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Abstract: The India-France SARAL/AltiKa mission is the first Ka-band altimetric mission dedicated
to oceanography. The mission objectives are primarily the observation of the oceanic mesoscales but
also include coastal oceanography, global and regional sea level monitoring, data assimilation, and
operational oceanography. The mission ended its nominal phase after 3 years in orbit and began a
new phase (drifting orbit) in July 2016. The objective of this paper is to provide a state of the art of the
achievements of the SARAL/AltiKa mission in terms of quality assessment and unique characteristics
of AltiKa data. It shows that the AltiKa data have similar accuracy at the centimeter level in term of
absolute water level whatever the method (from local to global) and the type of water surfaces (ocean
and lakes). It shows also that beyond the fact that AltiKa data quality meets the expectations and
initial mission requirements, the unique characteristics of the altimeter and the Ka-band offer unique
contributions in fields that were previously not fully foreseen.
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1. Introduction

Launched in February 2013, the SARAL/AltiKa mission carries the first Ka-band altimeter ever
flown [1]. The primary mission objective is the observation of the oceanic mesoscales, as well as
coastal oceanography, global and regional sea level monitoring, data assimilation and operational
oceanography. Secondary objectives include ice sheet, sea ice and inland waters monitoring. In order
to continue the time series and to benefit from the existing mean sea surface, SARAL flew on the same
orbit as Envisat. The SARAL/AltiKa mission was considered as a “gap filler” between Envisat (lost in
April 2012) and Sentinel-3A (launched in February 2016) and has permitted to continue the sea level
measurements on the historical ground track of the ERS-1&2 and Envisat missions. The nominal phase
of the mission was planned to end three years after launch with an objective of five years. Since July
2016, SARAL/AltiKa has left its nominal orbit and entered in a Drifting Phase until its end of life.
This phase, seamless in term of accuracy, provides a larger data coverage (Figure 1). The new orbit
(altitude increased by 1 km) allows to improve the mean sea surface resolution but has been chosen to
maintain also a good temporal resolution (15–20 days) for mesoscale studies.

Figure 1. Blue: Repetitive orbit ground track. Red: Drifting orbit ground track.

SARAL/AltiKa’s main scientific objective is to provide data products to the oceanographic
research user community for studies to improve our knowledge of the ocean mesoscale variability,
thanks to the improvement in spatial and vertical resolution brought by SARAL/AltiKa. This main
scientific objective is divided into subthemes of mesoscale ocean dynamics: observations, theoretical
analyses, modelling, data assimilation, and so forth. This leads to an improvement of our
understanding of the climate system through its key ocean component and especially the role and
impact of mesoscale features on the climate variability at large spatial and temporal scales. It also
contributes to the study of coastal dynamics, which is important for many downstream applications
including operational oceanography, which seeks large amounts of in-situ and space-based data.

SARAL/AltiKa’s secondary objectives include the monitoring of the main continental water levels
(i.e., lakes, rivers, and enclosed seas), the monitoring of large-scale sea level variations, the observation
of polar oceans (thanks to the high inclination of its orbit), the analysis and forecast of wave and wind
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fields, the study of continental ice (thanks to the lower penetration in Ka-band) and sea ice, the access
to low rains climatology (enabled in counterpart to the sensitivity of Ka-band to clouds and low rains)
and the marine biogeochemistry (notably through the role of the meso- and submeso-scale physics).

The success of SARAL/AltiKa has been made possible by a very fruitful cooperation and efficient
joint work between ISRO and CNES and thanks to the highly valuable exchanges between scientists of
both countries. The objective of this paper is to highlights salient results in terms of quality assessment
and unique characteristics of AltiKa data made since the special issue published in 2015 (Marine
Geodesy, 38(S1):1, 2015, [2]). This paper is preceded by a companion paper focusing on the scientific
applications where more details about the SARAL/AltiKa mission and its payload are also given [3].
In the first section of this paper, we will focus on the quality assessment of water level through
Calibration and Validation and the second section will illustrate some unique contributions of Ka-band
information in AltiKa data.

2. Quality Assessment of Water Level through Calibration and Validation

The observation of rising mean sea levels over the Earth’s oceans using satellite altimetry has
helped inform and shape the debate on global climate change that has emerged over the last two
decades [4]. The ongoing monitoring of secular changes in global mean sea level with accuracy
tolerances of better than 1 mm/year remains a fundamental science goal within satellite altimetry
and represents one of the most challenging objectives in space geodesy. Central to this objective has
been the recognition that calibration and validation (cal/val) are vital components of the altimeter
measurement system technique. Cal/val defines a multi-disciplinary problem in and of itself, that
pushes the limits of available terrestrial, oceanographic and space based observational techniques.
Current estimates of regional and global change in mean sea level are only possible with careful
and ongoing calibration of altimeter missions. Cross calibration of past, current and future altimeter
missions will remain essential for continued sea-level studies.

During the last years, complementary altimetric missions operating concurrently have provided
the unprecedented ability to compare measurement systems by undertaking relative calibrations.
Studies have demonstrated through global statistics the power of such a technique [5,6]. Given the
technical challenges of operating spacecraft for many years in orbit, however, the ability to
cross-calibrate multiple missions in this manner cannot be assured. It reinforces the need for a
range of complementary calibration methodologies—including a geographically diverse array of in
situ absolute calibration sites that can assess changes to instrument behavior in near real time: such
facilities, as described in [7], provide in situ sea level measurements in the same reference frame than
the satellite altimetry ones and correct them from solid earth vertical motions.

The cal/val activities are focused not only on the important continuity between past, present and
future missions but also on the reliability between offshore, coastal and inland altimetric measurement.
The ability to sample varied geographically correlated errors and characterize them in an absolute
sense are significant benefits of a well-distributed set of calibration sites. There is no doubt, however,
that the “calibration task” requires a multifaceted approach, including both in situ calibration sites and
regional/global studies.

