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ABSTRACT

In this study, a re-tuned algorithm based on the geophysical model function (GMF)
C-SARMOD? is proposed to retrieve wind speed from Synthetic Aperture Radar (SAR) imagery
collected by the Chinese C-band Gaofen-3 (GF-3) SAR. More than 10,000 Vertical-Vertical (VV)
and Horizontal-Horizontal (HH) polarization GF-3 images acquired in quad-polarization strip-
map (QPS) and wave (WV) modes have been collected during the last three years, in which
wind patterns are observed over open seas with incidence angles ranging from 18° to 52°.
These images, collocated with wind vectors from the European Centre for Medium-Range
Weather Forecast (ECMWF) reanalysis at 0.125° resolution, are used to re-tune the C-SARMOD?2
algorithm to specialize it for the GF-3 SAR (CSARMOD-GF). In particular, the CSARMOD-GF
performs differently from the C-SARMOD2 at low-to-moderate incidence angles smaller than
about 34°. Comparisons with wind speed data from the Advanced Scatterometer (ASCAT),
Chinese Haiyang-2B (HY-2B) and buoys from the National Data Buoy Center (NDBC) show that
the root-mean-square error (RMSE) of the retrieved wind speed is approximately 1.8 m/s.
Additionally, the CSARMOD-GF algorithm outperforms three state-of-the-art methods -
C-SARMOD, C-SARMOD2, and CMOD?7 - that, when applied to GF-3 SAR imagery, generating
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a RMSE of approximately 2.0-2.4 m/s.

Introduction

Wind above the sea surface plays a key role in the
atmospheric-marine layer, which governs the
exchange of energy and heat across the ocean-air
boundary. Additionally, wind plays a critical role in
marine meteorology and ocean dynamics research
(e.g., sea surface wave and current studies).
Furthermore, the extreme winds that characterize hur-
ricanes and typhoons produce some of the most
destructive natural disasters on earth and thus require
monitoring.

Within this context, microwave satellite remote
sensing is a key tool for monitoring wind speed. In
the last decade, scatterometers (Hasager et al., 2015;
Vogelzang et al., 2011) including the Quick
Scatterometer (QuikSCAT), National Aeronautics
and Space Administration (NASA)-scatterometer
(NSCAT), Advanced Scatterometer (ASCAT), and
Chinese Haiyang-2A (HY-2) have been widely used
for global monitoring of winds. Scatterometers are
particularly useful because their swath width exceeds
500 km and their horizontal resolution can be as fine
as 12.5 km. Hence, they are a key tool for researching
large-scale interactions between the ocean and atmo-
sphere. However, scatterometer measurements also
have limitations, especially in coastal waters. Because
scatterometer operational wind products deviate from

reality 20 km off the coast, small-scale features pro-
duced by coastal dynamics are undetectable (Remmers
et al., 2019). Thus, scatterometer wind products are
not useful for oceanography research focused on near-
shore processes.

It is well known that Synthetic Aperture Radar
(SAR) is one of the most efficient instruments for
observing the sea surface at high spatial resolution
over large areas. For example, the C-band Chinese
Gaofen-3 (GF-3) SAR (5.43 GHz) has 8-m/25-m
nominal resolution spacing and 30-km/40-km
nominal swath coverage for quad-polarization
stripmap-I/II  (QPS-I/II) mode (Shao et al,
2019a) and a 10-m nominal resolution spacing
and 50-km nominal swath coverage for GF-3
SAR in wave (WV) mode (Shao et al., 2019b;

Zhu et al, 2018). In the literature, SAR-
measured  normalized radar  cross-sections
(NRCS) in the Vertical-Vertical (VV) and

Horizontal-Horizontal (HH)-polarized channels,
are directly related to the wind vector 10 m
above the sea surface (Koch & Feser, 2006;
Masuko et al., 1986).

