities of SWOT-1d data with older satellite
constellations like Sentinel and Jason, specifically in the
Maroni basin (French Guiana), and the Niger basin,
where flooding is frequent.

To evaluate the improvements brought by SWOT-1d
data, a comparative analysis is conducted among SWOT,
Sentinel, and Jason altimeters in terms of their
predictive discharge performance within the MGB
model. The ensemble Kalman filter (EnKF) method is
employed to assimilate discharge data derived from the
combination between satellite altimetry data and RC
informations into the MGB model. This allows for
refining streamflow predictions and assessing the
advancements facilitated by SWOT-1d data.

This assimilation approach has been applied over the
period from 2000 to 2023 for both basins, enabling the
integration of SWOT-1d data into the MGB model. This
time span allows the inference of the contribution of
the daily observations from April to June 2023 when
compared to other years when only the constellation
with revisit periods of 10 and 27 days (for Jason3 and
Sentinel-6 and for Sentinel3 A&B, respectively) in basins
with contrasted hydrological conditions and behaviours.
The results demonstrate the potential for improved
streamflow predictions, particularly during extreme
events, offering valuable insights into hydrological
dynamics and contributing to enhanced water resource
management and flood forecasting in these regions. It
illustrates the trade-off between the necessary high
temporal sampling for fast events monitoring (here
provided by the daily observations from SWOT-1d) and
the necessity of higher spatial observation capacity
(provided by the currently flying Copernicus
constellation) for providing a distributed vision of basins
hydrological state. And provides insights on the
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relevance of under discussions constellations of nano
satellites such as SMASH.
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WAVE-CURRENT INTERACTIONS IN THE AGULHAS
CURRENT: A COMPARATIVE ANALYSIS OF ALTIMETER
PRODUCTS AND WAVE MODELS AGAINST DRIFTERS
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Our study exploits in situ data collected in the Agulhas
Current and Retroflection region during the One Ocean
Expedition 2021-2023 to evaluate the effect of wave-
current interactions on wave models and altimetry-
derived products. In January 2023, six OpenMetbuoy
drifters (Rabault et al, 2022) were deployed in the
Indian Ocean, in and around the Agulhas Current. Over
approximately two months, these drifters continuously
recorded data, enabling the estimation of significant
wave height and Stokes drifts along their paths.
Additionally, surface velocities were derived from
onboard GPS data, providing insights into surface
current velocities, as the drifters experienced minimal
direct windage due to their high immersion.

The analysis first focuses on surface velocity products.
The Copernicus GlobCurrent product combines
altimetry-derived geostrophic currents with Ekman drift
computed from atmospheric forecasts. We found out
that this product tends to underestimate surface
velocities exceeding 0.5 m/s. A similar trend of
underestimation with greater dispersion was noticed for
MERCATOR surface velocity product. Further analysis,
incorporating Stokes drift, derived from the Météo
France Wave Model (MFWAM) forced by GlobCurrent
currents, into the GlobCurrent surface velocity product,
showed a marginal effect: on average, Stokes drift
contributes less than 10% to the total surface velocity,
thereby making its impact very weak. However, during
strong wind events, Stokes drifts and subsequent
inertial oscillations tended to divert the drifters from
their geostrophic paths, leading to circular trajectories.

Further, we compared Stokes drifts and significant wave
heights derived from ERAS5 reanalysis and MFWAM with
the in-situ measurements from the drifters. ERAS
consistently underestimated significant wave heights
over 3 m, while MFWAM, demonstrated good
agreement with drifter data. Both models tended to
overestimate Stokes drifts, with ERA5 showing greater
variability. The absence of current data in ERA5, coupled
with its coarser spatial resolution (1/2 degree)
compared to MFWAM (1/12 degree), likely contributes



to the diminished accuracy of ERAS in areas with strong
currents, underscoring the complexities and challenges
in accurately modelling wave-current interactions in
dynamic regions like the Agulhas Current.
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UTILIZING SATELLITE ALTIMETRY TO ENHANCE IN-SITU
WATER LEVEL OBSERVATIONS IN LEAST DEVELOPED
COUNTRIES

Schumann G, Croneborg-Jones [?
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This contribution presents an approach to enhance
water level observations in least developed countries
(LDCs) by synergistically integrating satellite altimetry
data from various missions (ESA radar altimetry
missions, NASA/CNES SWOT, and NASA ICESat-2) with
ground-based measurements collected through a free,
SMS-based platform. This innovative approach
leverages the strengths of both data sources to address
the critical challenge of data scarcity in LDCs. By
establishing a comparison between satellite and
ground-based water level observations, we can validate
the quality of manual readings, fostering trust in their
application and enhancing the overall reliability of the
data. Furthermore, this combined dataset offers
valuable insights for optimizing the design and
operation of national hydrological monitoring networks,
ensuring they effectively capture crucial water level
information across diverse geographical regions. To
further empower national hydrological services in LDCs,
we have developed a user-friendly, centralized platform
for data access and visualization. This platform
seamlessly integrates altimetry data with in-situ
observations, providing a convenient and readily
accessible resource for hydrologists. Additionally, we
envision incorporating satellite data into existing flood
models. This integration has the potential to
significantly improve flood prediction capabilities,
ultimately leading to more robust flood risk
management strategies and enhanced protection for
vulnerable communities in LDCs. By fostering
collaboration between satellite technology and
established ground-based monitoring practices, this
project paves the way for a more comprehensive and
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effective water resource management framework in
LDCs.
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SENTINEL 3 ACTIVE RADAR CALIBRATOR GROUND
TRANSPONDER DATA ANALYSIS: AN OVERVIEW OF 1.5
YEARS COLLECTED STATISTICS AT FRANK SILVIO
MARZANO CAL/VAL SITE IN LEONESSA.
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Femenias P?, Catapano F?
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This abstract is presented in the framework of S3 MPC
Service contract serving the Copernicus Sentinel-3
mission, jointly operated by ESA and EUMETSAT to
deliver operational ocean and land observation services.
In the presentation, Sentinel-3 A and B radar signals,
recorded by the Sigma0 ground Active Radar Calibrator
(ARC) transponder in the Frank Silvio Marzano Cal/Val
site since October 2022 are presented, first explaining
the down-conversion and sampling characteristics of
the MW and analog received signal elaboration and
then introducing the processing implemented on the
digitalized data. Through the implemented processing,
many Synthetic Aperture Radar (SAR) signal parameters
can be estimated during the calibration time such as Ku
Radar Burst Cycle (RBC) count, duration and amplitude
per single pulse as well as envelope of received pulses.
Statistics gathered in the 1.5 years activity are hence
discussed, showing observed drifts, trends and
correlation with available troposphere conditions.
Descending from statistics discussion, conclusion on the
impact of ground ARC transponder data for the Radar
Altimetry community are drafted, with the aim of
leveraging the processing outcomes for improving the
quality of the Copernicus Sentinel-3 Data Products.
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(C3S: AN INCREASED SPATIAL COVERAGE OF
MONITORED LAKES WITH NADIR ALTIMETRY FOR
WATER LEVEL PRODUCTS.

Calassou G', Calmettes B, Taburet N*
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Lakes play a crucial role in retaining and stocking water,
and in the context of the significant global
environmental changes occurring at several
anthropocentric levels, the necessity to monitor water
level has increased substantially over the last years, and
lake water level is defined as an Essential Climate
Variable by GCOS. The water stored in lakes responds to
any changes in precipitation and air temperature as well
as directly to human use of water resources. Fresh
water is a more and more pressured resource for the
population needs and a fundamental element for
industry and agriculture. It is therefore essential to
measure lake water level changes over multi-annual



time scales to trace it in the context of climate change
and to be used within climate models. Satellite altimetry
is widely used to measure lakes and reservoirs water
height changes worldwide, and their associated
uncertainties. However, strategies and algorithms to
calculate this variable are not straightforward and
sophisticated approaches have been developed.

Although originally conceived to study open ocean
processes, the radar altimeter satellites have
nevertheless been shown of great interest to acquire
numerous useful measurements of decimetric to
centimetric precision over lakes. With this technique,
the Lake Water Level is defined as the height of the
reflecting surface, in meters above the geoid. Hence,
only lakes located along the satellite's ground tracks or
within few kilometres can be monitored with nadir
altimetry, with a quality of measurement that not only
depends on the size of the lake, but also on its surface
roughness, possible signal coming from other reflecting
targets in its surroundings. Depending on the size of the
lake, the satellite data may be gathered and averaged
over very long distances. It is thus necessary to correct
for the slope of the geoid (or equivalently, the mean
lake level profile). The “repeat track technique” is used
to solve this problem. The geoid slope is recalculated for
each of the track of the satellite and then is averaged
over a significative number of cycles. The result of this
calculation is a mean vertical profile, along each pass
per lake, which serves as correction for geoid.
Additionally, many of these lakes, are observed by
multiple mission and tracks, requiring a bias correction
process.

For small lakes, the variation of the geoid has a
negligible impact. A simpler approach can therefore be
implemented to use the input L2 altimetry products and
will be presented: measurements are extracted within
lakes contours (from Hydrolakes dataset) and averaged
for each transect. Particular attention was nevertheless
required to setup editing criteria to remove possible
outliers within the 20Hz input data. Indeed, given the
smaller size of this lake sample, the altimeter footprint
also covers lake shores and possible surrounding
echogenic targets. Using this approach, water level
timeseries have been generated over several thousands
of lakes worldwide. The validation of the water level
time series will be detailed in the presentation,
emphasizing on comparisons to external data sets with
either in-situ data or other altimetry-based products.
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MULTI-OBSERVATION
LARGE-SCALE
PREDICTION
Wongchuig S', Paiva R?, Siqueira V2, Papa F*3,
Fleischmann A% Biancamaria S, Paris A%, Parrens M%7,
Al Bitar A7

