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Abstract To retrieve wind field from SAR images, the development for surface wind field retrieval from SAR images based on the
improvement of new inversion model is present. Geophysical Model Functions (GMFs) have been widely applied for wind field
retrieval from SAR images. Among them CMOD4 has a good performance under low and moderate wind conditions. Although
CMODS is developed recently with a more fundamental basis, it has ambiguity of wind speed and a shape gradient of normalized
radar cross section under low wind speed condition. This study proposes a method of wind field retrieval from SAR image by com-
bining CMODS5 and CMOD4 Five VV-polarisation RADARSAT2 SAR images are implemented for validation and the retrieval re-
sults by a combination method (CMODS and CMOD4) together with CMOD4 GMF are compared with QuikSCAT wind data. The
root-mean-square error (RMSE) of wind speed is 0.75ms ' with correlation coefficient 0.84 using the combination method and the
RMSE of wind speed is 1.01 ms ™' with correlation coefficient 0.72 using CMOD4 GMF alone for those cases. The proposed method

can be applied to SAR image for avoiding the internal defect in CMODS under low wind speed condition.
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1 Introduction

In recent years, particular efforts have been made to
derive surface wind fields over the ocean from synthetic
aperture radar (SAR) images. Due to the high resolution
of SAR images, the surface wind field retrieved from
SAR images has the ability to describe the detailed struc-
ture of the atmospheric phenomena (Gerling, 1986; Al-
pers and Brummer, 1994; Stoffelen and Anderson, 1992;
Shimada and Kawamura, 2004).

Through analyzing SAR images, wind field is calcu-
lated from the inversion of the Geophysical Model Func-
tion (GMF) that indicates the relationship of the observed
normalized radar cross section (NRCS) and the corre-
sponding sea surface wind vector combined with radar
parameters. Because most common expressions of at-
mospheric phenomena occurring in the marine boundary
layer can be manifested using C-band electromagnetic
wave, CMOD models are maturely developed aimed at
C-band electromagnetic wave. At present, there are sev-
eral CMOD models developed by different researchers.
The research comparing NRCS with measured wind vec-
tors and numerical model predictions of wind vector leads
to the development of the CMOD4 model function (Stof-
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felen and Anderson, 1992, 1997a, 1997b). In parallel, an
analogous CMOD-IFR2 was developed (IFREMER, 1996).
Recently after collecting more ERS-2 SAR data and wind
field model data from European Centre for Medium-
Range Weather Forecasts (ECMWF), CMODS5 which
corrects some deficiencies of the currently widely used
CMOD4 GMF was developed (Hersbach, 2003; Hersbach
et al., 2007). However, as a wind vector has two compo-
nents: wind speed and direction, the derivation of wind
vector by inversing the GMF remains a problem.

To solve it, different types of procedures are developed,
which are divided into three categories (Type I, II, III) in
wind direction.

In procedure of type I, it is important to estimate wind
direction by a priori knowledge of the wind direction in-
formation. Wind direction can sometimes be extracted
directly from spatial patterns visible on SAR scenes (Al-
pers and Brummer, 1994), such as using two-dimensional
spectrum (Wacherman et al., 1996; Fetterer et al., 1998),
or the local gradient method (Koch, 2004). However, an-
cillary data is required to resolve the 180° ambiguity us-
ing the external wind vector such as ECMWF or Quik-
SCAT data. Once the wind direction has been estimated,
the wind speed is inverted by means of GMF. Note that
the retrieval results through this procedure are not ade-
quate enough for SAR image where there is no apparent
wind streak.

The procedure of type II is based on the statistical wind
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speed algorithm (SWRA) (Portablella et al., 2002). The
procedure combines the SAR backscatter information
with the background wind field such as that from a high
resolution limited area model. The key of this procedure
is building a cost function which has wind vector and
backscatter measurement. The retrieved wind vector is
estimated by minimizing the cost function using the
maximum likelihood method.

Procedure of type Il is based on the principle operated
by the SAR system in the azimuth channel due to the or-
bital motion of the sea water particles (Kerbaol et al.,
1998). In this procedure, the key step is the estimation of
azimuthally cut-off wavelength from the image spectrum
which is directly related to wind speed. After wind speed
is obtained, the wind direction can be retrieved directly
using an inversion procedure based on GMF such as
CMOD4 or CMODS.

In this paper, it is found that the newest GMF function,
CMODS5, has ambiguity of wind speed and shape gradient
of NRCS under low wind speed condition. A practical
method is presented using two existing CMOD models
(CMOD4, CMODS) for retrieving wind field under low
wind speed condition. In Section 2 the description of data
information involved in this paper is introduced. In Sec-
tion 3, there is an introduction that elaborates the method
proposed in this study and five VV-polarisation RADAR-
SAT2 SAR images around the coast of China are proc-
essed for wind field retrieval by combination of CMODS5
and CMOD4. In Section 4, the results of SAR-derived
surface wind fields are compared to the QuikSCAT scat-
terometer wind data. The conclusion is given in Section 5.