Since Seasat-SAR launched in 1978, the metho-
dology for SAR wind retrieval has been continu-
ously improved (Chapron et al.,, 2001) by defining
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geophysical model functions (GMF), which are
empirical functions to retrieve wind speed from
SAR imagery by using a prior information about
wind direction and radar incidence angle (Zhou
et al., 2017). The C-band GMFs, originally devel-
oped for the scatterometer, are tuned with specific
C-band SAR data, such as CMOD4 (Stoffelen &
Anderson, 1997), CMOD-IFR2 (Komarov et al.,
2011; Quilfen et al, 1998), and CMOD5
(Hersbach, 2010; Hersbach et al., 2007). Tuning
C-band GMFs with SAR data has also been suc-
cessfully implemented for ERS-1/2 (Fetterer et al.,
1998), ENVISAT-ASAR (Choisnard et al., 2007;
Yang et al., 201la), RADARSAT-1/2 (Komarov
et al.,, 2011; Yang et al., 2011b), SENTINEL-1A/1B
(La et al.,, 2018; Monaldo et al.,, 2016), and GF-3
SAR (Ren et al, 2017; Shao et al, 2017; Wang
et al, 2018; T. Zhang et al., 2019). The newest
versions of the CMOD family are CMOD?7
(Stoffelen et al., 2017), which is stored as a look-
up table, and C-SARMOD2 (Lu et al., 2018).
However, since these GMFs are tuned without
using GF-3 SAR data, they result in a root-mean-
square error (RMSE) of approximately 2 m/s when
applied to GF-3 imagery (Li et al., 2018). The
coefficient of the C-SARMOD?2 algorithm depends
on the NRCS, the incidence angle, the wind speed
at 10 m, and the wind direction above the sea
surface. The goal of this work was to improve the
wind speed retrieval from specific GF-3 SAR
images by re-tuning the advanced algorithm to
compensate for the slight difference of GF-3 SAR
from other C-band SAR sensors, for example,
SENTINEL-1 and RADARSAT-2 at 5.40 GHz. In
addition, as mentioned in Li et al. (2018), the
radiometric calibration constants used for convert-
ing intensity of GF-3 image into NRCS are not well
applicable at some incidence angles, Specifically,
utilizing existing calibration constants leads to
about a large deviation with the simulations based
on CMOD5.N, yielding a greater than 2 dB root-
mean-square error (RMSE) of NRCS. One probable
cause is the indeterminacy of range pattern, signal
transmission attenuation and antenna gain on the
sea surface in the imaging process. This aspect also
necessitates the development of a GMF for this
satellite.

Although most GMFs are defined for the VV
channels, HH-polarized GMFs are employed in
a few studies (Komarov et al., 2013; Lu et al,
2018). Additionally, a polarization ratio (PR)
model (Li et al.,, 2018; Shao et al., 2014; Vachon
& Dobson, 2000; B. Zhang et al., 2011) is com-
monly employed when applying VV-polarization
GMFs to the HH channel. Finally, alternative
methods to GMF have been also developed to
retrieve wind speed from SAR imagery. In
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particular, Corcione et al. (2018) relates the azi-
muthal cut-off wavelength A, to the wind speed
and tunes a A.-based wind retrieval algorithm for
X- and C-band SAR. However, this method only
works for a fully developed sea state (Grieco et al.,
2016).

The backscattered signal of the SAR is slightly dif-
ferent from that of scatterometers; for example, they
operate at different C-band frequencies. Most existing
GMFs are developed for scatterometer measurements
and the various functions of GMFs are empirically
designed. Moreover, the PR models have to be re-
tuned for each specific frequency, e.g., C-band (B.
Zhang et al., 2011) and X-band (Shao et al., 2014),
although PR models have similar formulations. In this
study, we propose a SAR wind retrieval algorithm
based on the C-SARMOD?2 formulation using the
GF-3 SAR measurements to re-tune the
C-SARMOD?2 coeflicients. More than 10,000 open-
sea GF-3 SAR images, acquired in QPS-I/II and WV
modes and showing a clear wind-related roughness
pattern, are employed to tune the CSARMOD-GMFs
for the GF-3 cases at VV- and HH-polarization here-
after the CSARMOD-GF. Collocated winds provided
by the European Centre for Medium-Range Weather
Forecasts (ECMWF) analysis data at 0.125° resolution,
measurements from the Advanced Scatterometer
(ASCAT), and buoy observations from the National
Data Buoy Center (NDBC) of the National Oceanic
and Atmospheric Administration (NOAA) are used to
verify the applicability of the proposed GMF and to
compare the performance of CSARMOD-GF against
other state-of the-art GMFs.

The remainder of this work is organized as
follows. The collocated dataset is briefly described
in Section 2, including the VV- and HH-
polarization GF-3 SAR images and wind data
from ECMWE, ASCAT, and NOAA buoys. The
methodology for the development of the wind
retrieval algorithm is presented in Section 3. The
retrieval results and comparisons with results
from several existing algorithms are given in
Section 4. The paper is summarized and conclu-
sions are presented in Section 5.

