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Abstract. This paper presents the RDSAR, SAR/SARin & FF-SAR altimetry processors available in the ESA
Altimetry Virtual Lab (AVL) hosted on the EarthConsole® platform. An overview on processors and features as
well as preliminary analyses using AVL output data are reported to demonstrate the quality of the ESA Altimetry
Virtual Lab altimetry services. Soon additional processors from ESA research contracts will be added to the AVL

portfolio to continue providing innovative solutions to the radar altimetry community.
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1 Introduction

Since 1970s radar altimetry plays a key role in supporting re-
search activities on oceanography and climate change. In the
last decade, with the advent of improved SAR & FF-SAR
processing schemes (Raney, 1998; Egido and Smith, 2017)
and advanced retrackers such as those of the SAMOSA fam-
ily (Ray et al., 2015), radar altimetry demonstrated its capa-
bility to provide useful data in challenging areas such as polar
regions, the coastal zone and in the inland water domain.
The European Space Agency (ESA) research contracts in
the field of radar altimetry are constantly innovating pro-

cessing baselines providing prototyped products tailored for
specific areas of interest. The smooth provisioning of these
innovative products to researchers is of upmost importance
to improve official altimetry products from ESA’s Cryosat-2,
Sentinel-3 and Sentinel-6 missions.

This motivated ESA to support the development of a dedi-
cated virtual space to allow users processing on-line and on-
demand altimetry data with advanced customizable process-
ing baselines not yet deployed in ESA official ground seg-
ments.

The EarthConsole® Altimetry Virtual Lab (AVL), funded
by ESA, aims at providing a virtual space to (1) Support the
Altimetry community in the development & operation of new
Earth Observation applications and (2) Foster collaboration
by leveraging on knowledge-sharing tools.
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The Altimetry Virtual Lab has been developed on the
new EarthConsole® platform (https://earthconsole.eu/, last
access: 24 December 2023) and hosts the SARvatore (SAR
Versatile Altimetric TOolkit for Research & Exploitation)
family of processors which was previously available in the
ESA Grid Processing On-Demand (G-POD) environment.

All Altimetry Virtual Lab services are available via the
Network of Resources (NoR), an ESA initiative aiming at fa-
cilitating the use of cloud environments. Research, develop-
ment, or pre-commercial projects may be eligible to receive a
voucher to exploit the EarthConsole® Altimetry Virtual Lab
services free of charge or at very competitive prices.

The scope of this presentation is to feature and pro-
vide an update on the SARvatore family of altimetry ser-
vices portfolio for the exploitation of CryoSat-2, Sentinel-
3 & Sentinel-6 data from L1A (FBR) data products up to
RDSAR, SAR/SARin & FF-SAR Level-2 geophysical data
products.

2 Implementation and validation of SAR altimeter
processing algorithms

The Altimetry Virtual Lab is a virtual space hosted on the
EarthConsole® platform (http://www.earthconsole.eu, last
access: 24 December 2023) and designed on the needs of
the altimetry community to support the development and op-
erations of new Earth Observation applications, and foster
collaboration by leveraging on knowledge-sharing tools.

To achieve these objectives, the Altimetry Virtual Lab of-
fers:

— P-PRO (Parallel Processing) and P-PRO ON DEMAND
services. to perform bulk or on-demand processing with
the SARvatore (SAR Versatile Altimetric Toolkit for
Research & Exploitation) family of processors;

— G-BOX (Algorithm Development and Execution Envi-
ronment) service. to develop and test new algorithms
and perform post-processing analyses on a virtual ma-
chine (VM) with fast access to the dataset offered by
the Copernicus Data and Information Access Services —
DIAS. The VM comes with the most commonly used
software for altimetry data analysis already installed:
Broadview Radar Altimetry Toolbox (BRAT) (http://
www.altimetry.info/toolbox/, last access: 24 Decem-
ber 2023), Panoply (https://www.giss.nasa.gov/tools/
panoply/download/, last access: 24 December 2023),
Python and SNAP (https://step.esa.int/main/download/
snap-download/, last access: 24 December 2023);

— I-APP (Application Integration) service. to receive ex-
pert support for the integration of new processors which
are not currently available in the EarthConsole® cata-
logue;

— I-SHARE service. to take advantage from a set of tools
to network with colleagues, keep up with the latest news
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and publications and share results from the altimetry do-
main.