DATA  ASSIMILATION  FOR
HYDROLOGIC-HYDRODYNAMIC
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Satellite remote sensing improves model predictions by
providing information on land and hydrological
processes. Although data assimilation techniques have
shown promise, standardized and effective approaches
for integrating multiple observations simultaneously are
lacking. This study presents a novel assimilation
framework, the multi-observation local ensemble
Kalman filter (MoLEnKF), designed to effectively
integrate multiple variables, even at scales different
from that of the model. Unlike previous studies focused
on one or two products, MoLEnKF employs the LEnKF
technique in a large-scale hydrologic-hydrodynamic
model. This study evaluates our technique in the
Amazon River Basin (ARB) which includes assimilation
experiments with water surface elevation (WSE) from
radar altimetry satellites, terrestrial water storage
(TWS) from the GRACE mission, flood extent (FE) from
the GIEMS-2 multi-mission product and soil moisture
(SM) from SMOS LERZ. MoLEnKF demonstrates
improvements in regions lacking in situ hydroclimatic
records when compared to the benchmark which is an
uncalibrated version of the model. MoLEnKF
outperforms the mean of individual assimilation
experiments with notable reductions in discharge and
WSE errors of 7% and 12%, respectively. WSE
assimilation from radar altimetry outperforms,
achieving ~16% reduction in discharge errors and WSE
compared to the uncalibrated model. TWS assimilation
excels in specific sub-basins. While radar altimetry
provides the largest error reductions in the simulations
in many regions of the study area, highlighting its
importance for the continuation of such missions, this
study provides evidence that assimilation of other
complementary variables can help improve
performance in regions where altimetry does not.
MoLEnKF simulations outperform state-of-the-art
models in the ARB, demonstrating its potential as a
valuable tool for the scientific community. MoLEnKF
emphasizes simplicity and elegantly expresses the LEnKF
equations. The flexibility of MoLEnKF allows its
application with different types of variables, compatible
with large-scale hydrologic-hydrodynamic models and
missions such as SWOT. Furthermore, its robustness
ensures easy replicability in any global basin, facilitating
the improvement of prevision, establishing MoLEnKF as
a valuable tool for the scientific community in
hydrological research.
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IMPACT OF SWOT ASSIMILATION ON MERCATOR
OCEAN INTERNATIONAL GLOBAL FORECASTING
SYSTEM

Benkiran M., Fouchet E, Le Traon P, Remy E
IMercator-Océan

Mercator Ocean International (MQi) has conducted
several Observing System Simulation Experiments
(OSSEs) to assess the potential of SWOT and more
generally swath altimetry for ocean forecasting. The
results have shown that the complementarity of SWOT
with nadir altimeter data improves the quality of ocean
forecasts. The launch of the SWOT satellite took place
on 16 December 2023. We use here the first SWOT
(Nadir+karin) L3 data sets (21-day orbit) to carry out
assimilation tests in our global (1/12°) forecasting
system and assess the impact of SWOT data on the
quality of ocean analyses and forecasts. A new data
assimilation technique with scale separation is used.
Adding SWOT observations to those of other nadir
altimeters globally reduces the variance of sea level
analyses and forecasts by about 20%. Perspectives for
improving further the impact of SWOT data are
discussed.
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VALIDATION OF LAKE LEVELS FROM SENTINEL-6MF
WITH IN-SITU DATA AND OTHER  SATELLITE
ALTIMETERS

Nilsson B, Nielsen K*
IDTU Space, National Space Institute

The importance of satellite altimetry for the monitoring
of inland water bodies is increasing, which the addition
of Sentinel-6 Michael Freilich (MF) to the satellite
altimetry record will help support. With the launch of
Sentinel-6MF, we have for the first time high- and low-
resolution observations of inland water in parallel. In
this study, we validate Sentinel-6MF based low and
high-resolution lake water levels, determined with a
state-space model. We use data from 124 gauges in 85
lakes, located in the United States, Canada, Sweden and
Australia, and additionally estimate the scatter of
observations from 1330 globally distributed lakes
(greater than 20 km?2), and compare with Sentinel-3A
and B. At these locations, we determine the
performance difference between a physical (ocean) and
empirical (OCOG) retrackers, as well as the difference
between the low- and high-resolution modes. We see
how lake characteristics (size, shape, location), as well
as the satellite ground track locations can influence the
performance.

Using the gauges as ground-truth, we achieve an
unbiased root mean squared error (u-RMSE) of 6.4 cm
for Sentinel-6MF (best case, with high-resolution mode,
only summer data and using the OCOG retracker). We
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achieve lowest u-RMSE when using only summer data,
to correct for ice-coverage on lakes in the winter. The
median standard deviation per transect of lake water
levels is found to be 3.7 cm for high resolution, and 8.7
cm for low resolution (OCOG), compared to 6.1 and 6.2
cm for Sentinel-3 (A and B respectively). We achieve
generally better performance with the empirical
retracker, however the physical retracker outperforms
at larger lakes (> 10,000 km?). We see more confidently
determined water levels with the high-resolution mode,
especially at lakes with a high chance of land
contamination in the altimetry footprint. Overall, we
achieve good results from Sentinel-6MF and the data
from this mission would provide additional value to
future inland water level monitoring.
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ASSIMILATION OF SWOT DATA (1-DAY ORBIT) INTO
MERCATOR  OCEAN  INTERNATIONAL'S  GLOBAL
FORECASTING SYSTEM

Fouchet E%, Benkiran M?, Le Traon P!, Remy E’
IMercator-Océan International

The international Surface Water and Ocean Topography
(SWQT) satellite, launched in December 2022, is making
high-resolution 2D observations of sea-surface height
(SSH) using SAR radar interferometry techniques.
Mercator Ocean International (MQi) has carried out the
first tests to assimilate SWOT (1-day orbit) data into the
global (1/12°) forecasting system. A new data
assimilation technique with scale separation has been
tested. The results of these studies are presented here.
We analyze the impact on SWOT crossover regions and
the impact of repetitive observations. The one-day fast
sampling phase offers a unique opportunity to assess
the model forecast representation of the high frequency
phenomena down to 1-day that will be aliased with the
21-day orbit.

185

"SWATH PROCESSING" WITH SENTINEL-6: MEASURING
DENSELY SAMPLED RIVER ELEVATION PROFILES

Ehlers F., Slobbe C, Verlaan M?, Kleinherenbrink M?
1Geoscience and Remote Sensing, Delft University Of
Technology, 2Mathematical Phyisics, Delft University of
Technology, 3ESTEC

Radar altimeters typically provide water elevations of
rivers and lakes only where a target intersects the
satellite’s ground track, called Virtual Stations (VS). This
way, the observations have both limited temporal and
spatial resolution, because on one hand such
intersections occur by chance and because on the other
hand the repeat cycle of the orbit ranges from 10 to 35
days, depending on the mission.



Boy et al. [1] illustrated recently that river signals may
also be captured when the river is located at cross-track
distances of several kilometers, when utilizing high
resolution SAR altimeter products (particularly fully-
focused SAR [2], FFSAR). This enables to measure dense
longitudinal river profiles, but comes with completely
new challenges in the data processing. Based on the
initial idea, we developed a novel algorithm to semi-
automatically calculate water surface elevations (WSE)
of rivers within a ground swath of approximately 14 km
width, and with along-track resolutions as fine as 10 m
from the Sentinel-6 altimeter signal. All that is needed
additionally to the FFSAR-processed signal is an a-priori
river polygon or centerline to correct for non-zero cross-
track distances.

Our algorithm can provide WSE along most parts of the
river that fall within the swath, thus delivering densely
sampled WSE profiles instead of a few point
measurements over only the nadir crossings (VS). This
marks a drastic improvement in the number of available
WSE observations and opens completely new research
possibilities, as water surface slopes and level changes
due to rapids and dams can be studied directly.
Essentially, these new Sentinel-6 WSE measurements
resemble the river WSE product obtained with the
recently launched SWOT mission (albeit with more
limited coverage). As such, they can be exploited in
similar manners to provide much additional information
for hydrological research, e.g. for assimilation in
hydrological models and more reliable estimation of
river discharge.

We validated the new measurement approach and our
algorithm over two rivers in France, the Creuse river and
the Garonne river, showing biases that are typically on
the order of +-4 cm and random errors on the order of 5
c¢m, both on 30 m along-track resolution. We currently
evaluate a remote case study in Nepal, in which we aim
to also compare the results to the SWOT
measurements. In our presentation, we will concentrate
our attention on the new challenges of the method,
including a sophisticated signal detection algorithm, the
altered error budget of off-nadir WSE measurements
and the limitations due to signal folding, clutter, lacking
contrast and the complexity of the scene.

[1] Francois Boy et al. “Measuring longitudinal river
profiles from Sentinel-6 Fully-Focused SAR mode”. In:
Ocean Surface Topography Science Team (OSTST)
meeting. Nov. 2023. doi: 10.24400/527896/a03-
2023.3781.

[2] Alejandro Egido and Walter H. F. Smith. “Fully
Focused SAR Altimetry: Theory and Applications”. In:
IEEE Transactions on Geoscience and Remote Sensing
55.1 (Jan. 2017), pp. 392-406. doi:
10.1109/TGRS.2016.2607122.
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LONG TERM ASSESSMENT OF THE GLOBAL MEAN SEA
LEVEL RECORD AND ASSOCIATED UNCERTAINTIES
BASED ON NEW L2P DT 24 PRODUCTS

Quet V2, Mangilli A%, Prandi P, Kocha C', Dibarboure G?
1CLS Group (Collecte Localisation Satellites), °CNES
(Centre National d'Etudes Spatiales)

The Global Mean Sea Level (GMSL) has been measured
with radar altimetry satellites since October 1992. This
indicator is a natural integrator of Climate Change with
two main contributions : ocean heat uptake as more
than 90% of the energy kept by the additional
greenhouse effect is stored within oceans (IPCC AR6
report, Working Group 1, Chapter 7) and additional
mass from ice melt.

A robust description of the GMSL stability uncertainty
budget is mandatory to disentangle the physical signals
from measurement artefacts and to provide climate
users with reliable uncertainties associated with the
GMSL parameters. New recommendations for long-term
stability have been established by the scientific
community on both global and regional scale
(Meyssignac, B., Ablain, M., Guérou, A, et al. How
accurate is accurate enough for measuring sea-level rise
and variability. Nat. Clim. Chang. 13, 796-803 (2023),
https://doi.org/10.1038/s41558-023-01735-z). Tackling
upcoming climate science questions will require an
altimeter record stability to be lower than 0,1 mm/yr
(currently ~0,3 mm/yr). To achieve this objective all
contributions to the nadir satellite altimetry error
budget must be revisited and improved as much as
possible.

A new dataset of reprocessed along-track L2P products
was released this year (L2P DT 24). It includes several
updates with respect to the previous (L2P21) version:
updated standards, reprocessed reference missions,
new inter-mission biases. In this talk, we present
updated GMSL rise and acceleration estimates, along
with the associated uncertainty budget based on L2P24
data. This budget reflects new knowledge about errors
and uncertainties of the satellite altimetry ocean
surface topography observing system. Updated
uncertainties on GMSL trends and accelerations are
derived and compared to previous estimates based on
L2P21 data and uncertainties.
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INCREASING LAKE TEMPORAL COVERAGE WITH DATA
FROM ERS-1, ERS-2 AND ENVISAT. TDP INLAND WATER
FROM FDR4ALT

Calmettes B Daguzé J, Guilhen J, Piras F, Thibaut P,
Taburet N, Cretaux J
s




Although originally conceived to study open ocean
processes, the radar altimeter satellites have
nevertheless acquired numerous useful measurements
over lakes. With this technique, the Lake Water Level is
defined as the height, in meters above the geoid (the
shape that the surface would take under the influence
of the gravity and rotation of Earth) of the reflecting
surface. It is observed by space radar altimeters that
measure the time it takes for radar pulses to reach the
ground targets, directly below the spacecraft (nadir
position), and return. Hence, only lakes located along
the satellite's ground tracks can be monitored, with a
quality of measurement that not only depends on the
size of the lake, but also on its position over the lake
and the reflecting targets in its surroundings such as
topography or vegetation.