Dataset

The GF-3 SAR images were collected during the
period from 2016 to 2019, and the product level of
the images is stored as Level-1A (L-1A), contain
both VV-polarized and HH-polarized channels
images. Using an authorized account, these images
were accessed from a shared platform provided by
the National Satellite Ocean Application Service
(NSOAS), which allows public investigators to
use GF-3 SAR data for scientific research. More
than 10,000 VV- and HH-polarization GEF-3
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Figure 1. Geographical locations of the Gaofen-3 SAR images for this study. Circles and diamonds represent the footprints of
images acquired in wave mode and quad-polarization strip- (QPS-I) mode, respectively.
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Figure 2. Example of (a) a GF-3 SAR image obtained at 21:14 UTC 29 June 2017, with (b) the corresponding European Centre for
Medium-Range Weather Forecast (ECMWF) wind map from 0 UTC 30 June 2017. ECMWF data collocated with the SAR image are
indicated by a black box.

images acquired in QPS-I/II and WV modes were  shows the footprints of available GF-3 images for
collected during the last three years. Figure 1  this study. For calculating the NRCS from VV-



and HH-polarization GF-3 SAR intensity images,
the digital number (DN) is converted into NRCS
following Sheng et al. (2018):

2
o’= DN? (M> —N[dB], (1)

Previous research confirms that SAR images
contain structured line-like patterns parallel to
the local wind direction on spatial scales of
800-3000 m (Alpers & Brummer, 1994; Gerling,
1986). These patterns are called “wind streaks”
(Koch & Feser, 2006; Zhao et al., 2016), although
this type of SAR-derived wind direction has a 180°
ambiguity. In this study, wind analysis data from
the ECMWF ERA-Interim are obtained at 0.125°
resolution to remove the 180° ambiguity of wind
direction derived from SAR imagery. Because the
GF-3 SAR images have a swath coverage of about
100 km, the sub-scenes extracted from SAR that
cover the ECMWF grids data are selected. Next,
ECMWF winds are temporally interpolated to
one-hour intervals using a cubic spline interpola-
tion (Wang et al., 2018); the time difference
between each SAR image and its corresponding
interpolated ECMWF data is less than 30 min.
Then, the procedure for wind direction retrieval
proposed in Shao et al. (2014) is adopted. The
technique requires three steps: (1) empirically
obtain the prior directions following the visible
wind streaks in a man-machine interactive man-
ner, as indicated by the red lines in Figure 2a; (2)
search the distance between ECMWE-interpolated
wind directions and the locations of prior direc-
tion is minimum, thereby taking the matched
ECMWF-interpolated wind directions as the
“true” wind directions to remove the ambiguity;
and (3) apply an Cressman interpolation method:
take the available SAR-derived wind directions as
inputs and the difference distance between sub-
scenes with known wind directions and each sub-
scene assumed to be constraint variable with an
weight of 5 km. Noted that ECMWF-interpolated
wind directions are directly used if there are no
visible winds streaks (~20% of total images). The
derived wind directions are used for tuning the
algorithms. Moreover, the inhomogeneous GF-3
SAR sub-scenes are excluded where the ratios of
image variance and squared image mean values
were smaller than 1.05 (Li et al., 2011).

In the collocated dataset, wind speeds reach values
up to 20 m/s and the incidence angle ranges from 18°
to 52°, however, the limitation of collocated dataset is
relative smaller amount at moderate winds (> 10 m/
s). The spatial difference between ECMWF and GF-3
is less than 1.5 km and the time difference is less than
0.5 h. An example of a calibrated GF-3 SAR image in
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VV-polarization and its corresponding ECMWF
wind field, which is spatially averaged over
a 13.9-km grid, is shown in Figure 2. This image
with an incidence angle ranging from 35° to 38° was
acquired at 21:14 UTC 29 June 2017 and sub-scenes
were extracted, which each have a 3 km x 3 km spatial
coverage to remove the distortion induced from
other atmospheric and marine phenomena. The
3 km x 3 km coverage contains 128 x 128 pixels
with a 25-m pixel size for QPS mode and 256 x 256
pixels with a 10-m pixel size for WV mode. In total,
we acquired more than 10,000 points for tuning the
algorithm, in which the ECWMF wind speeds are
collocated with the wind directions, the incidence
angles and the NRCSs from GF-3 images. It was
found that the ECMWF wind speeds are generally
biased low relative to those from the National
Centers for Environmental Prediction (NCEP), by
approximately —0.4 m/s. The ECMWF also under-
estimates the wind speed (Stopa & Cheung, 2014)
compared with satellite and buoy observations and
this magnitude of underestimation (about 10%)
could impact the development of the CSARMOD-
GF.