This section will provide metrics of the SARAL/AltiKa accuracy and precision through absolute
calibration sites (Section 2.1), global approach (Section 2.3) and an in between regional approach
(Section 2.2). The main achievement of the data quality assessment provided in this section is illustrated
in Figure 2 showing that AltiKa data have similar accuracy at the centimeter level in terms of absolute
water level whatever the method (from local to global) and the type of water surfaces (ocean and
lakes). This illustrates the improvement in altimetry in the last decade thanks to better processing
and geophysical corrections but more importantly thanks to new technology (Ka-band, SAR) that
paved the way of new frontiers in altimetry. Remaining differences from the various determinations
shown in Figure 2 illustrate the characteristics of the studied water level (open-ocean, coastal, inland)
but also the remaining errors coming from the methods used and the geodetic datum of each sites.
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Another important result is that cal/val activities over lakes are now at the same level of accuracy than
the ones performed over decades at historical calibration sites (Bass Strait, Corsica, Crete, and Harvest).

Figure 2. Left (this study): water level bias from Crete [8], Kavaratti (Section 2.1.1), Corsica
(Section 2.1.2, Lake Issykul (Section 2.1.3), the regional (Section 2.2) and global (Section 2.3) approaches.
The mean value of all the determinations is −54 mm with a standard deviation of 15 mm. Right [9]:
TOPEX, Jason and Sentinel-3A Sea Surface Height (SSH) biases from in situ calibration sites.

2.1. Water Level Calibration from Open-Ocean, Coastal and Inland Waters In Situ Absolute Calibration Sites

2.1.1. Kavaratti, Altimeters’ Calibration Site

The Kavaratti site gives an opportunity to do absolute calibration of altimeters over the tropical
region. This calibration site do not show altimeter land contamination since it is in the open ocean,
which gives it an added advantage. Kavaratti Island, is located southwest of Indian peninsula, ∼450 km
from the coast, as a platform of scientific observations, it has historic measurements from many Indian
scientific institutions (e.g., Survey of India specific to water level). Figure 3 represents the part of
Arabian Sea with Lakshadweep Islands at north and Maldives Islands at south. This permanent
facility in Kavaratti is situated near the ground tracks of TOPEX/Jason and SARAL/AltiKa missions.
The dedicated calibration facility at Kavaratti includes tide gauges, meteorological and oceanographic
instruments, and a bottom pressure recorder [10]. This site has long-term sea level measurement at the
tide gauge station TG1, which allows for the precise estimation of drift in sea surface height. The site
characterization and calibration experiment and its results can be found in [10].

The absolute calibration of SARAL/AtiKa is carried out for its 23 cycles at this site (Figure 4).
The determined absolute bias is −39.8 mm with standard deviation of 23.6 mm. In this AltiKa
calibration exercise we have not used any local high resolution tide models, also the effects of wind and
atmospheric pressures, and vertical land motion for the precise local geoid estimation are disregarded
in determining the absolute Sea Surface Height (SSH) bias. These results and the good agreement
with other in situ calibration sites shows that the location is robust and encourages us to continue
observations to carry out the absolute calibration of altimetric SSH. The errors in estimation of absolute
SARAL/AltiKa bias over this site will be improved through future field experiments.
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Figure 3. The large map shows the location of Kavaratti island (star) as well as the Jason-2 and
SARAL/AltiKa ground tracks. The insert is a zoom of Kavaratti: ISRO’s altimeter calibration site, has
dual radar tide gauge station and a bottom pressure recorder.

Figure 4. Absolute sea surface height bias of SARAL/AltiKa from cycle 1 to 23 using GDR-T products.

2.1.2. SARAL/AltiKa Absolute Calibration over Corsica during the Nominal and Drifting Phases

The geodetic Corsica site was set up in 1998 in order to perform altimeter calibration of the
TOPEX/Poseidon (T/P) mission and subsequently, Jason-1, OSTM/Jason-2 and Jason-3. The scope
of the site was widened in 2005 in order to undertake the calibration of the Envisat mission and
most recently of SARAL/AltiKa. In [11], we have presented the first results from the latter mission
using both indirect and direct calibration/validation approaches. The indirect approach utilizes a
coastal tide gauge and, as a consequence, the altimeter derived Sea Surface Height (SSH) needs to
be corrected for the geoid slope. The direct approach utilizes a novel GPS-based system deployed
offshore under the satellite ground track that permits a direct comparison with the altimeter derived
SSH. This latter approach has the advantage being able to be used without any specific infrastructure
and have permitted us to make measurements even during the period when the difficulties with the
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satellite reaction wheels did not permit the ground track to be accurately maintained (from March
2015 until the Drifting Phase in July 2016): this is illustrated in the bottom part of Figure 5 and the SSH
biases derived from those configurations (bold red circles) are in agreement with the whole time series.
Since the beginning of the Drifting Phase, SARAL/AltiKa have overflown the Corsica calibration sites
(Ajaccio and Senetosa) in different configurations illustrated in the right part of Figure 5. The SSH
biases have then been computed using Senetosa or Ajaccio tide gauges or even both (cycle 100/pass
735 and cycle 104/pass 677) when the satellite have overflown both geoid areas (shaded in purple on
Figure 5 maps). The results for these configurations (bold blue crosses in Figure 5) are also in very good
agreement with the whole time series, even in a configuration very close to the coast (∼3–4 km, cycle
100/pass 735). The overflights of both Senetosa and Ajaccio sites have permitted us to compare the
SSH bias from Ajaccio and Senetosa tide gauges and we found an offset of 30 mm which is due to an
issue in the absolute reference of Ajaccio tide gauge. This problem was identified in [11] and has been
solved recently. This is discussed in [12] in which we have performed the Sentinel-3A calibration over
both Senetosa and Ajaccio sites in a configuration close to the one encountered with SARAL/AltiKa
for cycle 104 and pass 677 (see Figure 5).

In conclusion, in this analysis, after correcting the 30 mm offset in the Ajaccio tide gauge
measurements, we demonstrate that using either indirect or direct calibration/validation approach
gives similar SSH bias, respectively −74 ± 4 mm and −69 ± 11 mm. Even during the Drifting Phase,
we can continue to monitor the SSH bias using both approaches with a good agreement compared to
the whole time series and a period close to the initial ones (46 days in average compared to the 35-day
repeat period in the nominal phase).

