IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 15, 2022

2425

Direct Comparison of Sea Surface Velocity Estimated
From Sentinel-1 and TanDEM-X SAR Data
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Abstract—This article presents the first direct comparison of the
sea surface radial velocity (RVL) derived from the two satellite
SAR systems Sentinel-1 and TanDEM-X, operating at different
frequencies and imaging modes. The RVL is derived from the
Doppler centroid (Dc) provided in the Sentinel-1 OCN product and
from the along-track interferometric phase of the TanDEM-X. The
comparison is carried out using unique opportunistic acquisitions,
collocated in space and time, over three different sites located in
the Iceland Sea, the Pentland Firth, and the Kattegat Sea. First, it
is observed that the RVL derived from both satellites is biased, thus
calibration is applied using the land as a reference. The comparison
shows that the correlation and the mean bias between the two
datasets depend on the differences in acquisition time, incidence
angle, and azimuth angle, and on wind and surface velocities. It
is found that, given a time difference of < 20 min, the spatial
correlation coefficient is relatively high (between 0.70 and 0.93),
which indicates that the two SAR systems observe similar sea sur-
face current fields. The spatial correlation degrades primarily due
to increasing time difference and decreasing velocity magnitudes.
It is also found that the mean RVL bias increases primarily with
the radial wind speed, which suggests that the bias is mainly due
to the wave-induced Doppler shift. This article shows that under
certain conditions, i.e., similar acquisition geometry and short time
delay, a good agreement between the two independently derived
RVL is achieved, both in the spatial variation and absolute mean
value. This encourages a synergistic use of the sea surface velocity
estimated from different C- and X-band SAR systems.

Index Terms—Along-track interferometry (ATI), ocean surface
currents, SAR Doppler centroid (Dc), Sentinel-1, TanDEM-X.

1. INTRODUCTION

CEAN surface circulation affects the weather, the climate,
O ship navigation, fish industry, oil spill, and plastic disper-
sion. Thus, ocean current observations are very important in a
variety of applications [1]. In addition, ocean currents provide a
potential source of renewable energy. For instance, a promising
source of marine energy is tidal currents. Since the tidal power
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is directly related to the current velocity, direct measurements of
current velocity are required for the estimation and assessment
of tidal power [2]. In situ observations of ocean currents, such
as moored buoys and drifters are sparse. Satellite altimeters,
provide indirect (through sea level) coarse-resolution observa-
tions of the geostrophic component of surface currents and are
limited near the coast by their large footprint. Ground-based
high-frequency radars are limited by their spatial coverage to
about 100 km from the coast. This coverage is significantly
reduced in low salinity water bodies [3], [4], such as the Baltic
Sea. Synthetic aperture radar (SAR) offers a good complement
for 2-D mapping and monitoring of sea surface currents. These
high resolution SAR measurements of surface currents are even
more relevant in coastal areas, shelf seas, straits, and channels,
where the ocean circulation is more complex and highly variable
both spatially and temporally.

There are two major techniques for extracting ocean surface
velocity from SAR data [5]: along-track interferometry (ATI)
and the Doppler centroid anomaly (Dca) analysis. The retrieval
of surface velocity from ATI-SAR data has been demonstrated
in several articles, e.g., [6]-[8]. It has been shown that ATI-SAR
is capable of providing high spatial resolution (~100 m) surface
velocity maps very close to the coastline. The Dca method was
first introduced in [9] and further demonstrated in [10] and [11].
The Dca method generates surface velocity at a spatial resolution
of a few kilometers. Results of retrieving surface currents using
ENVISAT/ASAR data have been reported in several works,
e.g., [12] and [13].

However, Sentinel-1 Doppler data are still underused in
oceanographic studies, mainly due to attitude issues resulting in
unreliable geophysical Dc [14], [15]. This underuse is also due to
the fact that the terrain observation by progressive scan (TOPS)
imaging mode is the default acquisition mode over land, which
is not optimal for ocean applications. In this mode, the azimuth
steering of the antenna beam results in targets, at different
azimuth positions, observed under different squint angles, i.e.,
Doppler centroids (Dcs) [16]. This induces a scalloping effect,
i.e., periodic ramp-like signal, which adds to the geophysical
signal [17]. This has a direct consequence on the retrieved
geophysical velocity.

