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Abstract—The normalized radar cross section (NRCS) of mi-
crowave backscattering from a rough sea surface can be described
by a composite Bragg scattering (CBS) model, which is a combi-
nation of a two-scale backscatter model and a geometric optics
model. For small local radar incidence angles that are smaller than
a given angle setting, the two-scale backscattering mechanism of the
sea surface is replaced by a geometric optics solution for specular
reflection. In this study, an optimized setting of 18 degrees for
the small incidence angle is determined by comparing the NRCSs
between 52 RADARSAT-2 (R2) synthetic aperture radar (SAR)
images and the CBS model with simultaneous sea surface wind
derived by meteorological mooring buoys located in the northern
South China Sea. By using the CBS model with the optimized
incidence angle setting of 18° and the nearly simultaneous wind
directions of the Advanced Scatterometer (ASCAT) as the input,
sea surface wind speeds are retrieved from 46 R2 SAR images
at C-band and from 2 COSMO-SkyMed (CSK) SAR images at
X-band for the application study. The average root mean square
error of the C-band R2 SAR retrieval results validated against
nearly simultaneous measurements of ASCAT is 1.5 m/s, while the
same value is 1.6 m/s for the X-band CSK SAR image. The results
also indicate that the optimized small incidence angle setting of
the CBS model found in this study is relatively reliable under sea
surface wind speed conditions less than 14.0 m/s.

Index Terms—Composite Bragg scattering (CBS) model, small
incidence angle, sea surface wind retrieval, synthetic aperture
radar (SAR).

I. INTRODUCTION

S EA surface wind speeds can be retrieved from the normal-
ized radar cross sections (NRCSs) of synthetic aperture

radar (SAR) images by using a geophysical model function
(GMF) and atmospheric wind directions. In the microwave
frequency of C-band, the GMFs of CMOD4 [1], CMOD-IFR2
[2], CMOD5 [3], CMOD5.N [4], and CMOD7 [5] for microwave
scatterometers are widely used in the retrieval of coastal winds
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and sea winds from hurricanes/typhoons in SAR images with
a high spatial resolution (e.g., [6]–[10]). At other microwave
frequencies, some GMFs are also developed for sea wind re-
trieval from SARs. XMOD, a GMF for X-band, is used for sea
wind retrieval from TerraSAR-X, TanDEM-X, SIR-C/X-SAR,
and COSMO-SkyMed (CSK) SAR data [11]–[14]. GMFs for
L-band named LMOD was also developed using Japanese Earth
Resources Satellite-1 and soil moisture active passive L-band
SAR images [15], [16]. The GMF relates the NRCS to sea sur-
face winds with the parameters of frequency, polarization, and
sensor/sea surface geometry (i.e., the azimuth, wind direction,
and incident angle of the radar wave). For wind retrieval, we
must choose a suitable established GMF for SAR frequency and
polarization, as retrieval will not be possible if the frequency
and polarization of the SAR are not the same as that of the
GMF. Specialized GMFs were developed under specified terms.
The GMFs of CMOD4, CMOD5, and CMOD5.N, for instance,
are all only applicable for VV-polarized SARs at C-band. For
HH-polarized SARs, a polarization ratio has to be applied to
convert their NRCSs to those at VV polarization [17], [18].

However, theoretical backscattering models based on electro-
magnetic wave’s backscatter theory can simulate radar backscat-
tering from oceanic surfaces at any microwave frequency and
polarization [19]–[28]. These theoretical backscattering models
can be used in the application of sea surface wind retrieval from
SAR images [18], [27].

Microwave backscattering from a rough sea surface can be
described by a composite Bragg scattering (CBS) model, which
combines a two-scale backscatter model and a geometric optics
model [24]–[27]. In the CBS model, a small local incidence
angle setting should be given to simulate the NRCS from the
sea surface. The NRCS in the local incidence angle which is
smaller than this given setting value should be calculated by
geometric optics solution for specular reflection instead of the
two-scale backscattering solution. However, this setting is not
the same in all investigations, e.g., it was 18° in [26], while it
was 10° in [27].

This study aimed to find an optimized small incidence angle
setting by comparing the NRCS of the CBS model with Canadian
RADARSAT-2 (R2) satellite SAR images. Furthermore, sea
surface wind speeds are retrieved from SAR images of both
R2 at C-band and CSK at X-band using the CBS model with the
optimized small incidence angle setting. In this article, Section II
introduces the SAR, scatterometer and buoy data, which were
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used in this study; the CBS model; the methods of finding its
optimized small incidence angle setting and the sea surface wind
speed retrieval from SAR images. Section III details the results
of the optimized small incidence angle setting, the sea surface
wind speed retrieval from the SAR images and the evaluation of
these retrievals by nearly simultaneous wind speeds of the Ad-
vanced Scatterometer (ASCAT) onboard European Metop-A/B
satellites. Section IV concludes this article.

