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Abstract

Being the very first SAR mode altimeter tandem phase, the Sentinel-3 A/B tandem phase has provided an unprecedented opportunity
to better characterize the sensitivity of SAR altimetry retrievals to high-frequency processes, such as long ocean waves. In this paper, we
show that for some sea-state conditions, that are still to be precisely characterized, long ocean waves are responsible for high-frequency
(spatial and temporal) coherent Sea Level Anomaly (SLA) signals. It is found that the peak wavelength corresponds to the dominant
swell wavelength. Furthermore, the short time lag between S3-A and S3-B acquisitions allows performing cross-spectral analyses that
reveal phase shifts consistent with waves travelling according to the wave dispersion relation. It is also demonstrated that the classical
20 Hz sampling frequency is insufficient to properly sample most swell-induced SLA signals and that aliasing can generate errors over the
entire frequency spectrum, including at long wavelengths. These results advocate for the use of azimuth oversampling (40 Hz or 80 Hz).
Low-pass filtering should be applied prior to any down-sampling to 20 Hz, in order to prevent long-wavelength errors induced by spec-
tral leakage.
� 2020 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Sentinel-3 is a twin-satellite mission providing global
coverage and high-quality data delivery for the Copernicus
environmental monitoring programme (Donlon et al.,
2012). Sentinel-3B, the second satellite of this system, has
been successfully launched in April 2018. Before being
https://doi.org/10.1016/j.asr.2020.09.037
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inserted into its final orbit (at ± 140� to its twin,
Sentinel-3A), it has been positioned in a four-month-long
close formation with Sentinel-3A, during which the two
satellites were observing the same scene approximately
30 s apart. This flight configuration allowed to perform a
very accurate cross-calibration of the Sentinel-3 constella-
tion instruments, in order to produce homogeneous and
unbiased time-series observations for climate record
(Clerc et al., 2020), as it was done before for the Jason ser-
ies (Dibarboure et al., 2011). The two identical instrument
payloads include a Synthetic Aperture Radar (SAR)
altimeter (also known as Delay-Doppler altimeter) that
continuously measures the sea-surface topography with
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unprecedented accuracy, precision and resolution (Raney,
1998; Wingham et al., 2006; Boy et al., 2017a). SAR altime-
ters provide valuable observations of the sea surface fea-
tures at small scales, which were not accessible with
conventional pulse-limited radar altimeters (Dibarboure
et al., 2014).

These improvements are achieved by exploiting the
Doppler information within a burst of pulses. The unfo-
cused SAR processing allows to synthesize Doppler beams
with increased along-track-resolution (Raney, 1998;
Scagliola, 2013), that are subsequently combined
(multi-looked) to reduce the speckle noise affecting the
waveforms. As a result, SAR altimetry provides both better
resolution and lower measurement noise on the estimated
parameters (SSH, SWH, sigma naught) (Raynal et al.,
2018a).

Identifying and evaluating the different sources of uncer-
tainty affecting the SAR altimeter measurements is essen-
tial, as SAR altimetry will be increasingly used in the
future (as it is the case for the upcoming Sentinel-3C/D
and the Sentinel-6 missions), thus contributing strongly
to the time series of ocean topography measurements.
Sea state effects predominantly contribute to the uncer-
tainty in the ocean height retrievals (Chelton et al., 2001;
Ardhuin et al., 2019). The measurement noise on the esti-
mates, induced by the radar speckle noise and usually char-
acterized by the 1 Hz dispersion, increases with the
significant wave height (SWH) (Halimi et al., 2014; Ray
et al., 2015), like in conventional altimetry. The accuracy
of the measurement is also impacted through the sea-
state bias (SSB), that leads to wave height dependent errors
in the SSH estimation. Corrections to mitigate this effect
are applied (Tran et al., 2010; Pires et al., 2016) and can
be complemented by high-frequency adjustment (HFA)
corrections to remove the residual short-scale correlated
error between the range and SWH estimates (Zaron and
deCarvalho, 2016; Tran et al., 2020). Today, sea state bias
remains the largest source of uncertainty for satellite
altimetry over the ocean.

Additionally, SAR altimeter retrievals have been
reported to be sensitive to the presence of long swells by
different authors (Aouf and Phalippou, 2015; Abdalla
and Dinardo, 2016; Moreau et al., 2018, Reale et al.,
2018). Concerning SWH, systematic biases with respect
to wave models and conventional altimetry have been
observed. The impact depends strongly on the period of
the waves and their energy, but also on the orientation of
the satellite track with respect to them (with increased
effects for waves traveling up or down the track). Unlike
SWH, no such systematic biases were reported for the
SSH. Another important effect of swell is the increase of
the high-frequency noise (dispersion around the 1 s aver-
age) on the estimated parameters (SSH, SWH and, to a les-
ser extent, sigma naught). It has been attributed to direct
sensitivity to the wave surface topography, whose scale is
comparable to the size of the altimeter footprint in the
SAR case (Moreau et al., 2018). Reale et al. (2018)
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suggested that most SSH signals induced by the wave
undulations could be aliased in the 20 Hz SAR data.
Depending on the wave period and because of aliasing,
such signals might not contribute only to the 1 Hz disper-
sion, but also to the variance at longer wavelengths. These
results somehow concur with the analyses of the SAR
altimeter SSH spectrum (Raynal et al., 2018b; Vergara
et al., 2019), which have reported a red-colored noise from
medium (around 100 km) to small wavelengths, whose
characteristics depend on the sea-state properties and exhi-
bit seasonal and regional variations that are correlated to
the swell ones (Chen et al., 2002). The possible impact of
swell on the long-wavelength SSH variance is of great
importance and still needs to be clarified. It constitutes
the main motivation of the present study.

