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Abstract :

The CNES/ISRO altimetric satellite SARAL/AltiKa was launched in February 2013 and since then has
provided useful data for various scientific and operational applications in oceanography, hydrology,
cryospheric sciences and geodesy. However, a Reaction Wheel problem forced relaxation of the
repeatability constraint on the satellite’s orbit, which has been drifting slowly since July 2016. Beyond the
expected contributions of this mission and its very good integration into the objectives of the constellation
of altimetric satellites, it has become more and more apparent that specific contributions and innovations
related to the main specification of SARAL/AItiKa, that is to say the use of the Ka-band, have clearly
emerged. The advantages of the Ka-band are in short the reduction of ionosphere effects, the smaller
footprint, the better horizontal resolution and the higher vertical resolution. A drawback of the Ka-band is
the attenuation due to water/water vapor in case of rain and the resulting loss of data. The main objective
of this paper is to highlight the specific advances of the Ka-band in different scientific and technical fields
and to show why they are promising for the future and open the way to several missions or mission
projects. Although unplanned initially, the fine coverage of the Drifting Phase brings some interesting
openings especially for geodesy and hydrology applications.
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1. Introduction

The SARAL ( "Satellite with ARgos and ALtiKa" also meaning "Easy" in Sanskrit) mission is jointly conducted
by the Indian Space Agency (ISRO) and the French Space Agency (CNES). SARAL was launched on February 25,
2013. Calibration and validation investigations have shown that the quality of the data meets the expectations and
initial mission requirements as discussed for example in Bonnefond et al. (2018). Data have been delivered to users
in a very rapid manner. They are available on EUMETSAT, CMEMS and CNES servers. The quality of all products
was in line with mission requirements. Many scientific investigations have been undertaken and a large part of the
scientific community has quickly seized the opportunity offered by these data.

In 2015, SARAL/ALltiKa exhibited an increasing need to reduce the stress on its Reaction Wheels in order to extend
the mission beyond the nominal lifetime of the satellite. ISRO and CNES eventually decided that the best strategy was
to stop all orbit control maneuvers and to let the altitude decay naturally. SARAL/AIltiKa left its repetitive orbit to
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begin a new phase named "Drifting Phase" (DP) starting July 4, 2016 (Dibarboure et al. 2018). Data processing and
data latency were unchanged. From this date, SARAL satellite has flown free of station keeping maneuvers. The
repetitive ground track is no longer maintained and with the natural decay of the orbit, the ground track is slowly
drifting. In short, this new orbit configuration has required some adjustment for users, particularly in hydrology, given
the need to adapt the algorithms. On the contrary, some other uses profit from this new orbital configuration.

The SARAL/AItiKa’s main scientific objectives were to provide data to oceanographers to improve knowledge
and understanding of the ocean mesoscale variability. These scientific objectives regarding mesoscale ocean dynamics
come under different aspects: observations, theoretical analyses, modeling and data assimilation. Climate studies are
also concerned by SARAL/AItiKa not only through the improved access to the sea-level measurements but also
by contributing to understand the role of mesoscale features on the climate variability. Coastal oceanography was
also directly interested by the SARAL/AItiKa data as well as many downstream applications including operational
oceanography. SARAL/AItiKa’s other objectives include inland waters (lakes, rivers, enclosed seas), monitoring of
sea-level changes, polar oceans, wave and wind fields, continental and sea ice, etc. Since the beginning of the mission,
the SARAL/AItiKa Ka-band altimetric mission has taken a full position in the altimetric satellite constellation that
has been built over years providing a major push to oceanographic sciences. The scientific results are exemplified by
the special issue dedicated to SARAL/AItiKa (Verron and Picot 2015) and many other papers.

The purpose of the present paper is to go further in these directions by highlighting how the specific features
of SARAL/AIltiKa has allowed new openings both in terms of data, science and applications and to discuss how
a Ka-band satellite such as SARAL/AItiKa opens the way to future satellite projects. The paper is written by first
quickly recalling two aspects of the SARAL/AItiKa mission: the technological continuity and its gapfiller role. Indeed,
SARAL/AItiKa has been designed in a technological continuity with other altimetry satellites, building on a true
maturity of altimetry technology: it is a remarkable dimension of this mission whose main aspects are quickly recalled
in Section 2. But SARAL/AIltiKa also aimed at being a gapfiller between Envisat and Sentinel-3A: we briefly recall
how SARAL/AItiKa fulfilled this objective in Section 3.

But the essential purpose of this paper is to discuss how SARAL/AItiKa has been a real driver of innovation. In
Section 4, we discuss on the case of the resolution of the oceanic mesoscales and the openings towards the Surface
Water Ocean Topography Mission (SWOT) (e.g. Durand et al. 2010 & Biancamaria et al. 2016) and of the capability
of SARAL/AIltiKa to access to the snow depth and then to the openings towards the CRISTAL mission project. In
Section 5, the role of SARAL/AltiKa as a demonstrator for the SKIM and for the SMASH mission projects is evoked.
Section 6 discusses more specifically of the Drifting Phase and the openings that are offered in geodesy and for lakes
observations. Conclusions are provided in Section 7.

2. Technological continuity

It is useful to remember that SARAL/AltiKa relies on a great maturity of the altimetry technology and a long
history (Vincent et al. 2006). The SARAL satellite is composed of a spacecraft bus developed by the Indian Space
Agency (ISRO), and a payload developed by the French Space Agency (CNES). As its full name indicates, two mis-
sions are onboard the SARAL satellite: The AltiKa altimeter component — of interest here — and ARGOS-3. The
altimeter payload includes first the AltiKa Altimeter-Radiometer in Ka-band, a DORIS system for precise orbit deter-
mination (POD), and a Laser Retro-reflector Array instrument used for precise calibration of other POD instruments
(Steunou et al. 2015). The altimeter shares the antenna with a bi-frequency radiometer required to correct the altimeter
range for the wet troposphere path delay. AltiKa is a nadir-looking altimeter in line with Poseidon-3 on-board Jason-3
and other existing altimeters, but operates in a single frequency band, the Ka-band.

Ka-band offers a number of advantages and has some possible drawbacks. Ka-band is much less affected by the
ionosphere than Ku-band (Steunou et al. 2015). It is this reduced ionosphere effects in Ka-band that makes it possible
to use a mono-frequency altimeter and implicitly removes the noise of the ionosphere derived from dual-frequency for
other missions. The Ka-band high frequency (35.75 GHz, to be compared to 13.5 GHz on Jason-2/3) leads to a smaller
footprint (8 km diameter, to be compared to 20 km on Jason-2/3 and to 15 km for Envisat) and to a better horizontal
resolution. Ka-band allows to use a larger bandwidth (480 MHz to be compared to 320 MHz on Jason-2/3). This 480
MHz bandwidth provides a high vertical resolution (0.3 m) which is better with respect to other altimeters. The higher
Pulse Repetition Frequency (4 kHz to be compared to 2 kHz on Jason-2/3) permits a decorrelation time of sea echoes at
Ka-band shorter than at Ku-band, then allowing a better along-track sampling (40 Hz vs. 20 Hz). This makes possible
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to increase significantly the number of independent echoes per second compared with Ku-band altimeters. This low
ionospheric attenuation can even be considered as negligible, except for some exceptional ionospheric situations. It
discards the need for a dual-frequency altimeter. Ka-band provides a better estimation of sea surface roughness than
at Ku-band (see e.g. Bhowmick et al. 2015 & Abdalla 2015). The 8 mm wavelength in Ka-band is better suited to
describing the detailed slopes of the sea surface and gives a more accurate measurement of the backscatter coefficient
over calm or moderate seas, thus leading to a noise reduction of a factor of two compared to Jason-class altimeters
for wave heights greater than 1 m. With Ka-band, there is a lower radar penetration of snow and ice: penetration of
snowpack is less than 3 cm for snow on sea ice and 1 m for continental ice, around ten times less than for Ku-band.
The altimetric observation and height restitution thus correspond to a thin subsurface layer.