2 Data

We take the ECMWF with 1.5°x1.5° resolution per-
formed second reanalysis called ERA-40 covering 45
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years from 1957 to 2011 at the four synoptic times 00:00,
06:00, 12:00 and 18:00 UTC each day. The QuikSCAT
data used in this study is from Physical Oceanography
Distributed Active Archive Center and swath data on a
0.25° grid are used.

RADARSAT2 SAR is a newly C-band space-borne
synthetic aperture radar, which was launched in 2007. In
our study, all of the VV-polarisation RADARSAT2 SAR
images were taken in 2009 around Hainan Island in China.
It is nesessary to note that there are several hours differ-
ence between the five collected VV-polarisation RADAR-
SAT2 SAR images and QuikSCAT products which could
cause bigger error between inverted results and Quik-
SCAT products. The main technique parameters and ac-
quisition time of all RADARSAT2 SAR images used in
this study is shown in Table 1. A case quick-look of RA-
DARSAT2 SAR images taken on March 10th at 10:49
UTC in 2009 and the geographic location of the RA-
DARSAT2 SAR image is shown in Fig.1. Note that the
levels are annotated by water depth and the black frame
area is matched the full size of SAR image.

Table 1 The main technique parameters and acquisition
time of all RADARSAT?2 SAR images used
in this study

Sensor RADARSAT2 SAR
Wave length 5.3cm

Swath width 100 km

Incidence angle 20°-50°

Polarisation \AY

Resolution (AzimuthxRange) 25%25m

Location Hainan Island, China

2009-02-21 10:45
2009-03-03 10:53
2009-03-08 22.32
2009-03-10 10:49
2009-03.17 10:45

Data and time

19.60° P

MNormalized radar cross section (dB)

216 m
111.40°E

110.20° 110.60° 111.00°

Fig.1 A case of RADARSAT2 SAR image taken on March 10th at 10:49 UTC in 2009 and the geographic location of
the case of RADARSAT2 SAR image. (a) The case quick-look of the RADARSAT2 SAR image; (b) The geographic
location of the case of RADARSAT2 SAR image. The levels are annotated by water depth and the black frame area is

matched the full size of SAR image.
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3 Methodology
3.1 CMOD Family of Geophysical Model Function

GMF is an empirical function developed for scatter-
ometer at the beginning, and it is found that GMF is also
suitable for retrieving wind field from SAR images (Len-
her et al., 1998; Monaldo et al., 2001; Horstmann et al.,
2004; Zhang et al., 2011) such as those for ERS SAR,
RADARSAT SAR and ENVISAT ASAR. CMOD family
models are developed aiming to retrieve wind field from
C-band SAR images. The research made after several years
of development for GMF (Offiler, 1994) showed that
CMOD4 (Stoffelen and Anderson, 1992, 1997a, 1997b)
was the most appropriate GMF for ERS-1 SAR. An im-
portant step is that CMODS5 was developed (Hersbach,
2003; Hersbach et al., 2007), which was determined on
the basis of a comparison of ERS-2 scatterometer triplet
backscatter measurements with collocated ECMWEF first-
guess wind fields. During the tuning process, the formu-
lation of CMODS is rigorously redesigned and linear
higher-order wind speed corrections, which are neglected
in CMOD4, are effectively implemented. Because of that,
CMODS5 is more than an update version of its predecessor
CMOD4 or CMOD-IFR2.

The relationship of CMOD family between the wind
vector and normalized radar cross section takes the forms
of

U, p) = AU+ BU,p)cos p+ CU,p)cos 2¢]
()

where ¢ represents normalized radar cross section, U is
wind speed, ¢ represents the angle between the radar look
direction and the wind direction (¢p=0 means a wind
blowing towards the radar and =90 means the wind di-
rection crossing the radar beam), @ is the incidence angle,
A, B, and C are parameters determined by sea surface
wind conditions and y is the function of incidence angle.

3.2 Foundation of Method

CMODS has been developed for correcting some defi-
ciencies of the currently widely used CMOD4 GMF.
Linear and higher-order wind speed corrections are rig-
orously implemented during the tuning process of
CMODS. The expression formulation such as that for A4,
B, Cin Eq. (1) can be redesigned, and therefore CMOD5
is more than an update version of its predecessor, and is
much flexible in possible future corrections. It is found
that CMODS5 has a good performance of wind field re-
trieval under high wind speed condition (Quilfen et al.,
1998; Hortmann ef al., 2005; Shen ef al., 2006). However
it does not mean that CMODA4 is not suitable to wind field
retrieval. Oppositely, we found CMOD4 has a better per-
formance than CMODS5 under low wind condition.