In an attempt to going further into the characterization
of the sensitivity of SAR altimeter data to long ocean
waves, the present analysis exploits the Sentinel-3 tandem
phase dataset, which has provided for the first time two
SSH signals acquired by two identical SAR altimeters on
very close ground tracks and with a time lag of about
30 s. This observation time lag is well suited for studying
wind-generated surface gravity waves because their period
ranges from 1 to 30 s (Holthuijsen, 2010), meaning that the
waves have propagated by at least one wavelength between
the two acquisitions. The main novelty of this study is to
use the time lag to identify signals related to rapidly evolv-
ing phenomena on the sea surface, like propagating swells,
in order to complement results obtained with mono-
satellite observations. The methodologies used in this anal-
ysis are applied to Sentinel-3A and Sentinel-3B SRAL sea
surface height data processed at the nominal rate, 20-Hz,
and at a higher rate, 80-Hz (i.e. a spacing between two con-
secutive along-track measurements of about 340 m and
85 m respectively), in order to investigate possible aliasing
effects impacting the measured signals.

The outline of this paper is as follows: Section 2
describes the datasets and the methodologies used for the
analysis. Results are presented in Section 3, analyzing first
some individual cases that are representative of the dataset
and then extending the analysis to the global dataset. Sec-
tion 4 discusses the results as well as possible processing
strategies to remove SSH errors induced by long ocean
waves. Finally, the main conclusions are drawn in the last
section.

2. Data and methods

The altimetry data used in this study has been processed
with the CNES Sentinel-3 Processing Prototype (S3PP),
inherited from the Cryosat-2 Processing Prototype (Boy
et al., 2017a). The processor has been validated over global
ocean and achieves performances comparable to the
Sentinel-3 operational ground segment (PDGS) (Raynal
et al., 2018a). The starting point of the processing is the
L1a dataset, provided by the Sentinel-3 ground segment,
which contains the full-resolution 80 Hz acquisition made
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by the SRAL altimeter. Reprocessing the data from L1a to
L2 was necessary because the nominal 20 Hz sampling fre-
quency was found to be insufficient to properly sample
some high-frequency sea level signals correlated to the
presence of swell, as explained further in the paper.
Increasing the sampling frequency from 20 Hz to 40 Hz
(or even 80 Hz) has already been investigated on before
(Dinardo et al., 2014; Buchhaupt, 2019, ch. 5), showing
that it brings some improvement on the precision of the
estimated parameters in open ocean, and other areas
(Egido et al., 2020; Aldarias et al., 2020). Sentinel-3 opera-
tional products are processed at 20 Hz, but it is possible for
users to process on-demand Sentinel-3 data at higher sam-
pling using the ESA G-POD Service, with two distinct
SAR altimetry processors available (Dinardo et al., 2016;
Buchhaupt et al., 2018). It is worth noting that the only
effect of increasing the azimuth sampling frequency is to
increase the number of samples in the dataset, while the
SAR processing applied to the data is left completely
unchanged.

The Sentinel-3 A/B tandem phase spans an overall period
of more than four months, during which Sentinel-3A
remained in its nominal operating mode: SAR mode with
Open-Loop (OL) tracking (Le Gac et al., 2019) over open
ocean (Clerc et al., 2020). Sentinel-3B has changed its mode
several times for inter-calibration purposes, leaving approx-
imately 54 days in which both altimeters acquired data in
SAR/OL mode. To prevent any discrepancies coming from
the use of different operating mode, we chose to focus on
ten consecutive days (from 12/09/2018 to 22/09/2018) from
this period. Over the studied period, Sentinel-3B flew ahead
of Sentinel-3A by approximately 31 s (values range from
30.7 s to 31.1 s). The across-track separation of each satellite
ground track was maintained by flight operations to
+/�1 km during the tandem phase (Donlon et al., 2012).
We have found that in practice the across-track separation
between the ground tracks ranges from 200 to 450 m in the
dataset that has been used for the present study.