For climate observations, analysing the causes of
variations in lake level and understanding the processes
involved in water level variations depend on the
availability of observations over long periods of time. In
addition to measurements from current missions,
observations from past missions are invaluable for
identifying seasonal variations in climate trends. In the
framework of the FDR4AL project, a Thematic Data
Product (TDP) only over inland water targets was
generated from measurements acquired by the
altimeters on board of ERS-1, ERS2 and ENVISAT.
including some useful data as a quality flag, the type of
surface and the water occurrence. This dataset allows to
increase the temporal coverage for some lakes being
monitored by currently missions but where the
information on water variation before 2011 was not
available as well as the generation of timeseries for
some lakes not observed by more recent missions in a
different orbit. The results of this increase are used in
current versions of climate projects such as Lakes CCl
and Copernicus Climate Change Service (C3S).
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ASSIMILATING CRYOSAT-2 FB TO IMPROVE MODELED
SEA ICE THICKNESS

Sievers I, Rasmussen T, Skourup H?
1Danish Meteorological Institute, 2Technical University
of Denmark

Assimilating CryoSat-2 sea ice thickness (SIT) has shown
to improve modeled SIT, but the assimilated CryoSat-2
SIT comes with large uncertainties. This uncertainties
are for example due to CryoSat-2 derived freeboard (FB)
uncertainties, but also due to the values of snow
thickness and sea ice density used when converting
CryoSat-2 FB to SIT. Here we present a new approach to
assimilate FB directly into a coupled ocean-sea ice
model, with a Kalman filter based FB assimilation. For
the FB to SIT conversion, model derived values for snow
thickness, sea ice density and water density are used.
The resulting SIT of a first 3 year pilot study are

113

presented and compared against other CryoSat-2
derived SIT products and SIT in sito observations.
Further we analyzed the impact of changing the snow
thickness, sea ice density and water density to model
values on the FB to SIT conversion and find, in line with
prior studies, that the snow thickness and sea ice
desnity have the largest impact. We also find that their
impact is opposite sign in some key regions,
emphasizing that changing the snow thickness
estimates from the typically used climatology in the FB
to SIT conversion should always go hand in hand with an
update of the typically used sea ice density values.
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GLOBAL OCEAN SPECTRAL SLOPES : FROM 1D NADIR
ALTIMETRY TO 2D WITH SWOT

Vergara 0%, Morrow R?, Chevrier R*?, Dibarboure G>,
Picot N°

1CLS, 2LEGOS / CNRS / CNES / IRD / Université de
Toulouse, 3CNES

Over the past decades, along-track Sea Surface Height
(SSH) observations (1 Hz) have been used to tease out
the spectral characteristics of oceanic variability in the
meso- to sub-mesoscale wavelength range (wavelength
< 100 km). Conventional altimetry reveals how
mesoscale slopes vary geographically and seasonally
depending on the ocean dynamics, and allow us to
quantify the regional and seasonal variations in
background noise and ocean observability above the
noise. Alongtrack wavenumber spectra have also
revealed regime shifts in many tropical and subtropical
regions, where a quasi-geostrophic energy cascade
changes to a flatter, non-geostrophic dynamical regime
at smaller wavelengths. This wavelength scale, where
the geostrophic energy cascade becomes dominated by
non-geostrophic dynamics (e.g. internal gravity waves
including internal tides) is important for using and
interpreting SSH-derived geostrophic current data, and
to quantify the regions and seasons where the
geostrophic assumption breaks down. At higher
latitudes, with smaller Rossby radius, this regime shift
was not apparent, hidden by the higher conventional
altimetry noise at smaller wavelengths.

The SWOT mission, embarking both the revolutionary
KaRIn 2D imaging SAR interferometer and a Jason-class
nadir altimeter, provides sub-50 km wavelength ocean
sea surface height observations allowing us to explore
the mesoscale eddy energy cascade at all latitudes. In
addition, the SSH images allow us to observe true 2D
structure of the mesoscale eddies and the radiating
internal tides, and their interaction. With its
unprecedented spatial resolution, coupled with an
extremely low noise, the SWOT KaRIn observations
allow us to characterize ocean dynamics for
wavelengths well below the capabilities of conventional
nadir altimetry.



In the present study, we characterize and re-assess the
spectral slope characteristics at global scale (mesoscale
slopes, noise levels, and spectral slope rupture). We use
SWOT data from the first months of the mission’s 21-
day repeat orbit and compare these results against
latest model and nadir altimeter estimates. The impact
of a coherent internal tide correction on spectral slope
estimates is also assessed. Our results can be used as an
indicator for the spatial scales of residual internal tides
and other ageostrophic signals in the SWOT and
alongtrack data. This information is needed as more
high-resolution SWOT data become integrated into
multi-mission global SSH products and their derived
geostrophic currents.
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UNDERSTANDING TROPOSPHERIC VARIABILITY OVER
SHORT SPATIAL SCALES IN THE COASTAL ZONE:
INSIGHTS FROM THE BASS STRAIT VALIDATION
FACILITY USING SWOT SWATH ALTIMETRY

Hay A%, Watson C-3, Legresy B>3, King M, Beardsley J?
1University Of Tasmania, 2Commonwealth Scientific and
Industrial Research Organisation (CSIRO), 3Integrated
Marine Observing System (IMOS)

The unprecedented resolution of wide-swath data from
the SWOT mission is providing an exciting new lens into
oceanographic processes over short spatial scales.
These new data place an increased emphasis on the
accuracy of geophysical corrections needed, and on the
important yet challenging requirement for robust
validation over these spatial scales. This is nowhere
more evident than in the coastal zone where there are
significant opportunities for the application of SWOT
and future wide-swath data, yet many of the
corrections required are particularly challenging.

Using an array of multiple GNSS buoys and sub-surface
moored oceanographic sensors deployed over a ~80 x
40 km region, the long-term validation facility in Bass
Strait is well placed to investigate the performance of
swath altimeter data in the coastal zone. Our array of
in-situ instrumentation deployed ~6-35 km from the
coast for the three-month duration of the SWOT Fast
Sampling Phase (FSP) offers a unique insight into the
spatial and temporal variability of the wet tropospheric
delay and sea surface height. These in situ data enable
independent validation of the SWOT observations,
corrections, and derived products over this coastal shelf
sea region.

Here we present results over the SWOT FSP, with a
focus on the variability of the tropospheric wet delay
and SSH at short spatial scales up to ~80 km. This is of
particular interest in the coastal zone where land
contamination biases SWOT radiometer observations,
and global models fail to capture the finescale
tropospheric dynamics. We conclude with an
assessment of the key improvements required for
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validating swath data in the coastal zone into the future,
as well as a perspective on requirements for next
generation missions.
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ARCTIC FRESHWATER FLUX FROM ALTIMETRY AND EO
DATA.

Andersen @, Sarensen L%, Ludwigsen C
IDTU Space

Understanding and monitoring the Arctic Ocean
freshwater budget is crucial for predicting and adapting
to climate change, as the Arctic region is highly sensitive
and serves as a flagship area of the Earth's climate
system (IPCC AR6, 2021). Variations in freshwater
content influence ocean circulation patterns, including
the Atlantic Meridional Overturning Circulation (AMOC),
which impacts the transfer of heat between the equator
and the polar regions. A major challenge in the retrieval
of freshwater fluxes in the Arctic Ocean is associated
with the lack of availability of in situ observations. Direct
measurements are non-homogenous in both time and
space and rely on spatial as well as temporal
interpolation, resulting in large uncertainties. The ability
to estimate freshwater content of the Arctic region
indirectly from satellite observations is a major
breakthrough.The ESA Arctic freshwater flux project
demonstrated the ability of Earth Observation data
from the Sentinel satellites and particularly satellite
altimetry to determine freshwater fluxes from ocean,
rivers and ice-sheets. This presentations illustrate
highlight results from the ESA Arcflux project and
outlines the path toward a full exploration of the
freshwater budget in the Arctic Ocean focusing on how
to address key scientific topics related to freshwater
changes n the Arctic Ocean in the satellite era.
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CONSISTENT MEAN SEA SURFACE AND SEA LEVEL
CHANGE ESTIMATION IN THE ERA OF CLIMATE
CHANGE - OUTLOOK TO SWQOT.

Andersen @', Nilsson B!, Nerem §°
IDTU Space, 2Colorado Center for Astrodynamics
Research , U. Colorado

Since the beginning of the precision satellite altimeter
era in the early 1990s, efforts have been focused on
computing the mean height of the ocean surface for use
in various geodetic and oceanographic studies. With 30
years of satellite measurements now available, it is time
to rethink how we model the mean sea surface (MSS) in
the era of climate change.

There are linear changes in the height of the ocean
surface due to melting ice and increasing ocean heat
content that will not average to zero when computing
the mean. Today, there are places in the ocean that are



15 cm higher than they were at the start of the
altimetric era some 30 years ago. Today, conventional
MSS models like CLS15/22 or DTU15/21 are roughly 5
cm lower than what is observed by present-day
satellites like Sentinel6-MF.

We propose that linear sea level changes are estimated
simultaneously and consistently with the mean sea
surface computation and added to the definition of the
MSS, which is tied to a particular date in time. This is
possible because the MSS are tied to the 2003.01.01
period for the DTU MSS models.

We also investigated the acceleration of sea surface
height but found these small and still unstable [Nerem
et al., 2018]. We also found that these are still
somewhat dependent on the Side A correction of the
TOPEX mission. We conclude that a longer time series is
needed before a stable map of the accelerations can be
computed and applied.

There is considerable evidence that using a 30-year
trend pattern in sea surface height is stable and is
driven by the “forced response” of Greenhouse gases
and aerosols. These patterns will be reasonably
persistent as we move forward in time.

Testing a new DTU24MSS mean surface tailored to the
year 2024 to our processing of the recently available
2023 SWOT data, we find this new DTU24MSS reduces
the spatial variability of the SWOT data which is
important to the processing and particularly the roll-
error correction applied to the 2D SWOT sea surface
height data. Applying the new DTU24MSS to
conventional satellites like Sentinel-3A/B and 6 reduces
both offset and spatial variability of the data indicating
that the new MSS is actually very close to a “present-
day mean”
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INVESTIGATION OF GNSS AND ALTIMETER DERIVED
WAVE CHARACTERISTICS AT THE SOUTHERN OCEAN
SOFS SITE DURING THE SWOT FAST SAMPLING PHASE

Hay A%, Watson C-3, Legresy B>3, King M?, Beardsley F,
Bohe A*

1University Of Tasmania, 2Commonwealth Scientific and
Industrial Research Organisation (CSIRO), 3Integrated
Marine Observing System (IMOS), “Centre National
d'Etudes Spatiales (CNES)

The wide-swath SWOT satellite altimetry mission
provides ocean measurements at unprecedented
resolution and precision. These exciting new
measurements bring with them significant challenges in
validation, requiring a diverse range of approaches
across a geographic spread of areas with different
oceanographic regimes. The Southern Ocean Flux
Station (SOFS) mooring offers in situ measurements of
both waves and sea surface height (SSH) derived from
Global Navigation Satellite System (GNSS) data, in
addition to sub-surface oceanographic instruments
observing temperature and salinity through the column.
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Data from this mooring has proven useful in the
validation of previous nadir missions, providing a
comparison point of interest in a highly dynamic region
of the Southern Ocean where the mean significant wave
height is ¥4 m, and individual waves are regularly in
excess of 10 m.