Figure 5. Sea Surface Height (SSH) bias time series for SARAL/AltiKa over Corsica for both direct
(GPS-zodiac, red circles) and indirect (tide gauges, blue crosses) approaches. The bold symbols
correspond to situations where the satellite was not overflying the calibration sites in a nominal
configuration.

2.1.3. Absolute Calibration, Validation of SARAL/AltiKa over the Lake Issykkul

SARAL/AltiKa is used over the continents to measure the water height changes of lakes and
rivers [1]. In order to determine the performances of altimeters over inland waters, a dedicated site



Remote Sens. 2018, 10, 83 7 of 26

of calibration/validation has been setup in 2004 over the lake Issykkul. Lake Issykkul (42–43◦N,
76–79◦E) is a large lake (6000 km2 of area extent) located in Kyrgyzstan in Central Asia. Initially
used as experimental site, thanks to promising first results obtained with TOPEX/Poseidon [13], the
Lake Issykkul became permanent cal/val site for several altimeters in orbit. It has served for Jason-1,
Jason-2, and Envisat with results coherent with other cal/val sites over the oceans [14,15]. The interest
of having cal/val sites over a lake is to benefit from specific conditions of inland water (no tides, no
inverse barometer) and to quantify the accuracy of altimeters to measure their water level changes.

Meanwhile, some corrections like the wet or dry tropospheric delay are not measured as accurately
as over the ocean. Using ground instrumentation over the lake Issykkul therefore helps quantifying
the error budget of altimeters over lakes in general. Since 2004, not less than 15 field campaigns have
been done over the Lake Issykkul. The full experimental design is given in [16] and is not described
here in details. In few words, it simply consists in measuring the water level changes along the track
of the satellite, due to the geoid’s gradient (which over the Lake Issykkul reaches several meters over
long distance) using a GPS kinematic survey on a boat following the satellite tracks. It allows us to
calculate the absolute bias of the altimeter.

First of all, the water level changes of the Lake Issykkul from 2013 to 2016 are calculated every
35 days using the altimetry data from the SARAL/AltiKa instrument. It is compared to the water level
changes measured at an historical floating tide gauge located on the north coast of the lake (providing
daily water level). It is also compared to hourly water level changes of the Lake measured by a radar
installed on the south east lake shoreline. These comparisons allow us to quantify the accuracy of
SARAL/AltiKa over the lake Issykkul in particular, which gives an order of magnitude of accuracy
of this instrument for large lakes in general. It confirms results obtained in [17] that SARAL/AltiKa
allows us to measure water level changes at very high accuracy (3.5 cm for lake Issykkul: Figure 6).

Figure 6. Water level of the lake Issykkul measured by SARAL/AltiKa, a radar and a tide gauge located
on respectively east and north coast of the lake, delivering hourly and daily data. RMS of differences
between SARAL/AltiKa and the in situ daily data is 3.5 cm.
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For specific calculation of altimeter bias of AltiKa, a GPS survey of the track number 554 has been
performed during a campaign done on 1 July 2014. The GPS vertical profile along this track is compared
to individual measurements of the altimeters over the first 15 cycles using in situ measurements for
all corrections:

- Wet and dry tropospheric delay using a permanent GPS and weather stations
- The GPS height antenna using a radar installed just below the GPS on the boat: see [16] for details.
- The in situ daily level changes for the correction of the hydrological signal from cycle 1 to cycle 15.

1 July 2014 is when the GPS survey was done and corresponds to cycle 14.
- The GINS [18] software was used for the calculation of the GPS 3D coordinates in PPP (Precise

Point Positioning) mode.

We then compare the GPS vertical coordinates along the track 554 with the individual
measurements of the lake altitude above the ellipsoid using AltiKa measurements. We thus
perform the calculation of the absolute bias using the ocean and the ice1-OCOG (Offset Centre Of
Gravity) retrackers:

- With the ocean retracker, the water level bias, which is averaged along the track 554 and using the
first 15 cycles of the satellite is given in Figure 7. The absolute bias obtained is: −52 ± 24 mm.

- With ice1-OCOG retracker, the water level bias, which is averaged along the track 554 and using
the first 15 cycles of the satellite, is given in Figure 8. The absolute bias obtained is: +34 ± 19 mm.

Figure 7. Differences between the GPS profiles and SARAL/AltiKa water altitude above the ellipsoid
with ocean retracker at reference points corresponding to the GPS points along the SARAL/AltiKa
track 554.
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Figure 8. Vertical profiles along the track 554. The altimetry profile is an average over 15 first cycles at
reference point corresponding to the GPS points of measurements. Ice1 retracker is represented.

2.2. Regional Calibration of SARAL/AltiKa Sea Surface Height in Corsica, at Harvest and at Bass Strait

In situ calibration of altimeter SSH is usually done at the vertical of a specific cal/val site by
direct comparison of the altimeter data with the in situ data. Given that most of the in situ calibration
sites (Harvest, Senetosa, Bass Strait and Gavdos) were specifically designed to be located under the
TOPEX/Jason orbit, the classical absolute calibration technique can only be used for satellites using
this orbit. The regional cal/val technique developed by Noveltis [19,20] aims to assess the altimeter
range bias both on satellite passes flying over the calibration site and on satellite passes located several
hundreds of kilometres away (Figure 9). In particular, it enables the monitoring of altimetry missions
that do not fly directly over the calibration sites, such as SARAL/AltiKa. In principle this technique
extends the single site approach to a wider regional scale, thus reinforcing the link between the local
and the global cal/val analyses.

The regional method is used to compute the SARAL/AltiKa altimeter biases at three historical
TOPEX/Jason-suite calibration sites: the Corsican calibration sites of Senetosa and Ajaccio, the
Californian site of Harvest and the Australian site of Bass Strait. These calibration sites are characterized
by very different ocean variabilities, which leads to various strategies in terms of corrections for the
altimeter SSH.