ASCAT, which is a new-generation all-weather
European active microwave scatterometer onboard
Metop-A/B, routinely provides wind speed and
direction that can be used to make a preliminary
evaluation of SAR-derived wind speeds from
Sentinel-1A images (Monaldo et al., 2016). ASCAT
operational products, including winds at 10 m above
the sea surface, have been available at 0.25° resolu-
tion from February 2007 through the present.
ASCAT winds were generated using the CMOD5.N
algorithm (Hersbach, 2010) until September 2018
and have used the new CMOD?7 algorithm
(Stoffelen et al., 2017) since then. Although the
spatial difference between buoy and GF-3 is less
than 1.5 km and the time difference is less than
1.5 h, the consistency of ASCAT and SAR-derived
wind directions, meaning that both of them are
located at the same quadrant, are ensured so as to
determine no severe variation of winds, as illustrated
in Figure 3. Moreover, more than 200 GF-3 SAR
images in 2020 collocated with the measured winds
from Haiyang-2B (HY-2B) scaterometer with
a spatial resolution of 25 km are additionally col-
lected in China Seas. Figure 3 exhibits the HY-
measured winds map at 0810 UTC on
30 October 2020, in which rectangles correspond
to a few collocated GF-3 SAR images. Noted that
the time difference between GF-3 SAR and HY-2B is
less than 0.5 h.

Besides, 73 GF-3 SAR images were available for
this study covering the locations of NDBC buoys
in U.S. coastal waters, indicating the spatial dif-
ference between buoy and GF-3 is less than
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Figure 3. The Chinese Haiyang-2B (HY-2B) wind map at 08:10 UTC on 30 October 2020, in which rectangles correspond to a few
collocated GF-3 SAR images.
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Figure 4. ASCAT wind map at 20:48 UTC 29 June 2017 overlaid by the ECMWF vectors at 18:00 UTC. The black rectangle represents
the spatial coverage of the GF-3 SAR image with an incidence angle ranging from 35° to 38° acquired at 21:14 UTC 29 June 2017.

1.5 km and the time difference is less than 0.5 h.

compare with the corresponding ASCAT data
Hence, the sub-scenes of each GF-3 SAR image  and the measurements from NDBC buoys. As an
covering the geographic locations of ASCAT pro-  example, an ASCAT wind map at 20:48 UTC
ducts and/or NDBC buoys were selected to

29 June 2017 overlaying the ECMWF wind vector



EUROPEAN JOURNAL OF REMOTE SENSING . 323

field at 18:00 UTC is shown in Figure 4, in which  angles of tuning dataset ranged from 20° to 50°
the black rectangle represents the spatial coverage  for a 5° bin.

of the SAR image. In this case, the ASCAT-

measured wind speed represented by the solid

lines is about 3 m/s within the SAR image, CSARMOD-GF

which is similar to the wind speed from . . . .
ECMWEF (about 4 m/s) represented by the dashed In thlds se;tlé).n > the ;IS}::A RMOD-hGF algi)rlthm ' Pre-
lines. Figure 5a and b present histograms for the sented an SCUseEe. gnre 6 shows the comparison
ECMWF winds up to 20 m/s and ASCAT wind between VV-polarization NRCS from the GF-3 SAR
d estimates for a 1 m/s bin used in this stud and simulated NRCS based on the GMF-CMOD5
sEee ) es Tﬁa es bias i 0.39 m/s. Simil ly’ (Hersbach et al., 2007) using the collocated ECMWF
;,meg ;mea?l ‘}f_s 18 7Y ; mhs' _lm,ziar Y winds, indicating that the RMSE is about 2.8 dB, with
igure >¢ shows the histogram for the incidence 0.67 COR (R?). This behavior was also found when
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Figure 5. (a) Histogram of collected ECMWF winds; (b) histogram of collected ASCAT winds; (c) the histogram for the incidence
angles of tuning dataset.
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Figure 6. Scatter plot comparing the VV-polarization NRCS with the simulated NRCS based on the GMF-CMOD5 using collocated

ECMWF winds.

comparing the simulated NRCS from CMOD5.N and
GF-3 SAR NRCS (Li et al., 2018), prompting the effort
to improve the wind retrieval for GF-3 SAR using
a specific GMF.