In the analysis, we consider only uncorrected SLA,
which is the difference between the altitude and the range
value from the retracker, from which the value of the Mean
Sea Surface (MSS) from CNES/CLS15 grids is subtracted.
Not considering geophysical corrections on the range
should not introduce any discrepancies given the very small
temporal and spatial separation between S3A and S3B
measurements, compared to the typical time and spatial
scales of theses corrections. Contrary to previous tandem
phase analyses (Dibarboure et al., 2011), the collocation
process has been kept to the strict minimum: Sentinel-3A
80 Hz samples are interpolated on the Sentinel-3B 80 Hz
samples with a simple nearest-neighbor (in space) interpo-
lation. Nearest-neighbor interpolation was chosen to avoid
data resampling and the undesirable low-pass filtering that
it implies.

The altimetry dataset has been collocated in space and
time with the WaveWatch-III (WW3) wave model to get
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external information on the sea-state. The WW3 model is
run with ECMWF operational analyses forcing and is pro-
vided on 0.5� x 0.5� global grids at 3 h time steps. The
products are publicly available on the Ifremer FTP server
(ftp://ftp.ifremer.fr/ifremer/ww3/HINDCAST/GLOBAL/
2018_ECMWF/). More information on the wave model
can be found in Rascle and Ardhuin (2013). The wave
model significant wave height (SWH) has been collocated
with 1 Hz altimeter measurements using linear interpola-
tion (in space and time). To support the spectral analyses,
we have extracted the available information about the wave
spectrum: the one-dimensional wave spectrum and the first
three partitions of the two-dimensional spectrum. The par-
titioning technique provides a decomposition of the two-
dimensional spectrum into independent wave systems,
which are either flagged as wind-sea partitions or swell par-
titions (Portilla et al., 2009). Wind-sea waves are locally
generated waves, with generally broad frequency and angu-
lar distribution and contribute to the higher frequencies of
the spectrum. Conversely, swells are remotely generated
waves, with relatively narrow spectrum and lower frequen-
cies than wind-sea waves (Holthuijsen, 2010). For each par-
tition, we have extracted the peak period T p, the partition
significant wave height Hs and the direction h. As spectral
parameters representing a whole 1000 km long segment
were needed for the comparison with altimeter data (spec-
tral estimates from altimeter data need averaging over the
whole segment), we chose to extract the model wave spec-
trum parameters (1D spectrum, partitions) at the center of
the segments, because averaging is not suitable for these
parameters.

The method used to select the dataset on which the
SLA spectral analyses are performed is described in
Dibarboure et al. (2014). A set of 1000 km long SLA seg-
ments (corresponding to 12,288 samples at 80 Hz), free of
outliers, has been selected. Fig. 1 shows the geographical
repartition of the 985 segments that constitute the dataset.
The mean global Power Spectrum Density (PSD) is
obtained by averaging the periodograms of the segments.
Linear detrending and windowing with a Tukey window
(alpha parameter set to 0.1) is applied when computing
the periodograms in order to reduce boundary effects
(Vergara et al., 2019).

The spectral analysis of each individual segment, aim-
ing at detecting some high-frequency signal to be com-
pared with the WW3 wave spectrum, is performed with
a Welch method (Welch, 1967). This method allows
reducing the noise on the estimated spectrum in exchange
for reducing the frequency resolution. Each segment of
12,288 samples is split into 23 overlapping sub-segments
of length 1024 (corresponding to approximately 87 km).
The spectrum estimate is then obtained as the average
of the periodograms of all the sub-segments. As recom-
mended in Welch (1967) and Carter et al. (1973), a Hann
window is applied in conjunction with a 50% overlapping
parameter for optimal estimation. This method is used to



Fig. 1. Map showing the segments used for the spectral analysis. The color of the segments refers to the classification of the segments introduced further in
the text (no high frequency coherence in black, significant high-frequency coherence and increasing phase shift in dark cyan, significant high-frequency
coherence and decreasing phase shift in light green). The four segments used for the case studies are in red. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Histogram of the significant wave height from S3 SRAL altimeter
and WW3 wave model.
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compute estimates of the Power Spectrum Density (PSD),
the Cross-Spectrum Density (CSD) and the Magnitude-
Squared Coherence (MSC), which is the modulus of the
CSD normalized by the PSDs. In the following, we will
discuss mainly the coherence (MSC), a real-valued func-
tion between 0 and 1 that measures the correlation of
the spectral components of the two time series, and the
phase shift (the argument of the cross-spectrum density),
that characterizes the delay between these spectral
components.

The dataset has a relatively homogeneous geographical
distribution (as shown in Fig. 1) but it represents a small
period (only ten days). The climatology of swell having
strong seasonal variations (Chen et al., 2002), statistics
on the occurrence of swell might not be representative.
Nevertheless, the global distribution over the open ocean
ensures a wide variety of the sea states conditions. Fig. 2
shows the histogram of the significant wave height, show-
ing good agreement between altimetry data and the
WW3 model.

