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Abstract

The purpose is to study the accuracy of ocean wave parameters retrieved from C-band VV-polarization Sentinel-1
Synthetic Aperture Radar (SAR) images, including both significant wave height (SWH) and mean wave period
(MWP), which are both calculated from a SAR-derived wave spectrum. The wind direction from in situ buoys is
used and then the wind speed is retrieved by using a new C-band geophysical model function (GMF) model,
denoted as C-SARMOD. Continuously, an algorithm parameterized first-guess spectra method (PFSM) is
employed to retrieve the SWH and the MWP by using the SAR-derived wind speed. Forty-five VV-polarization
Sentinel-1 SAR images are collected, which cover the in situ buoys around US coastal waters. A total of 52 sub-
scenes are selected from those images. The retrieval results are compared with the measurements from in situ
buoys. The comparison performs good for a wind retrieval, showing a 1.6 m/s standard deviation (STD) of the
wind speed, while a 0.54 m STD of the SWH and a 2.14 s STD of the MWP are exhibited with an acceptable error.
Additional 50 images taken in China’s seas were also implemented by using the algorithm PFSM, showing a 0.67
m STD of the SWH and a 2.21 s STD of the MWP compared with European Centre for Medium-range Weather
Forecasts (ECMWF) reanalysis grids wave data. The results indicate that the algorithm PFSM works for the wave
retrieval from VV-polarization Sentinel-1 SAR image through SAR-derived wind speed by using the new GMF

C-SARMOD.
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1 Introduction

A synthetic aperture radar (SAR) is an advanced instrument
to observe the sea surface over a large area with a high spatial
resolution. Satellites, which carry SAR sensors, generally operate
at C-band (ERS-1/2, Envisat-ASAR, Radarsat-1/2, Sentinel-1 and
Chinese GF-3), L-band (Seasat, Alos/Palsar-1/2), and X-band
(TerraSAR-X with its sister TanDEM-X, Cosmo-SkyMed and
Korean Kompsat-5). At present, Sentinel-1 SAR is the only free
accessible data source from the available two-channel in VV- and
VH-polarizations or HH- and HV-polarizations for world-wide
investigator. As for the sea surface wind retrieval from C-band
VV-polarization SAR data, the geophysical model functions
(GMFs) of the CMOD family model are popular, e.g., CMOD4
(Stoffelen and Anderson, 1997), CMOD-IFR2 (Quilfen et al.,
1998), CMODS5 (Hersbach et al., 2007) and CMOD5N (Hersbach,
2010) for a neutral wind. These GMFs were developed from ERS-
1/2 SAR data and collocated wind products from scatterometer
satellite or European Centre for Medium-range Weather Fore-
casts (ECMWF) reanalysis winds data. In fact, the CMOD family
functions are applied to retrieving the wind speed from the SAR
at C-band with known accuracy (Lehner et al., 1998; Monaldo et

al., 2001; Yang et al., 2011; Shao et al., 20144, b). Nevertheless, the
accuracy of wind speed retrieved from VV-polarization Sentinel-
1 SAR data by using CMODS5N has been investigated recently
(Monaldo et al., 2016) and results show a less than 1.44 m/s
standard deviation (STD) validated against wind products from
scatterometer ASCAT aboard on satellite METOP-A and -B. Inter-
estingly, another new C-band GMF for both VV- and HH-polariz-
ation, denoted as C-SARMOD, was recently proposed by Mouche
and Chapron (2015). C-SARMOD for VV-polarization was re-
fined different from previous CMOD family functions, in which
the coefficients were derived from abundant Envisat-ASAR data
and ASCAT winds. However, C-SARMOD has not yet been ap-
plied for wind field retrieval in the study proposed by Mouche
and Chapron (2015). It is necessary to figure out that these GMFs
do not work well for wind above 25 m/s due to the saturation of
the backscattering signal under such wind conditions (Fernan-
dez et al., 2006; Meissner et al., 2014; Hwang and Fois, 2015).