In Corsica, the ocean variability (from few days to seasons) is rather low (about 50 cm on
average), mainly governed by the wind and the atmospheric pressure variations, with low tidal
amplitudes (about 20 cm). However, the presence of small islands close to the sites of Ajaccio and
Senetosa can have an impact on the quality of the altimeter SSH and the associated corrections, in
particular the radiometer wet tropospheric correction. The wet tropospheric correction derived from
the ECMWF (European Centre for Medium-Range Weather Forecasts) model is thus used to correct
the SARAL/AltiKa SSH in Corsica. In addition, the altimeter and the in situ tide gauge observations
are corrected using respectively the COMAPI regional tidal model (Coastal Modeling for Altimetry
Product Improvement) [21] for the tides and a global hydrodynamic simulation provided by LEGOS
for the DAC (Dynamic Atmospheric Correction) effects [22]. In Harvest and Bass Strait, the ocean
variability is much higher than in Corsica (about 2.5 m), with large tidal amplitudes (about 1.5 m).
The FES2004 global tidal model [23] and the global DAC simulation is used to correct the altimeter and
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the in situ observations at both sites. In addition, the radiometer-derived wet tropospheric correction
is used to correct the altimeter SSH.

Figure 10 shows the crossover points considered for the computation of the regional
SARAL/AltiKa bias estimates at each calibration site. In Harvest and Bass Strait, the number of selected
crossover points is rather small in comparison to the number of available points. Large variability is
observed in the bias estimates at those surrounding crossover points and they are discarded from the
computation (see [19,20] for details). Some previous work on the Envisat mission in Bass Strait [24]
showed that using a more recent tidal model with higher resolution (FES2014 global tidal model, [25])
enables us to drastically reduce the variability at some of those points and to reintegrate them in the
computation in this specific region. The mean regional bias estimates at each calibration site are given
in Table 1. The standard deviation computed over the mean bias estimates at each crossover point is
given in the last column. This information shows that the variability of the bias estimates over the
considered crossover points is stable from one site to the other, in the order of 1 cm. However, the
mean bias estimates and the averaged standard deviation of the bias estimates strongly vary from one
site to the other, with mean variability of about 60 mm in Harvest and Bass Strait, twice larger than in
Corsica, which is directly linked to local conditions (open ocean with rough seas in Harvest and Bass
Strait, sheltered harbours with low ocean variabilities in Corsica). Even after correcting the 30 mm
offset in the Ajaccio tide gauge measurements (see Section 2.1.2) the 47 mm difference observed in
the bias estimates between Ajaccio and Senetosa, is for the moment unexplained and need further
investigation. However, the averaged SSH bias from Ajaccio and Senetosa is 61 mm and is close to
the values found from the absolute calibration study (see Section 2.1.2). Further investigation is also
needed to understand the ∼40 mm difference observed between the bias estimates in Corsica and the
estimates in Harvest and Bass Strait. It is more than probable that high precision regional tidal models
and dynamical atmospheric correction solutions would improve the computation of accurate altimeter
and in situ sea surface heights in these regions.

Figure 9. Generic diagram of the regional in situ calibration method. The points A and B represent
the crossover points between, respectively, the satellite altimeter tracks 1 and 2, and the tracks 2 and 3.
The tracks can belong to different altimeter missions. The in situ high resolution mean surface is used
to link the tide gauge (TG) measurements to the altimeter data, and the comparison is done at the point
C, located on this surface (adapted from [20]).
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Figure 10. Altimeter crossover points used for the SARAL/AltiKa regional bias estimate in Corsica
(a: Ajaccio in blue, Senetosa in orange), Harvest (b: green dots) and Bass Strait (c: green dots).
The SARAL/AltiKa and Jason-2 grounds tracks are shown respectively in yellow and red.

Table 1. SARAL/AltiKa regional bias estimates at each site. In Bass Strait, the in situ data available for
this study only covers the period until cycle 25.

SARAL/Altika Regional
Bias Estimates (mm)

Mean
(mm)

Std
(mm)

Nb of
Cycles

Nb of Xover
Points

Std over the
Xover Points (mm)

Senetosa (cycle 1–35) −84 ± 5 32 34 7 5
Ajaccio (cycle 1–35) −37 ± 6 36 33 6 13
Harvest (cycle 1–35) −19 ± 12 64 30 4 12

Bass Strait (cycle 1–25) −22 ± 11 56 24 5 13

2.3. Global Validation of SARAL/AltiKa Sea Surface Height over Ocean

Since the beginning, SARAL/AltiKa data shows a high quality and provides new information
with respect to the previous missions [5]. At high latitude, thanks to its orbit reaching 82◦, the
Arctic Ocean and ice caps are better covered. Near the coast, measurements are more numerous and
reliable [26] thanks to its high rate of 40 Hz (one point every 125 m along-track) and to its robust
tracking mode (DIODE/Median, except for cycles 10 to 17 in autonomous DIODE mode). Furthermore,
high frequency structures are better addressed, thanks to its Ka-band technology [27].

Its data availability is largely over the specification requirements, reaching 99.6% over oceans,
Safe Hold Mode periods included, compared to 99.3% on Jason-2. Over other surfaces, the coverage
is also very homogeneous as shown on Figure 11. Even the sensitivity of the Ka-band frequency to
rain has less impact than expected. Indeed, only 5% of measurements may be not achieved due to rain
rates > 1.5 mm/h according to geographic areas [28].
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Figure 11. Map of the percentage of available measurements over land on SARAL/AltiKa’s cycles 1 to 34.

The relative SSH bias compared to a zero reference of the TOPEX GMSL in 1993 (Global Mean Sea
Level, CMEMS 2018 standards (Copernicus Marine Environment Monitoring Service)) is −82.3 mm
for SARAL/AltiKa, whereas Sentinel-3A stands for −3.9 mm, Jason-2 for −18.5 mm and Jason-3 for
−47.3 mm. Relative SSH bias and its evolution can also be derived from crossovers with a reference
mission (such as Jason ones); even if not based exactly on the same length of the time series, results
provided in [5] agree at the centimeter level with the ones presented here.

Its long-term stability as well, exceeds the mission requirements, featuring a very consistent mean
sea level with respect to the reference record, derived from a combination of TOPEX/Jason-1/Jason-2
time series [29]. SARAL/AltiKa GMSL’s shows a 4.8 mm/year evolution on this time period, thus
keeping pace with Jason-2 (4.4 mm/year). It is a very satisfying statistic knowing that the time series
for SARAL/AltiKa is still under 5 years which is the minimum period required to have a significant
trend, see Figure 12.