Through the P-PRO & P-PRO ON DEMAND services, users
can access the SARvatore (SAR Versatile Altimetric TOolkit
for Research & Exploitation) family of processors which was
previously available in the ESA Grid Processing On-Demand
(G-POD) environment.

The AVL graphical interface (Fig. 1) allows users to:
(1) select, in all the services, a geographical area of interest
within the time-frame related to the L1A (FBR) & L1b data
products availability in the service catalogue, (2) set specific
options to tailor the processing for the specific area of interest
(e.g. open ocean, coastal zone, inland water, sea ice...).

After the task submission, users can follow, in real time,
the status of the processing. The output data products are
generated in standard NetCDF format, therefore being com-
patible with the multi-mission BRAT toolbox and typical
tools.

At present, the following processors are part of the portfo-
lio:

— The SARvatore (SAR Versatile Altimetric TOolkit for
Research & Exploitation) for CryoSat-2 and Sentinel-3
services developed by the Altimetry Team in the R&D
division at ESA-ESRIN. The SARvatore services are
versatile and allow the users to customize and adapt
the processing at L1b & L2 according to their specific
requirements by setting a list of configurable options
(ESA, 2013). The scope is to provide users with spe-
cific processing options not available in the operational
processing chains (e.g. range walk correction, stack sub-
setting, extended receiving window, zero padding, high-
posting rate and burst weighting at L1b & SAMOSA+,
SAMOSA++ and ALES+ SAR retrackers at L2).

— The TUDaBo SAR-RDSAR (Technical University
Darmstadt — University Bonn SAR-Reduced SAR) for
CryoSat-2 and Sentinel-3 service (Buchhaupt et al.,
2018; Buchhaupt, 2019). It allows users to generate re-
duced SAR, unfocused SAR & LRMC data. Several
configurable L1b & L2 processing options and retrack-
ers (BMLE3, SINC2, TALES, SINCS) are available.
The processor will be extended during an additional ac-
tivity related to the ESA HYDROCOASTAL Project
(https://www.satoc.eu/projects/hydrocoastal/, last ac-
cess: 24 December 2023) to account in the open ocean
for the vertical motion of the wave particles (VMWP)
in unfocused SAR (retracker SINCS-OV) and in a sim-
plified form of the fully focused SAR called here Low
Resolution Range Cell Migration Correction-Focused
(LRMC-F).

— The ALES + SAR for CryoSat-2 and Sentinel-3 service.
It allows users to process official L1b data and pro-
duces L2 NetCDF products by applying the empirical
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Figure 1. AVL graphical interface showing the selected area of interest (red box) and the selectable processing options (image credit:

https://earthconsole.eu/, last access: 24 December 2023).
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Figure 2. CryoSat-2 ground-tracks in open sea and in Elbe estuary
and river.

ALES+ SAR sub-waveform retracker (Miiller et al.,
2020; Passaro et al., 2021), including a dedicated SSB
solution, developed by DGFI-TUM in the frame of the
ESA Sea Level CCI (http://www.esa-sealevel-cci.org/,
last access: 24 December 2023) & BALTIC+ SEAL
Projects (http://balticseal.eu/, last access: 24 Decem-
ber 2023).

— The Aresys Fully Focused SAR for CryoSat-2, Sentinel-
3 & Sentinel-6 services. They provide the capability to
produce FF-SAR L1b products thanks to the Aresys 2D
transformed frequency domain AREALT-FF1 proces-
sor prototype (Guccione et al., 2018). Output products
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also include geophysical corrections and threshold peak
(Davis, 1997) & ALES-like empirical sub-waveform re-
tracker estimates (ALES + FF-SAR).

In the next section, some analyses in the inland water do-
main are presented to demonstrate the potential of the SAR-
vatore processors. A full description of the adopted pro-
cessing options can be found here: https://earthconsole.eu/
knowledge-base-2/processors-manuals/ (last access: 24 De-
cember 2023).