It is well known that tilt, hydrodynamic (Valenzuela, 1978)
and velocity bunching (Alpers et al., 1981) are modulations of sea
surface waves on SAR. In particular, velocity bunching is a non-
linear modulation caused by motion of the sea surface waves rel-
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ative to satellite flight direction. As a result of that, sea surface
waves shorter than specific length cannot be detected by the SAR
(Alpers and Bruning, 1986) in azimuth direction (parallel to satel-
lite flight direction is the azimuth direction; radar look direction
is defined as the range direction). Therefore, ocean wave para-
meter retrieval, e.g., significant wave height (SWH) and mean
wave period (MWP), is much more complicate than winds re-
trieval. A few researchers have developed theoretical-based al-
gorithms from single-polarization SAR data such as Max-Planck
Institute (MPI) (Hasselmann and Hasselmann, 1991; Hassel-
mann et al., 1996), semi-parametric retrieval algorithm (SPRA)
(Mastenbroek and de Valk, 2000), parameterized first-guess
spectra method (PFSM) (Sun and Guan, 2006; Sun and
Kawamura, 2009), and partition rescaling and shift algorithm
(PARSA) (Schulz-Stellenfleth et al., 2005) for ERS SAR complex
data. All of these algorithms need first-guess wave spectra which
is usually obtained from either numeric wave model or can be
calculated from a parameterized empirical function such as Jon-
swap model (Hasselmann and Hasselmann, 1985). Another op-
tional way is constructing empirical function for wave paramet-
ers without calculating a complex modulation transfer function
(MTF) of each modulation, e.g., CWAVE_ERS (Schulz-Stellenf-
leth et al., 2007), CWAVE_ENVI (Li et al., 2011). Besides, an em-
pirical function for SWH retrieval in hurricanes was built through
studying the relation between SWH and NRCS (Romeiser et al.,
2015). So far, CWAVEs have been validated for particular SAR
data, e.g., ERS-2 SAR and Envisat-ASAR wave mode data at fixed
angle. When CWAVEs are employed aimed to wave parameters
retrieval from Sentinel-1 SAR data, the empirical model needs be
refitted.

As for fully polarimetric SAR data, ocean wave retrieval al-
gorithms were recently developed, which are based on the wave
slope estimation between different band SAR images (Schuler et
al., 2004; He et al., 2006; Zhang et al., 2010). However, these al-
gorithms cannot be applied for Sentinel-1 SAR images, because
Sentinel-1 SAR does not operate in fully polarimetric mode.

In this study, wind speed is retrieved from VV-polarization
Sentinel-1 SAR image by using the new C-band GMF C-SAR-
MOD. Retrieval wind speed was compared to in situ buoy meas-
urements. Then, the algorithm PFSM, which has been success-
fully applied for wave retrieval from C- and X-band SAR data
(Sun and Kawamura, 2009; Shao et al., 2015), is employed to re-
trieve ocean wave parameters, including both SWH and MWP,
from VV-polarization Sentinel-1 SAR data. The retrieval results of
the SWH and the MWP were compared with ECMWEF reanalysis
grids data and in situ buoy measurements.

The remaining part of this paper is organized as follows: the
data set, including Sentinel-1 SAR data and collected wind and
wave measurements from other sources, e.g., ECMWEF reanalysis
grids data and in situ buoys, are briefly described in Section 2; C-
band GMFs are introduced and the retrieved wind speed by us-
ing the new GMF C-SARMOD is compared with buoy measure-
ments and ECMWEF reanalysis wind speed in Section 3; and Sec-
tion 4 shows the retrieval results of the SWH and the MWP by us-
ing algorithm PFSM; conclusion is summarized in Section 5.

2 Brief description of data sets

A total of 95 VV-polarization Sentinel-1 SAR images were col-
lected in our study. Among these images, 45 Sentinel-1 SAR im-
agery were acquired in StripMap mode, which covers at least one
National Data Buoy Center (NDBC) buoy location provided by
the National Oceanic and Atmospheric Administration (NOAA).
Wind and wave were measured at interval of 10 min. In total, we

have 52 matchup points acquired within 10 min. It is necessary to
figure out that the wind data from in situ buoy were measured at
5 m height above sea surface. Hence, wind speeds were conver-
ted to values at 10 m height using the logarithmically variable
wind profile,