Figure 12. SARAL/AltiKa’s Global Mean Sea Level (red) compared to Jason-2 (blue) and the reference
one (green).
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As for crossovers analysis (see details in [5]), it demonstrates excellent performances, with
5.3 cm of standard deviation compared to 5.4 cm for Jason-2, using the radiometric correction [30].
This illustrates SARAL/AltiKa’s very good skills to resolve mesoscale signatures.

Finally, SARAL/AltiKa’s Ka-band frequency enables the resolution of small scales of ocean
dynamics (mesoscale). Thanks to its higher rate of 40 Hz and a smaller and statistically more
homogeneous footprint, its noise level is lower than Jason-2/3 (Figure 13). Provided the application of
a fine editing (for 20 Hz measurements: based on the Sea Level Anomaly coherence of consecutives
measurements) and a correction [31] dedicated to reduce correlated noise between altimeter range
and Significant Wave Height (SWH), it does even better than delay-doppler altimetry missions
such as Sentinel-3A. Smaller ocean scales are therefore observable notably around 35 km where
the spectral “bump” [32] is clearly reduced compared to "standard" use of the data (see Figure 1 in [3]
for comparison).

Figure 13. SARAL/AltiKa’s SLA power spectrum (green) compared to Jason-2 (blue) and Sentinel-3A
(red), with adapted editing and [31] correction for the three missions.

In conclusion, the SARAL/AltiKa mission performance remains excellent, compared to Jason-2,
Jason-3 and Sentinel-3A, from fine scale ocean dynamics to long-term stability. And its quality will
keep on improving, notably, thanks to several updates of geophysical corrections which are getting
ready for the future reprocessing (GDR-E (Geophysical Data Record)) planned for 2018. The benefits
of SARAL/AltiKa data to access the fine scale ocean dynamics are highlighted in our companion
paper [3].



Remote Sens. 2018, 10, 83 14 of 26

3. Unique Contributions of Ka-Band Information in AltiKa Data

The key feature of the altimetric payload has been the selection of Ka-band [27]. Using Ka-band
avoids the need for a second frequency to correct for the ionosphere delay and eases the sharing of the
antenna by the altimeter and the radiometer. The use of the Ka-band also allows the improvement of
the range measurement accuracy in a ratio close to 2 (30 cm compared to 47 cm for Jason Ku-band)
due to the use of a wider bandwidth and to a better pulse to pulse echo decorrelation. The higher
pulse repetition frequency (4 KHz compared with 2 KHz on Jason-2) also permits a better along-track
sampling of the surface. Moreover, the enhanced bandwidth (480 MHz compared with 320 MHz on
Jason-2) enables a better resolution of the range. Finally, Ka-band antenna aperture is reduced, which
limits the pollution within useful ground footprint. The known effect of rain on the Ka-band was such
to put some uncertainty on the full availability of data in some regions. In fact, the larger sensitivity to
small rates of rain was found to be less constraining than expected and in counterpart provides access
to low rains climatology [28].

Apart from the improved accuracy and resolution for the liquid water surfaces (ocean and
inland waters), the fact that AltiKa altimeter operates in Ka-band, which is higher than the previous
frequencies, offer new paths of investigation. The penetration depth in snow is theoretically reduced
from around 10 m in Ku-band to less than 1 m in Ka-band, such that the volume echo originates
from the near subsurface. Second, the sharper antenna aperture leads to a narrower leading edge that
reduces the impact of the ratio between surface and volume echoes of the height retrieval. Moreover,
the volume echo in the Ka-band results from the near subsurface layer and is mostly controlled by ice
grain size, unlike the Ku-band [33].

This section gives some illustrations of the unique characteristics of AltiKa instrument that offer
unique contributions in fields that where not fully foreseen. Section 3.1 will give insights of the increase
of resolution and data availability close to the coasts. Section 3.2 will focus on the Ka-band contribution
for altimetry over snow and ice. Section 3.3 will study the rain sensitivity and finally Section 3.4 will
give an original use of Ka-band measurements for studying the soil moisture.

3.1. Power Spectrum Density Analysis of SSH Signal from SARAL/AltiKa and Jason-2 (1 Hz) over Bay of Bengal

Indian coasts are vulnerable to high waves and rough sea conditions particularly during the
pre- and post-monsoon seasons due to the presence of extreme atmospheric events such as cyclones.
Unfortunately, wave models are still not mature enough to predict these waves due to the lack of
accurate initial conditions and correct physical parameterizations. With the availability of altimeter
data, assimilation of these data in numerical models is often found beneficial in improving the
accuracies of the model predictions. One very significant promising development, particularly for the
coastal regions, is the SARAL/AltiKa mission carrying onboard altimeter in the Ka-band and thus
offering high spatial resolution suitable for coastal studies and assimilation in coastal wave models.

Tracks in the full Bay of Bengal region for the concurrent period of SARAL/AltiKa and Jason-2
(March 2013–July 2016) were used and 1 Hz Sea Surface Height (SSH) spectrum of both altimeters was
studied. The Figure 14 shows the SSH spectrums of both the altimeters. Difference is noteworthy at
wave length less than 50 km. The higher slopes in the wave lengths below 50 km shows the spectrum
for SARAL/AltiKa have lesser noise than Jason-2 in this region. The power spectrum in the mesoscale
region (50 km–250 km) is also fitted with power law a*kb (k is wavenumber). The values of b for AltiKa
is −1.96 as compared to b = −1.79 for Jason-2. Above 50 km wave length, both SARAL/AltiKa and
Jason are comparable to each other. Also the approachability towards the coast has been studied using
the SARAL/AltiKa based ISRO Space Applications Center (SAC) coastal product and the Coastal and
Hydrology Altimetry product (PISTACH) product from Jason-2. Figure 15a shows the 20-Hz SWH
from Jason-2 towards the coast and Figure 15b shows 40-Hz SWH from SARAL/AltiKa. Clearly the
SARAL/AltiKa based coastal product provides more valid data in proximity to the coast that will help
to improve the coastal models.