The GF-3 VV- and HH-polarization NRCS are
compared with ECMWF wind speeds in the density
plot of Figure 7a and b. For both polarizations,
there is a near-linear relationship between
ECMWEF wind speed and NRCS. The red lines,
which represent mean NRCS values for each 2 m/
s ECMWF wind speed bin at a fix incidence angle

of about 35° as well the incidence angles of 25° and
45°+2, show that the NRCS using the VV-
polarization channel is larger than the NRCS
using the HH-polarization channel, which is con-
sistent with the variations of PR (=0""/6"V) on
incidence angles, as stated in Figure 7c. Therefore,
based on C-SARMOD2 formulation, the GMF is
re-tuned to calculate wind speed from VV-
polarization and HH-polarization GF-3 SAR
images. It is worth noting that the sea surface will
generate fewer Bragg waves at low wind speeds Uy,
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The red line represents the mean NRCS value for each 2 m/s ECMWF wind speed bin at a fix incidence angle about 35°, while error
bars represent the standard deviation of NRCS within each ECMWF bin. The black line represents the fitted results.

smaller than 2 m/s, resulting in weak sea surface
roughness. Because this kind of Bragg scattering is
non-linear at low wind speeds, the slopes of the re-
tuned algorithm change significantly at low wind
speeds (Figure 7). The detailed CSARMOD-GF
algorithm (C-SARMOD2) is presented in the
appendix of the investigation by Lu et al. (2018);
hence, we do not repeat it here. In Figure 8, NRCS
values calculated using the CSARMOD-GF are con-
trasted with the (a) VV-, and (b) HH-polarization
GF-3 NRCS measured over a tuning data set. The
COR (R*) between the calculated and observed
values is 0.83 and the RMSE is approximately
1.8 dB, which represent significant improvements
compared with the analysis results in Figure 6. For
this data set, wind speed values up to 20 m/s are
evaluated. We did not consider larger wind speed
values, because the SAR backscattered signal
encounters saturation at VV- and HH-polarization

channels at higher wind conditions (Hwang et al.,
2010), making wind retrieval using a GMF imprac-
tical. The values of all re-tuned coefficients of the
CSARMOD-GF are listed in Table 1.

Results

Figure 9 shows the calculations of NRCS using
C-SARMOD, C-SARMOD?2, and CSARMOD-GF for
varying values of wind speed Uj, and incidence angle
0 for up-wind (¢ = 0°) and cross-wind (¢ = 90°) mea-
surements. The CSARMOD-GF clearly performs dif-
terently from the C-SARMOD and C-SARMOD2. To
further study the difference between the C-SARMOD?2
and CSARMOD-GF, Figure 10 presents the bias of the
simulated NRCS using the CSARMOD-GF and
C-SARMOD? in terms of the ECMWF wind speed
for a 2 m/s bin, an incidence angle for a bin of about
3°, and an ECMWF wind direction for a 36° bin, in
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polarization by the GF-3 SAR using the tuning dataset.

which the error bars represent the standard deviations
of each bin. The variation of bias (with +1 dB)
increases at the wind speeds higher than 8 m/s
(Figure 10a) and wind direction smaller 180°
(Figure 10c), although the variation of bias decreases
at incidence angles smaller than 34° (Figure 10b) and
the variation of bias remains at 1 dB for increasing
incidence angle. In other words, the CSARMOD-GF
reduces the bias compared with C-SARMOD?2 at inci-
dence angles smaller than 34° and variation of bias has
a stable deviation at incidence angles greater than 34°.
We think the re-tuned coefficients in CSARMOD-GF

improve the larger deviation using inaccurate calibra-
tion constants at low-to-moderate incidence. The
newly released radiometric calibration information
was used in this study; however, the calibration con-
stants still necessitates the systematic improvement.
The test dataset includes approximately 700 GF-3
SAR images, collocated with ASCAT footprints, in
which the CSARMOD-GF algorithm is applied. An
example image obtained at 21:11 UTC 29 June 2017
in VV-polarization is depicted in Figure 11; wind
speeds calculated from the proposed CSARMOD-
GF algorithm (d) are contrasted with wind speeds