Consequently, the combination of TOPS mode and the attitude
inaccuracy hinders the geophysical interpretation and extraction
of ocean parameters, such as waves and currents. Recent updates
of the level two processor, yielded an improvement in the
geophysical Dc, and hence, promising results [15]. Yet, only
few ocean studies have explored the Sentinel-1 data for ocean
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current retrieval, e.g., [18] and [19], compared to the wealth of
data acquired by Sentinel-1 A and Sentinel-1B since 2014 and
2016, respectively.

The main limitation of a single satellite-borne SAR for mon-
itoring geophysical processes and particularly fast evolving
ocean dynamics, is the long revisit time. This revisit time can
be reduced by combining overlapping swaths, but this is only
possible at high latitudes. In order to overcome this limitation
and enhance the temporal resolution of observations, data from
several satellites should be combined. This raises the question of
consistency between the datasets acquired by different platforms
and the need for cross-calibration prior to synergistic use of
observations. A first step toward cross-calibration is comparison,
to identify possible biases and investigate their causes.

In this article, the sea surface velocity derived from the C-band
Sentinel-1 SAR is compared to the velocity derived from the
X-band ATI-SAR TanDEM-X. This is the first direct compar-
ison of the sea surface velocity derived from two independent
spaceborne SARs operating at different frequency bands (C- and
X-band) and imaging modes (TOPS and stripmap).

II. BACKGROUND
A. SAR-Observed Doppler Shift and Velocity

SAR measures the normalized radar cross section (NRCS),
also called backscatter, and the Doppler frequency shift, also
called Dc. The NRCS responds mainly to the surface roughness,
thus over sea it is used to retrieve wind speed and wave height.
The Doppler shift responds to the surface motion, thus can
be used to infer the surface velocity. A single-beam SAR is
only capable of measuring the radial component of the surface
velocity (RVL, also called Doppler velocity). The Doppler shift
(fp) measured by SAR is related to the horizontal radial velocity
(RVL) (Up) by [9], [10], [20]

UD:wa/kesiHG (1)

where k. is the electromagnetic wavenumber and 6 is the inci-
dence angle.

SAR observes the ocean velocity integrated vertically over
the upper few-millimeters layer, horizontally over its resolution
cell (few meters) and temporally over its integration time (few
seconds). The radial sea surface velocity, i.e., the surface velocity
projected on the radar ground range, Up, can be decomposed
into three components as follows [10]:

UD = Uer + CB + Co. (2)

The first term is the surface current velocity projected on
the ground range, i.e., U, = U, COs ., where u, is the surface
current magnitude and ¢, is its angle relative to the line-of-sight.
This term is independent of frequency and polarization but
depends on the azimuth angle of the radar. The second term
is due to the Bragg waves phase speed, which depends on the
frequency, incidence angle, and azimuth angle. For instance,
at an incidence angle of 30°, the Bragg wave phase speed is
31 em/s and 25 cm/s for C-band and X-band, respectively.
The last term is due to the orbital velocities of the long waves
(at least three times longer than the Bragg waves). This term
is dependent on frequency, polarization, incidence angle, and
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azimuth angle. The dependence of cp and ¢, on the azimuth
angle is implicit. The full formulas of these two terms can be
found in several references, e.g., [21]-[23]. The dependence
on polarization is due to the fact that the orbital velocities are
weighted by the backscatter, which depends on polarization. The
orbital velocities contribution can be up to 1 m/s [9], [22]-[24],
hence it is expected to be the dominant term in most cases.

The sea surface is dynamic, hence the time delay between
acquisitions suitable for comparison is limited by the decorre-
lation time of the velocity field. Moreover, the RVL estimated
from two different single-beam SARs can only be compared if
the measurements are acquired, by the two SARs, with similar
azimuth angles. This reduces further the number of acquisitions
suitable for comparison. The NRCS can only be compared if it is
measured with similar incidence and azimuth angles. Assuming
a nominal right looking antenna (or if both platforms use zero
Doppler steering) with line-of-sight perpendicular to the flight
direction, the condition of similar azimuth angles corresponds to
close satellite headings. Hereafter, the satellite heading is used
as an indicator of azimuth angle similarity.

Finally, the difference between radial velocities estimated us-
ing two radars operating at different frequencies, e.g., Sentinel-1
and TanDEM-X, will be due to the last two terms in (2).
This will be the case even if the current is constant and both
sensors are well calibrated, i.e., excluding all instrument and
processing biases. However, previous studies [23], [24] have
shown that the RVL observed at C- and X-band (and even at
Ka-band [22]) is comparable, i.e., within 0.2 m/s. To sum up,
the discrepancy between the two sensors will depend on the
temporal difference, the incidence and azimuth angles, and the
wind speed and direction.