II. DATA AND METHODOLOGY

A. Data

1) SAR Images: Spaceborne SAR images at both the C-band
(5.405 GHz) and X-band (9.6 GHz) are used in this study. The
C-band SAR images were taken by Canadian RADARSAT-2
satellite (R2), an Earth observation satellite launched on De-
cember 14, 2007. R2 carries a single sensor C-band SAR with
HH, HV, VV, and VH polarization modes and multiple scanning
modes [29]. The R2 SAR images used in this study are acquired
by ScanSAR wide-beam mode with a swath width of 500 km, a
spatial resolution of 100 m and incidences ranging from 19° to
49°.

The X-band SAR images were taken by CSK, which is
an Earth observation satellite system funded by the Italian
Ministry of Research and Ministry of Defence and conducted
by the Italian Space Agency. The CSK system includes four
identical medium-sized satellites equipped with SAR sensors at
the X-band with global coverage of the Earth. The CSK SAR
images used in this study are acquired by ScanSAR HugeRegion
mode with a swath width of 200 km and a spatial resolution of
100 m. Two CSK SAR images are used in this study for sea
surface wind speed retrieval from the X-band SAR images.

A total of 98 C-band R2 SAR images are used in this study. A
total of 52 of them are used to find the optimized small incidence
angle setting for the CBS model, and the remaining 46 are used
to retrieve coastal sea surface wind speeds. The X-band CSK
SAR images, limited by data availability, are only used for wind
speed retrieval tests. The R2 SAR images used for the optimized
small incidence angle setting determined from the CBS model
and CSK SAR images both cover the northern South China Sea
(SCS), while those used for sea surface wind speed retrieval
cover the northern SCS and the Bohai Sea of China.

2) Sea Surface Wind Data From a Space-Borne Microwave
Scatterometer and Buoys: Wind speeds and directions both from
microwave scatterometer remote sensing products and obtained
measurements from mooring buoys are used in this study to
evaluate the CBS model and the results of wind speed retrieval
from SAR.

ASCAT, the microwave scatterometer used in this study,
is a C-band (5.255 GHz) scatterometer carried onboard the
European organization for the exploitation of meteorological
satellites (EUMETSAT) Metop-A and Metop-B satellites. The
Metop-A satellite was launched on October 19, 2006. It became
fully operational in mid-May 2007 and continues to operate
today. Metop-B was launched on September 17, 2012. Both
ASCATs onboard Metop-A and Metop-B are identical instru-
ments. The main objective of ASCAT is to measure wind speeds

Fig. 1. Locations of the meteorological buoys and bathymetric contours of
the northern South China (unit of water depth: m), where the boxes shown in
the figure indicate the coverage areas of the R2 SAR images used for this CBS
model study.

and directions over global oceans. The operational wind speed
and direction products of ASCAT with a resolution of 25 km
and a swath of 500 km used in this study are provided by
the ocean satellite data exchange between EUMETSAT and
National Satellite Ocean Application Service (NSOAS), China.
The wind directions are used as the external sources of the wind
speed retrieval model, while the sea surface wind speeds are
used to validate the wind speed retrieved.

The meteorological mooring buoys used in this study are
located in the coastal areas of Maoming (buoy no. 59765)
and Shanwei (buoy no. 59506), with water depths of 50- and
20-m and offshore distances of 100- and 20-km, respectively.
Maoming and Shanwei are cities of Guangdong Province, China.
These meteorological mooring buoy data are provided by the
Guangzhou meteorological observatory, China, and their loca-
tions and bathymetric contours of the northern SCS are shown in
Fig. 1. The sea surface wind speeds and directions of the buoys
are measured at a height of 10-m above the sea surface and
reported once every 20 min. In Fig. 1, the coverage areas of the
52 SAR images used for finding the optimized small incidence
angle setting of the CBS model are also shown.