3 Analyses of water level in the inland water domain

3.1 Elbe estuary

This case study analyses the CryoSat-2 data provided by the
AVL Aresys FF-SAR processor over the Elbe estuary and
river (Fig. 2). The time period from January 2019 and Febru-
ary 2020 includes a full CryoSat-2 geodetic orbit (ground
track repeat cycle: 369 d). The selected setting for FFSAR is:
multi-look posting rate 200 Hz (~ 35 m separation between
two consecutive estimates), zero padding applied (set to 2),
bandwidth factor 0.5 (~ 1 m resolution in the along-track di-
rection), Threshold retracker (Davis, 1997). The goal is to
investigate the quality of the FF-SAR data.

The river Elbe has about 300400 m width between Geer-
stacht and Neue Darchau and is larger in the estuarine part
which is affected by ocean tides. It ends in the German
Bight at Ottendorf. The studied section is a downstream
reach of ~ 150km long. From an along-track comparison
in coastal and open ocean of FFSAR with EarthConsole®
(former GPOD) SARVatore and TUDaBo unfocused SAR
data (Fig. 3) at 20 Hz posting rate (~ 300 m separation be-
tween two consecutive estimates), FF-SAR data look noisier
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Figure 3. Uncorrected heights in open sea from FF-SAR (blue),
unfocused SAR (red) and reduced SAR (violet) along open sea
ground-track location.
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Figure 4. Study area (aerial image: © Google Earth 2019).

than the other products. This is expected considering the im-
proved resolution in along-track (~ 1 m) w.r.t. conventional
unfocused SAR (330 m resolution in the along-track direc-
tion).

In the estuarine intertidal and in river parts FF-SAR pro-
vides a smooth surface and more data due to its higher sam-

pling.

3.2 Canadian River in the Mississippi basin

In this case study, CryoSat-2 data processed with the AVL
Aresys FF-SAR processor over the Canadian River in the
Mississippi basin were evaluated. This river has a width
of a few hundred meters. The FF-SAR derived water lev-
els were evaluated using ICESat-2 laser altimetry data and
gauge data from the USGS (https://maps.waterdata.usgs.gov/
mapper/index.html, last access: 24 December 2023).

In the study we considered water levels based on different
retrackers including ALES+ FF-SAR and threshold retrack-
ers. To enhance the amount of data we selected a posting rate
of 500Hz (~ 14 m separation between two consecutive es-
timates) and the bandwidth of 0.5 (~ 1 m resolution in the
along-track direction). To compare the altimetry data to the
gauge data we need to create a water level time series at the
location of the gauge. We use the CryoSat-2 FF-SAR data
and ICESat-2 data to compile a time series.
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Figure 5. FF-SAR and ICESat-2 water levels plotted against dis-
tance along the reach.

The time series is constructed using data available along a
reach of approximately 200 km (Figs. 4 and 5).

Firstly, the data is projected to the centreline of the river.
Providing the data as a function of space and time, the data is
then combined via a state-space model (Nielsen et al., 2022).

As seen in Fig. 6, we can identify the main water level
signal. We find RMSE values of approximately 30 cm and a
correlation of 0.6. The result is similar for all the retrackers.

3.3 Lake Bracciano

Lake Bracciano is of volcanic origin, located 32 km north-
west of Rome. It is one of the major lakes of Italy and has
a circular perimeter of approximately 32 km and a diameter
of 7km. Its in flow is from precipitation only as there are no
inflowing rivers. As the lake serves as a drinking water reser-
voir for the city of Rome, it has been under control since
1986 to avoid the pollution of its waters.

Because of a drought that has hit Italy in 2017 and for
the intensive water drainage by the Regional Water Sup-
ply Agency (ACEA), Lake Bracciano has suffered a sig-
nificant drop of the water level between March and De-
cember 2017, as registered as well by in-situ measure-
ments (https://braccianosmartlake.com, last access: 24 De-
cember 2023).

Since Sentinel-3A Orbit Number 213 over flies Lake Brac-
ciano and considering the satellite’s 27 d repeat period, water
level variations detected by the SRAL altimeter can be reg-
ularly compared to insitu measurements to measure the per-
formance of the instrument and the data processing algorithm
estimating the radar range over such a very small lake.

The time series of the Bracciano Lake water level variation
since April 2016 to March 2019 as measured by Sentinel-3A
is shown in Fig. 7 (red points). The data have been processed
in the AVL SARvatore for Sentinel-3 service and retracked
using the SAMOSA++ retracker (Dinardo et al., 2017). The
insitu measurements provided by Bracciano Smart Lake
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Figure 6. The reconstructed water level time series (blue) compared to the gauge water levels (red). The grey lines indicate the times where
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Figure 7. The time series of the Bracciano Lake water level varia-
tion from April 2016 to March 2019 as measured by Sentinel-3A.

web platform (https://braccianosmartlake.com, last access:
24 December 2023) are depicted in blue.