3. Results

The results of the spectral analysis are presented in three
different parts. First, we explain the parameters that are
considered and how the wave spectrum helps in interpret-
ing the results, using the wave dispersion relation. Then,
we present four segments that have been selected to be rep-
resentative of the different cases encountered in the dataset,
highlighting the correlation between the presence of some
high-frequency coherent SLA signal and the presence of
swell. Finally, we present the results for the whole dataset
and we analyze the spectral signature of such events on
the mean global SLA spectrum.
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3.1. Interpretation of the SLA spectra with the wave

spectrum

The SLA spectral estimates (PSDs, coherence and phase
shift) obtained after applying the Welch method to the
1000 km long segments are interpreted using the wave
model. We rely on the one-dimensional wave spectrum
(taken at the center of the segment), given as a function
of the wave frequency. We also use the information about
the wind-sea partition and the first two swell partitions (if
any). The extracted parameters are the peak period of the
partition T p, the significant wave height of the partition
Hs and the propagation angle h. The propagation angle is
computed with respect to the satellite track, with the con-
vention that 0�corresponds to waves propagating in the
same direction as the satellite (down-track).



Table 1
Localization of the segments for cases A, B, C and D.

Case S3A Cycle/Track Ascending/Descending Localization

A 36 / 76 Descending SW Atlantic
B 35 / 639 Ascending Pacific
C 35 / 654 Descending Pacific
D 36 / 144 Descending SW Pacific
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Without any influence of the swell, we expect to observe
decreasing PSDs (with wavenumber), just as it is the case
for the mean global spectrum (Dibarboure, 2014). For
the long-wavelength geophysical signal, we expect high
coherence values and zero phase shift. Indeed, both altime-
ters should measure the same long-wavelength geophysical
signals as the twin SRAL altimeters (designed and operated
identically) fly almost the same track with a time separation
much smaller than the evolution time scale of these signals.
For the small scales, the signal is expected to be dominated
by measurement noise originating from the radar speckle
noise on the waveforms. The speckle decorrelation time
due to the sea surface motion, typically a few milliseconds
(Boisot et al., 2016), is much smaller than the time lag
between the acquisitions, guaranteeing that the measure-
ment noise on the estimated parameters is completely
uncorrelated. Thus, the coherence is expected very low
(but not zero because the coherence estimator has a posi-
tive bias, as discussed further in the paper) and the phase
shift uniformly distributed.

In the presence of some pure unidirectional swell ori-
ented along the track, we expect the surface undulations
to induce a peak on the SLA power spectra close to the
peak wavenumber of the swell. Additionally, as the time
lag between S3A and S3B acquisitions has the same order
of magnitude as the period of the waves, we expect to
observe time-coherent signals and thus an increase of the
measured S3A/S3B coherence near the swell peak
wavenumber. Then, we expect to observe a non-zero phase
shift between the two signals as the waves propagate
between the measurements. The measured phase shift
should be governed by the phase velocity of the waves.

To perform comparisons between the SLA spectra and
the wave model, we use the dispersion relation for unidirec-
tional linear deep-water waves, which relates the angular
frequency x and the wavenumber k:

x ¼
ffiffiffiffiffi
gk

p
ð1Þ

The deep-water assumption is valid for the ocean cases
examined here, since the water depth is larger than half
of the wavelength of the waves. According to this relation,
the peak wavenumber of the swell kp and the phase shift Du
are given by:

kp ¼ 4p2

gT p
2

ð2Þ

Du ¼ Dt
ffiffiffiffiffi
gk

p
ð3Þ

In the above expressions, T p is the swell peak period and
Dtis the time lag. Note that the sign of the phase shift
depends on the propagation direction of the waves.

The peak wavenumber of the partitions is readily com-
parable to possible peaks in the SLA power spectrum,
and the predicted phase shift (function of the wavenumber)
should be close to the measured phase shift, for wavenum-
bers close to the swell peak wavenumber.
257
3.2. Case analysis

We focus on four different segments, denoted A, B, C
and D. These segments appear in red in the map of
Fig. 1 and information about the localization is given in
Table 1. The results are gathered in Fig. 3, with the SLA
spectral estimates plotted on the left-hand side and the
model wave spectrum on the right-hand side.

3.2.1. Case A
The wave spectrum is dominated by a swell partition

with a moderate period (11.4 s, corresponding to a wave-
length of about 200 m), a relatively broad frequency spread
and a propagation angle of 51� with respect to the ground
track. There is no noticeable impact on the SLA estimates:
no peak on the PSDs, low coherence and random phase
shift. The high-frequency SLA signal seems completely
dominated by incoherent noise. We further notice a signif-
icant drop of the PSDs for wavenumbers greater than 1/0.3
cpkm. This behavior, already observed in (Buchhaupt,
2019, ch. 5), is the consequence of the azimuth oversam-
pling (1/0.3 cpkm is the cutoff wavenumber corresponding
to the azimuth resolution of the processing).

3.2.2. Case B

The swell (partition 1) has a much longer period (17.5 s,
equivalent to 490 m in wavelength), a smaller frequency
spread and propagates approximately down-track (20�
angle). The wind-sea partition is relatively more important
compared to case A. We observe this time a broad bump
on the SLA spectrum, approximately centered on the peak
wavenumber of the swell partition. Concerning the cross-
spectral parameters, we notice a significant increase of
the coherence around the peak wavenumber, and the mea-
sured phase shift is in good agreement with the prediction
of the dispersion relation. It is worth noting that the swell
partition has a low significant wave height compared to
case A.