In this poster, we present significant wave height (SWH)
and directional wave spectra derived from GNSS data
from the SOFS mooring. We compare these
observations to data available from the SWOT satellite
during the Fast Sampling Phase (FSP). Finally, we
highlight the value and unique insights offered through
independent validation from in situ data in this
undersampled and energetic location.

195

OBSERVING OCEAN MESOSCALE EDDIES : A REVIEW
FROM THE GEOSAT ERA THROUGH TO SWOT

Morrow R
1legos / University Toulouse Il

Satellite altimetric sea surface height (SSH) has always
detected the most energetic part of the ocean
circulation : mesoscale eddies. Early studies with Seasat
and Geosat, revealed the global structure of eddy
kinetic energy. Geosat crossovers were used to study 2D
eddy variance and energy and momentum fluxes, for
example in the Southern Ocean. Spectral analyses of
these alongtrack data have revealed the seasonal and
regional variations in altimetric noise levels and the
mesoscale eddy turbulent cascades.

Over the last 30 years, data from multiple altimeter
missions allowed a better representation of the
mesoscale eddy structures, but for the larger-scale
processes greater than 100 km in diameter. Most
mesoscale eddy studies have relied on the 2D multi-
mission mapped data, revealing the rich structure of the
larger mesoscale eddies and jets, and how they evolve
in time and space, and in relation to the larger-scale
circulation changes. These mapped altimetric data has
been used to track the pathways of mesoscale eddies,
calculate eddy fluxes, eddy diffusion and Lagrangian
stirring of the surface oceanic tracer fields.

Collocated in-situ observations within mesoscale eddies
detected from altimetry allow us to better define the
eddy’s vertical structure, and estimate how eddies are
transferring heat, salt and other tracers laterally across
oceans, and to estimate eddy heat and salt fluxes.

The anisotropic 2D structure of mesoscale eddies and
their interaction with oceanic internal tides are revealed
in all their splendor with the NASA/CNES wide-swath
SAR-Interferometry SWOT mission, launched in
December 2022. SWOT’s low noise and full spatial
coverage up to 78° in latitude allows us to fully observe



all mesoscale eddies, even in high latitudes and
coastal/regional seas. SWOT’s 1-day Calibration Phase
reveals the rapid evolution of ocean eddies. Full global
coverage in the 21-day Science Phase of fine-resolution
2D images allow us to re-assess the eddy cascade from
wavenumber spectra, to calculate 2D eddy energy
fluxes at higher spatial resolution, and to explore the
holy grail of calculating the oceanic vertical velocities
from surface data alone. This historic evolution will be
addressed in this presentation.
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HIGH RESOLUTION ALTIMETRIC GRAVITY FIELD
MODELING DEVELOPMENT OVER THE LAST 30 YEARS
FROM GEODETIC MISSION ALTIMETRY - WITH AN
OUTLOOK TOWARDS SWOT

Andersen &%, Sandwell D?, Smith W3, Knudsen P, Zhang
S*, Yu Y2, Abulaitiang A®, Nilsson B!

IDTU Space, *Scripps, 3NOAA, *Northeastern University,
>University of Bonn

Prior to the launch of Cryosat in 2010 the only 2 years of
geodetic data available for deriving high-resolution
marine gravity fields from Geosat and ERS-1.

With the launch of the second generation altimeters
CryoSat and SARAL/AItiKa and the completed geodetic
missions from Jason-1 and 2 a new era in satellite
altimetry was initiated

Since 2010 the amount of geodetic mission altimetry
has nearly ten-doubled. At the same time the signal-to-
noise ratio in these new satellite’s range measurements
is far better than that of Geosat and ERS-1, leading to
huge improved resolution of marine gravity anomalies.
Today the quality of altimetric marine gravity is 3 times
more accurate than 15 years ago and on the order of
1.5 to 2 mGal resolving gravity field features down
around 12-15 km depending on region This surpasses
what can be obtained from marine gravity in many
regions of the world.

The quality and resolution of altimetric marine gravity
field will always be limited by the random noise level in
the radar range measurement as well as the ground
track spacing. Over the years geodesists have made
significant advances in retracking algorithms, cutting
range error nearly in half, and leading to improvements.
With tailored EoL geodetic missions of the Jason
satellites we could aim to systematic decrease the
groundtrack spacing from 8 km today to 2 km which will
will increase the spatial resolution and hence the
accurate of altimetric marine gravity field.

SWOT is now providing systematic mapping of altimetric
gravity and the first tests point towards improving
marine gravity to a spatial resolution of better than 8
km and lowering the accuracy to the 1-mgal level with
only a few years of data.
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NEW DEFINITIONS FOR THE HIGH FREQUENCY
CORRELATED NOISE IN THE GLOBAL MEAN SEA LEVEL
UNCERTAINTY BUDGET USING SWOT CAL/VAL PHASE
DATA

Quet V., Jussiau E', Nencioli F*, Prandi P!, Dibarboure G?,
Meyssignac B>, Ablain M*

1CLS Group, °CNES (Centre National d'Etudes Spatiales),
3CNRS/LEGOS (Laboratoire d'Etudes en Géophysique et
Océanographie Spatiale), *“Magellium

The Global Mean Sea Level (GMSL) record has been
measured with radar altimetry satellites since October
1992. The GMSL record is a natural integrator of climate
change with contribution from ocean thermal expansion
and ocean mass change from ice melt.

A robust description of the GMSL stability uncertainty
budget is mandatory to disentangle the physical signals
from measurement artefacts and to provide climate
users with reliable uncertainties associated with the
GMSL parameters. New recommendations for long-term
stability have been established by the scientific
community on both global and regional scale
(Meyssignac, B., Ablain, M., Guérou, A., et al. How
accurate is accurate enough for measuring sea-level rise
and variability. Nat. Clim. Chang. 13, 796-803 (2023),
https://doi.org/10.1038/s41558-023-01735-z). Tackling
upcoming climate science questions will require an
altimeter record stability to be lower than 0,1 mm/yr
(currently ~0,3 mm/yr). To achieve this objective all
contributions to the nadir satellite altimetry error
budget must be revisited and improved as much as
possible.

In its current definition (Guérou, A., Meyssignac, B.,
Prandi, P., Ablain, M., Ribes, A., and Bignalet-Cazalet, F.:
Current observed global mean sea level rise and
acceleration estimated from satellite altimetry and the
associated uncertainty, EGUsphere,
https://doi.org/10.5194/egusphere-2022-330, 2022.),
the Altimetry error budget includes two contributions
from high-frequency correlated noise. The method used
to estimate these contributions is simple and does not
separate real uncertainties coming from the
measurement errors from high frequency natural
oceanic variability leading to an overestimation of these
contributions.

Observations from the SWOT one-day repetitive orbit
Cal/Val are used to revisit the computation high-
frequency correlated noise of nadir satellite altimetry,
and consequently to remove the contribution from the
natural oceanic variability in the nadir satellite altimetry
uncertainty budget. In this presentation, we present
new estimates of those high-frequency correlated noise
combining SWOT 1 day repeat orbit observations with
those from nadir satellite altimetry constellation, and
their impact on the estimation of uncertainties
associated with the GMSL parameters.
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THE SEVERN ESTUARY TIDAL BORE FROM FAST
SAMPLED SWOT DATA

Arildsen R, Andersen O"
IDTU Space

Satellite altimetry is instrumental in deciphering the
dynamics of oceans and coastal regions. It yields
indispensable data critical for monitoring global sea
levels, predicting wave heights, and charting the courses
of ocean currents and river elevations. These insights
are pivotal for advancing climate research, ensuring
navigational safety, and managing water resources
effectively. Nonetheless, in coastal settings, the efficacy
of conventional altimetry is constrained by its spatial
resolution and the interference of land in the radar
signal near the coastlines. These limitations hinder its
ability to accurately capture the nuanced characteristics
of dynamic and intricate coastal environments.

The launch of the Surface Water and Ocean Topography
(SWOT) satellite represents a monumental leap in the
technology of satellite altimetry. With advanced high-
resolution wide swath altimetry and innovative use of
the phase difference between dual onboard antennas,
SWOT drastically reduces the limitations of traditional
radar altimeters. SWOT provides a 2D measurements
grid with a detailed 50m grid spacing not degrading
towards the coast. This marks a substantial
enhancement compared to the 7-km across-track
spacing along a 1D trajectory offered by conventional
altimetry.

This enhancement allows for the precise and detailed
monitoring of dynamic coastal phenomena such as tides
and tidal bores, even in estuaries.

Tidal bores, characterized as sudden and powerful
water surges against the river's current, are critical for
local ecology, navigation, and flood management.
Despite their importance, their dynamic and transient
nature has made them challenging to study using
conventional methods. The Bristol Channel, with its
extreme tidal range and the presence of the Severn
Bore, presents an ideal case study to demonstrate
SWOQOT's capabilities.

We use SWOT 50-meter pixel cloud data during the 1-
day fast sampling repeat period in April 2023 to study
the high-resolution tidal signal in the Bristol Channel -
Severn Estuary and the Severn tidal bore. The results
demonstrate that SWOT can capture both complex tidal
signals associated with wetting and drying close to the
coast, but also the tidal bore sweeping up the Severn
River from the mouth of the river and some 20 km
upstream.
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USING A VECTOR AUTOREGRESSIVE MODEL AND
GAUGE RELATIONSHIPS TO PREDICT WATER LEVELS OF
THE ODRA/ODER RIVER AT VIRTUAL SITES OF THE
SENTINEL-3A SATELLITE

Halicki M, Niedzielski T*
LUniversity Of Wroctaw

Sentinel-3 altimetry observations of water levels (WL) of
medium and big rivers are characterized by high
accuracy, with errors at virtual sites (VS — intersections
of satellite ground track with river bed) of
approximately 20-30 cm. However, the usefulness of
these observations for operational hydrology
applications is constrained by a set of factors, including:
(1) poor temporal resolution of 27 days, and (2) lower
accuracy of Near Real-Time observations (delivered
within 3 hours) compared to the Non-Time Critical data
(delivered within 1 month).