B. Methodology

1) CBS Model: Microwave backscattering from the rough
sea surface can be simulated by a CBS theoretical model, which
is a combination of the two-scale backscatter model and a
geometric optics model. The two-scale backscatter theory is
described by electromagnetic Bragg backscattering from short
ocean surface waves, which are tilted by long waves and of which
the wavelengths are comparable to the incident electromagnetic
wave [24]–[27]. The solution of the NRCS (i.e., backscattering
coefficient) for Bragg scattering is

σ0
pq = 16πk4 cos 4θ|gpq (θ)|2W (2k sin θ, ϕ) (1)

where k is the radar wavenumber, θ is the incidence angle, and
W is the wavenumber spectrum of the ocean surface. The wave
spectrum of the ocean surface, developed by [30], is used in this
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study. ϕ is the wave direction relative to the wind, 2k sin θ is the
surface wavenumber of the Bragg resonance component, and
the subscripts p and q denote polarization and can apply to V or
H. For copolarization, gpp is defined as

gHH (θ) =
εr − 1

[
cos θ +

√
εr − sin2θ

]2 (2)

gV V (θ) =
(εr − 1)

[
εr

(
1 + sin2θ

)− sin2θ
]

[
εr cos θ +

√
εr − sin2θ

]2 (3)

where εr is the relative dielectric constant of seawater [31]. For
a slightly rough patch tilted by the ocean surface, the solutions
of the NRCS are as follows [26], [27]:

σ0V V = 16πk4 cos 4θi
∣
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σ0HH = 16πk4 cos 4θi
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whereKBx = 2kα andKBy = 2kγ sin δ are the two wavenum-
ber components of the Bragg resonance waves; the x–z plane
is the plane of incidence; y is perpendicular to the x–z plane;
θi = cos −1[ cos (θ + ψ) cos δ] is the local incidence angle;
αi = sin θi; α = sin (θ + ψ); γ = cos (θ + ψ); and ψ and δ
are the angles of the tilting surface parallel and perpendicular to
the radar incidence plane, respectively. Accounting for all ocean
surfaces titled through the probability density function (PDF) of
the ocean surface slopes, the NRCS of the ocean surface is

σ0pp (θ) =

∫ ∞

−∞

∫ ∞

−cotθ

σ0pp (θi)Pθ (Zx
′, Zy′) dZxdZy (6)

Pθ (Zx
′, Zy′) = (1 + Zx tan θ)P (Zx′, Zy′) (7)

where Zx′, Zy′,Zx, and Zy are the surface slopes in the direc-
tions of x′, y′, x, and y, respectively;Zx = tanψ,Zy = tan δ,
x′ is in the wind direction, and y′ is perpendicular to the wind
direction.P (Zx′, Zy′) is the PDF of large-scale waves as viewed
at an incident angle θ in the coordinates of x′ − y′ − z, and the
relations among Zx, Zy, Zx′, and Zy′ are

Zx′ = Zx cosφ+ Zy sinφ (8)

Zy′ = Zy cosφ− Zx sinφ (9)

whereφ is the angle between x and x′. In this study, we chose the
PDF of the ocean surface made by [32], which was also chosen
by [27] and reported that
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1
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Fig. 2. Schematic sketch of the geometry of radar wave backscattering from
sea surface.
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whereC40 = 0.4,C22 = 0.1,C04 = 0.2,C21 = −0.11U10/14,
C03 = −0.42U10/14, σ2

u, and σ2
c are the upwind and cross-

wind mean square slopes of the ocean surface rough-
ness. σ2

u = 0.005 + 0.78× 10−3U12.5, σ2
c = 0.003 + 0.84×

10−3U12.5 and U10 and U12.5 are the wind speeds at elevations
of 10 and 12.5 m above sea surface, respectively. The relation
between sea surface wind speed and the wind speed at a given
elevation is [33]

Uz

U10
=

ln
(

z
0.0016

)

8.7403
. (11)

For a small local incidence angle (less than 18° in [26], while
10° in [27]), the geometric optics solution for specular reflection
is used to replace the two-scale backscattering solution of (4) or
(5). The geometric optics solution is

σ0GO (θi) =
|R (0)|2
2σ2

uσ
2
c

sec4θiexp

(−tan2θi
2σ2

u

)
(12)

where σ2
u and σ2

c are the filtered upwind and crosswind mean
square slopes of the ocean surface roughness, respectively. The
Fresnel reflection coefficient for normal incidence, which is
identical for HH and VV polarizations, is

|R (0)|2 =

∣
∣1− 2

√
εr + εr

∣
∣

∣
∣1 + 2

√
εr + εr

∣
∣ (13)

where εr is the relative dielectric constant of seawater.
The CBS model is built by combining formulas (2) to (13).

The NRCS of microwaves from the ocean surface can be cal-
culated by using this radar backscattering theoretical model by
formula (6) [i.e., the CBS model of formulas (2) to (13)] with
given radar incidence, azimuth angle, and sea surface wind speed
and direction. Sea surface wind speeds can also be reversed from
the NRCS with the given wind directions, radar incidences, and
azimuth angles by using the CBS model.