A possible drawback of Ka-band was that the attenuation due to water or water vapor in the troposphere might
affect Ka-band pulses in case of rain and increase significantly the rate of missing data for strong rain rates. In fact,
this was not found to be true, thanks in particular to a fine tuning of the data processing (more especially the flagging
algorithm as discussed in particular by Tournadre et al. 2015), and rain had little influence on data availability and
quality.

3. A gapfiller between Envisat and Sentinel-3A

The SARAL/AIltiKa orbit is almost polar (98.55° of inclination), sunsynchronous and with a 35-day repeat cycle.
These orbit characteristics of SARAL/AItiKa were chosen to be the same as Envisat. The practical objectives were to
continue the time series and to benefit from the existing mean sea surface thanks to long term mean sea profiles from
ERS-1/2 and Envisat. As a consequence, the SARAL/AltiKa mission was considered as a "gap filler" between Envisat
(lost in April 2012) and Sentinel-3A (launched in February 2016). This gap filler objective is almost fully fulfilled:
because of the late launch of SARAL/AltiKa compared to the loss of Envisat there is however a gap of 8 months.

In particular, we can notice the key contributions of SARAL/AItiKa to the Data Unification and Altimeter Com-
bination System (DUACS) products on the corresponding period. The DUACS production system is used for the
operational production of sea level products for the Marine (CMEMS) and Climate (C3S) services of the EU Co-
pernicus program, for the processing of the Sentinel-3 products on behalf of EUMETSAT and for the production of
demonstration and pre-operational products on behalf of CNES. As discussed in Dibarboure et al. (2018) and Verron
et al. (2018) for example, SARAL/AIltiKa contributed to around 45% of the input data to DUACS during the period
ranging from Spring 2013 to Nov. 2016. Even in the recent period since Nov. 2016, including after the launch of
Sentinel-3, SARAL/AItiKa contributes to something between 25 and 30% of the altimeter data flow.

4. Some innovations from SARAL/AItiKa and openings for ocean, snow and ice observations

The main objective of this paper is to discuss how much SARAL/AltiKa was and is innovative and what routes
are opening for the future thanks the pioneer role of SARAL/AItiKa. Two emblematic examples are discussed below,
the case of the oceans and the one of snow and ice.

4.1. An improved access to the fine scales of the ocean and a playground for the SWOT mission

The first and most obvious of these routes is that opened by the good horizontal resolution and low noise of the
SARAL/AItiKa measurement of the Sea Surface Height (SSH) for oceanography. This allows better access to oceanic
mesoscales and their variability. And it is no coincidence that the SWOT mission will be launched in 2021 using the
Ka-band for its KaRin main radar instrument.

Let us comment a little more about access to the mesoscales. This is also a SARAL/AltiKa’s main scientific
objective to improve our knowledge of the ocean mesoscale variability, mainly associated to eddies, meandering
currents, fronts, filaments and squirts. The mesoscale variability refers to ocean signals with space scales of 50 km to
500 km and time scales from a few days to a few months.

Technological advances in all of the recent satellite altimeter missions have improved their signal-to-noise ra-
tio, allowing us to observe finer-scale ocean processes with along-track altimeter data. Using 1 Hz data, Vergara et
al. (2019) revisited global SSH wavenumber spectra from recent altimetric missions. With specific editing for SA-
RAL/AIltiKa, they show the dramatic improvement in SSH error levels achieved by Sentinel-3A, which is around 40%
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better than SARAL/AItiKa error level (itself 30% better than Jason-2), whatever distinct seasonal and geographical
variations related to local oceanic/atmospheric conditions such as Significant Wave Height (SWH), rain cells, wind
streaks and ocean slicks. Their results confirm the globally-averaged SSH wavenumber spectra from the different
missions described in Verron et al. (2018) (their Figure 1) when analyzing high resolution data (20/40 Hz). For the
Jason-SARAL/AltiKa class altimeters, this statistical estimate of the altimetric noise and the observable scales are lar-
gely constraint by a spectral hump in the 10-40 km wavelength range due to the inhomogeneities in the ocean surface,
as well as atmospheric events that does not exist for a SAR altimeter such as Sentinel-3A. Dibarboure et al. (2014)
shows that oceanography users interested in small-scale SSH signals can mitigate the hump corruption by using better
editing and post-processing algorithms. They test two simple editing procedures on the 20 Hz Jason data: a running
standard deviation threshold and a nonlinear iterative editing filter. Both methods exhibit a substantial mitigation of
the hump. The shape of SSH spectra for the shorter wavelength change drastically, especially for the SARAL mission
with an error level below the Sentinel-3A error level as shown by the globally-averaged SSH wavenumber spectra
from the different missions described in Bonnefond et al. (2018) (their Figure 12). The data-editing step is an impor-
tant phase of altimeter data processing because it determines the quantity and quality of the measurements ultimately
available that directly impact the estimation of SSH wavenumber spectra. Using 1 Hz SARAL/AIltiKa data, Gourdeau
et al. (2017) propose two new editing procedures: a specific median filter applied on the SSH data set (MAD filter),
and a clustering editing procedure based on a subset of GDR parameters that improve the data-editing step especially
in coastal areas.

Here we show that a careful data editing on 1 Hz data to filter out outliers modifies the shape of the SSH spectra.
Such editing criteria are tested in open-ocean by the use of a MAD filter. Spectra are representative of a 1500 x 1500
km square box chosen south of New Caledonia in an area of strong mesoscale variability (Figure 1). The difference
in the editing procedure by comparison with the standard procedure recommended in the User Handbook does not
change the spectral characteristic for the Jason-2/3 and Sentinel-3A mission. But the effect is particularly significant
for wavelength finer than 90 km when using SARAL/AItiKa data even if the MAD filter rejects only 4% of the data.
One explanation is the reduced footprint and the sensitivity of the Ka-band to the atmospheric conditions compared
to the Ku-band. If the estimation of the mesoscale spectral slope is similar whatever the satellite missions with a k=3
slope characteristic of a SQG dynamics, the error level (estimated by fitting a straight line to the Sea Level Anomaly
(SLA) spectra for wavelengths smaller than 30 km) is drastically reduced to 1.3 cm for the SARAL/AItiKa mission
when using the MAD filter. The noise level of SARAL/AItiKa is lower compared to Jason-2 and Sentinel-3A as
already illustrated at global scale by Bonnefond et al. (2018) with the effect to observe 20% (10%) smaller features
than Jason-2 (Sentinel-3). SARAL/AItiKa can observe wavelengths of 70 km, whereas Jason-2 only allow to observe
wavelengths of 90 km, and 80 km for Sentinel-3A.

Then, at this stage, the benefit of the Ka-band is clearly illustrated when looking at the finest scales. If working
on the raw 40 Hz data is the best way to reduce the hump effect that affects wavelength up to 100 km (Dibarboure et
al. 2014), a more easier editing procedure based on 1 Hz data provide similar results based on a spectral approach.
In general, we find that the latest generation altimetry satellites are consistent among themselves with respect to the
spectral behavior at the largest scales. For the smaller scales, the level of error and effective resolution appears to be
better with SARAL/AIltiKa.

