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Abstract :

Sentinel-1 (S-1) is a two-satellite constellation for continuity of operational synthetic aperture radar
(SAR) observations. Wave mode (WV) is the default mode over open ocean for S-1 to monitor global
ocean waves and wind field. Therefore, proper radiometric calibration is essential to accurately infer
these geophysical quantities. Based on the global data set acquired by S-1A WV, assessment of
normalized radar cross section (NRCS) is carried out through comparison with CMOD5.N predictions
over open ocean. The calibration accuracy quantified by NRCS residuals between SAR measurements
and CMODS5.N demonstrates distinct features for two incidence angles (23.8° and 36.8°). Particularly,
NRCS at 23.8° is overall consistent with CMODS5.N, while NRCS at 36.8° displays great deviation. Two
recalibration methods are then implemented by examining the backscattering profile over Amazon rain
forest and ocean calibration. Both methods show the necessity for recalibration and obtain comparable
correction factors for WV1 and WV2, respectively. The NRCS residuals by applying both methods are
significantly reduced toward zero. By comparison, ocean calibration is more efficient and practical to
implement.
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I. INTRODUCTION

ENTINEL-1 (S-1) is the new Synthetic Aperture Radar

(SAR) constellation launched and operated by the Eu-
ropean Space Agency (ESA), consisting of two identical
platforms (S-1A and S-1B). S-1A and S-1B were launched in
April 2014 and May 2016 and are operational since October
2015 and July 2016 respectively. There are four imaging
modes which operate in C-band: Extra Wide-swath (EW),
Interferometric Wide swath (IW), Stripmap (SM) and WaVe
mode (WV) [1]. WV is the highest spatial resolution mode,
with nominal spacing of 4 m and a footprint of 20 x 20 km.
The WV was designed to specifically measure ocean waves
and ocean surface winds on a global scale [2], [3], [4].

Over ocean the normalized radar cross section (NRCS or o
used inter-changeably through this work) responds primarily to
the ocean surface wind vector. Proper calibration of the WV’s
NRCS is necessary in order to accurately estimate geophysical
quantities such as oceanic wind speeds [5], [2] and sea state
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parameters, such as significant wave height [6], [7], [8] or
ocean swell spectrum [9]. In general, the radiometric cali-
bration of NRCS is performed by comparing the backscatter
from ground targets with known NRCS that are concurrently
measured by transponders [10], [11] or routine acquisitions
over the reference distributed targets such as Amazon rain-
forest [12], [13].

Prior to any geophysical applications over the ocean, it
is essential to assess accuracy of its radiometric calibration.
However, the lack of sufficient acquisitions over ground
transponders or over the rain-forest makes the calibration diffi-
cult. Therefore we use an alternative method to quantitatively
assess NRCS calibration through comparisons with the an
empirical Geophysical Model Function (GMF) combined with
collocated 10 meter height wind (U10) from the European
Centre for Medium-range Weather Forecasts (ECMWF) fore-
cast. In this way, we take advantage of the systematic and
regular WV acquisitions over open ocean to calibrate the
NRCS. Here, we use CMODA.N, the state-of-the-art GMEF,
to estimate the predicted NRCS as a function of wind vector,
incidence and antenna look angle.

Beyond the NRCS calibration assessment, this work aims
at providing a robust method for users to re-calibrate the
NRCS from S-1 WYV, which enables more precise measures
of geophysical parameters over the ocean. Thus, we propose
two different and complementary methods for recalibration.
The first method relies on the use of the Amazon rain-forest
through the Gamma-nought parameter ~0 [141, [15], [13]
whereas the second is an evaluation over open ocean [16].

The manuscript is organized as follows. We describe the
collocated dataset between S-1A WV and ECMWF winds as
well as computation of S-1 NRCS in Section 2. In section 3
we assess the current ESA S-1 NRCS relative to the ECMWF
winds. Then, in section 4, we present our strategy to re-
calibrate the NRCS and we provide calibration factors. Discus-
sions and conclusions follow in sections 5 and 6 respectively.