Table 1. Values of all coefficients in the CSARMOD-GF algorithm.
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Polarization Function Coefficient Value

wW By G —4.76111036295841
HH —4.10306388701714
wW G —6.76231077946305
HH —3.35442907420696
wW G —6.00931934263315
HH —1.37438621314482
wW G4 —3.01582440292399
HH —1.39139207216787
wW Cs 1.23293428211723
HH 1.59498337341745
wW s 1.08049862434175
HH 1.37712467976484
wW (o] —1.10470253221469
HH —1.05199843047151
wW Cg —1.03882761750926
HH —0.947911013449889
wW Co 2.18304654814066
HH 2.06980324031277
wW Cio 1.68180035932442
HH —0.289877655131426
wW i 3.44098741898235
HH 2.95301256301142
wW G2 —10.1735758314789
HH —10.5760755641724
wW G3 —7.61034123719350
HH —7.88879207585940
wW B, Cia —1.36990795795331
HH 0.396292223948731
wW Gs —2.76150089295021
HH 1.04453045932439
wW Cie —1.32438041496629
HH 0.619836688343114
wW Gy 0.382868468051990
HH —0.762400405957059
wW Cig 0.823260239879638
HH —1.53701390603189
wW Cro 0.410279129480959
HH —0.756701377652780
wW Coo —0.0299113765869897
HH 0.0672774287585950
wW G —0.0663469632439988
HH 0.132091109313581
wW (2 —0.0339243623147040
HH 0.0633225532378163
wW B, (3 0.800068480224308
HH 0.157613081677548
wW Co4 0.431413827463545
HH 0.970592781760616
wW Cos —2.24750834762309
HH —1.80328570865603
wW C6 —4.41986576373432
HH —3.57676637986650
wW Co7 —1.50586941357968
HH —1.25444542401848
wW Cg 16.0100785998030
HH 21.1125511772020
wW (o) —0.616348162438476
HH —1.70969663034346
wW C30 —11.9376357912363
HH —17.6856977086059
wW (3 15.4944706496630
HH 18.5642492542182
wW (32 12.9435336795741
HH 16.3869925561612

from other state-of-the-art methods: C-SARMOD
(a), C-SARMOD2 (b), and CMOD?7 (c). In Figure
12, comparisons of calculated wind speed are shown
using a GF-3 SAR image obtained at HH-
polarization three minutes later. Here, results using
CSARMOD-GF (d) are compared to results using
C-SARMOD (a), C-SARMOD2+ PR (b), and

CMOD7+ PR (c). Note that the advanced PR model
using the incidence angle and wind speed (B. Zhang
et al., 2011) is priory employed for converting HH-
polarization to VV-polarization NRCS when evaluat-
ing wind speeds by other GMFs, whereas no PR
model is needed when applying CSARMOD-GF to
HH-polarization SAR scenes. It is worth noting that
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the GF-3 SAR data at (29.11 °N, 131.37 °E) is nearest
to the ASCAT grid data at (29.13 °N, 131.38 °E), in
which the ASCAT-measured wind is 6.6 m/s. In
particular, there are slight discontinuities of SAR-
derived wind maps using CMOD?7 (Figures 11c and
12¢), because CMOD7 is a look-up-table method
which may cause a large gradient at a specific inci-
dence angle.

Comparisons between ASCAT winds and winds
derived from the entire dataset of VV-polarization
GF-3 SAR images are shown in Figure 13, using
wind speed bins of 1.6 m/s up to a maximum wind
speed of 12.8 m/s, in which (a), (b), (¢), and (d)
show the relationship between ASCAT winds and
winds calculated using C-SARMOD, C-SARMOD?2,
CMOD7, and CSARMOD-GF, respectively. An
approximately 2.2 m/s RMSE is obtained using
C-SARMOD, C-SARMOD2, and CMOD7, while
smaller errors (RMSE = 1.77 m/s) are obtained
using CSARMOD-GF. Validation results for HH-
polarization GF-3 SAR images are shown in Figure
14, in which Figure 14a-c, and d show the relation-
ship between ASCAT winds and winds calculated
using C-SARMOD, C-SARMOD2+ PR (B. Zhang
et al, 2011), CMOD7+ PR (B. Zhang et al., 2011),