The mesoscale resolution capability of present generation altimeters is improving our understanding of the contri-
bution of mesoscale processes on the ocean circulation. As such, SARAL/AItiKa observations are particularly well
suited to assess the ability of high-resolution ocean models to resolve these mesoscale processes (see for example
Le Sommer et al. 2018 on the status of current ocean models). Meanwhile, it is the same numerical models that are
presently used to prepare the SWOT mission, both when it comes to simulating the submesoscale altimetric signal that
SWOT will actually "see" and to generate synthetic data to prepare post-processing. SARAL/AltiKa therefore plays
an important, indirect, yet critical, role in the preparation of upcoming high-resolution altimetry missions like SWOT.

Here we illustrate how SARAL data are used to perform a spectral comparison of the simulated ocean surface state
from a submesoscale-permitting twin-experiment performed with eNATL60 to observations. eNATL60 is a basin-
scale North Atlantic configuration of the NEMO model (https://www.nemo-ocean.eu/) at unprecedented horizontal
and vertical resolutions (1/60° and 300 levels respectively) (Figure 2). Technically, the horizontal grid resolution
of eNATL60 varies from 0.8 up to 1.6 km and the effective resolution has been shown to be about 10 km. These
simulations were supported through an allocation from the EU PRACE program (www.prace-ri.eu/). SARAL/AltiKa
data is used for spectral evaluations of the SSH generated by these simulations and in particular for assessing the
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energy contribution of the internal tide to the SSH signal. As shown in Figure 3, the model behavior is close to
SARAL/AIltiKa for large scales down to ~80 km. The inclusion of tidal forces leads to a significant energy increase
of the SSH signal at smaller scales. The energy level is much more pronounced in Summer, because of the strong
stratification, more conducive to the generation and spread of the internal tide. At these fine scales, the cascade of
energy approaches a slope in k=2, peculiar to a flow regime dominated by wave turbulence. Still at these fine scales,
the altimetry signal measured by SARAL/AItiKa (and other current satellites) is obscured by the noise and therefore
does not allow a direct confrontation with the model. At scales larger than typically 100 km, on the other hand, the
flow is balanced, and in agreement with the QG theory, the cascade of energy follows a slope in k=, in excellent
agreement with SARAL/AltiKa.

Combining the knowledge of a realistic virtual surface state of the ocean at the kilometer scale resulting from these
simulations to the knowledge of an observed surface state from SARAL/AltiKa data, will allow to start unravelling
some aspects of the mesoscale dynamics with regard to the tidal effects and internal waves, the seasonality effect,
regional aspects, etc ... All this for the purpose of improving the knowledge of ocean surface dynamics that will allow
better use and interpretation of future SWOT data.

Note that in the frame of the Copernicus extension beyond 2030, it is envisaged to replace nadir altimeters for
Sentinel-3 by wide-swath altimeters. A study named WiSA (Wide-Swath Altimetry) is currently in phase A in col-
laboration between CNES and ESA, and SARAL/AItiKa technology and data are also strongly contributing to the
design of such mission.

Finally it is found that the transition to the SARAL-DP has no significant drawback on the mesoscale sampling
capability. Dibarboure et al. (2012) demonstrated that it could be possible to find geodetic orbits that were compatible
with mesoscale monitoring: this was achieved by including so-called "orbit sub-cycles" that maximize the ocean me-
soscale sampling over a period of 15 to 20 days. But this study was carried out in the context of a well-maintained
altitude, and the mesoscale sampling properties of altitude-decaying orbits had not been studied so far. DP demons-
trated that it is possible for altimeter missions to keep a good mesoscale sampling for years even if their altitude is
not actively maintained and even if it decays due to the atmospheric drag. Indeed, Dibarboure et al. (2018) report that
the orbit sub-cycles evolve in slow and continuous way over a few kilometers of altitude. Because the SARAL orbit
is affected by a moderate atmospheric drag (altitude loss of approximately 20 cm/day), the satellite will remain in
an altitude range with mesoscale-compatible orbit sub-cycles for many years. Figure 4 from Dibarboure et al. (2018)
explains why the SARAL-DP was initiated approximately 1 km above the ERS/Envisat orbit. Indeed, even accounting
for the altitude loss, the sampling pattern of DP remains controlled by 13, 16 and 19-day sub-cycles, i.e. a good com-
bination for mesoscale for 6 years or more. The quality of mesoscale observation is measured using the decorrelation
between adjoining SARAL/AltiKa tracks. When the altimeter tracks are very close from one another (e.g. distance
shorter than the decorrelation scales of ocean mesoscale), they provide duplicate mesoscale content. In turn, other
regions of the ocean are poorly sampled which results in an overall degraded observation capability (see Dibarboure
et al. 2012).

4.2. A Unique Tool for Sea Ice and Snow Cover Observation and a key step for the CRISTAL mission

The observations of sea ice and snow is a primary importance for the climate. Whereas the global warming can be
characterized by many parameters, one of the most demonstrative is the reduction of the Arctic Sea Ice area in Summer
that has lost about 13% of its surface with regard to the previous decade. This phenomenon is mainly explained by
the differences of albedos between the sea ice, its snow cover and the surrounding ocean, which are respectively of
about 0.5, 0.9 and 0.1: under the influence of the global warming, the ice tends to melt, offering a larger surface of
ice-free ocean that absorbs 2 to 9 times more of the solar energy than ice. In its turn this extra heat accelerates the ice
melting. This positive feedback explains the Arctic amplification of the global warming. The Arctic sea ice is both a
key witness and an actor of the global climate, although clearly there are strong regional effects.

Arctic and Austral sea ice has been mainly survey with optical, thermic and radiometric satellite images. They
have allowed monitoring of the sea ice extent and concentration daily since the late Seventies. These observations
have largely contributed to improve sea ice models and are now frequently used to constraint such models for short-
term forecasts of the sea ice extent (e.g. Screen & Simmonds 2010). Nevertheless numerous publications have recently
demonstrated that these forecasts can be largely improved when assimilating sea ice thickness (SIT) observation (e.g.
Xie et al. 2018) or more precisely, the sea ice freeboard, which is a proxy of the SIT. This can be intuitively understood
as the thinnest is the ice the more fragile it is to thermo-mechanical stresses (heat, waves, currents, ...).

5



The first attempts to measure sea ice freeboard have used ERS-2’s altimeter but with large uncertainties (Peacok
and Laxon, 2004). The method consists of measuring the height differences between the ice and the surrounding
water in the cracks of the ice (see Figure 5). This approach has been deeply improved thanks to the first SAR altimeter
on board CryoSat, which produced several sea ice freeboard products (Guerreiro et al. 2016). Using such product,
Blockley and Peterson (2018) have demonstrated the ability to extend the sea ice forecast range from a few weeks to
a few months.

But snow is still a missing parameter. The conversion of the sea ice freeboard (#;) into SIT basically consists in
applying the hydrostatic equilibrium equation:

hipy
SIT = P (1)

Pw — Pi

p; and p,, are respectively the density of ice and water. But this equation must be corrected to account for the presence
of snow on the ice pack for two reasons: i) the load induced by snow, and ii) the decrease in the speed of propagation
of the Ku-band radar wave in snow (see Figure 5). Then Eq. 1 must be re-written as follows:

hipw + (1 + CY)hst
Pw — Pi

SIT =

@)

where A is the snow depth, p, the snow density and « the decrease of speed propagation in snow. The snow density
is about 30% of the water density and the speed reduction « is between 20% to 25%. While the average snow depth is
probably slightly higher than the freeboard in the Arctic, their ratio is much more significant in Antarctica. It implies
that the term related to the ice and the term related to the snow in the numerator of Eq. 2 are of the same order of
magnitude. In other words, the snow depth is nearly as important as the freeboard to retrieve SIT.