2) Comparison of the CBS Model With SAR Measurements:
As mentioned in the above section, the NRCS from the sea
surface can be calculated by the CBS model of formula (6),
while formula (4) or (5) should be replaced by (12) when the
local incidence angle of the radar wave is less than a threshold
value of an angle. Fig. 2 shows the schematic sketch of the
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Fig. 3. Comparison of NRCSs of SAR images with CBS model at different small incidence angle setting.

geometry of radar wave backscattering from sea surface. θ is
the incidence of radar wave; θi1, θi2, θin, and θiN are the local
incidence angles which can be calculated by (4), (5), and (12).
Then, the NRCS from sea surface by formula (6) can be rewritten
by

σ0pp(θ) =
N∑

n=1

σ0pp � Pθ(θin) (14)

σ0pp =

{
σ0pp (θin) if θin > θm

σ0GO (θin) if θin ≤ θm
(15)

where Pθ(θin) is the PDF of the sea surface slopes described
by (7); σ0pp(θin) is the backscattering coefficient described by
(4) and (5), while σ0GO(θin) is described by (12). The threshold
value of the local incidence angle θm is called the small incidence
angle setting for the CBS model.

To find the value of optimized small incidence angle setting
θm, the simultaneously obtained measurements from buoys are
collocated with R2 SAR observations. The buoy measurements
and the R2 observations are paired with a spatial separation of
less than 10 km between the centers of the R2 images and buoy
locations and a time interval of less than or equal to 30 min,
which is the same criteria as in [27]. We calculate the NRCSs
by the CBS model under the conditions of sea wind speed and
the directions of buoy measurements and radar geometry (i.e.,
incidence and azimuth angles). Then, we compared the NRCSs
of SAR images with the CBS model at different small incidence
angle settings θm, which is assumed to be a value ranging from
4° to 40° with a step of 2°.

3) Sea Surface Wind Retrieval by the CBS Model: Both the
CBS model and GMF can be used to simulate the NRCS of
radar waves from sea surfaces under given sea state and radar
geometry conditions. We can also use these CBS models and
GMFs to retrieve sea surface wind speeds from the NRCS in a
given wind direction and radar geometry.

The wind directions used for wind retrieval from SAR images
came from satellite scatterometers, in situ measurements, opera-
tional meteorological model outputs or the wind directions from
the featured SAR image [6], [8], [34]–[36]. We retrieve the sea
surface wind speed from the SAR image (both R2 SAR at C-band

and CSK SAR at X-band) using the CBS model by using the
wind directions of nearly simultaneous ASCAT measurements
as the input of the model in this study. To evaluate the results,
we retrieved the wind speed by the GMF of CMOD5.N for the
same R2 SAR images.

III. RESULTS AND ANALYSIS

A. Optimized Small Incidence Angle Setting of the CBS Model

After matching the SAR images and buoy measurements,
we obtain 52 collocated data points (i.e., 52 NRCSs of raw
SAR images and CBS model with simultaneous sea surface
wind measured by buoys) with 51 matching SAR images in
VV polarization. The 52 buoy wind speeds range from 2.5 to
14.2 m/s, with an average value of 7.1 m/s and a standard
deviation of 2.9 m/s. We calculated the mean bias, standard
deviation of the biases, and root mean square error (RMSE) of
these 52 collocated NRCSs at different small incidence angles,
and the results are shown in Fig. 3. We find that the RMSE and
standard deviation reach a minimum from 16° to 20°. To obtain
the optimized small incidence angle setting, we recalculate the
NRCSs by the CBS model at a small incidence angle setting
from 16° to 20° with a step of 1°.

As shown in Fig. 3, we can see that the RMSEs of the NRCSs
change slowly, ranging from 1.48 to 1.90 dB, and the biases
and standard deviations are also not greater than 2 dB at a small
incidence angle setting from 4° to 20°. Both the RMSE and mean
bias increase quickly with the increase in the small incidence
angle setting when they are greater than 20°, and the RMSE
is 2.38 dB at a small incidence angle of 22°. From the results
shown in Fig. 3, we can conclude that the small incidence angle
setting must be no greater than 20°, and the RMSE and mean bias
reach their smallest values at the small incidence angle setting
of 18°. This indicates that the optimized small incidence angle
setting of the CBS model is 18° for the microwave frequency
of the C-band at sea surface wind speeds ranging from 2.5 to
14.2 m/s (i.e., the wind speed range measured by buoys used
in this study). The optimized small incidence angle setting
concluded from this study is the same as that selected by [26].