and CSARMOD-GF, respectively. The RMSE of
wind speeds from HH-polarization images using
CSARMOD-GF (1.85 m/s) is smaller than the
RMSE wusing the other three methods
(2.07-2.23 m/s). The comparisons of 231 matchups
between HY-2B and SAR-derived winds at VV-
polarization channel are presented in Figure 15,
e.g., (a) using C-SARMOD (RMSE = 1.96 m/s),
(b) using C-SARMOD2 (RMSE = 1.88 m/s), (c)
using CMOD7 (RMSE = 2.40 m/s), and (d) using
CSARMOD-GF (RMSE = 1.71 m/s). Similarly,
Figures 16a-c, and d present the statistical results
of SAR-derived winds at HH-polarization channel
calculated using C-SARMOD, C-SARMOD2+ PR
(B. Zhang et al, 2011), CMOD7+ PR (B. Zhang
et al,, 2011), and CSARMOD-GF, respectively, in
which a 1.81 m/s RMSE is achieved using herein
algorithm.

To further evaluate the applicability of the
CSARMOD-GF algorithm, NDBC buoy data are
used to verify wind speeds calculated using
CSARMOD-GF and other retrieval algorithms.
The statistical analysis of wind speeds calculated
using the four algorithms is presented in Table 2
for VV-polarization and Table 3 for HH-
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polarization. In Figures 17 and Figures 18, retrieval
results from VV- and HH- polarization images,
respectively, are compared with observations from
NDBC buoys. The RMSE using CSARMOD-GF is
for 1.71 m/s and 1.78 m/s for VV- and HH-
polarization, respectively. These RMSE values are
substantially smaller than the RMSE values
obtained wusing other retrieval algorithms.
However, the wind speeds calculated using
CSARMOD-GF tend to be lower than buoy

observations for observed wind speeds exceeding
3 m/s. We hypothesize that this is due to the
ECMWF winds used to tune the CSARMOD-GF
algorithm, which tend to be underestimated
(Stopa & Cheung, 2014). Nevertheless, it is clear
that the re-tuned CSARMOD-GF performs better
than other state-of-the art methods when estimat-
ing wind speed using GF-3 imagery. The maximum
wind speed for validation is also less then 14 m/s
for ASCAT and 12 m/s for buoys. It is necessary to
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Figure 11. Wind speeds calculated from a VV-polarization GF-3 SAR image obtained at 21:14 UTC 29 June 2017. Wind speeds are
obtained from: (a) C-SARMOD, (b) C-SARMOD2, (c¢) CMOD7, and (d) CSARMOD-GF.

figure out that the performance of the proposed
algorithm at higher winds should be further
examined.

Conclusions

Most wind retrieval algorithm GMFs that use
C-band imagery are tuned using scatterometer-
measured NRCS acquired in VV-polarization,
which is assumed to behave somewhat differently
than SAR imagery. The validation of SAR-derived
winds from the GF-3 SAR images using the
CMOD family, e.g., CMOD5 and CMOD5N, has
been considered in recent studies (Ren et al.,
2017), which showed that CMOD calculations
are accurate to within approximately 2 m/s. As
shown in Figure 5, it was discovered that the
NRCS from GF-3 SAR exhibited a 2.8 dB

deviation from the simulated NRCS using a well-
known GMF CMODS5, a finding that prompted
the development of wind retrieval for GF-3 SAR.
Moreover, Lu et al. (2018) demonstrated improved
accuracy using C-SARMOD?2, which is directly
tuned from SENTINEL-1A/1B SAR NRCS mea-
surements and ancillary winds. The main goal of
our work was to develop a specific GMF for wind
retrieval from the GF-3 SAR images from both
VV-polarization and HH-polarization channels.
The proposed CSARMOD-GF GMF was
obtained using GF-3 SAR imagery in QPS/WV
mode and collocated with the ECMWF winds, pro-
ducing a wind speed correlation (R?) of 0.83 and an
RMSE of ~1.8 dB when the fitted results and the
ECMWF winds were compared. We also further
analyzed the NRCS bias (CSARMOD-GF simula-
tions minus C-SARMOD?2 simulations) in term of



EUROPEAN JOURNAL OF REMOTE SENSING . 331

SAR-derived Wind Speed (m/s)
0 2 4

6 8

10 12

29.35°N

29.14°N

131.45°F

131.24°E 131.45°E

(©)

= 131.24°E 131.45°F

(d)

Figure 12. Wind speeds calculated from an HH-polarization GF-3 SAR image obtained at 21:14 UTC 29 June 2017. Wind speeds are
obtained from: (a) C-SARMOD, (b) C-SARMOD2+ PR 2011, (c) CMOD7+ PR2011, and (d) CSARMOD-GF.