B. Effect of Radar Parameters and Wind Conditions on RVL

The RVL varies with the radar parameters, i.e., frequency,
polarization, incidence angle, and azimuth angle, and with the
environmental conditions of the sea surface, mainly wind speed
and wind direction. The RVL shown in this section represents
the last two terms of (2) representing the wave-induced velocity,
i.e., the current is set to zero. These two components are more
complicated to interpret than the current contribution. Fig. 1
shows the variation of the RVL as a function of incidence angle
0 (left panel), wind speed u1o (middle panel), and relative wind
direction ¢ (right panel). The curves were calculated using a
semiempirical model proposed in [23].

First, it can be noted that the RVL is slightly higher at C-band
than at X-band and it is higher at HH polarization than at VV
polarization. The difference is small at low-to-moderate winds
and becomes larger at high winds. Second, it can be observed that
the RVL decreases with incidence angle and increases with wind
speed. The variation of the RVL with relative wind direction
follows a cosine-like curve. It is maximum (in magnitude) at
upwind (¢ = 0) and downwind (¢ = 4-180) and vanishes at the
crosswind (¢ = £90). The RVL is positive when the sea surface
is moving toward the radar and negative when it is moving away
from the radar. Note that different authors may adopt different
conventions of the RVL sign. Moreover, it can also be noticed
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Fig. 1. Variation of the RVL with radar parameters and wind conditions. (a) As a function of 6 for u19 = 7 m/s and ¢ = 0°. (b) As a function of u1¢ for 8 = 30°

and ¢ = 0°. (¢) As a function of ¢ for u19 = 7 m/s and 6 = 30°. 0 is the incidence angle, w1 is the wind speed at 10 m height and ¢ is the relative wind direction,
i.e., difference between wind direction and SAR line of sight. Upwind is ¢ = 0°, downwind is ¢ = +180° and crosswind is ¢ = £90°.

that the RVL is asymmetric in wind direction, i.e., slightly larger
(in magnitude) at upwind than at downwind.

III. DATASETS
A. Sentinel-1 Data

This work is based on the data provided in the Sentinel-1
level 2 ocean (OCN) product in interferometric wide (IW) swath
mode [25]. The IW mode combines three subswaths (IW1,IW2,
and IW3). The total swath is 250 km wide. Only the IW swath
that overlaps with TanDEM-X acquisition is extracted. The OCN
product contains three components: ocean wind field (OWI),
ocean swell (OSW), and RVL. The OSW component is not
available for IW mode. The OWI component is a gridded esti-
mate of wind speed and direction at ten meters height. The RVL
component contains mainly the Dc and the RVL [25]. The spatial
resolution of the OWI and RVL components is ~ 1x1 km.
The center frequency of Sentinel-1 SAR is 5.405 GHz and the
polarization of all the acquisitions used here is VV.

B. TanDEM-X Data

TanDEM-X is a system of two satellites flying in tandem and
carrying almost identical X-band SAR sensors [26]. The images
used here are part of the coregistered single-look complex (SLC)
dataset. These images are acquired with the stripmap bistatic
mode. The scene size of each acquisition is approximately
50 km in azimuth and 30 km in range. The raw resolutions
of the SLC data are ~2.14 and ~3.29 m in ground range and
azimuth, respectively. The center frequency of TanDEM-X SAR
is 9.649 GHz and the polarization of all the acquisitions used
here is VV.

C. Wind and Current Model Data

Wind data are obtained from the ERAS5 reanalysis prod-
uct provided by the European Centre for Medium-Range
Weather Forecasts (ECMWF). ERAS provides hourly estimates
on a 31-km grid (https://confluence.ecmwf.int/display/CKB/
ERA5%3A+data+documentation). The surface current data are
obtained from the Copernicus Marine Service (https://marine.
copernicus.eu/) and the Swedish Meteorological and Hydro-
logical Institute (SMHI). The surface currents provided by the

circulation models used here correspond to the depth at one
meter. The vertical thickness of the model grid at the surface is
one meter.

D. Data Selection

The criteria for data selection are spatial overlap between
acquisition for the direct comparison, time difference below
30 min and heading difference below 5°. The 30-min time differ-
ence is a classical threshold used when comparing satellite-radar
data to in situ measurements [27]. In addition, the TanDEM-X
acquisitions are required to have an along-track baseline smaller
than 100 m and average coherence larger than 0.5 over sea. We
have selected six acquisitions, two in the Iceland Sea, two in the
Pentland Firth, and two in the Kattegat Sea (Fehmarn Belt). The
Sentinel-1 satellite scene frames are shown in Fig. 2.