II. DATA AND NRCS
A. Collocated Sentinel-1A and ECMWF wind speed

S-1 WV alternates between WV1 (23.8°) and WV2 (36.8°)
with a new ’leap frog’ approach [17]. Each vignette is acquired
every 100 km along the flight direction [4]. S-1 WV can
only be operated in single polarization (either VV or HH)
for a given acquisition. The WV at VV polarization is the
default mode over global ocean. Here we use 27,000 images
acquired between June 2016 and June 2017 by S-1A WV1
and WV2 at VV polarization, respectively. This period was
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Fig. 1. Histogram of incidence angles for (a) WV1 and (b) WV2, receptively. Bin size of incidence angle is 0.22°. (c¢) Normalized histogram of latitude
at given incidence angle for WV 1. Bin size of latitude is 2°. Solid lines are for Ascending pass and dashed lines are for Descending pass. Colors represent
different incidence angles. Products acquired at latitude higher than 55° have been filtered out to avoid ice contamination.

chosen to avoid processor updates, such as one that occurred
in May 2016, and to maintain the consistency of instrument
calibration. We also limit the data to latitudes less than 55° to
avoid any possible sea-ice contaminations. Each WV imagette
is collocated with ECMWF forecast winds from operational
forecast model. The wind dataset is considered 'nowcast’ and
is a compiled dataset of the ECWMF forecast initialized every
6 hours. The ECWMF winds are available every 3 hours
on a spatial grid of 0.25°. The collocation takes the nearest
point both in space and in time, resulting in maximum spatial
distance of 12.5 km and maximum temporal difference being
1h30.

A #£0.7° incidence angle variation is observed for S-1 WV1
and WV2 along the orbit. Fig.1 (a) and (b) present histogram
of collocated dataset binned by incidence angle for WV1 and
WV2, respectively with bin size of 0.2°. For each incidence
bin, the numbers of products are regular (around 15,000)
at incidence smaller than 24.0° (37.0°) for WV1 (WV2).
Note that 24.2° (37.2°) for WV1 (WV2) has the maximum
of acquisitions around 41,000. Only about 5,000 imagettes
are acquired at incidence of 24.4° (37.4°) for WV1 (WV2).
Ascending and descending passes have similar data counts
(except 24.4° (37.4°) for WV1 (WV2)).

Incidence angles are not evenly distributed across the globe.
This is shown by the normalized histograms in Fig.1 (c¢) and
(d), where latitude bin size is 2°. There is an incidence angle
dependence on latitude for both ascending and descending
passes. Both ascending and descending passes have similar
spread over latitude per incidence. Incidence angle generally
increases from the south to the north. In particular, the highest
incidence angles plotted as black lines (24.4° for WV1 and
37.4° for WV2) are distributed between the Equator (0°) and

20° N. Incidence angles of 24.2° for WV 1 and 37.2° for WV2
have the largest spread over 10° S to 40° N. Since wind speed
and direction vary greatly with latitude [18], WV1 and WV2
data are analyzed separately throughout this work. Ascending
and descending passes are merged and analyzed as a single
dataset since we did not find any differences related to the
orbit configuration.

B. Normalized radar cross section

Over ocean, at C-band the NRCS is a function of radar po-
larization, incidence angle as well as environmental conditions
such as the wind field [19]. For a given polarization and wind
speed, the NRCS decreases with increasing incidence angle.
As such, the signal-to-noise ratio decreases with incidence
angles, leading to possible contamination of thermal noise at
high incidence angle and under low wind conditions. A proper
noise-correction is therefore essential to obtain an accurate
NRCS. The radiometric calibration of S-1A taking noise-
correction into account is expressed as [20] :