The standard of the difference (STDD) between altime-
try and in-situ is about 6 cm whereas the error bar average
size is around 4 cm. Both in-situ and altimetry data have
recorded the drop of the lake water level occurred during
summer 2017. The lake is then slowly recovering the pre-
drought level.

The ICESat-2 laser altimeter is also collecting measure-
ments over lake Bracciano with its 6 beams (three pairs of
strong and weak beams, Fig. 8). The repeat cycle of the mis-
sion is of 91 d. This laser altimeter generates individual laser
footprints of nearly 14 m (in diameter). The ICESat-2 ATL13
products (available at https://openaltimetry.org/data/icesat2/,
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Figure 8. Position of ICESat-2 tracks (crossing the lake) and esti-
mates from its beams (see points inside the lake) over Lake Brac-
ciano. Only in the optimal case measurements from all 6 beams are
available (image credit: https://openaltimetry.org/data/icesat2/, last
access: 24 December 2023).

last access: 24 December 2023) are specialized geophysical
data products that give along-track and near-shore water sur-
face height distribution within the water masks.

Heights of surface water level is computed from strong
beams (gtlr, gt2r, and gt3r) and weak beams (gt11, gt2l, and
gt31). Data have been filtered to remove outliers using a typ-
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ICESAT-2 retrievals over Lake Bracciano (6 beams - *_I": weak; "_r": strong combined in "_all")
MSE_r = 0.0338 m - RMSE_|= 0.0191 m
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Figure 9. Time series of the Bracciano Lake water level variation from January 2019 to September 2021 as measured by filtered ICESat-2
ATL13 data. In the title and legend “r” refers to strong beams and “1” to weak beams.

ical mean +2- SD criterion and quality flags (set as in Xu et
al., 2021).

Then, at each date, the median of all available weak/strong
beam estimates is taken and kept separated. In this way,
there will be a “weak” orthrometric height time series
(ht_ortho_gt_1_all) and a “strong” orthometric height time
series (ht_ortho_gt_r_all). These can be seen in Fig. 9 along
with the in-situ data time series.

The accuracy is taken as the standard deviation of the or-
thometric height time series.

Comparing to in-situ data, results in terms of RMSE are
both at cm level (the “weak” time series performs bet-
ter, RMSE is 1.9 vs. 3.3cm, probably because of a non-
negligible outlier in the ‘strong’ time series around Septem-
ber 2019). Weak beams perform better also in providing one
additional estimate around January 2021 which is missing in
the strong beam time series. The accuracy is below 2 cm and
the Pearson correlation is above 99 % for both time series.

As expected from the higher resolution of ICESat-2, as-
sociated with footprints not contaminated by the presence of
land, the reported RMSE are lower than the one indicated for
the unfocused SAR SAMOSA++ Sentinel-3 estimates in the
first analysis of this subsection.

The unavailability of ICESat-2 data is severe in 2021
and this is probably due to the cloud coverage, which is
along with the 91 d repeat cycle, the main limitation in us-
ing ICESat-2 data in the inland water domain.
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As ICESat-2 data are not available through the ESA Al-
timetry Virtual Lab, the presented analysis aimed at provid-
ing an example of possible synergies between radar and laser
altimetry.

4 Conclusions

This paper presented the ESA Altimetry Virtual Lab avail-
able on the EarthConsole® platform reporting some prelimi-
nary inland water altimetry analyses.

Soon additional processors from ESA research contracts
will be added to the AVL portfolio to continue providing in-
novative solutions to the radar altimetry community.

Code and data availability. Some training material and a
brochure including all the information needed to access the services
are available at: https://earthconsole.eu/knowledge-base/ (section
“Earth Console Library”’; Earth Console, 2021).

SAR and Fully-Focused SAR algorithms are freely avail-
able in Python through the ESA DeDop suite (https://dedop.
org/; ESA, 2017) and the SMAP processor (https://github.com/
cls-obsnadir-dev/SMAP-FFSAR; Guccione, 2018), respectively.
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