The selected satellite images used for the comparison are
all acquired in the ascending pass, i.e., heading~ 350°. The
most important acquisition parameters for this study, i.e., time,
heading angle, and incidence angle, and for the three test areas
are given in Table I.

IV. RVL ESTIMATION
A. RVL Estimation From Sentinel-1

For Sentinel-1, the SLC-to-Doppler shift processing is per-
formed by the S1-IPF Level 2 processor and provided in the
S1 OCN RVL product. In addition to the total observed Doppler
shift, the OCN product contains the geometric and miss-pointing
Dc. The geometric Dc is due to the satellite velocity relative
to the solid rotating earth, hence a dependence on the satellite
attitude. The miss-pointing Dc is due to the antenna pattern
skewness as a function of elevation angle.

In general, the total observed Dc (fp.) can be decomposed
into the following components [15]:

ch = fgeo + fmiss + fscal + fphys + fbias (3)

where fgeo is the geometrical Dc term, fuis is the antenna
miss-pointing term, f, is the scalloping signal term (discussed
later), fonys = feurr + fwave, also called the Dca, is the sum of the
current and wave induced Dc. fyi,s groups all unknown errors,
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Geographical locations of the selected data. (a) Iceland Sea. (b) Pentland Firth. (c) Kattegat Sea. The black frames represent the three swaths (1, 2, and 3

from left to right) of the Sentinel-1 IW mode. The TanDEM-X overlaps with Sentinel-1 in the first swath in the Iceland Sea, in the third swath in the Pentland Firth,
and in the second swath in the Kattegat Sea. The Fehmarn Belt is located in the southern part of the middle swath.

TABLE I

SATELLITE ACQUISITION PARAMETERS

Iceland Sea

Satellite Acquisition Heading Incidence
time [UTC] | angle [deg] | angle [deg]
Sentinel-1A | 2020-06-26 346.302 33.368
18:43:43
TanDEM-X | 2020-06-26 346.373 33.79
18:40:42
Sentinel-1A | 2020-07-18 349.929 43.445
18:59:36
TanDEM-X | 2020-07-18 346.373 33.788
18:40:45
Pentland Firth
Satellite Acquisition Heading Incidence
time [UTC] | angle [deg] | angle [deg]
Sentinel-1B | 2020-06-07 349.267 43.469
17:59:14
TanDEM-X | 2020-06-07 348.156 33.23
17:47:01
Sentinel-1A | 2020-06-13 350.659 43.538
17:59:38
TanDEM-X | 2020-06-13 346.275 21.454
17:38:26
Fehmarn Belt
Satellite Acquisition Heading Incidence
time [UTC] | angle [deg] | angle [deg]
Sentinel-1A | 2020-06-26 349.557 38.850
17:03:01
TanDEM-X | 2020-06-26 350.630 44.56
17:02:44
Sentinel-1A | 2020-07-08 349.557 38.850
17:01:14
TanDEM-X | 2020-07-08 347.103 21.439
16:45:44

e.g., temperature compensation applied to the antenna during
data take. See [15] and [28] for more details about these terms.

In order to retrieve the geophysical surface velocity, the
nongeophysical terms must be removed

fphys = ch - fgeo - fmiss - fscal - fbias' 4)

The correction for the geometric and miss-pointing Dc is based
on the information provided in the OCN product (rvIDcGeo and
rvIDcMiss). fuias 18 removed by calibration. The correction of
the scalloping signal is discussed hereafter. The RVL is derived
from the estimated Dca as [29]

_ e cha
Up = 2sin 6 )

where Ac is the C-band electromagnetic wavelength for
Sentinel-1.

Fig. 3 (left panel) shows the measured Dc by Sentinel-1 A
over the Iceland Sea. Note the striping effect along the azimuth
direction. This effect is due to the scalloping signal mentioned
earlier. This is not a physical signal but an artifact that hinders
the analysis of the spatial variation of the Dc and consequently
the surface velocity, thus it should be corrected. The right panel
of Fig. 3 shows the central part of the azimuth cut (through
the center) of the magnitude of the Fourier transform of the Dc
image. The spectrum is interpolated by a factor four to improve
the visibility. It can be seen that, as expected, the scalloping
signal has a dominant frequency and several harmonics of de-
creasing amplitude. Given the very small amplitude of these
harmonics, it is difficult to detect accurately their location and
compensate them individually. Therefore, all the frequencies
higher than the first harmonic are filtered out. The spatial scale
of ocean currents is about a few kilometers, hence most of
the geophysical information is contained in the main beam and
the higher frequencies contain the scalloping signal and noise.
The middle panel of Fig. 3 shows the Dc after descalloping. It
can be observed that the scalloping signal (striping effect) and
noise are removed while the low-frequency geophysical signal
is preserved.
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B. RVL Estimation From TanDEM-X