o_DNz—m
=—0

o ey
where DN = /(I? 4+ Q?) is the digital number of ESA
Level-1 Single Look Complex (SLC) product. 7 is the de-noise
Look-Up-Table (LUT) provided in annotation file and A; is the
calibration LUT for ¢ as function of azimuth and range pixel,
also annotated in the Level-1 products. Multiple calibration
procedures are incorporated in A;, containing area normaliza-
tion factor, calibration constant and geophysical calibration.
Among which, the geophysical calibration constant, the NRCS
difference between SAR measurements and simulated NRCS



using CMOD-IFR2 from collocated ECMWF winds in the
range of [4 m/s, 10 m/s], is provided by the Sentinel-1 Mission
Performance Center for WV1 and WV2, respectively [21].
In this study, we compute a single o” per imagette at a
resolution of 20 km by 20 km. The noise equivalent sigma-
nought (NESZ) is further removed from NRCS in Eq. (1).
The NESZ is defined as the maximum value of histogram
for NRCS with collocated wind speed lower than 1 ms™!.
We obtain 0.0001 for WV1 and 0.00156 for WV2 in linear
unit. The NESZ-corrected NRCS is used throughout rest
of this manuscript unless particularly stated. Images with
negative NRCS are not included in the analysis because the
backscattered signal is lower than than thermal noise.

C. CMOD5.N

The empirical GMF, CMODS5.N, was developed for
global applications for use of the C-band scatterometer on
board ERS-2 and Advanced Scatterometer (ASCAT) [22].
CMODS5.N performs better than its predecessor CMODS with
better wind retrieval accuracy [23], [24]. It is routinely used
for operational ocean surface wind produced by the OSI-SAF
(Ocean and Sea Ice - Satellite Application Facilities) [25].
CMODS.N is valid for incidence angles ranging from 18° to
60°, covering the two incidence angles of WV. CMODS5.N
relates the NRCS to the incidence angle, wind speed and
wind direction (relative to radar line-of-sight), and polarization
under neutral atmospheric stability with the following equa-
tion [22]:

0% = By[1 4 Bicos(¢) + Bacos(2¢)] (2)

where ¢ is the wind direction relative to the antenna look
angle. By is the dominant term determining scale of NRCS
for given wind speed. B; incorporates the up-downwind
asymmetry of NRCS, while B, expresses the up-crosswind
asymmetry of NRCS. The three terms are all functions of
incidence angle, wind speed, and wind direction. Coefficients
for each term are given in [22]. It is used throughout the rest
of the manuscript to predict NRCS for given S-1A incidence
angle and collocated ECMWF winds on a case-to-case basis.

III. ASSESSMENT OF THE NORMALIZED RADAR CROSS
SECTION

S-1A° WV NRCS is assessed for given wind speed and
incidence angle by comparing with the predicted value from
CMODS5.N. The deviations are then quantified by NRCS resid-
ual between SAR measurements and CMODS.N prediction.

First we evaluate the S-1A NRCS relative to wind direction
for given wind speed and incidence angle. U10 of 12 ms™!
is used to illustrate the comparison of S-1A NRCS with
the CMOD5.N prediction. We choose U10=12 ms~! because
it is a compromise between sufficiently high signal-to-noise
ratio and adequate collocation pairs. In addition, working with
incidence angles of 23.4° and 36.4° ensures a narrow spread
over latitudes as well as relatively uniform wind direction
across [0°, 360°]. NRCS with respect to wind direction is
shown on Fig. 2 (a) for WV1 and on Fig. 2 (b) for WV2.
Within each direction bin of 10°, 50 data points are randomly

(a) WV1 INC=23.4"
N=1569

(b) WV2 INC=36.4"
N=1658
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Fig. 2. NRCS at 12 ms~ ! relative to wind direction for (a) WV1 at incidence
of 23.4°; (b) WV2 at incidence of 36.4°. Black dots are S-1A measurements
and red lines are fit to S-1A observed NRCS in form of Eq.(2). Blue line is
the predicted CMODS.N for given incidence angle and wind speed. For wind
direction, 0° indicates upwind and 180° is downwind.

selected if there are more than 50 samples. Otherwise, all data
points are used for that bin. This equalization method is used
to remove biases induced by nonuniform distribution of wind
direction [26]. This results in 1569 and 1658 points (marked by
"N’) for WV1 and WV2, respectively for U10=12 ms—!. The
random selection taken in the equalization procedure has been
repeated for several times and we found the nearly identical
results.