Nevertheless, while the measurement of freeboard has made great progress, the same cannot be said for the mea-
surement of snow depth that still remains largely unknown. For now all the SIT products derived from altimetry use
the Warren 99 climatology that has been established from 1954 to 1991 Arctic expeditions, i.e. before the sensible
effects of global warming. The only adaptation of this climatology consists in dividing by two the snow depth over
the first year ice in order to take into account its reduced lifespan. This solution is known as the "modified Warren
climatology" (W99m).

SARAL/ALltiKa is the first satellite to give some access to snow depth observations. With regard to the Ku-band,
the Ka-band frequency does not penetrate so much the snow. Several studies have explored this potential to retrieve
the snow depth ( Armitage & Ridout 2015, Guerreiro et al. 2016). While the first study concludes that 50% of the
Ka-band penetrates the snow, the correction of the surface roughness in the second study has resulted in remarkable
correlations between Ka/Ku satellite altimeters and Operation Ice Bridge snow radar airborne measurements (see
Figure 6).

From the difference of the freeboards, computed respectively with SARAL/AltiKa and CryoSat (using the pPLRM
mode), snow depth maps were established for the seven colder months of the Arctic (October-April) and the six colder
months of the Antarctic (May-October) over the period 2013-2017 and up to 81.5°N/S.

This opens the way toward improved SIT observations. New SIT monthly maps have been computed from this
Altimetric Snow Depth (ASD) product, and the freeboard obtained with CryoSat (using the SAR and SARIN mode).
In order to estimate the impact of the snow depth solution, we have substituted this snow solution with W99m’s and
CNRM’s snow solutions. The results presented Figure 7 confirm the hypothesis deduced from Eq. 2. The SIT products
over the Arctic and the Antarctic, using the ASD, will be soon available (http://ctoh.legos.obs-mip.fr/). Whereas the
sea ice extent encountered a drastic reduction, the only radar altimeter that covers the Arctic Ocean, and more generally
the Polar Regions, is CryoSat that is already 9 years old.

All these works and first of all, the SARAL/AIltiKa findings, justify the consideration of a new mission project,
CRISTAL, using Ku- and Ka- band together. CRISTAL is one of the 6 High Priority Candidate Missions (HPCM) of
the Copernicus Sentinel Expansion program. The first priorities of this polar mission is to survey the sea ice, its snow
cover and the land ice, and its main objectives are to support the maritime operations in the polar oceans and to better
understand the climate processes. This mission will be equipped with the first Ka/Ku SAR/SARin altimeter, and with
an increased band-width (500 MHz) to improve the vertical resolution. The Ku-band insures the continuity of the long
series of Ku altimetric survey of the solid and liquid water over the planet, and the Ka-band brings a clear innovation
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to measure the snow depth. Contrarily to the results presented above, the Ka and the Ku measurements will be syn-
chronous and from a same reference platform, allowing simultaneous measurements of the heights of ice, of snow and
of waters, with unprecedented precisions. So the CRISTAL mission, with the quality of the SAR/SARin technology,
will be able to extend the measurements of seas, lakes, rivers, permafrost, glaciers and ice caps heights up to 88°N/S
in near-real time, and also the snow depth on the sea ice and probably on frozen land. Although it is already known,
through SARAL/CryoSat-2 comparisons, that the Ka/Ku difference provides a good proxy for snow depth, further
studies are needed to validate and determine possible corrections to this approach based on the characteristics of the
snow (depth, density, grain sizes, salinity, number of layers, etc.) and its support (ice, sea ice, land). For that purpose,
SARAL/AltiKa remains an essential and unique tool to accomplish the preparation of CRISTAL. Its extension should
allow further analyses of the penetration of Ka and Ku bands in snow, in particular through comparisons with the new
Ka/Ku radars on board the CryoVex aircraft, with the IceSat-2 lidar and with in-situ measurements.

5. SARAL/AItiKa : a demonstrator for future Ka-band missions

5.1. A demonstrator for the SKIM mission

SKIM is one of the two candidate satellite missions under development for ESA Earth Explorer 9 (Ardhuin et
al. 2019). The Sea surface KInematics Multiscale monitoring (SKIM) satellite mission is designed to explore ocean
surface currents and waves. This includes tropical currents, notably the poorly known patterns of divergence and
their impact on the ocean heat budget, and monitoring of the emerging Arctic up to 82.5°N. SKIM will also make
unprecedented direct measurements of strong currents, from boundary currents to the Antarctic circumpolar current,
and their interaction with ocean waves with expected impacts on air-sea fluxes and extreme waves. Horizontal velocity
components will be obtained with an accuracy better than 7 cm/s for horizontal wavelengths larger than 80 km and time
resolutions larger than 15 days, with a mean revisit time of 4 days for of 99% of the global oceans. This will provide
unique and innovative measurements that will further our understanding of the transports in the upper ocean layer,
permanently distributing heat, carbon, plankton, and plastics. SKIM will also benefit from co-located measurements
of water vapor, rain rate, sea ice concentration, and wind vectors provided by the European operational satellite
MetOp-SG(B), allowing many joint analyses.

For the first time, SKIM will directly measure the ocean surface current vector from space. The main instrument on
SKIM is a Ka-band conically scanning, multi-beam Doppler radar. The main innovation is the combination of rotating
beams similar to SWIM on CFOSAT (Hauser et al. 2017), here with incidence angles i = 0°(nadir), 6°and 12°, with a
Doppler capability that will measure the surface velocity vector and ocean wave spectra across a 320 km swath. The
well-proven Doppler pulse-pair technique will give a surface drift velocity representative of the top meter of the ocean,
after subtracting a large wave-induced contribution. The velocity is given by the phase difference of consecutive pulses
(pulse-pairs) transmitted at a frequency of 32 kHz. This high pulse repetition frequency guarantees a high coherence
between consecutive pulses. Ka-band was chosen for its high precision compared to Ku-band (pulse-pair technique
precision is three time higher in Ka-band). On the other hand, one of the major concerns of using Ka-band is its
sensitivity to atmospheric conditions. Same concerns were shared during the development of the SARAL/AltiKa
mission, but now, future Ka-band missions can be built using SARAL/AltiKa measurements and experience. Lessons
learned show the data loss over ocean is lower than anticipated (<0.1%) and the signal-to-noise ratio is higher than
the preflight expected value thanks to margins taken in the altimeter link budget (Steunou et al. 2015). Despite the
very low number of lost data, the presence of atmospheric liquid water impacts the altimeter waveform shape. In a
same way, SKIM radar measurements will be polluted. SARAL/AItiKa measurements has been used to evaluate the
global impact. Figure 8 shows the percentage of SARAL/AltiKa measurements impacted by rain events thanks to the
use of the matching pursuit algorithm (Tournadre et al. 2009). Flagging strategy and algorithms have been designed
on SKIM based on this experience.

In addition, accurate SKIM measurements of the geophysical surface velocity require a very accurate knowledge
of the platform pointing error. Besides this, an apparent skew-pointing of the radar beam can also be caused by a
non-homogeneous distribution, within the observed ocean scene, of the normalized radar cross section (NRCS) o7.
This error is directly proportional to the azimuthal oy gradients within the footprint. SARAL/AItiKa measurements
is used to evaluate the amplitude of this error, at global scales. oo map at 12° incidence (SKIM, Figure 9b) has
been extrapolated from SARAL/AltiKa oy map (Figure 9a) using equations from (Nouguier et al. 2016). Then, o
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gradients has been computed (Figure 9¢) and the error was estimated and the analysis confirmed the agreement with
performances expectations.