Remote Sens. 2018, 10, 83 15 of 26

Figure 14. The power spectra of sea surface heights from SARAL/AltiKa and Jason-2 in Bay of Bengal.
Green line represents (1/50 km).

Figure 15. SWH from Jason-2 PISTACH product (left) and SAC coastal product (right) based on
AltiKa data.

3.2. Complementarity between Ku and Ka Measurements over Ice Sheet Surfaces

Exploiting Ka frequency properties over land ice or sea ice is of particular interest to better assess
the level of surfaces covered by ice or snow. Comparing measurements in Ku and Ka frequencies
allows us to understand and quantify the penetration properties of the radar waves. Over water
surfaces, Ku and Ka signals reflect at the air/water interface. It is commonly understood that in
presence of snow or ice, the radar wave penetrates the ice pack if its wavelength is larger than the snow
grain size (typically 0.5 mm but grain size depends on the temperature (snow metamorphism) and
snow accumulation). According to [34], higher temperatures cause the snow grains to grow quickly,
whereas higher accumulation rate causes them to slowly grow. Ku- and Ka-band wavelengths are
respectively 2.21 cm and 0.84 cm. The factors between signal wavelength and grain size are respectively
44 and 17 in Ku- and Ka-bands. For a given wavelength, according to Mie theory [35], the scattering
coefficient is conversely proportional to the radar wavelength at a power of 4. From Ku- to Ka-band,
the scattering coefficient consequently increases by a factor 55. This leads to a penetration depth over
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snow surface between 0.1 m and 0.3 m in Ka-band [36]. Analysis performed on the altimeter signal
acquired in Ku- and Ka-bands over the Antarctic ice sheet are consistent with this assumption.

To illustrate this theoretical introduction, we represent in Figure 16, the different penetration
effects in Ku- and Ka-bands by comparing mean waveforms computed over ocean (SWH = 1 m
± 20 cm and similar epochs) and at a cross-over over Lake Vostok [37]. This lake in Antarctic is
known to be quite perfectly flat, avoiding all effects induced by surface slopes (that can be different in
Ku- and Ka-bands due to the different antenna gain patterns of the two missions). Over ocean, for
SARAL/AltiKa (Ka-band) and Sentinel-3A (Ku-band in Pseudo-Low Resolution Mode), 1498 and 377
individual waveforms have been aggregated. Over Lake Vostok, for SARAL/AltiKa and Sentinel-3A,
1763 and 359 individual waveforms have been aggregated. We must note that waveforms have been
artificially aligned to be compared.

Figure 16. Mean SARAL/AltiKa (left) and Sentinel-3A (right) waveforms over ocean (blue) and Lake
Vostok (red).

It appears on the left plot of Figure 16 that ocean and land ice leading edges are quite identical
except for the very last points of the leading edge. Additional energy appears on the trailing edge
samples for ice returns. This clearly indicates that the radar signal has been backscattered in the
snow pack. However, considering that the distribution of energy in the leading edge is similar over
ocean and over land ice, we can assume that an unique reflective surface is responsible for the main
reflection (as for ocean) and that a retracking processing will provide the range corresponding to the
distance between the satellite and this reflective surface. This surface can be assumed to be at the
air/snow interface.

The plot on the right of Figure 16 shows that in Ku-band, returns are completely different over
ocean and land ice. Clearly, the red echo can be considered as the summation of different contributions
coming from different layers inside the snow pack, each contribution being attenuated depending on
the absorption characteristics of each layer. In these cases, determining a range indicating the position
of the main reflection (its distance from the radar) is very hard. If a threshold empirical retracker is
used, the value of the threshold arbitrarily determines the reflective surface inside the snowpack.

For a better comparison of Ku and Ka measurements over Lake Vostok, waveforms in both bands
are superimposed in Figure 17. The waveform acquired in Synthetic Aperture Radar (SAR) mode
(Sentinel-3A, Ku-band) has been added (in red). As for SARAL/AltiKa, Sentinel-3A SAR mode mean
echo over Lake Vostok presents a leading edge not impacted by penetration effects.
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Figure 17. Left: Mean SARAL/AltiKa (blue) and Sentinel-3A (SAR in red, P-LRM in green) waveforms
at a cross-over between SARAL/AltiKa and Sentinel-3A over Lake Vostok. Right: MODIS image of
Lake Vostok with SARAL/AltiKa and Sentinel-3A tracks locations.

This analysis illustrates the complementarity between Ku and Ka measurements over ice
sheet surfaces and the potential relevant information that could be retrieved by combining them.
Of particular interest is the snow thickness that could be derived from the exploitation of the Ku and
Ka waveform shapes, in particular their trailing edges.

Analysis of SARAL/AltiKa measurements over ice sheet have not only brought a new insight
of the radar measurements of the snowpack but also encourage the development of new algorithms
able to derive new parameters such as snow or ice pack properties. Scientific applications based on
Ka-band unique characteristics and complementarity with Ku-band over ice sheet, icebergs and sea ice
are developed in [3].

3.3. Impact of Rain on SARAL/AltiKa Measurements, a New Opportunity to Observe and Study the
Rainfall Climatology

Since the first developments of the SARAL/AltiKa mission, one of the major concerns has been
the Ka-band sensitivity to atmospheric conditions, and especially to atmospheric liquid water (both
rain and clouds). Hence, the instrument power and gain have been optimized in order to maximize the
Signal to Noise Ratio (SNR) and to minimize atmospheric attenuation issues [27]. As a result, the data
loss over ocean is lower than anticipated (<0.1%) and the SNR is higher than the preflight expected
value (14 dB) thanks to margins taken in the altimeter link budget (see details in [27]). An example of
an AltiKa SNR map over ocean is provided in Figure 18 for cycle number 110, showing values varying
from 18 to 32 dB. The altimeter link budget is thus excellent and allows a full data coverage over ocean.