As shown in Fig.2 (a), the fit to S-1A measurements are
overall in good agreement with CMODS.N curve for WV1.
In particular, S-1A NRCS are slightly greater than CMODS.N
estimate approximately by about 0.3 dB at crosswind (wind
direction of 90°). Similar trend is found for other incidence an-
gles of WV1. By contrast, as shown in Fig.2 (b), S-1A NRCS
is constantly smaller than the CMODS.N estimate across
all wind directions for WV2. The NRCS residual (03 45-
0 ops.n) at crosswind is -0.4041 dB and -0.6545 dB at
upwind. Similar trend has been found for wind speeds higher
than 7 ms~! for other incidence angles of WV2. This suggests
that the WV has not been properly calibrated for WV2 and
wind speeds would be consistently underestimated.

CMODS.N is now systematically used to calculate the
expected NRCS for each S-1A imagette based on collocated
ECMWF winds and given incidence angle. The NRCS resid-
uals (024 z-0%0p5.n) Telative to U0 at three incidence
angles for WV1 (WV2) are presented in the upper (lower)
panels of Fig.3. The main similarities between WV1 and
WV2 are the slightly decreasing NRCS residual with in-
creasing wind speed up to 7 ms~! before remaining steady
at higher winds. The NRCS residuals for WV1 and WV2
are different when U10>7 ms~'. Overall the average NRCS
residual is approximately O dB for all WV1 and -0.8 dB for
WV2 when considering all incidence angles. In particular, for
U10=12 ms~!, there are NRCS residuals of 0.05 dB for WV1
(incidence angle of 23.6°) and -0.88 dB for WV2 (incidence of
36.6°) (see Fig. 3(b),(e)). In addition, the standard deviation
exhibits similar variation trend with the mean residual. The
greater variability at low wind speed (<3 ms™!) is mostly
due to limited number of observations.

The negative NRCS residuals are unexpected for WV2.
There are several possible sources of error to verify, including
accuracy of radiometric calibration for WV2, bias of NESZ
correction as well as errors in collocated ECMWF winds. The
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bias of NESZ could be ruled out because higher wind speed
corresponds to higher signal-to-noise ratio and consequently
leads to negligible noise contribution. Indeed the contribution
of thermal noise to NRCS is expected to decrease with
increasing wind speed, making it impossible to reproduce the
increasing deviation. As for biases induced by the ECMWF
winds, WV1 and WV2 used the same data source, so that
any errors in the ECMWF winds should be equally translated
into NRCS residuals for both WV1 and WV2. However, we
do not see this behavior. Therefore the calibration is likely
the best candidate for causing the NRCS discrepancies. In the
following, we apply two different methods to re-calibrate S-1A
WYV NRCS and compare their respective performances.

IV. RE-CALIBRATION OF WV AND VALIDATION

In this section, we first examine the 7° profile over rain-
forest and then the NRCS residuals over open ocean.

A. Re-calibration over rain-forest

For radiometric calibration of most scatterometers and
SARs [14], [27], [28], the Amazon rain-forest is used as a ref-
erence distributed target to monitor variation of backscattering
during missions lifetime. For C-band radar, this target could
be considered as a rough surface, which equally scatters the
incident radar electromagnetic waves in all directions. There-
fore the backscatter has small incidence angle dependence and
can be characterized by [28]:

7° = 6%/cos(0) = B tan(h) 3)
where 70, ¢ and B° are different forms to express the

backscatter signal. In terms of the isotropic properties of

rain-forest, 7 can be approximated incidence angle inde-

pendent [14]. This property together with the stability of
rain-forest allow us to directly compare measurements from
different imaging modes of S-1A that have large range of
incidence angles.