For TanDEM-X, first, the interferogram is formed using the
two SLC coregistered images. TanDEM-X is not a pure along-
track interferometric system, but a hybrid (across- and along-
track) interferometric SAR. Thus, the observed phase is sensitive
to both topography and displacement. Assuming the baseline
and surface displacement are small compared to the range, the
observed phase can be decomposed as [30]

(bobserved = ¢topo + (bdisp + (batmos + (berror + 2nm (6)

where ¢qp, is the topographic phase, ¢gisp is the displacement
phase, @umos is the phase due to atmospheric delay, n is an
integer and @eror groups all type of systematic errors (bias)
and random errors (noise). All contributions other than the
displacement (¢gisp) must be removed. The atmospheric phase
is negligible given the very small time delays, between the
two SLCs, considered here (< 5 ms). The topographic phase
is removed using a geoid and a digital elevation model (DEM).
Here, the EGM2008 (https://earth-info.nga.mil/) and the Coper-
nicus DEM called COP-DEM_GLO-90 (https://spacedata.
copernicus.eu/web/cscda/dataset-details?articleld=394198) are
used. To reduce the phase noise and increase the phase precision,
the interferogram is multilooked, which downgrades the spatial
resolution. The multilooked pixel size is about 100 m in ground
range and azimuth. At this stage the interferometric phase is
ambiguous and only known within 27. In order to be able to
relate the interferometric phase to velocity, the phase must first
be unwrapped. Once the interferogram is unwrapped, velocity
values can be derived. The estimation of the RVL from ¢y;gp is
given by [29]

AX Ddisp

Up=——
D= Y sing

(N
where Ax is the X-band electromagnetic wavelength, 7 is the
interferometric time delay. Note, thatin (5) and (7), the vertical
component of the sea surface velocity is neglected.

Finally, it was found that both the velocity estimated from
Sentinel-1 and TanDEM-X are biased, i.e., nonzero over land,
and varies with elevation angle (range). The estimated velocity
is calibrated using land as a reference. The bias estimated over
land is applied to the velocity over sea.

V. RESULTS

In the comparisons presented hereafter, the high resolution
TanDEM-X data are resampled to the coarser Sentinel-1 grid.
The TanDEM-X images are, however, presented in their multi-
looked resolution, i.e., ~100 m. The convention adopted here
is that positive and negative velocity means surface moving
toward and away from the radar, respectively. Since all the
analyzed SAR images are acquired in ascending passes with
the SAR antenna looking to the right of the flight direction,
positive velocity means flow moving from East to West and
vice-versa. In the following, the discrepancy between Sentinel-1
and TanDEM-X data is indicated by the correlation coefficient
(R), the mean absolute error (MAE), and the root mean squared
error (RMSE). The spatial correlation is affected by the time de-
lay between the collocated data, the difference in the acquisition
geometry (incidence and azimuth angles) and the signal-to-noise
ratio (SNR). The SNR in this context refers to the ratio of the
mean magnitude of the observed RVL to its standard deviation.
Model wind and current fields, interpolated to SAR grid, are
also shown to analyze the effect of the winds and currents on the
RVL correlation and bias. The results of the RVL comparison
corresponding to each region are discussed in more detail in
separate sections.

A. Iceland Sea

Fig. 4 shows the model wind field over the area covered by
the SAR image on 2020-06-26 (upper panel) and 2020-07-18
(lower panel). In both acquisitions, the wind is nearly northerly,
i.e., nearly cross-wind relative to the SAR-look direction. In the
lower part of the first acquisition, the wind is turning toward
the west, i.e., toward upwind. As mentioned above, the RVL is
minimum in magnitude in the cross-wind direction. In the first
acquisition the incidence and azimuth angles, of Sentinel-1 and
TanDEM-X, are almost identical (see Table I), thus the NRCS
can also be compared. Fig. 5 shows the NRCS measured by
Sentinel-1 A (left panel), TanDEM-X (middle panel), and the
scatterplot (right panel). The spatial similarity is clearly no-
ticeable from the images and confirmed by the high correlation
coefficient (0.82). The MAE and RMSE are both approximately
1 dB, which might be due to instrument calibration. Note that the
model wind, for the first acquisition, does not resolve the sharp
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Fig. 4. Model wind field (ECMWF) over the Iceland Sea on 2020-06-26
(panel a) and 2020-07-18 (panel b). The colormap represents the wind speed
and the arrows represent the wind vectors.

front observed in the NRCS image. It shows, however, a gradual
turning of the wind vectors to the west from the top to bottom
of the image (see Fig. 4). Relative to the satellite’s line-of-sight
this corresponds to cross-wind and near upwind in the upper and
lower part of the image, respectively. This explains the higher
NRCS values in the lower part compared to the upper part of the
image shown in Fig. 5.