It is shown in Figs.2a—c) that CMODS5 has ambiguity
of wind speed (black line) and a shape gradient of NRCS
from low to moderate wind speed condition. Besides that

a) Springer

difference between CMOD4 and CMODS is significant
only under low wind speed condition and pretty decreases
when wind speed increases. That is the foundation of the
method in our study.
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Fig.2 Performance of normalized radar cross section in
CMOD4 and CMODS related to wind speed and wind
direction. Upwind means wind direction is parallel to
radar look direction. Crosswind means wind direction is
perpendicular to radar look direction. (a) The incidence
angle is 20°; (b) The incidence angle is 30°; (c¢) The in-
cidence angle is 40°.
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For avoiding this phenomenon, at first step CMODS is
applied to simulate NRCS at fixed incidence angle and in
prior wind direction. Instantaneously the gradient of
NRCS is also calculated. And then it will clearly deter-
mine where the NRCS has a maximum gradient versus
wind speed in the simulation. Corresponding to the
maximum gradient, the spot is considered as the criterion
to determine whether the observed NRCS has an ambigu-
ity of wind speed. If observed NRCS is smaller than the
criterion. CMOD4 is applied to wind speed retrieval.

Oppositely, if observed NRCS is greater than the criterion.

CMODS is used for wind speed retrieval. All process can
be seen in Fig.3.

SAR image

Caculate NRCS
H Simulation ]‘—'

Gradient of NRCS

ECMWF CMOD3

Greater

Smaller

CMOD4
Wind field

Fig.3 Flowchart of SAR wind field inversion.

3.3 Pretreatment of SAR Image

In this study, two CMOD models are used for inverting
wind field. Before CMOD models are applied, it is nec-
essary to derive normalized radar cross section from SAR
images. Eq. (2) is taken for calculating normalized radar
cross section from VV-polarisation RADARSAT2 SAR
image:

2
o0 =PV Ging. 2)
DF

where ¢° the normalized radar cross section; DN is the
pixel value which can be reached from the SAR image
directly and DF is the gain parameter of each pixel ob-
tained directly from annotation file; 6 is the incidence
angle of each pixel.

In a SAR image, some atmospheric and marine phe-
nomena such as wind, ocean slicks, ocean wave, etc, are
mixed. They can affect normalized radar cross section, so
it is necessary to minimize their influences in a SAR im-
age. After calculating the normalized radar cross section
of each pixel, average of normalized radar cross section
of sub-images which are 256x256 pixels for eliminating
other atmospheric and marine information is obtained.
Finally, 40x40 sub-images of normalized radar cross sec-
tion are derived.

A RADARSAT?2 SAR image taken on March 17th at
10:45 UTC in 2009 is present as an example for retriev-

ing wind field by the method proposed in this paper.

3.4 External Wind Direction Information

Method using two-dimensional spectrum (SWDA:
SAR wind direction algorithm) is widely used for estima-
tion of wind direction. However, SWDA is difficult to be
employed for derivation of wind direction from the SAR
images where wind streak is not apparent. Because other
ocean phenomena such as ocean slicks or fronts may de-
teriorate the image, leading to the misinterpretation of
two-dimensional spectrum when searching for the spec-
trum peak related to wind streak. In our study, the SAR
images were taken under low wind speed which is weak
to produce homogenous wind streak. Therefore, in this
paper, SWDA is not applicable for extracting wind direc-
tion information since the image lack apparent wind
streak. We make use of ECMWF external wind direction
as wind direction input. Fig.4 shows that ECMWF wind
field acquired on March 17" at 12:00 UTC in 2009 which
is nearest the time of example RADARSAT?2 image. The
technique proposed by Reppucci et al. (2008) for obtain-
ing wind direction of each sub-image is used.

e Ly at

109.50° 110.50° 111.50° 112.50° E
[ — I I I A— ]
0 1 2 3 4 5 6 7 8 9

Wind speed (ms™)

Fig.4 ECMWF wind field obtained at 12:00 UTC March
17th in 2009. Black box indicts the location of RADA-
RSAT2 SAR image.