3.2.3. Case C

The spectrum is dominated by the wind-sea partition,
but there is a sharp swell partition (partition 2) with long
period (16.5 s) and perfectly oriented up-track. In spite of
the very small significant wave height of the swell partition
(0.5 m), we have for this case also a bump on the power
spectrum and an increase of the coherence. We notice that
the bump is sharper than in case B and that the phase shift



Fig. 3. (left) Plots of the spectral analysis parameters (a) PSD (b) coherence (c) phase shift for cases A, B, C and D. (right) WW3 one-dimensional wave
spectrum as a function of wave frequency. The partitions of the spectrum are listed in the legend, with the peak period T p, the significant wave height Hs

and the propagation angle h.
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has an opposite sign, as expected because the swell propa-
gates down-track in case B and up-track in this case. There
seems to be a small constant phase shift bias compared to
the prediction of the dispersion relation.
Fig. 4. Histogram of the average MSC value (computed for scales smaller
than 1 km). Dashed red vertical lines correspond to the confidence interval
obtained for uncorrelated white Gaussian noise. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
3.2.4. Case D

The spectrum has a strong swell partition (partition 2)
with long period (16.4 s) and approximately oriented up-
track. The resulting SLA bump is higher than case C, but
it is no more centered on the peak wavenumber of the swell
partition (it is shifted towards smaller wavenumbers). Con-
cerning the phase shift, we notice this time a significant
departure with respect to the prediction.

These results indicate that favorably oriented swells (up-
track or down-track) with sufficiently long periods can gen-
erate high-frequency components in SLA spectrum for
wavenumbers close to the swell peak wavenumber. As illus-
trated with the different cases, the significant wave height of
the swell partition and the relative importance with respect
to the wind-sea or other swell systems are not necessarily
high. The measured signals are delayed because of the time
lag between the two acquisitions, and the delay is in good
agreement with the phase velocity of the waves predicted
by the linear deep-water wave dispersion relation. Some
small errors might be due to a geometrical effect coming
from the misalignment of the swell propagation direction
and the ground track. This effect could be investigated in
future studies. More importantly, as discussed further in
the paper, we believe that the SAR altimeter measurement
over long swells is probably more complicated than a direct
measurement of the wave topography along the ground
track. Firstly, the height estimation relies on the whole
waveform, which corresponds to a footprint which cross-
track extension is more than 15 km. In addition to this,
potential effects impacting the SAR measurement process,
listed further in the discussion, could be responsible for
the observed discrepancies.
3.3. Global analysis

The methodology presented in the previous section has
been applied to the whole dataset in order to determine,
for each segment, whether it is like case A (only incoherent
measurement noise) or like case B, C and D (significant
high-frequency coherence). To do so, we have computed
for each segment the average value of the MSC for
wavenumbers greater than 1 cpkm. As the MSC is esti-
mated on sub-segments of 1024 samples with sampling fre-
quency equal to 1=0:17km�1, the averaging is performed
over the 425 highest wavenumber MSC samples. The his-
togram of the result is shown in Fig. 4.

Then, Monte-Carlo simulations have been performed to
obtain the expected distribution of the coherence for white
uncorrelated Gaussian noise. Following the method
presented in Carter et al. (1973) and adapting it to the
Welch method applied on the real data (size of segments,
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overlapping and window parameters), we obtained that
the expected coherence is normally distributed with mean
value l ¼ 0:046 and standard deviation r ¼ 0:0026. As
noted in Carter et al. (1973), the coherence estimator is
biased: the expected value of the measured coherence is
not zero. To detect the segments where the measured
coherence is too high to be imputable to the measurement
noise (and thus related to swell-induced signal), we use the
classical l� 3r confidence interval of the expected coher-
ence. The bounds of this interval are materialized with
the dashed red vertical lines in Fig. 4.

As expected, the distribution of the MSC measured on
the SLA segments has a thick right-hand tail; in other
words, there is a significant proportion of the segments
(38% of the whole dataset) that fall out of the confidence
interval. This proves that, even if segments like case A
(measured coherence in line with the expectation for uncor-
related noise) are a majority, significantly high coherence
values (as observed for example in cases B, C and D), that
have been associated with an impact of swell waves, are not
isolated cases.