The estimated RVL is shown in Fig. 6. In the first acquisition
(upper row), the spatial patterns detected by the two sensors
are very similar despite the difference in the spatial resolution.
Quantitatively, the correlation coefficient is very high (0.93),
which is mainly due to the short time separation (~3 min)
between the Sentinel-1 and TanDEM-X passes. The scatterplot
shows two clusters (negative and positive) indicating two flows
of one moving toward and one moving away from the SAR. For
the second acquisition (lower row), however, the correlation is
very poor (0.23), which is mainly due the large time difference
between the Sentinel-1 and TanDEM-X passes (~20 min). Note
also the low velocity values (< 0.5 m/s), i.e., low SNR, which
might contribute to the decorrelation. The MAE and RMSE for
the two acquisitions are small (between 0.1 and 0.25 m/s) due to
the low contribution of the cross-wind to the observed Doppler
shift. No current measurements were available at the location and
time of the satellite acquisitions to validate these observations.
Finally, note the similarity between the NRCS and velocity maps
(see Fig. 6). This is expected since both the NRCS and Dc are
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affected by the waves and currents, e.g., both increase with wind
speed.

B. Pentland Firth

The Pentland Firth is characterized by one of the strongest
and most energetic tidal streams in the world [31]. Fig. 7 (left
column) shows the model wind field over the area covered by
the SAR image on 2020-06-07 (upper panel) and 2020-06-13
(lower panel). The wind speed is moderate and low during the
first and second satellite acquisitions, respectively. The wind
direction is northerly (cross-wind) during the first acquisition
and south-easterly (~ 45° relative to the SAR line-of-sight)
during the second acquisition. Therefore, the wind is expected
to have a minimum contribution in the first case and moderate
(due to low wind speed) contribution in the second case. This
is confirmed by the very small (0.09) and small (0.3) MAE
indicated in Fig. 8.

Fig. 7 (right column) shows the sea surface current
field provided by the ocean circulation model. These model
data are provided in a product called NORTHWEST-
SHELF_ANALYSIS_FORECAST_PHY_004_013 [32] pro-
vided by the Copernicus marine service. The horizontal grid
spacing is 1.5 km covering the entire North-West European
Shelf. For the first acquisition (upper panel), the model current
field shows a clear and strong tidal stream from east to west (Ebb
tide). The current speed in the core of the stream, located in the
center of the image, reaches 2.5 m/s. For the second acquisition
(lower panel), the model current field shows also a clear tidal
stream from west to east (Flood tide). It can be noticed that
the current speed of the flood tide is lower than the Ebb tide.
Moreover, the region of the strongest stream is displaced from
west to south-east during the flood tide.

Fig. 8 (upper row) shows the RVL derived from Sentinel-
1B (left panel) and TanDEM-X (right panel) on 2020-06-07.
Despite the difference in frequency and spatial resolution, the
two sensors observe similar circulation patterns. This pattern is
very similar to the current field predicted by the ocean model
shown in Fig. 7, but with additional small scale details resolved
by SAR. The main feature in the circulation is the strong Ebb
tidal stream flowing out of the North Sea, i.e., from east to west.
There is a good agreement between the magnitude of the two
retrieved velocities, with RVL in the core of the tidal stream
exceeding 2 m/s, although the values differ slightly in some other
areas. The quantitative comparison is shown in the right panel
of Fig. 8. The high spatial correlation coefficient (0.86) suggests
that two sensors observe similar current field. The MAE and the
RMSE are small (0.09 and 0.4), owing to the favorable wind
direction (cross-wind).