wind speed, incidence angle, and wind direction.
The variation of bias was found to remain at +1 dB
with varying wind speed and wind direction. The
variation of bias remained at 1 dB with increasing
incidence angle, while decreasing at incidence
angles <34°, indicating that the CSARMOD-GF
differs significantly from the C-SARMOD2 at
those conditions. This kind of behavior is likely
caused by radiometric calibration at low-to-
moderate incidence angles. The CSARMOD-GF
was validated using a dataset that included GF-3
SAR images collocated with ASCAT winds, HY-2B
winds and NOAA NDBC buoys. The validation
results confirmed that the proposed CSARMOD-
GF is able to operate on both VV- and HH-
polarization channels without any external model
for HH-polarization. The RMSE obtained using
CSARMOD-GF was approximately 1.8 m/s for

both VV- and HH-polarization, which is slightly
smaller than from other state-of-the-art algorithms,
generating a RMSE of approximately 2.0-2.4 m/s.
In the near future, this work will be extended to
other image modes at more moderate winds (>10 m/s),
such as Spotlight Mode, Standard Stripmap, Ultra Fine
Stripmap, Global Observation, and Wide ScanSAR
modes with the incidence angles ranged from 15° to
60°. Additionally, due to the inaccuracy of existing
constants used for converting intensity of GF-3 image
into NRCS resulting in the calibration uncertainty, we
will work to improve the CSARMOD-GF using a larger
tuning dataset obtained by revisiting the historical data.
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Figure 13. For the full test dataset of VV-polarization GF-3 SAR images, comparisons between ASCAT-derived wind speeds and
wind speeds calculated using (a) C-SARMOD, (b) C-SARMOD?2, (c) CMOD?7, and (d) CSARMOD-GF. ASCAT wind speed bins of 1.6 m/s

are used and the standard deviation of the calculated wind speed is shown for each bin.
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Figure 14. For the full test dataset of HH-polarization GF-3 SAR images, comparisons between ASCAT-derived wind speeds and wind
speeds calculated using (a) C-SARMOD, (b) C-SARMOD2+ PR 2011, (c) CMOD7+ PR2011, and(d) CSARMOD-GF. ASCAT wind speed bins of
1.6 m/s are used and the standard deviation of the calculated wind speed is shown for each bin.
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Figure 16. For the full test dataset of HH-polarization GF-3 SAR images, comparisons between wind speeds from HY-2B and wind speeds
calculated using (a) C-SARMOD, (b) C-SARMOD2+ PR 2011, () CMOD7+ PR2011, and(d) CSARMOD-GF. HY-2B wind speed bins of 1.8 m/s
are used and the standard deviation of the calculated wind speed is shown for each bin.
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Figure 18. Comparison between wind speeds from NDBC buoy observations and wind speeds calculated from HH-polarization GF-3

imagery using (a) C-SARMOD, (b) C-SARMOD2+ PR model2011, (c) CMOD7+ PR model2011, (d) CSARMOD-GF. NDBC wind speed bins of

1.2 m/s are used and the standard deviation of the calculated wind speed is shown for each bin.



Table 2. Statistical analysis of SAR-derived wind speeds
against buoy observations using four SAR algorithms for VV-
polarized images.

Bias  Root mean square Standard Scatter
Algorithm  (m/s) error (m/s) deviation (m/s) index (m/s)
CSARMOD 0.04 2.08 2.08 0.45
CSARMOD2 -0.21 1.86 1.85 0.46
CMOD7 0.31 2.35 233 0.57
CSARMOD-  —0.69 1.71 1.77 0.36

GF

Table 3. Statistical analysis of SAR-derived wind speeds
against buoy observations using four SAR algorithms for HH-
polarized images.

Bias  Root mean square Standard Scatter

Algorithm  (m/s) error (m/s) deviation (m/s) index (m/s)
CSARMOD  -0.20 2.06 2.05 0.45
CSARMOD2 -0.14 1.93 1.93 0.48

+ PR
CMOD7 0.19 2.28 227 0.55

+ PR
CSARMOD- -0.49 1.78 1.71 0.41

GF

nsoas.org.cn and the calibration document is available on
the server ftp://osdds-ftp.nsoas.org.cn. ECMWF wind data
were accessed via http://www.ecmwf.int. Measurements
from NOAA NDBC buoys were downloaded via http://
www.ndbc.noaa.gov and ASCAT winds were downloaded
via http://archive.eumetsat.int using an authorized account.
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