IW ~Y is chosen as reference to re-calibrate WV because
IW is well calibrated against ground corner reflectors [29].
Besides, the comparison of IW NRCS with CMODS5.N using
collocated ECMWF winds for various incidence angles shows
good consistency with mean NRCS residual around 0.1 dB
(not shown). Adopting the common test site used by scatterom-
eter community [15], we collect IW acquisitions from 4°S to
9°S in latitude and from 73°W to 59°W in longitude between
June 2016 and June 2017. In total, 425 IW Ground Range
Detected (GRD) products are used in this study, each with
spatial coverage of 250 km by 250 km. In contrast, there are
fewer acquisitions by WV over this test site. Most of the WV
images are located in the eastern South America of relatively
high heterogeneity, which would induce spatial variability in
radar backscatter. To assure the spatial homogeneity of imaged
area, we manually screened 366 products acquired by WV1
and 338 by WV2 over rain-forest. Both IW and WV products
are processed into sub-images of 10 km by 10 km. An example
of WV2 imagette is shown in Fig. 4 (a). For each sub-
image, histogram of 7 is computed and fitted with a normal
distribution plus a second-order polynomial, expressed as [15]:

(iC — A1)2

F(z) = Ag-exp| — 512
2

+Az-2> Az + As (4)
where = denote 7° and A; are six coefficients to be de-
termined, which are determined by non-linear least squares
method. Fig. 4 (b) is an example of «° histogram over the
sub-image I in Fig. 4 (a). The coefficient A; is then taken as
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Fig. 4. (a) An example of processing one imagette into subimages of 10 km
by 10 km (WV2 image acquired on November 10, 2017 at 22:21:41 UTC). (b)
Histogram of ° over sub-image I (blue solid line) and fit (red dashed line)
with Eq.(4). The bin size of 40 is 0.1 dB. The vertical dashed line represents
position of fitted Ay coefficient.

the reference 7° over this sub-image. The same procedure is
applied to all WV and IW products.

The geographical positions of processed IW and WV data
are presented in Fig. 5 (a). As shown, IW data are densely
located in the west, while points of WV are sparsely distributed
throughout. The weekly count of data points is shown in
Fig. 5 (b). Although there is one to two orders of magnitude
difference in the number of data counts between WV and IW,
both show regular acquisition number during the study period,
without obvious seasonal variation. This could to an extent
avoid a temporal bias caused by nonuniform acquisitions.

As theoretically derived, 4 over Amazon rain-forest is
approximately a constant for VV polarization, independent of
elevation angle or incidence angle[28]. Though, it is preferable
to compare the 7" observed at the same elevation angle in
purpose to maintain the same antenna elevation pattern. Ele-
vation angle of IW varies between 27.5° and 40.5°, covering
WV2 (32.6°) but does not cover WV1 (21.6°). For WV2, a
filtering of elevation angle within 32.6°+0.4° is accordingly
applied to processed IW data points. While for WV 1, we use a
different strategy. IW ~? relative to elevation angle is shown in
Fig.6 (a). It is worth noting that the 4° does exhibit variation
with elevation angle, which might be caused by the inadequate
correction of inter-beam as well as beam-to-beam gain offset
of azimuth antenna pattern as reported in [29]. In this study, we
choose to use all IW Level-1 data given the small variability
of 79, assuming that the * dependence on the elevation angle
is negligible.
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Fig. 5. (a) Map of processed IW and WV points. Colors denote number of
processed IW points. The solid circle represents position of WV data points
(WVI in red and WV2 in black). (b) Weekly count of data points for WV
and IW, respectively.