In this study we propose a new method for forecasting
water levels at VS of the Sentinel-3 satellite. The
method is based on the hydrological relationship
between a VS and a neighbouring upstream gauge. To
produce water level predictions at VS, several steps
must be taken. First, a prediction is issued for the
neighbouring gauge upstream of a VS. Next, in situ WL
and VS WL are juxtaposed, taking into account the time
lag between the stations studied. The corresponding
measurements are then used to calculate a regression,
which is used to convert WL predictions at the gauge
into water level predictions at the VS. Finally, the
predictions are adjusted for the time lag calculated in
the previous step.

This approach has been implemented in a real-time
prediction system on the Middle Odra/Oder River (W
Poland) for 8 VS of the Sentinel-3A satellite. The Vector
Autoregressive Model (VAR) has been utilized for WL
predictions of lengths up to 72 h, which was built on
hourly WL data from 28 gauges within the basin,
provided by the Institute of Meteorology and Water
Management. Altimetry-based WL are obtained from
the Hydroweb database (https://hydroweb.theia-
land.fr/, accessed on 28.02.2024) and corrected for the
river slope bias. Time lags are calculated using
correlations between lagged neighbouring gauge WL
time series, and the VS-gauge WL transformation is
performed using a classical linear regression. For each
VS-gauge pair, the regression is updated when new
altimetry data become available.

Since there are no gauge measurements exactly at VS,
the validation of predictions has to be performed using
altimetry-based WL. Namely, each Sentinel-3A
measurement serves as a reference for the predictions
issued within the last 72 h. Initial studies reveal good
accuracy of short WL predictions (up to 24 h). As new
altimetry measurements become available, the VS-
gauge regression is updated, which is expected to



improve the regression fit and prediction accuracy over
time. The research is supported by the National Science
Centre, Poland, through the project no.
2020/38/E/ST10/00295.
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POLAR OCEAN MSS DEVELOPMENT COMBINING
RADAR AND LASER ALTIMETRY

Vrettou Al, Andersen O
IDTU Space

Radar altimeters have traditionally been used for the
determination of the mean sea surface with a few
centimeters accuracy. However close to the coast, the
MSS degrades because of the lack of valid altimetry
observations and because of the land contamination
and the altimeter footprint size.

In 2018, the National Aeronautics and Space
Administration launched ICESat-2, a laser altimetry
mission equipped with the Advanced Topographic Laser
Altimeter System, providing measurements every 0.7 m
in the along-track direction. We have investigated the
use of ICESat-2 around Greenland and Denmark.
Greenland has a highly complex coastline and Denmark
has more than 20 GNSS-controlled tide gauges for
validation. The aim is to investigate if we can improve
coastal MSS from ICESat-2 for the updating of the
upcoming DTU24MSS model. In Greenland, we realized
that the existing ocean tide model hampers the use of
laser altimetry in the fjords as FES2014 does not cover.
Hence we developed a novel method that
simultaneously determines MSS and ocean tide signal in
complicated polar ocean coastal zones
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14 YEARS OF WATER LEVEL CHANGE IN LAKES AND
RESERVOIRS OBSERVED BY CRYOSAT-2

Nielsen K., Jiang L°
IDTU-Space, 2SUSTech

The explorer mission, CryoSat-2, launched in 2010,
initiated a new era within satellite altimetry as it is the
first altimetry satellite to operate in SAR and SARIn
mode. Another key feature of CryoSat-2 is the geodetic
orbit ensuring a high spatial coverage for nadir
altimetry. The latter is seen as a challenge for inland
water applications as virtual stations (locations where
the ground track intersects a given target) cannot be
formed directly. This is most likely one reason why
CryoSat-2 is not applied as much within inland water as
the repeat orbit mission. Though challenging, a geodetic
orbit is a tremendous gift for hydrology as it enables us
to observe a considerably larger amount of lakes, detect
spatial signals such as unmodelled geoid signals on large
lakes, and outline river elevation profiles.
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Here we present a dedicated lake and reservoir data set
based on CryoSat-2 that covers 14 years. This data set
contains water level time series for more than 5000
lakes and reservoirs with an area larger than 20 km”2.
The time series are reconstructed at the time of
measurement but additionally, water level time series
predicted at regular time intervals (monthly to yearly)
are also provided to ease the use in further analysis.
Here, we present the workflow for the creation of this
data set and address the encountered challenges which
among others include erroneous measurements as
CryoSat-2 is operating in closed loop mode and that lake
mask and geoid errors are affecting the water level time
series. To assess the data set we compare it with ICESat-
2 in the overlapping period. Finally, we highlight some
of the global trends and patterns detected in this
important data set. With this data set, we hope to
expand and ease the use of CryoSat-2 for inland water
applications The data set will potentially also make an
important contribution to our overall understanding of
climate change.
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ENHANCED WET TROPOSPHERIC  CORRECTION
COASTAL METHODOLOGIES FOR THE SENTINEL-3
MISSION

Aguiar P2, Vieira T2, Ldzaro C*?, Fernandes J*?
IDGAOT, Faculdade de Ciéncias, Universidade do Porto,
2Centro Interdisciplinar de Investigacdo Marinha e
Ambiental (CIIMAR)

Over coastal regions, the wet tropospheric correction
(WTC) derived from Microwave Radiometers (MWR)
brightness temperatures (TBs) measurements is
inaccurate due to land contamination in the TBs. The
retrieval errors increase rapidly with the satellite
approach to the coast. In this work, improved methods
to compute the WTC over coastal regions for the
Sentinel-3 mission are developed. These are based on
the Sentinel-3 dual-band MWR TBs and the Synthetic
Aperture Radar Altimeter (SRAL) Ku band backscatter
coefficient, 00, together with additional parameters to
account for surface effects. In order to mitigate land
contamination effects on the MWR TBs and SRAL 0,
modification methods of these parameters are
proposed. The impact of these modification methods on
the WTC retrieval is first evaluated in terms of the use
of modified inputs in an open-ocean algorithm, and, on
a second phase, in new developed coastal algorithms.
Previous authors have tested similar approaches on
three-band MWR aboard the reference missions, on
open-ocean algorithms only. This is the first study
exploiting these methods for two-band MWR (where
the coastal land contamination is a more challenging
problem), including its implementation in new coastal
algorithms. Independent comparisons are performed
against the WTC derived from coastal Global Navigation
Satellite Systems (GNSS) stations. In parallel, the



evaluation of the three-band MWR-derived WTC against
GNSS stations is also performed for the reference
missions, in order to place the coastal retrieval errors of
the Sentinel-3 mission in relation to these missions.
Originally developed for the Sentinel-3 Baseline
Collection (BC) 004, significant improvements over the
Sentinel-3 MWR-derived WTC operational algorithm
have been achieved with the combined strength of
modified inputs and coastal algorithms. For BC 004 data,
the rms of the differences w.r.t. GNSS are of 3.1 cm
between 5 and 10 km from the coast (9.2 cm for the
Sentinel-3 operational algorithm) and 3.3 cm up to 5 km
from the coast (16.2 cm for the Sentinel-3 operational
algorithm). The proposed methods are revisited in
terms of the new Sentinel-3 BC 005.02, in order to
evaluate whether these methods need further tuning
for this new BC.
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POLAR OCEAN TIDES FROM RETRACKED CRYOSAT-2
ALTIMETRY.

Andersen O', Rose S*, Hart-Davis M?
IDTU Space, 2TUM

Polar oceans have generally been harder to determine
from satellite altimetry because the regions outside the
66 parallel has traditionally only been surveyed
satellites in sun-sun-synchronous orbits. With Cryosat-2
this has changed. However, the satellite poses a number
of challenges to tidal analysis because of its long
groundtrack repeat period (368 days) and its diverse
measurement modes, low-rate mode (LRM) over the
ocean and synthetic aperture radar interferometric
mode (SARin) over ice surfaces and parts of the ocean.
Within the ESA CP40 project the SAMOSA+ physical
retracker were developed to process the Cryosat-2 data
across measurement modes. Being a physical retracker
it enables determination of the sea state bias and hence
provides more stable sea level estimates compared with
traditional empirical retrackers used in the Polar Ocean.
Nearly 10 years of Cryosat-2 data have been analysed
for residual ocean tides to the FES2014 ocean tide
model in the Arctic Ocean and Antarctic Ocean using the
response formalism. We use data from the near
monthly-repeated subcycle of C2 as this has a favorable
alias period for most major constituents. We map long
wavelength corrections to the major astronomical
constituents M2, S2, K2, N2, K1, 01, P1, and Q1 tides for
both the ocean and floating ice shelves domains. In
addition, several smaller third, fourth and sixth diurnal
tides have been determined. Some of these small
compound/over tides does show small but consistent
signal across regions like the Weddell sea (South
Atlantic) and in the Baffin Bay between Greenland and
Canada.
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HIERARCHICAL VARIATIONAL DISCHARGE INVERSION
(HIVDI) FROM SWOT DATA OVER RIVERS NETWORKS

Larnier K, Monnier J°, Roustant O°, Garambois P?,
Emery C*

1Hydro-Matters, 2IMT, INSA-Toulouse, 3INRAE Aix-
Marseille, RECOVER, *CS GROUP, Space BU

The SWOT mission provides hydraulic visibility of rivers
surface el-evation, width and slope, at an
unprecedented resolution and accuracy. One mission
target is the estimation of global rivers discharge Q(t)
which remains a challenging inverse problem with
unobservable bathymetry b(x) and friction K(x). The
inferrence of the triplet (Q(t); [K, b](x)) is faced with
structural and spatial equifinality, and pertains to a
double hydrological-hydraulic regionalization problem.
Moreover, SWOT data are dense in space but relatively
sparse in time compared to diverse frequential aspects
of rivers surface signatures triggered by upstream-
lateral hydrological inflows.

An improved version of the Hierarchical Variational
Disharge Inversion (HiVDI, https://mathhydronum.insa-
toulouse.fr/codes_presentation/pres_hivdi/) algorithm
applicable to rivers networks is presented here and
includes a new parameter estimation methodology
based on hybrid Bayesian-Machine Learning and
Variational Data Assimilation (VDA) approaches applied
to a hierarchy of hydraulic models. This new HiVDI
version is the combination of all our knowledge
acquired during the past 10 years in the preparation of
the SWOT mission in terms of modeling, forward-
inverse methods and ancillary databases exploration to
constrain the ill-posed problem. Key ingredients are:

- The steady Low Froude model with equivalent
bathymetry-friction parameterization of adequate
complexity given SWOT visibility scales.

- Hybrid estimation approach for efficient global search
and learning of prior parameters from large
physiographic and SWOT databases.

- The full 1D Saint-Venant river network model
providing physical consistency to simulated flows,
especially in terms of wave propagations given
hydrological inflows over entire networks.

- Optimal combination of the dynamic flow model and
heterogeneous measurements by VDA including
regionalization constraint.