In case of selection in the Earth Explorer 9 ESA program, SKIM or its avatars will keep on learning from
SARAL/ALltiKa experience to consolidate the mission performances, data processing and instrument design.

5.2. A demonstrator for the SMASH mission

SMASH (SMall Altimetry Satellites for Hydrology) is a satellite altimetry constellation aimed at providing daily
water levels of rivers, lakes and other inland water bodies with an end-to-end accuracy of 10 cm for which a feasibility
investigation is presently supported by CNES (Blumstein et al. 2019).

Indeed, the monitoring of water resources at the global scale is already a major challenge whose importance will
increase in the next years. Continental waters are essential components of the water, energy and carbon cycles. The
rivers and lakes water levels are identified as essential climate variables by the Global Climate Observing System
(GCOS) which recommends daily measurements of these variables. Traditionally, this information was provided by
gauge data. However, the availability of these in situ measurements is very heterogeneous and is declining (Global
Runoff Data Centre, GDRC). For the last twenty years, numerous research teams have demonstrated that measure-
ments from space altimeters could be used to mitigate this lack of in situ measurements even if these instruments
where mainly designed for measurements over the oceans (Birkett 1995, 1998, Crétaux et al. 2006, 2015, Frappart
et al. 2015, Hossain et al. 2014). However, all the historic and current altimetry missions, based on repeat track or-
bits with cycle durations of 10 days (TOPEX/Poseidon Jason-2/3), 27 days (Sentinel-3), 35 days (ERS-2, Envisat,
SARAL/AItiKa) and more (CryoSat) cannot provide these measurements daily (Tourian et al. 2016, Boergens et al.
2017). As the performance of altimetry missions applied to inland water surfaces improves constantly, the next frontier
is to increase the frequency of temporal revisit.

The SMASH mission is a proposal to reach this goal. It is very complementary to the Wide Swath altimetry
missions like SWOT and WiSA which provide almost complete spatial coverage at a lower temporal frequency. The
mission is based on a constellation of small satellites each carrying a Ka-band altimeter.

The optimization of the payload definition was based on the precious experience gained from the analysis of
in-flight measurements provided by the AltiKa altimeter: both the standard 40 Hz data and the so-called individual
echoes (IE). These IE are the raw outputs of the altimeter and 96 of them are incoherently summed on-board to provide
a 40 Hz echo (or waveform). In order to save downlink bandwidth, only the 40 Hz echoes are nominally transmitted
to the ground. However, occasionally, a sequence of one second of successive IE is transmitted, this is similar to the
Envisat bursts (Roca et al. 2007). A first analysis of IE data was described in Quartly and Passaro (2018) for the
ocean. Here, we report an analysis using a method adapted to inland waters radar returns which are very different
from the returns observed over the oceans. Specifically, the returns over inland waters are very peaky and can often
be accurately modeled (e.g. Abileah et al. 2017) as the Point Target Response (PTR) of the instrument which is, in
theory, a squared cardinal sine (sinc?) for SARAL/AltiKa.

We analyzed one pass of SARAL/AItiKa data over the Salar de Uyuni. The Salar de Uyuni on the Altiplano of
southwestern Bolivia is a 9.600 km? salt lake, the largest salt flat in the world. Its surface is expansive, flat, smooth,
and is a specular reflector, making it an ideal satellite altimeter target. Contrary to these previous studies we choosed
a period when it was fully inundated on the 28th of January 2019, making its surface even more flat and smooth (very
much like an almost perfect mirror). Indeed we were much more interested in the intrinsic noise of the instrument
rather than on its absolute calibration.

Figure 10, resulting from this Sala de Uyuni investigation, is highly instructive. First, the noise of the height re-
trieved from the IE at 4 kHz is in this case very low (around 6 mm RMSE). This means that we get a very precise
evaluation at a spatial sampling of around 2 m. Furthermore, the curve of heights retrieved from the 40 Hz waveform
is very close from it. Second, we have here a clear demonstration that, on this kind of peaky waveforms, the icel
retracking algorithm can be outperformed by algorithms using physical models of the waveform, here a simple PTR
model, and that the accuracy improvement can be significant (icel RMSE 5 cm, sinc” retracking 5 mm). The acquisi-
tion of this type of measurements over a wide diversity of inland waterbodies (rivers, lakes, floodplains all of various
sizes and shapes) sampled over the world is ongoing. The results of the analysis of this dataset will be an important
factor to guide the design choices in order to reduce the costs while maintaining the performances of the mission. We
believe this will be a key factor in the demonstration of the feasibility of the SMASH payload.



6. Ka-band and the Drifting Phase

The main consequence of the DP was that the SARAL subsatellite track rapidly drifted away from the historical
ground track formerly used by the ERS and the Envisat satellites since the Nineties. Sandwell et al. (2014) have shown
that using a drifting ground track could be extremely useful for the marine geodesy community: the unprecedented
precision of SARAL/AItiKa could help resolve uncharted sea mounts and sea floor topography. Indeed, improving
marine geodesy products requires a so-called "geodetic altimeter sampling", i.e., a sampling pattern where the subsa-
tellite tracks over a long period (e.g., one year) create a very dense grid with a resolution of 8 km or less. In general,
this is achieved by keeping precisely the satellite on a so-called "geodetic orbit", i.e., an orbit with a very long exact re-
peat cycle (e.g. Jason-1 Geodetic-Mission, or Jason-2 Long Repeat Orbit (LRO) phase). In contrast, for SARAL-DP,
there is not an exact repeat because the orbit altitude decays continuously. Yet the geodetic sampling of SARAL-DP
is still naturally dense, albeit somewhat random. An efficient metric to characterize the quality of the geodetic grid
is to look at the histogram of the distance between adjoining equator crossings for ascending or descending altimeter
tracks. To illustrate, Jason-2 LRO is currently sampling a 4 km resolution grid over a period of 2 years (mid-2017 to
mid-2019). The LRO grid is also built from two 8-km interleaved grids of one year each. The Jason-2 LRO grid is
currently incomplete after only 1.5 years, which results in the histogram of Figure 11b. This histogram has 2 peaks:
one at 4 km where the final grid has been sampled, and one at 8-km grid for equator nodes that will be acquired in the
coming months. Using the same metric for SARAL after 2.5 years of drifting phase yields Figure 11a. Because of the
random nature of the DP orbit, the histogram is different from Figure 11b: instead of 2 very narrow peaks associated
with a controlled geodetic orbit, the histogram of SARAL-DP is continuous with an average of 3.2 km, with many grid
nodes less than 2 km from one another, but many other with 5 km or more (this number would be 0 if the orbit was
controlled like Jason-2 LRO). In December 2018, approximately 75% of the 4-km geodetic grid has been effectively
sampled. This is less than the 100% that would have been collected with a controlled orbit, but that is still a very large
and precious geodetic dataset. A possible Jason-2 mission extension up to 2021 would allow to almost fill a 2 km
grid but only for latitude below 66° while SARAL/AltiKa will provide complementary information for high latitudes.

6.1. Comparisons of SWH ans SLA measurements and Predicting Cyclones in both SARAL/AltiKa phases

As said earlier, SARAL/AItiKa went for a DP operation from July 2016. Thus to begin applications it was wise to
find out how the observation of SARAL changed in such new mode. Thus individual 3 months (October-December
2016) of data from SARAL/AItiKa in DP was analysed and compared to 3 months (July-September 2013) of SA-
RAL/AltiKa data in the nominal exact repeat orbit mode (ERM).

Figure 12 shows the 3 monthly average of SWH data from these two modes. One thing was noteworthy from this
exercise is on a monthly scale the availability of data in DP is much more than the ERM mode. To test the quality
of the data, a global validation was carried out using NDBC buoy data particularly for two geophysical products i.e.
wind and wave. It was seen that both the wind and waves are of very high quality in DP. In the similar way the Jason-2
SLA has been inter-compared with the SARAL SLA in two phases.