The color of the segments on the map of Fig. 1 depends
on the value of the high-frequency coherence. The seg-
ments where the average MSC is inside the confidence
interval are plotted in black. The other ones are plotted
in dark cyan or light green, depending on whether the
phase shift increases with the wavenumber or decreases.
The analysis should be extended to a longer period to draw
firm conclusions about the geographical distribution of the
segments exhibiting high-frequency coherence. Yet, it is
interesting to note that most of the green and cyan seg-
ments are in the eastern ocean basins (especially in the
Pacific and the Indian oceans), where most of developed
swells are encountered. Furthermore, we notice that
increasing phase shift segments (dark cyan) are predomi-
nantly extracted from ascending passes, whereas the



Fig. 6. Histogram of the significant wave height from S3 SRAL altimeter
and the WW3 wave model. Cyan and black curves represent respectively
segments with and without significant high-frequency coherence. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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decreasing phase shift segments (light green) correspond
mostly to descending passes. These observations are consis-
tent with the swell climatology (Chen et al., 2002). Indeed,
at this time of the year (September), swells are mostly gen-
erated in the Southern Ocean and propagate northward
with bended trajectories towards the East.

Using the partitioning criterion based on the average
high-frequency coherence, we have computed the mean
SLA spectrum for each of the two classes of segment.
The spectra are computed both at 80 Hz (using all the
available samples) and at 20 Hz (direct decimation). The
S3-A SLA spectrum is shown on the left-hand side of
Fig. 5 (the S3-B spectrum is not shown, but similar) and
the spectrum of the SLA difference (S3-A minus S3-B) is
plotted on the right-hand side. The mean spectra computed
over the segments with significant high-frequency coher-
ence are plotted in cyan, and the other ones are plotted
in black. Both the 20 Hz and the 80 Hz spectra are plotted
in Fig. 5; 20 Hz spectra extend up to 1=0:68cpkm whereas
80 Hz spectra extend up to 1=0:17cpkm.

The distribution of the SWH in each of the two classes
of segments is shown in Fig. 6. For both classes of seg-
ments, we observe very good agreement between altimeter
measurements and the wave model. We note that the mean
SWH is almost the same in the two classes of segment (ap-
proximately 10 cm higher for the no-coherence class).

The first observation that can be done on the SLA spec-
tra (left-hand side of Fig. 5) is that the mean geostrophic
signal spectrum is not identical for each of the two datasets,
as the black and cyan curves do not coincide for wavenum-
bers smaller than 0.01 cpkm. This is not abnormal as the
segments from the two datasets are not identically dis-
tributed in space and span a relatively short period.

However, we observe that the SLA spectra (at 80 Hz)
coincide for wavenumbers higher than 0.1 cpkm, except
for a bump located near 3 cpkm. This bump is the manifes-
tation, on the global spectrum, of the bumps that were
already observed on cases B, C and D. It is interesting to
Fig. 5. Mean S3-A SLA spectrum (a) and SLA difference (S3-A – S3-B) spectru
correspond respectively to the dataset with and without significant high-freque
legend, the reader is referred to the web version of this article.)
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note that the bump is entirely located over wavenumbers
that are not properly sampled with the classical 20 Hz sam-
pling frequency (i.e. wavenumber higher than 1=0:68
cpkm). The consequence is that this signal is aliased to
smaller wavenumbers at 20 Hz, and it explains why the
cyan 20 Hz spectrum is slightly higher than the black one
for wavenumbers higher than 0.1 cpkm (unlike the 80 Hz
spectra).

Looking at the spectra of the SLA difference is even
more instructive (right-hand side of Fig. 5), as the long-
wavelength in-phase coherent geophysical signal should
vanish in the subtraction whereas the variances of the mea-
surement noise should add. The SLA difference spectrum
therefore contains either incoherent noise or out of phase
coherent signal. For the 80 Hz case, spectra are perfectly
flat with the same variance up to 1 cpkm. The bump orig-
inating from the coherent (out of phase) geophysical signal
m (b) at 20 Hz and 80 Hz sampling frequencies. The cyan and black curves
ncy coherence. (For interpretation of the references to color in this figure
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is visible on the cyan curve for wavenumbers higher than 1
cpkm. The fact that the 80 Hz black and cyan spectra coin-
cide up to 1 cpkm is expected, since the mean SWH is
almost the same for the two classes of segment and the
variance of the measurement noise theoretically depends
only on the SWH, as explained in Halimi et al. (2014).
On the contrary, the 20 Hz cyan difference spectrum is
always higher than the black one. It has undulations while
the black spectrum is completely flat (as for the 80 Hz spec-
trum). The conclusion that can be drawn is that the high-
frequency coherent signal is the source of the additional
energy between the cyan and the black 20 Hz difference
spectra, which is spread over the entire spectrum because
of the aliasing.

4. Discussion of the results

The results presented in this study suggest that the SAR
altimeter Sea Level Anomaly contains, depending on the
sea state characteristics, some high-frequency coherent geo-
physical signal that is correlated to the presence of well-
developed swells in the altimeter footprint. The argument
supporting this statement is twofold. First, we observed
that the peak wavenumber of the measured signal is close
to the swell peak wavenumber. It is important to underline
that it is true only if the signal is properly sampled, which is
done by increasing the conventional posting rate from
20 Hz to 80 Hz. On this point, our study confirms the idea
suggested by Reale et al. (2018) that sea-level undulations
created by waves should always be aliased at 20 Hz sam-
pling rate. Secondly, the time evolution of the signal, for
which the use of Sentinel-3 tandem phase dataset was cru-
cial, is consistent with waves traveling according to the lin-
ear deep-water wave dispersion relation. In other words,
the phase shift measured on the cross-spectrum is well pre-
dicted by the phase velocity of the waves.