3.5 Inversion of Wind Speed

Comparison between retrieval results shows the feasi-
bility of using CMOD4 and CMODS5 under moderate
wind speed condition in practice with acceptable error. for
both of them are considered capable of wind retrieval
Although it is found that CMOD4 and CMODS are much
more similar under moderate wind speed condition than
under low wind speed condition from simulation shown
in Fig.2, CMODS5 has corrected some deficiencies of
CMOD4. In this context, CMODS rather than CMOD4 is
applied for wind speed retrieval when the observed
NRCS is greater than criterion.

a) Springer



202

SHAO et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2014 13: 198-204

After getting interpolated wind direction from ECMWF
wind field data using the technique proposed by Reppucci,
wind speed is retrieved using CMOD family models. Be-
cause of the ambiguity in CMODS, it is impossible to
invert wind speed by CMOD5 GMF alone under low
wind speed condition. The Fig.5 shows the results of an
example of RADARSAT2 SAR image which are inverted
by combined CMODS and CMOD4 and together with

19.40°F

19.00°

110.80° TI1.20°F

0o 1 2 3 4

19.40°F

19.00°

CMOD4 GMF alone. The retrieval results with RADAR-
SAT2 SAR image are compared those with QuikSCAT
wind data as shown in Fig.6, the results being acquired
for March 17th 2009 at 11:00 UTC in 2009. The retrieval
results shown in Fig.5a obtained with the combination
method are more accurate than those with by the single
CMOD4 GMF alone as shown in Fig.5b, especially in the
far range area where the wind speed is above 4ms .

=
Normalized radar cross section (dB)

110.80°

110.40° 1II|.20° E

6 7 8& 9

Wind speed (ms™)

Fig.5 Sea surface wind field derived from RADARSAT2 SAR image taken on March 17th at 10:45 UTC in 2009 by
CMODS5 and CMODA4, presented as an example. (a) Retrieval results by the combination method (CMODS and
CMODA4); (b) Retrieval results by the single CMOD4 GMF alone.
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Fig.6 QuikSCAT wind field obtained at 05:00 UTC
March 17th in 2009. Black box indicts the location of
RADARSAT?2 SAR image.

4 Analyses and Discussion

A total of 5 RADARSAT2 SAR images are imple-
mented for validation in our study. The comparison of

@ Springer

wind speed derived from the combination method and
from CMOD4 GMF alone with QuikSCAT wind speed is
shown in Fig.7. The RMSE of wind speed is 0.75ms"'
with correlation coefficient 0.84 by the combination meth-
od and the RMSE of wind speed is 1.01ms' with corre-
lation coefficient 0.72 using CMOD4 GMF alone for
those cases.

The mean deviation of wind direction is limited within
+20° and that of wind speed is limited within +2ms'
using SWDA+GMF. It is considered that the improved
method proposed in this paper can be applicable for wind
field retrieval from the SAR images where there is no
apparent wind steak under low wind speed condition. It is
noted that this method is not for developing the CMOD
family but for retrieving practical wind field only. There-
fore, the method has also the same shortcoming as in us-
ing SWDA+GMF.

5 Conclusions

In this paper an improved method was put into practice
for retrieving wind field, and the method is based on two
existing empirical geophysical model functions called
CMOD family which can be applied directly for C-band
SAR images. CMOD4 is widely used for retrieving wind
field from C-band SAR images and CMODS5 has been
developed recently by correcting some deficiencies of
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Fig.7 Scatter diagram representing the wind speed performance of the SAR inversion procedure. (a) Comparison be-
tween the combination method (CMODS5 and CMOD4) and QuikSCAT wind speed; (b) Comparison betweeen the

CMOD4 GMF alone and QuikSCAT wind speed.

CMOD4, which has a more fundamental basis. CMODS5
has wind speed ambiguity and large gradient of NRCS
under low wind speed condition. In principle, the purpose
of improved method is avoiding this internal defect of
CMODS by calculating maximum gradient of NRCS in
the simulation which is set as a criterion to determine
whether CMODS is suitable to use for wind speed re-
trieval. If observed NRCS is smaller than the criterion.
CMOD4 is applied to wind speed retrieval. If observed
NRCS is greater than the criterion. CMODS is used for
wind speed retrieval.

SWDA, which is widely used for estimation of wind
direction, is not suitable for derivation of wind direction
from SAR images where wind streak is not apparent. Be-
cause of that, 1.5°x1.5° ECMWF information is used as
input wind direction. A total of 5 RADARSAT2 SAR
images are implemented for validation. After comparing
the results using the combination method (CMODS5 and
CMOD4) to those using QuikSCAT wind speed, it is
found that RMSE is 0.75ms ' with correlation coefficient
0.84 and the RMSE of wind speed is 1.01ms ' with cor-
relation coefficient 0.72 using the CMOD4 GMF alone
for those cases. It is concluded that the improved method
can be used for wind field retrieval to avoid internal de-
fect in CMODS under low wind speed condition.
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