The left panel in Figure 13 shows the comparison of the SWH with global buoy data in October 2016 when
SARAL was in DP and October 2013 when SARAL was in ERM mode respectively. The right panel on the other
hand shows the comparison of SLA for same months using the Jason-2 SLA from AVISO.

Albeit one can say that statistically SWH in DP looks like a mild improvement upon ERM mode. But this is not
the case since the number of observation increases in DP as compared to ERM mode resulting to a better statistic. But
one can safely conclude that DP data is equally good and high quality observations from SARAL as ERM mode is.
The real impact of the change to DP is evident in the OGDR of the SLA which shows a mildly lowered correlation and
mild increase in RMSE and Bias. Thus the DP SWH and Wind are equally high quality and useable as ERM mode
data. However, the SSHA may need little bit of correction in successive levels (IGDR and GDR).

Thus to look into the suitability of application of the DP model data in oceanography we randomly select two
cyclones which occurred during SARAL being in ERM and DP respectively. These are Phailin (October 4, 2013 -
October 14, 2013) and Vardah (December 9, 2016 - December 19, 2016). The former is a Category-5 cyclone with 3
min sustainable wind speed of 230 km/h and the other one is Category-1 cyclone with the same as 150 km/h, but both
look heavy toll on Indian subcontinent in terms of fatality. SARAL/AItiKa happened to monitor both closely. Figure
14 shows the SARAL/ALltiKa observing waves during Phailin and Vardah on 11th October 2013 and 11th December
2016 respectively. Very clearly SARAL /AltiKa in both the cases were able to peak up the intense impact of cyclone
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over the ocean. The east Indian Coastal Current (EICC) was found to become intense during the cyclone cases for
example in case of Vardah the EICC on 1st December 2016 prior to occurrence of the cyclone and on 11th December
2016 when it was at its best status has been shown in left and right panels of Figure 15. Even in its drifting phase,
SARAL/AltiKa was able to provide valuable information that have led to accurate capture of the change of EICC
during cyclone Vardah.

6.2. Tides and the SARAL/AltiKa Drifting Phase

SLA data acquired during the SARAL/AIltiKa drifting orbit mission phase have been useful for evaluating newly-
developed ocean tide models. An early example of this is the evaluation of a baroclinic tide model in Ray and Zaron
(2016). Tide models such as FES (Lyard et al., 2006), DTU (Cheng and Andersen, 2011), and GOT (Ray, 2013)
incorporate nearly all available altimeter data from missions in the so-called reference orbits originally occupied by the
TOPEX/Poseidon and ERS-1/2 missions. Thus, the measurements from the drifting orbit occupied by SARAL/AltiKa
are extremely valuable because they are from locations not routinely sampled, and the precision of these measurements
is advantageous in distinguishing the small differences among tide models (e.g., Stammer et al, 2014). For example,
comparisons of the variance reduction of the latest FES2014 tide model (Carrere et al, 2016), compared with the older
FES2004 model (Lyard et al. 2006), validate the newer model and exhibit its improvements at small scales near the
coastline (Figure 16). Note that the spacing of the reference mission ground tracks is generally quite large compared
to the scales of the tides near the coast, and the existing tide gauge network is otherwise not able to globally validate
the improvements in tide models near the coast (Andersen et al. 2006).

6.3. SARAL/AltiKa for a refined observation of lakes

Lake water level can be measured over long period of time using constellation of radar altimeters. It has been used
in a considerable number of studies ( e.g. Crétaux et al. 2016). However, in contrast to large lakes or rivers, onboard
altimeters also may have difficulties to track the real surface of the water body when it is narrow or located in region
with rough topography, or in case where several water bodies at different altitudes are located close to each others. It
is particularly the case in boreal regions like the northern Canada, Alaska or Siberia, but also in mountaineous areas.
In such situation, the tracker simply does not always acquire the measurements due to bad a priori information on the
definition and adjustment of the tracking window of the instruments. To solve this question, recently, a new tracking
mode has been implemented onboard the two missions, Jason-3 and Sentinel-3A. It is based on a priori onboard
database with near real time information on the position of the satellite (thanks to the DORIS/Diode navigator (Jayles
et al. 2010) and a database including a pseudo Digital Elevation Model (DEM) with a priori height of the water bodies
(lakes and rivers). The two tracking mode are called respectively Close Loop (CL) and Open Loop (OL). The target’s
predicted distance is calculated directly by the altimeter, combining altitude data from DORIS/Diode with the altitude
from the DEM recorded in the altimeter’s onboard memory. Recent results have proved that OL mode has allowed
tracking continuously more than 90% of potential lakes compared to only 50% when the tracking mode is the CL
with Jason-3. However the number of potential lakes is much larger for the current missions like Sentinel-3A and
Sentinel-3B.

Hopefully in 2021, SWOT will be able to measure water height of about 8 millions of lakes worldwide with a
revisit of 21 days and an expected accuracy of 10 cm for lakes larger than 1 km?. In order to perform an optimal use
of the interferometer, it is also necessary to use a priori lake database with several information: reference contour and
height of each lake (Rodriguez 2015). For SWOT which measures differences of phases, a priori DEM is necessary
in order to solve for ambiguity, which is at the range of 5-10 m in the near range and more like 60 m in the far
range. Since the accuracy of a priori height for onboard DEM (for nadir altimeter and for SWOT) is on the order
of magnitude of 5 to 10 m, the main issue is to obtain satellite data from various instruments in order to cover the
maximum of lakes worldwide. This is evident that over the 8 millions of lakes that will be surveyed using SWOT it
is practically impossible to obtain a priori height from current nadir altimeters for the totality of them, but geodetic
missions are well designed to measure reference height of a very high number of targets. Jason-2 and SARAL/AltiKa
are current missions both candidates for this purpose. However, Jason-2 does not cover high latitude region while
SARAL/ALltiKa does. Since the beginning of the SARAL-DP about 3 years of data have been acquired. It therefore
now allows overpassing a very high number of lakes, in particular in the boreal region where the majority of lakes
are located. For a region located on the east bank of the Hudson Bay, we have done a simulation of the potential of
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Total Nominal orbit Drifting Phase
(Number/Percentage) (Number/Percentage)
GLWD 130 100/ 77% 130/ 100%

All lakes 6000 1725/ 28% 4500/ 75%

TasLE 1: Coverage of worldwide lakes by SARAL/AltiKa during the nominal orbit phase and the SARAL-Drifting Phase by reference to the present
Global Lakes and Wetlands Database.

SARAL/AItiKa to provide reference height of the lakes present in this region. A single pass is presumably enough to
reach this objective.

Figure 17 shows the coverage of SARAL/AItiKa over the nominal mission (from cycle 1 to 35) and over the
DP until now. The largest lakes are also represented. They are released in the Global Lakes and Wetlands Database
(GLWD, https://www.worldwildlife.org/pages/global-lakes-and-wetlands-database) in the form of polygons of the
lake’s contours. Over this region we have computed the number of lakes present in the GLWD, the number that are
overpassed by the nominal orbit and the number that are overpassed during the DP. To fill Table 1 we have counted
the number of lakes for which at least one valid measurement (without error’s flag in the GDRs) is acquired within the
polygons defining the lake contour. For lakes within the GLWD, it was simply done using the existing lake polygons,
while for smaller lakes, we have done manual inspection for the final counting. With the DP orbit all of the lakes
included within the GLWD are now covered using the DP orbit since it was only 77% with the nominal orbit. If now
we look at all lakes bigger than 1 km?, that therefore are for most of them not included into GLWD, then the gain
is much higher. The total number of lakes included in the zone, which has served as example, increased from 28 %
of the totality using nominal orbit to 75% using the DP orbit. This result suggests therefore that a longer period of
DP orbit with SARAL/AItiKa of few months will likely be enough to cover almost 100% of lakes bigger than 1 km?.
This represents approximately 300,000 to 400,000 lakes worldwide according to Verpooter et al. (2014) for which a
least a reference height could be estimated using only SARAL/AltiKa. In order to consolidate the computation, the
use of data from other missions has already started. In particular we have calculated reference height of about 6000
lakes and reservoirs worldwide using only Cryosat mission. It will serve for cross validation with the SARAL/AltiKa
data over the same lake dataset. Results are summarized in Table 1.