% _ In(z/z) .
U In(zm/z)’ 1

where U, is the wind speed at height z; U, is the wind speed at
already known height z | that is measured with the in situ buoy;
and z, is the roughness length taken as a constant 0.000 152 em-
ployed in our previous study (Shao et al., 2014a, b). The wind
rose diagram is shown in Fig. 1, in which the wind speed is at low
to moderate (up to 20 m/s) and there is no indication of signal
saturation problem as encountered in the application of GMF al-
gorithms for wind retrieval. The wave rose diagram of the SWH
and histogram of the MWP are shown in Fig. 2, in which the SWH
is ranged from 0 to 4 m/s with a 38.9% scatter index (SI) and
MWP is ranged from 3 to 10 s with a 21.1% SI.
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Fig. 1. Wind rose diagram of collected winds data from in situ
buoys.

ECMWEF continuously provides global reanalysis wind and
wave grids data with a high spatial resolution daily at intervals of
six hours since 1979. In our study, additional 50 Sentinel-1 SAR
images acquired in Interferometric Wide (IW) mode were collec-
ted in China’s seas, in which the time difference between SAR
imaging and ECMWEF reanalysis data is within three hours. As an
example, the Sentinel-1 SAR image acquired 19 September 2015
at 10:16 UTC is shown in Fig. 3, in which colored arrows repres-
ent the retrieval winds by using C-SARMOD after employing the
ECMWE reanalysis wind directions at a 0.5°x0.5° grid.

3 Wind speed retrieval from VV-polarization Sentinel-1 SAR

data

In this section, the wind speeds were retrieved by using the
new C-band GMF C-SARMOD and the results were compared
with buoy measurements.

The GMF, which was designed for scatterometer, has been
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Fig. 2. Wind wave diagram of collected SWH from ir situ buoys (a) and histogram of MWP from in situ buoys (b).

shown to also work for SAR data. In general, GMF relates the sea
surface wind vector with radar backscattering NRCS, which take
the basic formula for either traditional CMOD family models,
e.g., CMOD/4 (Stoffelen and Anderson, 1997), CMOD-IFR2 (Quil-
fen et al., 1998), CMODS5 (Hersbach et al., 2007) and CMOD5N
(Hersbach, 2010) for neutral wind or the new C-SARMOD model
as follows:

°=B(1+B cosp+B ,c082¢), ®)

where ¢ is the SAR-measured NRCS; the coefficients B, B, and
B, are the functions of the sea surface wind speed U, and incid-
ence angle §; and ¢ is the wind direction relative to range direc-
tion. However, C-SARMOD was somehow designed different
from CMOD family functions about the coefficients B, B, and B,.
Moreover, the coefficients in C-SARMOD were derived without
taking into account the correction of noise equivalent ¢° (NESZ)
during Envisat-ASAR mission, which possibly distort the NRCS
under low winds and the incidence angles greater than 35°.

The quick-look image from a VV-polarization Sentinel-1 SAR
image on 31 December 2014 at 02:09 UTC around US coast water,
is shown in Fig. 4a, as the example. Here, the ECMWF wind dir-
ection at a 0.5°x0.5° grid reanalysis data was collected over the
whole image. The retrieved wind field is shown in Fig. 4b. The
area, in which the center point at (46.165°N, 124.513°W) is
nearest the location of the in situ buoy (ID: 46029) at (46.159°N,
124.414°W) corresponding to the black spot in Fig. 4a. It is found
that the wind speed observed from the in situ buoy is 9.1 m/s,
while the sea surface wind speed is 10.3 m/s with a difference of
1.2m/s.

The accurate wind directions from in situ buoys were used
here. Afterwards, the wind speed by using the new C-band GMF
C-SARMOD were compared with measurements from in situ
buoys. Figure 5 shows that wind speeds from all in situ buoy
measurements versus SAR-derived wind speeds by using C-SAR-
MOD at 2.5 m/s bins ranged from 0 to 20 m/s. The error bar rep-
resents the standard deviation (STD) of bias of each bin. Com-
parison shows a 1.63 m/s root mean square error (RMSE) of wind
speed and a 1.6 m/s of STD. As presented in the study proposed
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Fig. 3. A case, acquired 19 September 2015 at 10:16 UTC in
China’s seas, showing the quick-look image overlaid retrieval
wind vectors by using C-SARMOD after employing the ECMWF
wind directions at a 0.5°x0.5° grid.

by Monaldo et al. (2016), STD of wind speed by using CMOD5N is
less than 1.44 m/s validated against scatterometer ASCAT wind
speeds. The slight larger STD of wind speed herein is supposed to
be due to different wind sources used for comparison. However,
results indicate that C-SARMOD works well for wind retrieval
from Sentinel-1 SAR data as well as CMOD5N and the wind
speed is reliable enough to be used for wave retrieval.