The RVL derived from Sentinel-1 A (left panel) and TanDEM-
X (right panel) during the second acquisition (2020-06-13) is
shown in Fig. 8 (lower row). In this case, the spatial correlation
is low (0.51) owing to the large time difference between the two
satellite passes (~21 min). The current magnitude is also lower
than the first case, hence the lower SNR and lower correlation.
The MAE (0.31 m/s) is larger than the first acquisition because
of the nearly upwind direction, i.e., additional wave-induced
Doppler shift. Finally, it is worth noting that the asymmetry
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in the tidal stream structure, e.g., shift of the core toward the
east, between the flood and Ebb is in agreement with the model
data shown in Fig. 7. The displacement of the core of the tidal
stream out of the area imaged by SAR explains the low-velocity
magnitude observed during the flood (second) acquisition.

C. Fehmarn Belt (Kattegat Sea)

The Fehmarn Belt is an important channel for the exchange
of water between the Baltic Sea and the North Sea. Fig. 9
shows the model wind and current fields in the Fehmarn Belt
provided by SMHI. The wind field is derived, by SMHI, from
the Arome and ECMWF models. The current filed is derived
from the NEMO-Nordic model. During the first acquisition
(2020-06-26, upper row), the wind speed is ~5 m/s dominantly

westward, i.e., upwind relative to SAR line-of-sight. The current
is flowing from east to west, i.e., flowing out of the Baltic Sea
into the Kattegat Sea, in the area covered by the satellite image
(see Fig. 10). During the second acquisition (2020-07-08, lower
row), the wind is stronger (~8 m/s) dominantly south-eastward,
i.e., nearly downwind relative to SAR line-of-sight. The current
flowing from west to east, i.e., flowing from the Kattegat Sea into
the Baltic Sea, in the area covered by the satellite image. Thus
according to our convention, the estimated velocity is expected
to be dominantly positive and negative in the first and second
acquisitions, respectively.

Fig. 10 shows the estimated velocity from Sentinel-1 A (left)
and TanDEM-X (middle), for the first acquisition (upper row)
and second acquisition (lower row). Despite the difference in
resolution, the images observed by the two satellites exhibit
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Model wind field (ECMWF) and current field (FOAM), 2020-06-07 (upper row), 2020-06-13 (lower row). (a, ¢) Wind. (b, d) Current. The colormap

represents the wind and current speed in m/s and the arrows represent the wind and current vectors.

TABLE II

SUMMARY OF THE COMPARISON RESULTS AND RELEVANT ACQUISITION PARAMETERS

Iceland Sea 1 | Iceland Sea 2 | Pentland Firth 1 | Pentland Firth 2 | Fehmarn Belt 1 | Fehmarn Belt 2

R 0.93 0.25 0.86 0.51 0.71 0.71
MAE 0.20 0.10 0.09 0.31 0.88 0.97
RMSE 0.25 0.18 0.44 0.46 0.93 1.01

Incidence (S1 - TDX) [deg] | 33.37 - 33.79 | 43.44 - 33.78 4347 - 33.23 43,53 - 21.45 38.85 - 44.56 38.85 - 21.44
Incidence difference [deg] 0.42 9.66 10.24 22.08 5.71 17.41
Heading difference [deg] 0.07 3.53 1.11 4.38 1.073 2.45
Time difference [mm:ss] 3:01 19:00 12:13 21:12 1:43 15:02
Radial wind speed [m/s] -1.17 -1.50 0.060 4.24 5.96 -6.30

similar spatial features, which are likely generated by the bottom
topography. The scatterplots indicate a relatively high spatial
correlation (~0.7) between the velocity estimated from the two
satellites. The MAE and RMSE, are large (~1 m/s) compared
to other regions (Iceland Sea and Pentland Firth). This is prob-
ably due to the wave-induced Doppler shift mentioned earlier,
enhanced by the upwind and quasi downwind directions in the
first and second acquisitions, respectively. The MAE in the first
acquisition (~0.88 m/s) and second acquisition (~0.97 m/s) are
in agreement with the stronger wind speed during the second

acquisition (see Fig. 9). It is also worth noting the asymmetry in
the spatial structure between the inflow and the outflow, possibly
due to a change in stratification.