The statement on the SARAL/AItiKa potential to provide height’s reference for lakes larger than 1 km? is valid
in favorable environment conditions. It has been shown for example in Arsen et al. (2015) that a realistic threshold of
approximately 10 km? is more likely valid in mountainous conditions, and with the aim to perform highly accurate
time series of water height variations. For the objective of performing height reference with precision of about 4-5 m
(which is needed for SWOT a priori database) we assessed in Table 1 that this is achievable in flat regions like the
Canadian plains where the biggest world density of small lakes is observed. In mountainous region, this is likely a too
optimistic assessment and potentially, only lakes bigger than 10 km? would be observable by SARAL/AltiKa .

6.4. SARAL/AltiKa for a refined description of the geoid and of the MSS

The value of satellite altimetry for geodesy lies in the combination of uniform mapping at high spatial density and
the range precision of the individual sea surface height observations, and SARAL/AltiKa is an excellent altimeter for
resolving short-wavelength features in the geoid/gravity and mean sea surface (MSS).

The investigations by Smith (2015) showed that the range precision of SARAL/AIltiKa is roughly 2 times more
precise than Envisat due to its more beam-limited waveform shape and its higher pulse repetition frequency of 4 kHz
(vs. 2 kHz for Envisat). The range precision is 2.5 times more precise than older geodetic mission data from Geosat
and ERS-1. Compared with other altimeters currently flying (Jason-2 and Cryosat), the range precision is roughly
twice as precise as Jason-2 and even 50% better than the Cryosat SAR altimetry. Zhang and Sandwell (2017) even
demonstrated that SARAL/AltiKa benefits from the 2-pass retracking.

Since July 2016 then, the SARAL-DP leads to a ground track pattern will be more uneven (e.g. Figure 18 over
the Hawaii area). Other geodetic missions are maintained in controlled geodetic missions with typical 8 km ground
track spacing. The uneven drifting ground track pattern of SARAL/AIltiKa is in principle a "downside" as it limits the
spatial resolution of the recovered gravity and MSS to twice the largest ground track spacing (up to 20 km as of 2019).
However, by merging the SARAL/AItiKa data with the regular sampled geodetic mission of Jason-1/2 or Cryosat, this
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is counter-acted such that the full potential and full usage of the high range precision can be gained in a systematic
way.

Detection of seamount and bathymetry mapping are and will be a key usage of the SARAL-DP data. Earlier
generation of altimeter technology could map all seamounts 2 km and taller than 2 km, but there might be as many
as 50,000 seamounts between 1-2 km tall that were not yet found. Smith (2015) used single cycles of SARAL/AltiKa
40 Hz sea surface height data to identify seamounts as small as 1.35 km tall from the initial exact repeat mission
(consequently limited by the roughly 70 km cross track spacing). A further development of this was presented by
Marks and Smith (2016). Here "stacked" repeat cycles of 32 repeat (nearly 3 years) of 40 Hz SARAL/AItiKa data
profiles over selected areas improved the resolution of small seamount signals and lowered the noise. The noise
variance decreases with an increase in the number of cycles stacked and was below 2 cm when 12 or more repeat
cycles were stacked. Seamounts smaller than ~720 m tall could easily be identified in the stacked profiles, and a
seamounts 500 m tall was perceptible. Coherence analyses between geoid height and topography shows that full
wavelengths down to ~10 km are being resolved with SARAL/AItiKa. Marks and Smith (2018) applied a seamount
detection filter to stacked SARAL/AItiKa sea surface profiles globally, revealing over 75,000 possible seamounts
(Figure 19).

It was possible to assign proxy heights to 4824 of the possible seamounts that were located over multibeam
surveys, by subtracting regional SRTM30 depths from the multibeam depths. These proxy heights followed a Poisson
statistical distribution similar to that which fit acoustic bathymetry profiles over seamounts (Figure 20). This model
suggests at least 84% of the possible seamounts are less than 2 km tall. Employing the stacking method on repeat
cycle data from other modern satellites may further augment the global seamount census, particularly for seamount
heights less than 2 km tall.

Another important virtue of SARAL/AItiKa for geodesy is the smaller footprint illuminated on the sea surface.
The smaller footprint is particularly important for geodetic purposes in coastal- and sea ice-contaminated regions, as
fewer sea surface height observations are corrupted by the presence of land or ice inside the footprint The Ka-band
altimeter has a slightly smaller footprint than other conventional altimeters operating at Ku-band when wave heights
are small (see Figure 9 and Equations 10 & 11 in Smith (2015)). Within the Geomed-2 project (Barzaghi et al. 2018)
to derive an improved geoid of the Mediterranean Sea we investigated the importance of geodetic mission data from
different geodetic missions in complex coastal regions.

The histogram of geoid residuals to EGM2008 from one year of Jason-1 (Figure 21 left picture) and from 3 years
of SARAL/AItiKa (Figure 21 right picture) clearly demonstrate the superior data coverage with SARAL/AltiKa in
coastal regions due to the smaller footprint. This is particularly important for recovering the marine gravity field and
MSS in coastal and Arctic regions. In Arctic regions sea-ice effects are similar to coastal effects in disturbing the
waveform inside the footprint.

7. Conclusion

In this paper, the specificities of Ka-band altimetry and of SARAL/AItiKa which is the first satellite using it, have
been reminded. We have tried to show from this — by developing each of the main aspects —how it is possible to project
into the future towards new planned or proposed satellite missions (e.g. SWOT, CRISTAL, SKIM and SMASH, which
are all in Ka-band).

For the oceans, SARAL/AltiKa provides an improved resolution and a better accuracy of the SSH signal especially
at the mesoscales. Assuming appropriate editing, the along-track SSH spatial resolution SARAL/AltiKa provides
resolution better than Jason-2/3 missions and even than Sentinel-3A. Note that coastal oceanography directly benefits
of the better discrimination in transition zones as well as this improved resolution of the measurements. These refined
measurements in the regional and coastal areas is of major relevance to societal applications. Until the first high
resolution altimetry observations from the SWOT mission are available, SARAL/AItiKa is the satellite capable of
providing altimetry observations at the best resolution. In this context, SARAL/AltiKa data has the potential to play a
key and forerunner role in the preparation, interpretation and understanding of future SWOT data.

For inland waters, SARAL/AItiKa definitely improves the quality of hydrology products derived from satellite
altimetry. Especially for water level time series over lakes and rivers, SARAL/AltiKa dramatically improved the
measurements due to its smaller footprint and its higher pulse repetition frequency. SARAL/AltiKa allows the access
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to smaller rivers and lakes that are not accessible with standard altimeters. During the Drifting Phase, SARAL/AltiKa
appears to open the way for better observing lakes on various size in various regions such as Canada or Siberia. All of
this provide a strong technological and scientific foundation for the SMASH proposal for inland waters observations,
but also for better designing the SWOT mission (e.g. the DEM).