We present the histograms of Y for all IW points, filtered
with respect to elevation angle, WV 1, and WV2, in Fig. 6 (b-
e). The formula in Eq. (4) is employed to fit the histogram
and shown as black dashed lines. The fitted coefficient A; is
also annotated in the plots. By comparing A; in Fig. 6(b) and
(d), there is a difference of 0.2803 dB between IW and WV,
while 0.4449 dB between filtered IW and WV2 (Fig. 6c,e).
A seasonal variation on the order of 0.15 dB [14] has been
commonly observed by scatterometers. However, this cannot
explain the difference found here. For simplicity, the seasonal
variation is not considered for the moment in this re-calibration
process. In order to make the 7° consistent between IW and
WV1, a deduction of 0.2803 dB is required which is equivalent
to be divided by a factor of 1.0667 in linear units. Similarly,
for WV2 ~° a deduction of -0.4449 dB is equivalent to be
divided by 0.9026 in linear units.

B. Ocean calibration

Although the v° profile over Amazon rain-forest could serve
to re-calibrate WV NRCS, few WV products limits its routine
application. A more practical method taking advantage of the
numerous acquisitions over open ocean is therefore advanta-
geous. The ocean calibration procedure [16] is widely used in
scatterometer community to derive the NRCS corrections. It
is more feasible since it only needs a few days of collocated
pairs to compute the correction constant.

The ocean calibration algorithm is applied to the collocated
dataset between S-1A and ECMWF winds. The dataset is split
into wind speed bins of 1 ms™! and wind direction bin of
10°. Within each wind speed bin, one out of thirty-six of
the collocated pairs is randomly selected to equalize wind
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direction bin. This varying threshold considerably preserves
the proportion of dataset relative to wind speed. An averaged
NRCS residual is calculated per wind speed, which is further
weighted by the occurrence of this wind speed to compute
the final NRCS residual. It is worth noting here that only the
cases with collocated ECMWF wind speed higher than 1 ms—!
are used to estimate the final NRCS residual. Based on the
collocated dataset, the final NRCS residuals are 0.2730 dB
for WV1 and -0.5750 dB for WV2, which correspond to a
correction constant of 1.0649 for WV1 and 0.8760 for WV2
to divide in linear unit. These ocean correction constants
are comparable with those obtained using Amazon rain-forest
calibration method. This confirms the robustness of the ocean
calibration procedure for SAR WV data.

C. Assessment of re-calibrated NRCS

It should be noted that both re-calibration methods are not
devoted to seeking an absolute radiometric calibration constant
for WV. Its purpose is to tune an additional correction factor
based on ESA provided NRCS. As expressed in Eq. (3),
the two backscattering coefficients 4 and ¢° in linear unit
share the same radiometric calibration constant. As such, the
additional factors are supposed to be further divided by ESA-
calibrated ¢ to obtain the re-calibrated NRCS.

Fig. 7 presents the re-calibrated NRCS curve relative to
wind direction at wind speed of 12 ms~! as shown in Fig. 2.
Both rain-forest calibration (black lines) and ocean calibration
(red lines) are plotted. It is found that the agreement between
re-calibrated NRCS and CMODS.N based estimates improves
in contrast to Fig. 2. Particularly for WV2, the NRCS residual

(b) WV2 INC=36.4"
N=1658

(a) WV1 INC=23.4"

u=12ms! N=1569 -

1 u=12ms™1

NRCS [dB]

—— Fitl —— CMOD5.N
—+= Fitll - S-1A

90 180 270 360 90 180 270 360
wind direction [deg] wind direction [deg]

Fig. 7. The same as Fig.2 but for re-calibrated NRCS. The scatters are
re-calibrated NRCS using rain-forest method. Black line (marker of right
triangle) 'Fit I’ represents rain-forest calibration method and red line (marker
of vertical line) ’Fit II" for ocean calibration.