The new version of HiVDI has been tested on the
benchmark PEPSI cases (42 single channel river
portions) but also on river networks in France (Tarn-
Garonne) and in French Guyana (Maroni basin, sparsely
gauged). To the best of our knowledge, this is the first
application of a discharge algorithm on a river network
in the context of the SWOT mission. A SWOT signal
filtering and river segmentation algorithm is
implemented on top of HiVDI in view of operational
application on diverse basins.
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PRODEM: AN ANNUAL SERIES OF SUMMER DEMS
(2019-2023) FOR THE MARGINAL AREAS OF THE
GREENLAND ICE SHEET

Winstrup M, Ranndal H?, Larsen S?, Simonsen S?,
Mankoff K>>*, Fausto R?, Sgrensen L

IDTU Space, Technical University of Denmark (DTU),
2Geological Survey of Denmark and Greenland (GEUS),
3Autonomic Integra LLC, *NASA Goddard Institute for
Space Studies

Surface topography within the marginal zone of the
Greenland Ice Sheet continually evolves in response to
varying weather, season, climate and ice dynamics.
However, existing ice sheet Digital Elevation Models
(DEMs) usually rely on multi-year data, obscuring these
changes over time. We have here developed an annual
series (2019-2023) of summer DEMs in 500m resolution
for the Greenland ice sheet marginal zone, referred to
as PRODEMs. Encompassing all outlet glaciers from the
Greenland ice sheet, these PRODEMs result from fusing
CryoSat-2 radar altimetry and ICESat-2 laser altimetry
using a regionally-varying Kriging method. Validated
through leave-one-out cross-validation, they
demonstrate accurate representation of surface
elevations within the spatially varying prediction
uncertainties with a median value of 1.4m.

The PRODEMs capture the recent annual evolution in
summer surface topography of all outlet glaciers from
the Greenland ice sheet. We observe a general lowering
of surface elevations compared to ArcticDEM, but the
spatial pattern of change is highly complex and with
annual changes superimposed. The PRODEMs offer
detailed insights into marginal ice sheet elevation
changes, temporally as well as spatially, making them
valuable for researchers and users studying ice sheet
dynamics under changing environmental conditions.
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CRYOSAT LONG-TERM OCEAN DATA ANALYSIS AND
VALIDATION: FINAL WORDS ON GOP BASELINE-C

Naeijje M, Di Bella A%, Geminale T, Visser P!

1Tu Delft / Space Engineering, 2ESA Centre for Earth
Observation ESA/ESRIN, 3Exprivia S.p.A. Defence &
Aerospace Digital Factory

ESA's Earth explorer mission CryoSat has an ice-
monitoring objective, but is also a valuable source of
observations for measuring impacts of climate change
over the ocean. In this paper, we report on our long-
term ocean data analysis and validation, and give our
final words on CryoSat Geophysical Ocean Products
(GOP) Baseline-C. The validation is based on cross-
comparison with concurrent altimetry and with in-situ
tide gauges. Highlights of our findings include GOP
Baseline-C showing issues with the ionosphere and pole

120

tide correction. The latter giving rise to an east-west
pattern in range bias. Between Synthetic Aperture
Radar (SAR) and Low-Resolution mode (LRM) a 1.4 cm
jump in range bias is explained by a 0.5 cm jump in sea
state bias which relates to a significant wave height
SAR-LRM jump of 10.5 cm. The remaining 0.9 cm is due
to a range bias between ascending and descending
passes, exhibiting a clear north-south pattern and
ascribed to a timing bias of +0.367 ms affecting both
time-tag and elevation. The overall range bias of GOP
Baseline-C is established at —2.9 cm referenced to all
calibrated concurrent altimeter missions. The bias drift
is not exceeding 0.2 mm/yr, leading to the conclusion
that GOP Baseline-C is substantially stable and measures
up to the altimeter reference missions. This is confirmed
by tide gauge comparison with a selected set of 309
PSMSL tide gauges over 2010-2022: we determined a
correlation of 0.82, a mean standard deviation of 5.7 cm
(common reference and GIA corrected), and a drift of
0.17 mm/yr. In conclusion, the quality, continuity, and
reference of GOP Baseline-C is exceptionally good and
stable over time and no proof of any deterioration or
platform aging has been found. Any improvements for
next CryoSat-2 Baselines could come from sea state bias
optimisation, ionosphere and pole tide correction
improvement, and applying a calibrated value for any
timing bias. Baseline-D data will be released medio 2024
and we do hope to be able to update our findings with
analysing available GOP Baseline-D data.
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FIRST RESULTS OF THE CCl
PRECURSOR PROJECT

Biancamaria S', Andral A%, Barbetta S°, Blarel F,
Boussaroque M*, Filippucci P>, Gal L*, Kitambo B,
Larnicol G°, Lefebve J°, Munier S’, Papa F®, Paris A%,
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RIVER DISCHARGE

The Global Climate Observing System (GCOS) identified
river discharge as an Essential Climate Variable (ECV)
(GCOS, 2022). This ESA River Discharge Climate Change
Initiative (CCl) precursor project
(https://climate.esa.int/en/projects/river-discharge/)
aims to takcle this purpose using remote sensing data.
However, there is currently no satellite instrument able
to directly measure river discharge. It can only be
derived indirectly, using three methodologies: (1) the
use of multiple satellite radar altimeter long time series
of water surface elevation to estimate discharge
through a rating curve approach, (2) multispectral
sensors data, specifically in the near infrared (NIR) band,
are used to compute the ratio between the reflectance
of a dry pixel and a wet pixel which is linked to the river
flow variations, and (3) the combination of these 2



approaches. The large advantage of the multispectral
sensors, compared to radar altimeters, is the sub-daily
temporal resolution, however they cannot penetrate
clouds (contrarily to radar altimeters). This RD_CCl+ is a
proof-of-concept and is therefore not yet global. It aims
at providing discharge estimation from at least 2002 to
2022, at 54 locations over 18 river basins. These
selected targets cover different climatic zones (from the
tropics to the Arctic), different drainage areas (from
50,000 km2 to the Amazon basin), different levels of
human activities and in situ observation availability. This
presentation will provide an overview of the
methodologies used, the computed discharge time
series and their validation.
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DAILY MONITORING OF INLAND SURFACE WATERS
WITH A CONSTELLATION OF SMALL ALTIMETRY
SATELLITES (SMASH)

Biancamaria S', Calmant S, David C, Frappart F>,
Garambois P*, Gosset M, Grippa M°, Kouraev A%,
Malaterre P, Moreira D”, Munier S8, Papa F, Yésou H°,
Gal L, Pedinotti V!, Amiot T2, Cheymol C*?

1LEGOS, ?JPL/CalTech, 3ISPA, *RECOVER, *GET, °G-EAU,
’CPRM, 8CNRM, °ICUBE, *°Hydro Matters, *1Magellium,
2CNES

At global scale, there is still considerable uncertainty
about the spatial and temporal variability of water
storage and fluxes at the surface of continents. This is
even more critical in the context of global climate
change and the increasing human pressure on water
resources. Despite this context, the following scientific
questions remain difficult to answer, due to the coarse
spatio-temporal resolution of current data: what is the
global distribution of the heterogeneous change
undergone by continental surface waters? What is the
impact of anthropogenic pressure on water flows and
stocks? What is the impact of these changes on the
frequency and intensity of hydrological extremes (high
and low waters)? To answer these questions, the Global
Climate Observing System (GCOS) has identified river
levels/discharges and lake/reservoir levels/volumes as
essential climate variables, and recommends daily
sampling (GCOS, 2022). Besides, extreme events, such
as floods or droughts, cover a wide range of spatio-
temporal scales. At present, water volume variations
can only be observed by satellite at the coarsest scales
(and are therefore of interest only for floods on the
scale of the world's largest watersheds). The lack of
observation of these events in basins with little or no in
situ instrumentation is a major issue to understand,
simulate and forecast these events. Observing these
events globally, at least on a daily scale, would make it
possible to quantify local flooding, thus greatly
improving our knowledge of these events.

One of the main issues to tackle these questions is the
still rather coarse temporal sampling of current satellite
missions, particularly altimetry missions. To overcome
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it, we are proposing the SMall Altimetry Satellites for
Hydrology (SMASH) mission. This is a constellation of
around 10 compact Ka-Band nadir radar altimeters
optimized to provide daily observations of water levels
in rivers, lakes and reservoirs along the constellation
tracks. The specifications of the SMASH mission are the
following: daily temporal sampling, observe water
bodies larger than 100 m x 100 m and rivers as narrow
as 50 m, with an accuracy on water elevation ~10 cm,
and should provide products in near-real time and over
the long term (10 years) in open access (open science
and FAIR principles). SMASH requirements and
technology are the direct outcome of 30 years of
progress in radar altimetry over inland waters,
especially it relies on the knowledge from AltiKa/SARAL
data analysis.

Combining "high temporal frequency/low spatial
frequency" measurements from the SMASH mission
with "high spatial frequency/low temporal frequency"
measurements from swath altimetry missions (current
SWOT or future Sentinel-3 Next Generation Topography
missions) would cover unprecedented time and space
scales and should open new fields of research.
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CURRENT STATUS OF SWOT PERFORMANCE OVER
RIVERS

Pavelsky 7
1University Of North Carolina

The Surface Water and Ocean Topography (SWOT)
Satellite Mission is designed to measure water surface
elevation and inundation extent in water bodies
globally, including in rivers. Because SWOT’s Ka-band
radar measurements produce novel data over these
water bodies, considerable effort to assess SWOT’s
performance is necessary. This work includes a wide
range of activities, including qualitative assessment of
SWOT data on its own, quantitative comparison against
in situ data collected expressly for the purpose of
assessing SWOT performance, and comparison against
other already available datasets. In this presentation,
we will explore the performance of SWOT over rivers,
including its capabilities to measure or estimate
inundation extent, water surface elevation, slope, and
discharge. Results suggest that SWOT is broadly capable
of quantifying all of these variables with high accuracy
when compared against state-of-the-art in situ or high
resolution remote sensing measurements. There are
also a number of sources of error in SWOT river
measurements, which include the presence of dark
water associated with specular reflectance and other
sources, misassignment of SWOT pixels to rivers that
were actually collected over other surfaces, and
outward propagation of very strong signal collected
directly beneath the satellite (termed nadir ringing).
While these sources of error do impact SWOT
performance in some cases, the overall picture is of a



sensor that meets or exceeds performance expected
prelaunch.
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THE NEW SENTINEL-3 HYDRO-CRYO (LAND) THEMATIC
PRODUCTS:  CURRENT  STATUS AND  FUTURE
EVOLUTIONS

DApice G', Aublanc J?, Chamayou A%, Amarouche L,
Femenias P?, Catapano F
1CLS, 2ESA-ESRIN

Sentinel-3 is an Earth observation satellite series
developed by the European Space Agency as part of the
Copernicus Programme. It currently consists of 2
satellites: Sentinel-3A and Sentinel-3B, launched on 16
February 2016 and 25 April 2018, respectively. Among
the on-board instruments, Sentinel-3 is measuring the
surface topography with the SAR Radar ALtimeter
(SRAL), providing high resolution measurements along
the satellite track compared to previous conventional
altimeters operating in Low Resolution Mode (LRM).
This is highly valuable over continental surfaces,
considering the heterogeneous surface properties
observed at the radar footprint scale.