Despite the very low number of lost data, the high sensitivity of the Ka-band to atmospheric liquid
water (ten times larger than in Ku-band) impacts the altimeter waveform shape. AltiKa echoes are
attenuated and distorted by rain events of heavy clouds [38–40], as shown in Figure 19a. The waveform
amplitude is not only strongly attenuated but its shape is distorted, especially on the trailing edge
part of the waveform. The example shown in Figure 19a is collocated to WindSat and SSMIS-F16/F17
rainfall rate measurements indicating a rain rate of about 4.5 mm/h during this event.
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Figure 18. Map of Signal to Noise Ratio computed from standard MLE-4 estimates over ocean for cycle
number 110 (from 2017/06/19 to 2017/07/24).

Figure 19. (a) AltiKa waveforms corrected from Automatic Gain Control during a rain event, pass 121
cycle 5; (b) collocated rainfall rate from SSMI and WindSat measurement in grey and Matching Pursuit
flag in black [41].

Even if measurements are not lost during a rain event, the resulting waveform corruption may
degrade the retracker performances and the geophysical estimates [42]. Indeed, operational ocean
retrackers implemented in the ground segment are not designed to correctly process rain waveforms:
these retrackers consider that the altimeter waveform footprint contains homogeneous backscattering
properties. This is clearly not the case during rain events. As a result, the noise on each geophysical
estimate increases when SARAL/AltiKa is overflying a rain cell. Impact of rain pollution on the range
noise is illustrated in Figure 20. The collocation between SARAL/AltiKa and the WindSat/SSMIS
measurements has been performed accounting for a maximum time delay of 1 hour. A clear rain
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rate dependency of the altimeter range noise (about 0.35 cm/mm/h) can be observed. The other
geophysical estimates (significant wave height and backscattering coefficient) are impacted as well.
Recent developments (in particular the “Adaptive” retracker) have shown very promising results to
deal with such corrupted echoes [43].

Figure 20. Variations of range std against rain rate. Please note that the first bin corresponding to
dry measurements is truncated on the plot as it contains more than 70% of the measurement points.
The plain blue line is the mean of the range standard deviation and the dashed blue lines represent the
standard deviation for this mean. The green line is a linear regression of the mean (plain blue line).

The editing of altimeter data impacted by rain has been largely addressed in previous
studies [44–46] and different methods exist to identify rain measurements. In the SARAL/AltiKa
ground processing, the Matching Pursuit algorithm has been selected to flag rain data. This algorithm
is based on the analysis of the short scale variations of the off-nadir angle estimate to identify rain cells
in the SARAL/AltiKa measurements [41]. The performances of this algorithm have been assessed
in [28] and show that the Matching Pursuit algorithm combined with the radiometer Integrated Liquid
Water Content (ILWC) > 0.1 kg/m2 provide a good rain flag. A map of 1 Hz flagged points is shown in
Figure 21 illustrating the geographical distribution of the near 10% flagged measurements. As expected,
most of the flagged points over ocean are located in the Intertropical Convergence Zone which reflects
the global distribution of precipitations [47]. The comparison of the rain flag performances with
WindSat and SSMIS-F16/F17 rainfall rates has shown acceptable performances but studies have been
performed to improve and simplify rain flagging based on continuous wavelet transform. Results have
been presented in [48].

Flagging SARAL/AltiKa measurements corrupted by rain presents a new opportunity to observe
and study the rainfall climatology, seasonal and inter-annual variability. Moreover, the link between
the signal attenuation and the rainfall rate can be exploited to extract valuable information on rain
events. On-going studies seek to exploit Ka-band measurements to derive rain rate information,
coupling them with the brightness temperature measurements provided by the radiometers for
climatological monitoring.
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Figure 21. Percentage of 1 Hz flagged samples using the operational MP algorithm for which the ILWC
>0.1 kg/m2 for 1 year (cycles 100 to 110).

3.4. Relationship between Surface Soil Moisture and Radar Altimetry Backscattering Coefficients

Spatial and temporal variations of radar altimetry backscattering coefficients were related to the
dynamics of surface properties. In semi-arid areas, soil moisture drives several surface processes
including soil organic matter mineralization [49], vegetation productivity [50], land surface fluxes [51]
and land surface atmosphere interactions [52]. A first inversion of the surface soil moisture (SSM) from
the Ice-1 derived backscattering coefficients at Ku-band from Envisat RA-2 data was performed over
Sahelian savannahs in the Gourma region of Mali [53]. Due to the lower sensitivity of nadir-looking
altimeters to vegetation cover compared with side-looking SAR and scatterometers [54], higher
correlation was found between in-situ SSM measurements and altimetry (R = 0.88, [53]) than with
SAR (R = 0.85, [55]) and scatterometer (R = 0.63, [56]) backscattering coefficients over the sandy sites
of the same semi-arid study area. Using the 16 first available cycles of the SARAL/AltiKa mission,
the correlation is 0.88 between radar altimetry Ice-1 derived backscattering coefficients at Ka-band
and level-3 SSM products derived from the Soil Moisture and Ocean Salinity satellite (SMOS) passive
microwave observations over Sahelian savannahs [57]. The results obtained were generally better than
the ones obtained using 3.5 times more numerous backscattering coefficients at Ku and C-bands from
Jason-2 during the same observation period or the ones obtained using backscattering coefficients at
Ku and S-bands from Envisat during its whole observation period (and comparing them to level-3
SSM products derived from AMSR-E) or passive microwave observations [57]. Time series of altimetry
backscattering coefficients (obtained using Ice-1 retracking algorithm) at Ka-band from SARAL/AltiKa
and Ku and C bands from Jason-2 are presented in Figure 22 from February 2013 to May 2016 over
Sudano-Sahelian savanahs. This period corresponds to the 35 cycles of SARAL/AltiKa on its nominal
orbit (and to cycles 169 to 291 of Jason-2). The backscattering level during the dry season decreases
as the frequency increases—around 22.5 dB at C-band, 17 dB at Ku-band, and between 5 dB and
6 dB at Ka-band—whereas the amplitude of variations increases with the frequency—up to 10 dB at
C-band, 20 dB at Ku-band and 30 dB at Ka-band. The larger dynamic of the backscattering coefficient at
Ka-band during the rainy season is a strong advantage to accurately monitor the time-variations of SSM
in semi-arid areas. Correlation coefficients between backscattering coefficients and SSM from SMOS
(derived using the approach from [58]) were computed on the common period of availability of the two
datasets, from February 2013 to May 2015. Due to the rapid response of SSM to rainfall—strong increase
after a rainfall event followed by a fast decrease due to evaporation—in semi-arid environments,
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correlation were re-estimated applying a three-day smoothing window to limit the effect of the
difference of acquisition time between altimeters and SMOS. Very similar results are obtained for both
ascending and descending tracks:

(i) R = 0.80 and 0.79 at Ka-band for SARAL/AltiKa tracks 0001 and 0846 respectively,
(ii) R = 0.58 and 0.54 at Ku-band for Jason-2 tracks 046 and 161 respectively,

(iii) R = 0.64 and 0.65 at C-band for Jason-2 tracks 046 and 161 respectively.