For high latitudes, ice-covered regions, the lesser radar penetration of snow by SARAL/AIltiKa is beneficial for
various types of measurements and especially for a better discrimination between snow, ice and water. The difference
between Ka and Ku-band height provides a good proxy of snow depth above sea ice that is a limitation to estimate
ice thickness. Sea ice and ice sheet measurements are a major issue for climate monitoring. As for inland waters
applications, ice applications gave evidence of the key importance of continuous observations along the same repeat
orbit, as was possible with ERS-2, Envisat and SARAL/AItiKa (during the nominal phase). This is used to develop
the CRISTAL project using a dual Ku-Ka band system.

Ka-band clearly brings some opportunities to understand Ku-band better. This is an evidence in the previously
mentioned case of ice and snow measurements. But this is probably true also for other domains (e.g. wave-currents
interaction studies).

For geodesy, it appears that AltiKa is an excellent altimeter for resolving short-wavelength geoid anomalies. In
the Drifting Phase, the resulting dataset will be a boon to marine geophysics, bathymetric estimation, and seamount
mapping. Seamount size-frequency distribution models suggest that there may be as many as 10° seamounts between 1
and 2 km in height that are uncharted and were not detected by previous Ku-band altimeters. After the full completion
of the Drifting Phase, SARAL/AltiKa will surely find some of these and brings a major improvement in the Mean Sea
Surface definition very useful for all altimetric missions.

Clearly, SARAL/AItiKa is an altimetric satellite mission that opens more than previously the doors of interdisci-
plinarity. Indeed, the extended capabilities that are offered by the Ka-band allow to open even more widely some new
frontiers of altimetry such as coastal oceanography, cryospheric sciences, hydrology, beyond the traditional scope of
the open ocean investigations. It is therefore very significant to note that an initially oceanography-dedicated satellite
like SARAL/AIltiKa opens the way — thanks to the Ka-band — to satellite projects not only in oceanography like SWOT
and SKIM but also in glaciology (CRISTAL), in hydrology (SWOT, SMASH) or even in geodetic directions.

The use of the Ka-band had initially been seen as problematic because of the important limitations hypothesized
in rain situations. The SARAL/AItiKa mission was launched despite this constraint, taking a certain risk in this res-
pect but also preventing as much as possible the difficulties by appropriate technological adjustments. Reality shows
that these limitations were largely overestimated. The abundance of Ka-band satellite projects today demonstrates a
posteriori the value of some technological risk-taking for the benefit of scientific and operational applications.

Beyond the scientific impacts mentioned previously, the experience of the SARAL/AIltiKa Drifting Phase is of
interest for other satellite missions. SARAL/AItiKa has demonstrated the benefits of this DP strategy: reducing the
number of maneuvers has effectively extended the satellite lifetime as expected, and the DP orbit provides an enhanced
sampling capability of ocean mesoscale, as well as precious measurements to improve marine geodesy references
fields (e.g., bathymetry, geoid or mean sea surface). More generally, the strategy developed for SARAL/AltiKa can be
used for any other altimeter (e.g., Jason-3 or Sentinel-3), for instance if the satellite maneuvering capability is limited
by onboard aging anomalies (Dibarboure et al. 2018). This strategy could also be used to minimize satellite operations,
or to reduce the amount of fuel needed during the mission’s lifetime and then applied to mission/constellation for
which the maintenance effort is highly limited (i.e. nanosatellites).
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FiGurE 1: Wavenumber spectra of SSH anomalies (in m?/cpkm) from the 1 Hz along-track data representative of a 1500 km x 1500 km box
located southeast of New Caledonia (34°-20°S; 168°-180°E) for three different missions: Jason-2 (J2 in green); Sentinel-3A (S3A in red); and
SARAL/AltiKa (SRL in blue) when using the standard editing procedure recommended in the User Handbook. SARAL/AltiKa is particularly
sensitive to the editing criteria, and applying an additional MAD filter on the along track data modifies greatly the shape of the SARAL/AltiKa
spectrum for wavelengths shorter than 90 km (SRL in black).
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Ficure 2: Geographical domain eNATL60, instantaneous speed of the current in the simulation with explicit resolution of the tide.
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Ficure 3: SSH Power Spectrum during Summer 2016 (July, August, September, JAS) and Winter 2017 (January, February, March, JEM) over a
region of the North Atlantic centered southwest of the Azores (37 to 24°W and 23 to 40°N) (i) as observed by SARAL/AItiKa, and (ii) based on
the hourly SSH of eNATL60 (with and without explicit resolution of the tide) interpolated in space and time on SARAL/AItiKa’s ground track.
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Figure 4: Overview of the dominant sub-cycles for a 6-km altitude range near the historical ERS orbit. The quality of mesoscale observation is
controlled by some sub-cycles (15 to 19 days is better) so some altitude ranges are better than others (colored ellipses and right-hand-side color
bar). From Dibarboure et al. (2018).
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Ficure 5: These diagrams illustrate the principle of measuring the sea ice thickness by altimetry, without snow on the left, and with snow on the
right. The snow sinks the ice on the water and slows down the radar speed propagation. These two effects reduce the perceptible freeboard of the
ice and must be taken into account to retrieve the real sea ice thickness.
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FiGure 6: Snow depth measurements using Operation Ice Bridge airborne snow radar (left map), compared with, left to right scatter plots, the
Warren 99 snow depth modified climatology, the Altimetry Snow Depth (ASD) solution, and the CNRM-CMIP5 model forced by ERA-Interim
reanalysis. We can observe that W99m remains too high, despite the heuristic correction over the first year ice. The low CNRM values are due to
too low ERA-Interim precipitation, which highlights the lack of observation over this region.
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Jason-2 LRO (panel b) in January 2019.
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Ficure 14: SARAL/AltiKa observing wave height and SSHA during Phailin and Vardah on 11th October 2013 and 11th December 2016 respecti-
vely. In these dates the Cyclones were at its peak intensity.
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Figure 15: East Indian Coastal Current before (left) and during (right) Vardah.
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FiGure 16: Evaluating tide models with SARAL/AltiKa data from the drifting orbit phase (July 2016-June 2019). SARAL/AltiKa provides an
important source of precise SLA at locations off the reference mission ground tracks. It permits the validation of tide models in coastal regions
where the scales of the tide are comparable to, or smaller than the resolution of the reference missions. Regions in red, generally near the coast,
show where the newer tide model (FES2014) explains more SLA variance than the old tide model (FES2004).

FiGure 17: Projection of the SARAL/AltiKa tracks over the region located on the East of the Hudson bay in Canada (with a zoom for a better view
of the detailed tracking coverage). Red line represents the nominal orbit, green light the Drifting Phase from cycle 100 to cycle 126. The contour
of lakes are inferred from the GLWD database.
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Ficure 18: 77 months of Cryosat sea surface slopes around Hawaii (left) and 13 months of SARAL/AItiKa sea surface slopes (right). The varying
ground track density is clearly shown.
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FiGure 19: Locations of possible seamounts detected in AltiKa repeat cycles (from Fig. 4 in (Marks & Smith 2018)).
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Figure 20: Cumulative number of possible seamounts located over multibeam surveys versus estimated seamount height (from Fig. 5, (Marks &
Smith 2018)).
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Ficure 21: Residual geoid heights in meters from Jason-1 (left) and SARAL/AltiKa (right) close to Crete (Eastern Mediterranean Sea). The

histogram of residuals (in meters) is shown as well. SARAL/AItiKa clearly shows superior data-coverage and a narrower histogram compared with
Jason-1 being very valuable to coastal geodesy.
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