To further improve the performances of the Sentinel-3
Altimetry Hydro-Cryo products, ESA and the Sentinel-3
Mission Performance Cluster (MPC) transferred to
operation in September 2023 specialized and separated
delay-Doppler and Level-2 processing chains over (1)
Hydrology, (2) Sea-Ice, and (3) Land Ice areas. With
these so-called Hydro-Cryo Thematic Instrument
Processing Facilities (T-IPF), ESA delivers Thematic
products covering these three mentioned surfaces, to
address the needs of the different scientific
communities.

The objective of this talk is to provide a status of the
Sentinel-3 Hydro-Cryo Thematic Products. In a first part,
the architecture of the Thematic Processors and the
data content will be shortly introduced. In a second
part, the talk will focus on the short-term evolutions
planned to be implemented in 2024. Mid-terms
strategies to further improve the data performance will
finally be presented.
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HOW DO MEASUREMENT ERROR AND NATURAL
VARIABILITY CONTRIBUTE TO TREND ESTIMATION
UNCERTAINTY?

Loizeau X, Howard T?, Woolliams E, Behnia S*
INational Physical Laboratory

The Global Mean Sea Level (GMSL) is one of the
Essential Climate Variables identified by the Global
Climate Observing System. GMSL rise is a direct
indicator of a changing climate and is particularly
important in climate adaptation as it impacts coastal
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and low-lying islands communities. We illustrate that
estimates of the GMSL trend and its uncertainty require
considerations of both measurement uncertainty and
natural variability. Building on expert work on both
types of uncertainty, we propose a methodology that
captures both aspects and propose an estimate of the
GMSL trend and acceleration and their uncertainties.

In (Ablain et al., 2019), the authors propose an error
covariance matrix for the measurement uncertainties
associated with a dataset covering 25 years of 10-days
averaged GMSL data from satellite altimetry with a 10-
day sampling frequency. We use the data and
covariance suggested therein to model the distribution
of measurement errors. To understand the natural
variability, we build on prior work (Bos et al., 2014)
which models the stochastic aspects of the GMSL data
series using probabilistic models that include both
Gaussian (white noise) effects and autocorrelated
effects in the time series. Combining those two previous
works and modelling inter-annual variability due to El-
Nino/La Nina cycles with a sparse model in a Ricker
wavelet basis, we provide estimates and uncertainties
for the trend and acceleration of GMSL that consider
both measurement uncertainty and natural variability.

Ablain, M., Meyssignac, B., Zawadzki, L., Jugier, R.,
Ribes, A., Spada, G., Benveniste, J., Cazenave, A., Picot,
N., 2019. Uncertainty in satellite estimates of global
mean sea-level changes, trend and acceleration. Earth
System Science Data 11, 1189-1202.
https://doi.org/10.5194/essd-11-1189-2019

Bos, M.S., Williams, S.D.P., Araujo, |.B., Bastos, L., 2014.
The effect of temporal correlated noise on the sea level
rate and acceleration uncertainty. Geophysical Journal
International 196, 1423-1430.
https://doi.org/10.1093/gji/ggt481
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ASSESSING THE IMPACT OF ASSIMILATING  HIGH-
RESOLUTION SLA FIELDS (SWOT) INTO

MOVE/MRI.COM-JPN

Asai H', Hirabara M, Yoshida T*
1Japan Meteorological Agency

Integrating satellite altimetry, particularly the Surface
Water and Ocean Topography (SWOT) mission, into
numerical models presents a promising frontier in
oceanographic research. This study aims to assess the
impact of assimilating additional sea level anomaly (SLA)
data including SWOT into an operational ocean data
assimilation/prediction system. The Japan
Meteorological Agency (JMA) has been operating
MOVE/MRI.COM-JPN (MOVE-JPN) , which covers the
seas around Japan with a horizontal resolution of 2 km,
as a system capable of monitoring and forecasting



Kuroshio, sea ice, and other coastal phenomena .
MOVE-JPN is now using alon g-track SLA data from
CMEMS, which include Jason-3, SARAL, Cryosat-2,
Sentinel-3A/B, and HY-2B . SLA is assimilated after the
exclusion of two nonsteric components, namely the
global ocean mass change and the sea level variations
due to the barotropic response to atmospheric forcings.
Through comparative analysis against conventional
systems and observational datasets, we quantify the
benefits of assimilating SWOT data, highlighting
enhanced predictive capabilities and improved
representation of complex oceanic variability.
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DEVELOPMENT OF ALTIMETRY QUALITY ASSURANCE
GUIDELINES

Behnia S, Hunt S?, Woolliams E?, Femenias P?, De
Laurentiis L%, Catapano F?
INational Physical Laboratory, 2ESA

For over three decades, ESA’s Earthnet Programme has
provided support to access and exploit ESA and non-ESA
Earth Observation (EQ) data, from both commercial and
public organisations worldwide. In 2018, ESA launched
the Earthnet Data Assessment Project (EDAP) to help
assess the quality and suitability of Third-Party Missions
(TPMs) to be integrated into the Earthnet Programme.
As of today, EDAP has provided best practice guidelines
for quality assessment of several types of EO data,
including data from optical, SAR and atmospheric
missions. As an extension to the initial project, EDAP+
plans on providing similar guidelines to assist the quality
assessment of satellite altimetry data products.

The initial EDAP project defined a consistent set of
criteria by which the claimed mission performance for
sensors of all types could be verified. This was done
through the ‘calibration-validation maturity matrix’,
which is a high-level colour-coded summary of results of
a detailed quality assessment of the data set (including
documentation review and detailed validation). A
maturity matrix consists of different sections (columns)
and sub-sections (rows) and covers all essential aspects
in evaluating mission performance.

In the EDAP+ project we are establishing maturity
matrices, and the detailed criteria for different scores in
each evaluation cell, for satellite altimetry products over
sea ice, land ice, and inland water bodies. Here, we
present initial results in defining a matrix that is tailored
to the needs of the satellite altimetry community, while
still being as consistent as possible with maturity
matrices for other types of sensors. These preliminary
results have been obtained in discussion with a
consortium of scientists, data providers and calibration-
validation experts for each of the three surfaces and are
presented here to obtain further community feedback.
The outcome will be published as a QA guidelines report
through earth.esa.int.
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IMPROVING THE FILTERING
IONOSPHERIC CORRECTION

Courcol B, Nencioli F*, Prandi P, Bignalet-Cazalet F,
Maraldi C2, Dibarboure G
1CLS, °CNES

SCHEME OF THE

The electron activity in the ionosphere, driven mainly by
the solar radiations, plays a significant role in delaying
an altimeter pulse propagation, leading to errors of up
to 10 cm and more in the measurement of the Sea Level
Anomaly (SLA). Most altimetric missions account for
these errors by computing a ionospheric correction
from dual-band observations. However, the correction
becomes ineffective, and can even be detrimental to
the SLA observation, when its values become of the
same order as the background noise.

Filtering the dual-band ionospheric correction is
therefore essential to remove the noise present in its
high frequency content, and is now part of the GDR-F
Standard. On the Jason series, such operation is
currently performed iteratively with a composite
median/Lanczos filter. Cutoff frequencies used in GDR
products have been empirically set to 40 and 50
measurements respectively, i.e. about 231 and 289 km,
in a compromise between filtering the noise and
preserving the geophysical content. Gaps up to 500km
in the filtered solution are reinterpolated using splines.

In this presentation, we propose improvements to this
filtering scheme by removing the non-linear and
redundant median filter, increasing the Lanczos
frequency to 1154km (or 200 measurements) and
interpolating missing or spurious coastal measurements
in some cases even when gaps are larger than 500km.
We show that such changes, tested on Jason-3 as well
as Sentinel-3, improve the reliability of the filtered
correction, its availability in coastal areas, and the
stability of sea surface height differences at crossovers
while preserving most of the ionospheric signal in high
Total Electron Content (TEC) areas.

215

ALTIMETRY AND THE MANY SCALES OF THE OCEAN
SURFACE ELEVATION: WAVE HEIGHTS, WAVE GROUPS,
SKEWNESS, AND SEA LEVEL "NOISE"

Ardhuin F., De Carlo M?, Ollivier A%, Nigou A?
1LOPS, 2CLS

Satellite altimeters are the only source of measurement
for ocean wave that routinely report estimates of the
significant wave height above 14 meters. Over the last
30 years, these phenomenal seas ( WMO sea state code
9) have become an undisputable reality thanks to the
altimeter record. The all-time record for 1 Hz data was
set by Jason 2, at 20.1 m, during the 11 February 2011



storm Quirin, in the North Atlantic (Hanafin et al. 2012).
But what does this number mean?

At scales smaller than the radar footprint, the sea
surface elevation that produces echoes for the satellite
altimeters is structured by wind-generated waves.
Historically, the analysis of altimeter data has assumed
that the surface elevation is horizontally uniform with a
Gaussian or slightly skewed distribution. Here we show
that this assumption is only valid at large scales, and
that wave groups explain most of the small scale
variability in retracked wave height and sea level for
phenomenal seas and long swells. In fact we can
understand the altimeter measurement as a spatial
filter of the surface elevation envelope (De Carlo et al.
2023), with a filter shape that depends on details of the
retracking procedure (De Carlo and Ardhuin 2024). In
terms of LRM waveform, the effect of wave groups is
identical to a large and oscillating skewness (Hayne
1980, Srokosz 1986), with both wave groups and
skewness producing a significant tracker-induced noise
in sea level retrievals. This sea level noise probably
explains most of the "bump" in along-track sea level
spectra, and can be characterized by combining nadir
(altimeter-like) and off nadir (wave spectrometer)
beams on the CFOSAT/SWIM instrument. Thinking
about the surface elevation field in terms of envelope
and wave groups can have interesting applications
when resolving smaller and smaller scales. For example
it helps detecting the effects of ocean currents on ocean
waves (Quilfen and Chapron 2019, De Carlo et al. 2023).