4 Ocean wave parameters retrieval from VV-polarization Sen-

tinel-1 SAR data

Theoretical-based algorithms MPI, SPRA and PFSM are often
used for wave parameter retrieval from SAR data. All of them are
based on the physical mechanism for the forward mapping of
wave spectra into the SAR image spectra and they need first-
guess wave spectra (Hasselmann and Hasselmann, 1991). In oth-
er words, the accuracy of a retrieval result depends on the accur-
acy of first-guess wave spectra. The simulation from numeric
wave model, such as WAM (The Wamdi Group, 1988) is used in
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Fig. 4. A case, taken at 02:09 UTC on 31 December 2014 around US coast water, showing the quick-look image and retrieval wind
vectors. a. The quick-look image and b. SAR-derived wind field. The black spot represents the location of in situ buoy (ID: 46029).
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Fig. 5. SAR-derived winds speed by using C-SARMOD versus
wind speeds from all in situ buoy at average, for 2.5 m/s of wind
speed bins between 0 and 20 m/s. Error bar represents one STD

the process of MPI. SPRA method is more flexible to apply, due to
it employs the computation calculated from parametric wave
model, such as Jonswap empirical function (Hasselmann and
Hasselmann, 1985). However, wind information from scattero-
meter satellite is used to produce the first-guess wave spectra in
algorithm SPRA, which is not usually consistent with ocean wave
on SAR in spatial and temporal scale. SAR-derived wind speed is
used in algorithm PFSM. The main advantage of algorithm PFSM
is that the SAR spectrum is separated into two partitions by using
a threshold wave number (Sun and Guan, 2006): the local wind

wave state, which represents the partition at wave number smal-
ler than threshold wave number and the rest is classified as swell
state corresponding to partition at wave number larger than
threshold wave number. Moreover, it searches for the most suit-
able parameters of sea state, e.g., wave phase velocity and
propagation direction at peak, so as to produce the best fit first-
guess wind wave spectra by using a Jonswap empirical function.

After wind speed is obtained by using C-SARMOD, we use the
algorithm PFSM to retrieve the one-dimensional wave spectra S,
in terms of wave number k from Sentinel-1 SAR data. Then ocean
wave parameters, including SWH (H,) and MWP (T, ), can be cal-
culated as follows:

Ho— 4 / Sidk | 3)
/Skdk
T, - @)

/ k*Sidk

As an example, the sub-scene of the VV-polarization Sentinel-
1 SAR image taken on 20 October 2014 at 14:08 UTC is shown in
Fig. 6a. The sub-scene covers the in situ buoy (ID: 46025) corres-
ponding to the black spot and wave measurement at 14:00 UTC
from the in situ buoy. The two-dimensional SAR spectra of sub-
scene is shown in Fig. 6b and the retrieved one-dimensional
wave spectra is shown in Fig. 6¢c. The SAR-derived SWH is 1.32 m
and MWP is 4.9 s, while the SWH is 1.21 m and MWP is 6.1 s from
the in situ buoy.

It is necessary to figure out that only the sub-scenes of the
Sentinel-1 SAR image were selected for the validation in our
study, in which good-quality power spectrum of NRCS can be ob-
tained, as shown in Fig. 6b. We applied algorithm PFSM for the
collected 52 sub-scenes from 45 VV-polarization Sentinel-1 SAR
images so as to study the accuracy of SAR-derived SWH and
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Fig. 6. The quick-look image and wave information extracted from the case acquired on 20 October 2014 at 14:08 UTC around US
coast water. a. The quick-look image of the sub-scene, which covers the NDBC buoy (ID: 46025); b. the two-dimensional SAR spectra,
corresponding to Fig.6a; and c. one-dimensional wave spectra retrieved by using algorithm PFSM and measured from NDBC buoy.