As the backscattering coefficient is linearly related to SSM over sand, better estimates of SSM can be
expected from the inversion of altimetry backscattering coefficient at Ka-band than at other frequency
bands commonly used in altimetry. In spite of the low temporal resolution of the SARAL/AltiKa
mission with its repeat-period of 35 days, altimetry-derived SSM at Ka-band would be useful for the
monitoring of the seasonal variations of this key variable along the altimeter tracks at high spatial
resolution (∼165 m using the high-frequency 40 Hz data) and could be used for the calibration and
validation of land-surface models and low resolution active (scatterometry) and passive (radiometry)
microwave-based products. The characteristics of the backscattering coefficient at Ka-band illustrated
in this study is also used to study the snow and ice state and important scientific results are given in [3].

Figure 22. Time-series of backscattering coefficient (dB) for (a) SARAL/AltiKa (Ka-band) 0001 (blue)
and 0846 (green) tracks and (b) Jason-2 (Ku and C-bands) 046 (blue and black) and 161 (light green
and red), of volumetric soil moisture (m3.m-3), from SMOS (blue) at SARAL/AltiKa (c) and Jason-2
(d) sites.

4. Conclusions

Altimetry has been dominated by the Ku-band since the beginning and strong fears about a
possible degradation by using Ka-band had limited the studies about launching a mission embarking
on such technology. Vincent et al. [36] demonstrated the feasibility of such an altimeter but also
importantly the need of higher resolution altimetry to address one of the most problematic features of
ocean circulation, the mesoscale eddies and fronts. These features are essential to understanding the
dynamics of ocean circulation on all space and time scales and theoretical studies of the cascade
of energy over scales from 100–1000 km have always suffered from the lack of high-resolution
observations. From [36] a Ka-band altimeter technology looked to be able to provide higher resolution
to help answering these key issues. Selecting the Ka-band allows a larger bandwidth (480 MHz),
which provides a vertical resolution of 0.3 m instead of 0.5 m in Ku-band. With such a resolution,
the altimeter is close to a beam limited one: there is no ‘plateau’ in the echo as in Ku-band, since it
strongly attenuates shortly after the leading edge, due to the small antenna aperture. This greatly
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reduces the pollution of ‘land gates’ into ‘ocean gates’, when considering land-sea transition areas.
Moreover, due to the smaller antenna beamwidth, the Brown echo has a sharper shape in Ka-band
than what is obtained with conventional Ku-band altimeters. Finally, the shorter decorrelation time of
sea echoes at Ka-band also enables to double the number of independent echoes per second compared
with Ku-band altimeters, allowing high frequency measurements (40 Hz, 20 Hz for Ku-band).

SARAL/AltiKa mission is the realization of the [36] study and in this paper we show that the
quality of its measurements meets and generally exceeds the expectation of the visionary designers
of this mission. Firstly, one of the main result is probably the fact that the AltiKa data quality and
accuracy are met at a similar level whatever the water surfaces and whatever the scale (Section 2).
This is demonstrated using global, regional or local methods and based on comparisons with various
external data (in situ, other altimetric missions). The precision is at least at the same level or even
better than for Ku-band for the open-oceans but improves substantially the along-track resolution
(e.g., Figure 13 or Figure 14). These results will continue to improve with the reprocessing in 2018
with upgraded standards (GDR-E). Moreover, the characteristics of the AltiKa instrument allows to
observe smaller water surfaces with equivalent precision and are of very great interest for coastal and
inland waters studies [3]. The benefits of this increase of precision and resolution are highlighted
through Science Applications of SARAL/Altika data [3]. Apart of these great achievements in term of
precision and resolution, the characteristics of the altimeter and the Ka-band offer unique contributions
in fields that where not fully foreseen. Before launch, concerns were raised about the sensitivity of
the Ka-band to rain events, leading to missing and invalid measurements. However, in practice,
the SARAL/AltiKa data return is remarkably high with few missing data (e.g., Figures 11 and 18).
In fact, the sensitivity of Ka-band measurements to rain may also lead to a way of estimating very light
rainfall over the oceans, for which we dramatically lack of information and which could lead to a great
improvement of our knowledge of the oceanic rain climatology. Another specificity of the Ka-band
is that electromagnetic wave penetration effects are minimized, which is particularly important over
continental ice surfaces. From Ku- to Ka- bands, the scattering coefficient is increased by a factor
55: volume scattering is then being clearly dominant over surface scattering and gives information
on snow or ice pack properties. Inversely, the radar wave extinction is also increased, leading to a
penetration depth over the snow surface between 0.1 m and 0.3 m (versus 2 to 10 m in Ku-band).
The altimetric observation and height restitution thus correspond to a thin subsurface layer and give
complementary information than the one given historically by the Ku-band (see Section 3.2 and [3]).
Finally, the spatial and temporal variations of Ka-band backscattering coefficients that are related to
the dynamics of surface properties, show valuable information for studying snow and ice state but also
surface soil moisture (e.g., Section 3.4). This last field of studies is at his infancy but results presented
in this paper are clearly encouraging.

With the upcoming Surface Water & Ocean Topography (SWOT) mission embarking on a Ku-band
nadir altimeter and a Ka-band interferometer (KaRIN) and the phase 0 of a new cryosphere satellite
mission (bi-frequency altimeter in Ku- and Ka-band) that is currently studied by CNES and ESA, it is
more than likely that SARAL/AltiKa Ka-band altimetric mission will continue to help preparing these
missions but also help to understand Ku-band better.
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