is reduced to about -0.24083 dB for rain-forest method and
-0.1109 dB for ocean calibration at crosswind (wind direction
of 90°). This improvement is further quantified by the re-
calibrated NRCS residuals shown in Fig. 8. The blacks lines
are identical to Fig. 3 for reference. For WV1, the fit for
rain-forest calibration (blue line with right triangle) are super-
imposed by the fit lines of ocean calibration (red with error
bar). The error bar represents standard deviation of NRCS
difference within each bin. The outliers when U10>15 ms~*
in Fig. 8 (e) are caused by the limited number of data points.
By comparison, both re-calibrated NRCS residuals using either
rain-forest or ocean calibration demonstrate reduced deviation
from zero, particularly at high wind. For WV2 in Fig. 8 (d-f),
the mean NRCS residuals show varying trend relative to wind
speed with incidence angles. For incidence angles of 36.6°
and 37.2° in Fig.8(e) and (f), the residual is close to zero
with negligible variation on the order of -0.05 dB. However,
clearly decreasing NRCS residuals with increasing wind speed
is still found at 36.2° in Fig.8 (d). The reasons responsible for
this variation are discussed in the next section. To summarize
the overall performance of both re-calibration methods, the
mean NRCS residuals of the whole dataset before and after re-
calibration are listed in Table I. The two re-calibration methods
have comparable performance and improve the mean residual
for both WV1 and WV2 in comparison to ESA calibration.

TABLE I
MEAN NRCS RESIDUAL
NRCS Residual WV1 [dB] | WV2 [dB]
ESA calibration 0.2541 -0.6052
rain-forest calibration -0.0241 -0.1642
ocean calibration -0.0169 -0.0352

V. DISCUSSION

Despite the small amount of WV data acquired over the
Amazon rain forest, the conventional analysis of v° over
this area has shown that a correction factor is essential to
re-calibrate radar backscatter for both WV1 and WV2. In
this study, we also showed that the significant number of
collocated data between S-1A WV acquired over open ocean
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Fig. 8. Re-calibrated NRCS residuals (Ug AR — a% Mo Ds.N) relative to wind speeds. Data (in color) are re-calibrated NRCS by ocean calibration method.
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wind speed bin is 1 ms~1. The error bar represents 1 standard deviation of NRCS difference within each bin.

and ECMWF winds enables a radiometric calibration. Both
analyses reveal the necessity for a re-calibration, notably for
WYV2. Comparable correction factors are obtained with the two
methods. Applying these two methods significantly reduces the
NRCS residual presented in Fig. 3.

We further discuss the limitations and possible improve-
ments for these two methods. First a seasonal variation of rain-
forest backscattering is expected to affect the radiometric cal-
ibration accuracy for active sensors operating at C-band [28].
Indeed, there are two main seasons in the Amazon rain-forest:
the flooded season and the dry season [30]. Precipitation and
leaves on the trees and plants differs greatly from one season to
another. Since incident radar pulses interact primarily with the
crown area, the seasonal change of precipitation and leaves is
supposed to correspondingly affect the radar return. According
to previous studies based on C-band ERS-1/2 scatterometers
and Radarsat-1 SAR observations, an annual variation on the
order of 0.15 dB has been found [28]. But the geophysical
source of this seasonal change remains undetermined. The
collected IW products over rain-forest are used to assess the
seasonal variation of 7* as observed by Sentinel-1. The ~°
data points at spatial resolution of 10 km are weekly averaged
and presented in Fig. 9 as function of time. In spite of a
large standard deviation (due to too few data points), a weak
variation of backscattering with respect to time is observed.
This variation is more a drift compared to a clear seasonal
pattern, which might be due to limited duration of S-1 data.

As discussed in section IV-C, a remaining bias is observed
for § = 36.2°. As shown in Fig. 1, these incidence angles
correspond to latitudes larger than 40°S. This could be due
to ECMWF wind accuracy for the performance of ocean
calibration, the negative NRCS residual found in Fig. 8 (d)
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Fig. 9. (a) Weekly average of IW ~© over Amazon rain-forest over time. The
error bar indicates position of mean value and standard deviation. (b) Weekly
count of processed IW points. Bin size of v° is 0.1 dB.