VI. DISCUSSION

Table II summarizes the results of the comparisons and the
corresponding most relevant acquisition parameters. First, recall
that the surface current-induced Doppler velocity is independent
of the sensor and acquisition parameters. Thus in the presence
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of a surface current only and in absence of waves the two
sensors should measure the same Dc. The wave-induced Doppler
velocity, however, depends on wind speed, relative wind di-
rection, incidence angle, frequency, and polarization [9], [23],
[33]. Since all the images used here are acquired with the
same polarization (VV), the latter is not discussed further. It
has been shown [9], [10], [23], [33] that the magnitude of
the wave-induced Doppler velocity increases with increasing
magnitude of the radial wind speed. The radial wind speed,
i.e., the projection of the wind vector on the SAR line-of-sight,
which takes into account the effects of both wind speed and
relative wind direction, is given in the last row of Table II. It
has been also shown that the magnitude of the wave-induced
Doppler velocity decreases with incidence angle [23], [33]. The
discrepancy between the two sensors in the observed velocity
field is manifested as a change in the mean velocity or a change
in the spatial distribution or both. The mean bias is expected to
depend on the radial wind speed, to the highest degree, and on
incidence and azimuth angles differences to lower degree. The
change in spatial distribution is due to decorrelation. The spatial
decorrelation is affected by the time difference, to the highest
degree; the SNR, incidence, and azimuth angles differences to a
lower degree. Note that, there might be conflicting effect of these
parameters, e.g., low radial wind speed and large incidence-
angle difference. Moreover, since the satellite acquisitions cover
regions characterized by very different atmospheric and oceanic
circulations, the bias and correlation will also depend on the
temporal and spatial scales of the wind and current in these
regions.

Table II shows that the first acquisition over the Iceland Sea
gives the highest correlation coefficient (0.93). This is primarily
due to the small time delay, and small incidence and heading
angles differences. The second acquisition over the Iceland Sea
gives the lowest correlation coefficient (0.25), primarily due to
the large time delay (~20 min), low SNR, and relatively large
incidence and heading angles differences.

The first acquisition of Pentland Firth (2020-06-07) yields
the second highest correlation coefficient (0.86). The time dif-
ference (12 min) gives slightly lower correlation than the first
Iceland Sea case. Note that in this case the acquisition covers a
strong Ebb tidal current (high SNR), which might explain the
high correlation despite the time difference. In terms of bias, the
cross-wind direction (see Fig. 7) gives the lowest radial wind
speed, which yields the lowest wave-induced Doppler velocity.
The second acquisition of Pentland Firth (2020-07-08) gives a
low correlation coefficient (0.51), which is very likely due to
the largest time difference (21 min), the largest incidence angle
difference (22°), and the largest heading difference (4.4°).

The two acquisitions over the Fehmarn Belt give the largest
RVL MAE and RMSE. In agreement with the largest magnitude
of the radial wind speed, which yields the largest wave-induced
Doppler velocity. The correlation coefficient is, however, still
good (0.71) owing to the relatively small time difference, partic-
ularly in the first acquisition and high SNR in both acquisitions.

The results outlined in Table II suggest that the mean bias
increases, primarily, with increasing radial wind speed, which
implies that it is mainly due to the wave-induced Doppler
contribution. The spatial correlation generally deteriorates with
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increasing time difference and decreasing SNR. To summarize,
the results suggest that the spatial correlation is primarily af-
fected by the time difference between satellite passes, while the
mean bias is mainly affected by the wind conditions, specifically
the radial wind speed.

VII. CONCLUSION

A direct comparison of the sea surface RVL derived from two
independent SAR systems (Sentinel-1 and TanDEM-X), operat-
ing at different frequency bands (C- and X-band), and imaging
modes (Stripmap and IW), was performed. The comparison was
carried out using unique opportunistic overlapping scenes of
the two satellites over three different geographical locations, the
Iceland Sea, the Kattegat Sea, and the Pentland Firth strait.

It was found that both datasets require calibration. After
calibration using land as a reference, the radial velocities derived
from the two systems compare qualitatively and quantitatively
well. A high spatial correlation (up to 0.93) suggested that the
two sensors observe similar ocean surface current fields. This
correlation deteriorated with the time delay between acquisi-
tions, but remained above 0.7 up to 15 min difference. When
the time difference exceeded 15 min the correlation coefficients
dropped to below 0.5. It is also noted that the SNR affected
the correlation such that weak currents tend to decorrelate more
rapidly than strong currents. Moreover, the mean bias increased,
primarily, with increasing radial wind speed suggesting that the
wave-induced Doppler velocity is the most plausible explanation
for the RVL bias.

Assuming more collocated satellite acquisitions can be ac-
quired in the future and development of accurate wave-induced
Doppler models, it will be possible to correct for the wave-
induced RVL. This study indicates that it is possible to combine
data from C- and X-band SARs, to increase the spatial coverage
and the temporal sampling in order to generate blended products
of sea-surface velocity, which are needed in many ocean applica-
tions. Finally, it would be of interest to compare the SAR-derived
RVL against in situ measurements from buoys and/or coastal
radars. This is left for future work.
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