The observations are consistent with previous studies
dealing with the effect of swell on SAR altimetry
(Moreau et al., 2018; Raynal et al., 2018b), that reported
an increase of the 1 Hz noise on the estimated parameters
in the presence of swell. Indeed, the 1 Hz noise level (even if
not directly analyzed here) integrates the variance of the
high-frequency components of the signal and the spectral
bump that was evidenced in this study contributes to it,
in addition to the incoherent measurement noise. As the
bump is due specifically to long swell waves, it makes sense
that the measured 1 Hz noise level depends not only on the
SWH, but also on the presence of long swell waves. Previ-
ous studies focused on the mean wave period T02 to char-
acterize the effect of swell on SAR altimeter (Moreau et al.,
2018; Raynal et al., 2018b), but the present results suggest
it might be more relevant to consider the occurrence of a
partition with long period, sufficiently high energy and
favorable orientation. On the dependence of the 1 Hz noise
to the wave period, our conclusion differs from the real
data results obtained by Reale et al. (2018), who reported
that the SAR mode 1 Hz noise depends only on the
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SWH. However, as mentioned in the paper, their analysis
focused on the North Sea, with relatively short period
waves and hence the conclusions might not be applicable
to the open ocean. Moreover, numerical simulations by
Reale et al. (2020) seem to support the fact that the 1 Hz
noise is impacted by the presence of long period waves.

The mechanisms through which waveforms (and, subse-
quently, the estimated parameters) are impacted by the
presence of long waves in the altimeter footprint is out of
the scope of this paper, and we think that it should be sub-
ject to a dedicated study. However, we believe that it is
more complicated than a simple measurement of the wave
topography on the altimeter track. To support this argu-
ment, we have plotted in Fig. 7 the S3A radargram for a
small portion of the case D segment, as well as the corre-
sponding uncorrected SLA, SWH and sigma naught
parameters (for S3A and S3B). This plot shows that the
observed SLA oscillations are not just created by a simple
oscillation of the leading edge of the waveforms, but rather
a consequence of the deformation of the whole waveform.
We observe characteristic undulations on the trailing edge
that were also reported in previous analyses (Moreau et al.,
2018). Fig. 8 shows two consecutive S3A waveforms,
extracted from the radargram of Fig. 7 around latitude
�20.64�, which clearly exhibit such oscillations.

Moreover, as shown in Fig. 7, the SWH (and to a lesser
extent the sigma naught) seems to be also impacted and
exhibit similar high-frequency coherent signals. As sug-
gested by (Moreau et al., 2018), the assumption of a Gaus-
sian distribution of the scatterers height in the footprint
might not be valid in the presence of swells whose wave-
length is comparable to the footprint size in the along-
track direction. In addition, other effects might also be
implicated, such as the modulation of the backscattering
by the slopes of the waves or the dynamical effects (azimuth
smearing and velocity bunching) induced by the orbital
velocities (Stopa et al., 2015; Buchhaupt, 2019). Finally,
we also must keep in mind that the Delay-Doppler altime-
ter measurement process spans almost two seconds because
of the incoherent stacking (multi-looking) that it imple-
ments (Raney, 1998). As the surface waves move during
the measurement process, there should be some blurring
in the data. Since all these effects are not properly modeled
in the estimation of the parameters, the high-frequency
SLA signal that is measured should be considered with
care, maybe more as an error rather than accurate mea-
surement of the wave topography.

The sea-state conditions for which the sea level signal is
strong enough to emerge from the measurement noise have
not been precisely characterized in the present paper. Rely-
ing on the individual cases, it seems that sea-states with
well-developed swells (sharp peak in the very low frequency
part of the wave spectrum), preferably oriented along the
altimeter track, are favorable to the emergence of the oscil-
lations in the estimated parameters. It is interesting to
notice, as in case C for instance, that the swell does not
have to be very strong, compared to the other components



Fig. 7. Sentinel-3A waveforms (a) on a portion of the case D segment. Corresponding uncorrected SLA (b), SWH (c) and sigma naught (d) are plotted as a
function of latitude.

Fig. 8. Two consecutive 80 Hz S3A waveforms exhibiting oscillations on
the trailing edge, induced by the swell.

Fig. 9. Mean S3A SLA spectrum at 20 Hz (red), at 80 Hz (blue) and at
20 Hz after rolling average over four 80 Hz samples (black). (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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of the wave spectrum. We also expect a cut-off effect due to
the azimuth resolution, which prevents from being sensitive
to wave periods smaller than 300 m (like in case A). These
remarks suggest that the usual integrated sea-state param-
eters (SWH and wave mean periods) that have been used so
far might not be the best parameters to characterize the
sea-states prone to errors on the SAR-mode altimeter
retrievals. Indicators of the presence of a long-wavelength
swell component might be more appropriate in future
studies.