is discussed in detail. We examined the ECMWF wind speed
relative to buoy wind speed in the Southern Ocean. Wind
speeds from the Argentine Basis buoy and Southern Ocean
buoy operated by Ocean Observatories Initiatives (OOI) are
used. The buoy anemometers measure winds at 5 m above
the ocean surface and we converted the wind speed to U10
with log wind profile assuming neutral atmospheric stability.
The wind speed is available every 65 seconds and are further
hourly-averaged around the SAR passing time. The collocation



in space between SAR and buoy is limited to 100 km.
Fig. 10 (a) compare collocated ECMWF winds and relative to
buoy wind speeds. ECMWF wind speeds are overall consistent
the buoy wind speed. The re-calibrated NRCS residuals for
both ECMWF winds and buoy winds are plotted in Fig. 10 (b).
For buoy winds higher than 10 ms~—!, the mean NRCS
residual for ECMWF winds are -0.1128 dB, roughly consistent
with Fig. 8 (d). We also compared the wind retrieval with
buoy winds and found that winds bias (SAR winds - buoy
winds) using re-calibrated NRCS is improved to 0.002 ms™—!
from -0.5 ms~! using ESA-calibrated NRCS. Yet, the limited
collocation number is insufficient to unambiguously reproduce
the NRCS residuals trend with wind speed. To date, in-situ
data in such high latitudes are very rare and a complementary
analysis will be done in the future when more collocations are
available.
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Fig. 10. (a) Comparison of ECMWF wind speed with buoy wind speed for
both Argentine Basis buoy (Buoy I) and Southern Ocean buoy (Buoy II);(b)
WV2 re-calibrated NRCS residuals using ocean calibration. The annotated
NRCS residual is calculated to demonstrate the steady residual as shown in
Fig.8(d). The buoy wind speed is an hourly average around the SAR passing
time.

Overall, ocean calibration proves its efficiency through the
comparable improvement while using a short duration of
acquisitions. Because WV is not the routine acquisition mode
over Amazon rain-forest, as a result, a small amount of images
are inadequate to derive monthly correction constant. While
ocean calibration uses regular acquisitions over open ocean,
making a monthly calibration possible. It therefore allows to
monitor the shift in backscattering signal and to accordingly
compensate it over time. Furthermore, the ocean calibration
per incidence angle is necessary as incidence angle is latitude
dependent. These subjects are beyond scope of the present
manuscript and will be addressed in the future.

VI. CONCLUSION

Accurate radiometric calibration of a SAR is fundamental
to various applications for land and ocean studies. In this
manuscript, we assessed radiometric calibration accuracy of S-
1A WYV through comparisons of SAR-measured NRCS with
CMODS5.N prediction over open ocean and at global scale.
WV1 and WV2 exhibit distinct calibration accuracy: WV1
is overall consistent with CMODS.N predictions while WV2
shows a considerable deviation from CMODS5.N. Two re-
calibration methods are then carried out by examining the ~°
profile over Amazon rain-forest as well as ocean calibration.
These two methods give comparable correction constants

for WV1 and WV2, respectively. When the corrections are
applied, the NRCS residuals between re-calibrated NRCS and
CMODS.N predicts are greatly reduced towards zero. By com-
parison, ocean calibration is more advantageous than the rain-
forest calibration method, showing greater improvement of
NRCS residuals as well as being more practical to implement.

Calibration strategy for S-1A WV is completely different
from that for the other three imaging modes (SM, IW, and
EW), which are designed to calibrate over ground transponders
as well as Amazon rain-forest [29]. The assessment of WV
NRCS suggests that it is necessary to reconsider the WV
Level-1 SLC products calibration strategy. The ocean calibra-
tion method is efficient and practical to implement. As such, a
considerate re-calibration of both S-1A and S-1B WV NRCS
can be carried out per cycle.

The calibrated data should allow to improve the accuracy of
wind retrieval, increase its consistency with ASCAT missions
and to further study the impact of sea state on SAR-measured
wind at higher incidence angles [7]. However, it should be
noted that this re-calibration implies an additional correction
to NRCS calibrated by ESA. To resolve this problem from the
root, we therefore suggest to revisit and update the calibration
procedure in the ESA Instrument Processing Facility.
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