Looking back at our the numbers for phenomenal seas,
we can use expected effect of wave groups to estimate
uncertainties on wave height measurements and re-
define the significant wave height as the average at a
scale where wave group effects are reduced. For
example the Jason-1 record Quirin storm can be
interpreted as a true significant wave height of 18.5 £
0.3 m, based on a 54~km along-track average. That
estimate uses the SeaState CCI-v3 climate record, and a
similar analysis of all phenomenal storms is under way
to provide reliable properties of historical storms over
the past 30 years.
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OPERATIONAL DETECTION AND MONITORING OF
RESERVOIRS USING SATELLITE RADAR ALTIMETRY IN A
MULTI-MISSION APPROACH

Kittel C, Druce D', Chewning C., Senty P, Grogan K,
Toettrup C?
1DHI

The number of dams has increased rapidly over the past
decades, however important information on their
location, size and capacity is often inaccessible to key
stakeholders, challenging sustainable management
practices and water security. Accurate geolocation and
qualification of dams and reservoirs is paramount to
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monitoring and management and Earth Observations
present with a unique opportunity to detect, map and
monitor dams and reservoirs in a streamlined and
consistent manner. In this study, we present a
methodology specifically suited for detecting and
monitoring dams and reservoirs at national and regional
scale using optical, radar and altimetric information.

Recently, multiple databases have become available
combining multi-mission remote sensing data to map
lakes and reservoirs. Level is a key variable, often
monitored in dam operation and traditionally the focus
of near-real-time ground measurements. The typically
longer return period of satellite altimetry missions
hinder the use for operational observation, as dynamics
may change rapidly and faster than a minimum return
of 10 days for Sentinel-6. Spatial coverage is also a
challenge, as some reservoirs may lie between satellite
tracks. Combining multiple altimetry missions (radar
and laser) increases the chance of obtaining level
information, and by using level-area-volume (LAV)
curves in combination with missions such as Sentinel-1
and Sentinel-2 with higher spatio-temporal coverage,
near-real time monitoring of reservoir level, area and
volume is thus achievable.

The approach uses Sentinel-1 synthetic aperture radar
(SAR) and Sentinel-2 optical imagery to detect water
bodies. This workflow is data agnostic and can integrate
new or commercial imagery as well. Reservoirs are then
specifically identified using a multi-criteria analysis
based on attributes specific to reservoirs. For the
resulting reservoirs, surface water extent time series
can be extracted at a dense, near-real time scale.
Additionally, we extract water surface elevation (WSE)
from radar altimetry (Sentinel-3 and Sentinel-6) as well
as laser altimetry. All WSE is merged into a single multi-
mission time series for each individual water body.

If the correlation between level and area is sufficiently
high, the two datasets can be used to derive LAV curves.
Where altimetry is not available, LAV can be derived
using more traditional methods including Digital
Elevation Models; and for all reservoirs an estimate of
maximum capacity can be obtained based on
topographic information and water surface frequency
maps.

These reservoir attributes constitute an invaluable
source of information for national, regional or
catchment scale water management, by providing
consistent and coherent geolocated information on key
water resources. Information on capacity and near-real-
time operation state can be combined to inform
hydraulic simulations at various levels of detail to screen
and prioritize efforts on ground to assess population
and infrastructure at risk from dam breach. This use
case further highlights the value of satellite radar
altimetry at sufficiently high spatio-temporal resolution.
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OPERATIONAL HYDROLOGY AND THE NEED FOR CEOS
FRMS

Behnia S', Poisson J°, Woolliams E, Picot N°, Fouqueau
VZ
INational Physical Laboratory, 2vorteX-io, 3CNES

Satellite radar altimetry over inland waters is now
operational and therefore understanding the actual
performance is crucial. So far, this has been achieved
through application-oriented studies, where satellite
products are compared against available in situ data,
and through calibration-validation studies, where well-
instrumented sites and (almost) simultaneous data
collection campaigns allow for the most dependable
evaluation. The concept of fiducial reference
measurements (FRMs) has recently been established to
describe a subset of in situ data, relevant to satellite
calibration and validation, and which is underpinned by
strong metrological principles of traceability,
comparison and uncertainty assessment. The
Committee on Earth Observation Satellites (CEQOS) has
recently defined the concept of a CEOS-FRM that meets
the well-defined standards documented on the CEOS
calval portal.

Through the St3TART project, we have provided proof
of concept for the provision of FRMs in support of
validation activities for Sentinel-3 radar altimeters over
inland waters (amongst other surfaces). Here, we
describe the uncertainty characterisation for FRM-
quality measurements over rivers. Uncertainty
characterisation of FRMs in St3TART follows the QA4EO
(www.qadeo.org) guidelines. That is that (a) an FRM is
identified in direct correspondence to a satellite product
and is described as a mathematical measurement
function, (2) full traceability to the measurement
function is provided through an uncertainty tree
diagram, (3) its various sources of uncertainty are
characterised through effects tables, (4) its uncertainty
is quantified through Law of Propagation of
Uncertainties and/or Monte Carlo simulations, and that
(5) information associated with the design,
implementation and uncertainty characterisation of the
FRM is documented for current and future users.

The St3TART project established FRM sites over rivers of
different complexities. We would like to showcase the
example of a CEOS-FRM for Sentinel-3 derived water
level estimates over the Marmande River in France,
which was one of the most complex sites considered.
The FRM consists of a network of GNSS stations linked
to high-resolution lidar rangers (vorteX-io micro-
stations), which provide height estimates as time series
at the location of suitable bridges on the river. A
‘supersite’ was established where the bends in the river
provide multiple satellite overpasses in close succession.
Because of the dynamic nature of the river, with a
strong spatial slope and a temporal variation,
corrections are needed to account for both the river
slope and the time delay between water passing the
bridges where the micro-stations are placed, and the
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position of the satellite overpass. These corrections are
made based on drone-board lidar campaigns during
different seasons, when the river is in several states of
flow. In this analysis, we created a formal, bottom-up
uncertainty assessment of the FRM data set at the time
and location of the satellite overpass accounting for
these corrections.

With this example, we have considered, independently,
uncertainties associated with the satellite altimeter
measurements of river height, with the in-situ
observations, and with the necessary corrections and
processing to match the satellite and in situ data. This
provides a strong foundation for a metrologically-robust
assessment of the comparison between the two.
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PERFORMANCE ASSESSMENT OF SENTINEL-3 HIGH
LATITUDE OBSERVATIONS FOR THE FUTURE POLAR
OCEAN PRODUCTS

Rinchiuso L', Prandi PX, Durand C3, Nencioli F., Alves M,
Daguzé J%, Lucas B2, Dinardo S?

1Collecte Localisation Satellites (CLS), 2EUMETSAT,
3CELAD

Sentinel-3A and Sentinel-3B were launched in February
2016 and April 2018, respectively, on the same inclined
orbit that allows high latitude observations up to about
82°.

In the context of the EUMETSAT project “Copernicus
Altimetry Service for the Sentinel-3 mission” (COPAS)
for monitoring the Sentinel-3 marine products, we
assessed the performance of Sentinel-3 observations
over polar oceans as a prerequisite for the future
CMEMS polar ocean products.

Using data reprocessed in baseline BC_005 over the full
mission duration, we monitored polar ocean
topography with particular focus on a) geographical
patterns and large- and low-scale temporal variability;
b) the estimation of the sea level anomaly bias between
open ocean and ice-covered ocean; c) the assessment of
internal consistency between Sentinel-3A et -3B. We
also compared Sentinel-3 to measurements from the
other available polar altimetry missions, notably
SARAL/AIltiKa, that uses an adaptive retracker and
neural network echo shape classification, and CryoSat-2,
that provides polar ocean observations up to 88°N.
Finally, despite the scarcity of in-situ data, we provided
validation of sea level retrieval in leads in comparison to
two in-situ stations, both in the Artic and Antarctic
Ocean.

An important aspect of our analysis is also the correct
identification of ocean leads over the sea ice. Those are
currently identified via a waveform classification
analysis, however a preliminary assessment seems to
indicate a non-optimal performance of such algorithm



based on pulse peakiness and sea-ice concentration
when applied to Sentinel-3 observations. Further
refinement of the method was studied through synergy
between altimetry and synthetic aperture radar (SAR)
images, in the framework of collocation with Sentinel-1.

219

OCEAN WIND-WAVE PARAMETERS FROM SWIM-
CFOSAT FOR DOWNSTREAM APPLICATIONS

Peureux C, Ollivier A%, Aouf L, Tourain C
1CLS, 2Météo-France, 3CNES

CFOSAT is a satellite mission operated since 2018 whose
objective is to measure, in addition to historical nadir
parameters, wave spectra on a global scale from space.
In this presentation, examples of products from this
mission are presented, based on measurements of
wind-wave spectra (Stokes drift, waves skewness for
example). In principle, CFOSAT can resolve waves down
to 30 meters in wavelength, enabling us not only to
measure dominant waves, but also to explore the
intermediate waves domain, which is a unique
capability among ocean satellite missions.

The characteristics of a few products will be presented.
An initial validation of these products shows a strong
correlation with reference data such as wave models,
even stronger than that of the usual integrated wave
parameters. Using this information in conjunction with
altimeter-derived data (geostrophic currents, for
example) could provide an interesting insight into ocean
surface dynamics.
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SWOT HR LAKE PRODUCTS
PERFORMANCE VALIDATION

Pottier C, Figrtoft R?, Desroches D, Picot N, Cretaux J,
Delhoume M, Labat-Allée L, Battude M, Cazals C
1CNES

AND  GLOBAL

SWOT is an innovative altimetry mission launched by
NASA and CNES on December 16th 2022. The data
acquired by the HR mode of the principal instrument
KaRIn enable precise estimation of elevation, area and
related parameters for continental water surfaces,
globally and repeatedly. In this presentation we will
briefly describe the SWOT HR vector products dedicated
to lakes, with real-world examples, and we give an
overview of the associated Cal/Val activities, in
particular related to mission validation of the measured
water surface elevation and area. The global
performance assessment figures are due for the SWOT
Validation Meeting in June 2024.

The single-pass SWOT HR vector product for lakes
(L2_HR_LakeSP) consists of polygon shapefiles,
delineating the lake boundary and providing the area
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and average water surface elevation w.r.t. the
EGM2008 geoid for each detected lake. There are
actually 3 sub-products: The L2_HR_LakeSP_Obs and
L2_HR_LakeSP_Prior shapefiles contain detected
waterbodies intersecting the polygons of the Prior Lake
Database (PLD), whereas the
L2_HR_LakeSP_Unassigned shapefile contains detected
water bodies that have neither been assigned to PLD
lakes, nor to regular river reaches identified in the
SWOT Prior River Database (SWORD). There is also a
cycle-average lake product (L2_HR_LakeSP) that
aggregates the content of L2_HR_LakeSP_Prior
shapefiles over one orbit cycle (~21 days in the science
phase).

The L2_HR_LakeSP products are required to have a
water surface elevation error below 10 cm (1-sigma) for
lakes of at least 1 km2, and less than 15% (1-sigma)
relative surface area error for lakes down to a size of
250%x250 m2.

A huge effort has been made to collect reference data
over a large number of sites worldwide, to assess the
accuracy of the water surface elevations and areas
reported in the L2_HR_LakeSP products, especially
during the 6-7 