MWP. The retrieved results were compared to corresponding
measurements from in situ buoys. Figure 7 shows the comparis-
ons of the SWH and the MWP, in which the error bar represents
the STD of bias of each bin, for the SWH at 0.5 m bins and the MWP
at 1.5 s bins. It is shown that STD of the SWH is 0.54 m and STD of the
MWP is 2.14 s. We also applied the algorithm PFSM for addition-
al 50 Sentinel-1 SAR images in IW mode in China’s seas. The sub-
scenes in the images covering the ECMWF locations at a 0.5°x0.5°
grids were used. Retrieval results were compared to ECMWEF
reanalysis wave data, showing a 0.67 m STD of the SWH at 0.5 m
bins with a 2.21 s STD of the MWP at 1.5 s bins, as exhibited in
Fig. 8. The herein statistical result performs somehow worse than
the result shown in Fig. 7, we think it is probably caused due to
coarse temporal resolution of ECMWEF reanalysis data.

Referred to achievement of several researches for the wave re-
trieval from the SAR data, The STD of retrieved SWH with respect
to the results from a numeric WAM model or in situ buoy meas-
urements is less than 0.7 m. Therefore, we think the algorithm
PFSM can be applied for the wave retrieval from VV-polarization
Sentinel-1 SAR data, as showing a less 0.65 m STD of the retrieval
SWH validated against in situ buoys and the ECMWF reanalysis
wave data.

5 Conclusions
A tuned GMEF is often used for wind retrieval from the SAR

data. CMOD family functions were developed from the NRCS
from VV-polarization ERS-1/2, and collocated winds from scat-
terometer and the ECMWEF reanalysis wind fields. The new GMF
C-SARMOD was derived from Envisat-ASAR data in VV-polariza-
tion and it was designed different from previous CMOD family
functions. In this study, we collected a total of 52 sub scenes from
45 VV-polarization Sentinel-1 SAR images, which all cover the
NOAA buoys. The retrieval wind speeds by using the C-SARMOD
were compared with the measurements from in situ buoys. The
results show that the STD of the wind speed is 1.6 m/s.

The algorithm PFSM was employed to retrieve SWH and
MWP. As an example, the case study using the VV-polarization
Sentinel-1 SAR image acquired on 20 October 2014 is shown in
Fig. 6. In total, 52 sub-scenes from Sentinel-1 SAR images cover-
ing in situ buoys were selected to validate the algorithm PFSM. It
was found that the STD of the SWH is 0.54 m and the STD of the
MWP is 2.14 s. Moreover, additional 50 images acquired in IW
mode in China’s seas were implemented and the retrieval results
were compared to the ECMWEF reanalysis wave data, showing a
0.67 m STD of the SWH and a 2.21 s STD of the MWP.

In summary, although the results indicate the new GMF C-
SARMOD works for wind retrieval as well as CMOD5N and the al-
gorithm PFSM is suitable for wave parameter retrieval from VV-
polarization Sentinel-1 SAR image, the bias existing in algorithm
PESM can be further investigated through collecting more Sen-
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tinel-1 images matchup with moored measurements in the fu-
ture. As for wind retrieval from HH-polarization SAR data, the
combining method, that is GMF together with polarization ratio
(PR) model, is usually used. Various PR models, involving only
incidence angle, were developed (Thompson et al., 1998; Vachon
and Dobson, 2000; Horstmann et al., 2000; Wackerman et al.,
2002; Monaldo et al., 2001). Another PR model, involving both in-
cidence angle and wind direction, was proposed by Mouche et al.
(2005). These PR models have been applied for the wind retrieval
from HH-polarization Sentinel-1 SAR data. It was found that
CMOD4 plus PR model proposed by Thompson et al. (1998) is
the best combination (Monaldo et al., 2016). We plan to apply
HH-polarization C-SARMOD for wind retrieval from HH-polariz-
ation Sentinel-1 SAR data. Further, we can study the accuracy of
retrieved SWH and MWP by using algorithm PFSM from HH-po-
larization Sentinel-1 SAR image.
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