As discussed before, the high-frequency signal evidenced
in the present study can be viewed as an error resulting
from abusive simplifications while modeling the sea-state
in the waveform model. In our opinion, it is necessary to
process the data with a high posting rate (80 Hz is used
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in this study, but 40 Hz might be sufficient) to avoid the
spectral aliasing that occurs at 20 Hz (which creates long-
wavelength errors). Then, if there is the need to go back
to lighter 20 Hz products, a low-pass filter should be
applied before down sampling the data. Several filters
could be envisaged, the simplest one being to apply a roll-
ing average over four consecutive samples (for the 80 Hz
case). This solution has been implemented and analyzed
in (Egido et al., 2020), and it was shown that, in addition
to the benefits that we expect in the present argumentation,
it allows to reduce the level of the measurement noise.
Fig. 9 shows the mean global SLA spectrum (using all
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the segments of the dataset) for raw 20 Hz (red), 80 Hz
(black) and filtered 20 Hz (blue). We observe that the vari-
ance is reduced for the blue spectrum with respect to the
red one, up to wavelength of 100 km.

Finally, we would like to stress the fact that this analysis
has revealed one high-frequency effect related to swell, that
could be easily identified among the incoherent noise
thanks to the Sentinel-3 tandem phase dataset. However,
sea states dominated by swell might also lead to long-
wavelength biases that have not been addressed at all in
this study. These potential effects are worth studying but
the tandem phase would be of little interest to tackle these
issues, as the mean parameters of the sea state are
unchanged between the two acquisitions, leading to the
same bias in both datasets.

5. Conclusion and perspectives

An important recommendation of this study is the use of
azimuth oversampling for the unfocused SAR altimeter
observations. Azimuth oversampling has already been pro-
posed by Egido et al., 2020, invoking the possible gain in
measurement noise level, that was first reported by
Dinardo et al. (2014). From our point of view, it allows
to adequately sample high-frequency ocean wave signals
under the Nyquist criterion, and thus mitigates aliasing
artifacts. Under the latter condition, it might be possible
to recover some valuable information about the sea state
as the swell peak period, in a completely different and less
heuristic approach than in Gommenginger et al. (2003). A
more quantitative analysis is however required to assess the
potential of these retrievals, and their benefit in enhancing
altimeter products.

Similar analysis has been performed using the Fully
Focused SAR (FF-SAR) processing (Egido and Smith,
2017) whose high-posting rate and high-resolution capabil-
ities opened up an alternative way for studying the SSH
signal induced by long wavelength waves (Rieu et al.,
2019). The spectral signatures of the long waves were found
to be comparable to those obtained from the 80-Hz unfo-
cused SAR altimeter datasets. The FF-SAR technique
did not provide much better insight into the SSH spectral
content at higher frequencies because of the azimuth grat-
ing lobes (induced by the closed-burst pulsing of the
Sentinel-3 altimeter) that alter FF-SAR data (Egido &
Smith, 2017; Guccione et al., 2018), acting as a band-stop
filter on the spectrum. The Sentinel-6 radar altimeter, oper-
ating with open-burst pulsing (interleaved mode) (Scharroo
et al., 2016) will probably enable to fully benefit from the
FF-SAR processing capabilities and provide much more
details of the ocean surface structures, possibly down to
few tens of meters (as long as the signal to noise ratio is suf-
ficiently low).

As an alternative processing strategy, it has been
demonstrated that by averaging the beams from the same
fan, thus enlarging the effective footprint to the conven-
tional altimetry one, allows to mitigate the impact of the
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long ocean waves on the SAR-mode altimeter retrievals.
This approach is the one used in the LR-RMC processing
method (Boy et al., 2017b) whose low sensitivity to swells
had already been proven to be effective and its high perfor-
mance to better observe ocean mesoscale structures
demonstrated.

Results that emerge from this study yield novel insights
into our understanding of the impact of swell on SAR
altimetry. Additional analyses are now required to answer
further questions such as the occurrences of these effects
(locally and globally), and whether long ocean wave effects
cause spurious trends in the altimeter climate record. In
view of that, this paper puts forward new SAR altimeter
processing approaches to optimally mitigate these effects.
This concern is shared by the Copernicus Marine Environ-
ment Monitoring Service which primary objective is cur-
rently to provide the highest possible Sentinel-3 data
quality to users. It is also of high importance for the
upcoming missions that tend toward more use of SAR
altimeter in the future. Besides that, this study underlines
the usefulness of a two-satellite close formation constella-
tion for detecting rapidly evolving phenomenon, like prop-
agating swells, in a more efficient way than with a single
satellite mission. Future altimeter tandem phases should
consider the benefit to be gained in acquiring datasets with
different time intervals. The same kind of analyses could be
applied for studying other ocean processes impacting
altimetry measurements that have larger time and spatial
scales, like internal solitary waves (ISW) (Santos-Ferreira
et al., 2018) or sigma naught bloom events (Mitchum
et al., 2004).
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