Fig. 4(a) shows the scatter plot of the NRCSs of the SAR
images and the CBS model at a small incidence angle setting
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Fig. 4. Comparison of the NRCSs from SAR images and the model calcula-
tions under simultaneous sea surface wind speeds and directions measured by
buoys. (a) The CBS model at the optimized small incidence angle setting of 18°.
(b) CMOD5.N.

of 18°. The bias of these 52 collocated data is 0.42 ± 1.43 dB,
the RMSE is 1.48 dB, and the linear correlation coefficient (i.e.,
R shown in Fig. 4) is 0.97. To compare the CBS model with
the GMF of CMOD5. N, we perform the same comparison as
introduced in Section II with CMOD5.N instead of the CBS
model. For the SAR images in HH polarization, we use the
polarization ratio function to calculate the NRCS by CMOD5.N
[17]. The calculation equation and the polarization ratio function
Rp are

σ0 HH(CMOD5.N) = Rp · σ0 V V (CMOD5.N) (16)

Rp =
(
1 + 0.6tan2θ

)2
/
(
1 + 0.6tan2θ

)2
(17)

where σ0 V V (CMOD5.N) is the NRCS calculated by
CMOD5.N, and θ is the radar incidence.

A comparison of the NRCSs from the SAR images and
CMOD5.N is shown in Fig. 4(b) with a bias of 0.82 ± 1.21 dB,
RMSE of 1.45 dB, and R of 0.98.

From the comparison results shown in Fig. 4, we can see
that the NRCS calculated by the CBS model at the C-band has
almost the same accuracy as that of CMOD5.N with the same
SAR observation geometry and sea surface wind speed.

In this study, the optimized small incidence angle setting of
the CBS model is found by comparing the NRCS of R2 SAR
images with the CBS model. Its confidence level depends on
the amount of data used and the sea sate distributions. Fifty-two
collocated data with wind speeds ranging from 2.5 to 14.2 m/s
and an average value of 7.1 m/s are used in this study. There are
no data with wind speeds higher than 15 m/s. Furthermore, only
one collocation SAR image with HH polarization is used. These
results indicate that the optimized small incidence angle setting
of 18° in this study is relatively more reliable for the CBS model
at the C-band with VV polarization at low or moderate wind
speeds (no higher than 14 m/s). In high sea states, microwave
scattering from the sea surface can be significantly affected by
other scattering sources, such as rainfall, wave breaking and
white caps [37], [38], and the CBS model should be further
studied and improved.

For the sea surface wind speed ranging from 2.5 to 14.2 m/s
used in this study, the comparison of NRCSs calculated by the
theoretical CBS model with the optimized small incidence angle
and CMOD5.N at C-band with a relative wind direction is 0° and
a radar incidence of 34°, which are the average radar incidence
of R2 SAR in ScanSAR wide-beam mode, is shown in Fig. 5(a).
It is noted that this radar incidence is the angle of radar geometry,
i.e., the θ in formulas (6) and (7), which is not the same parameter
as the optimized small incidence angle setting. Fig. 5(b) is the
comparison of NRCSs calculated by the theoretical CBS model
with the optimized small incidence angle and CMOD5.N at
C-band with a radar incidence of 34° and a sea surface wind
speed of 7.1 m/s, which is the average value of the collocated
wind speeds used in this study. From Fig. 5(a) and (b), we can
see that the NRCSs calculated by CBS model at C-band with
the optimized small incidence angle found in this study are very
close to that of CMOD5.N, the maximal difference is no greater
than 1.5 dB, which is the same order of magnitude as the RMSE
shown in Fig. 4.

B. Sea Surface Wind Speed Retrieval Results From SAR
Images by the CBS Model

As mentioned in the above section, the CBS model has almost
the same accuracy as CMOD5.N in microwave backscattering
from sea surface simulation at C-band. We use the nearly simul-
taneous (less than 3 h) wind directions offered by the ASCAT
scatterometer as the input of the CBS model; then, the sea surface
wind speeds are retrieved from the NRCSs of SAR images. We
retrieved sea surface wind speed from both C- and X-band SAR
images by the CBS model with the small incidence angle setting
of 18° found in this study.

1) Results From the R2 SAR Images at the C-Band: A total
of 32 R2 SAR images used in sea surface wind speed retrieval in
this study cover the northern SCS, and the remaining 14 cover the
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Fig. 5. Comparison of the NRCSs from CBS model at the optimized small
incidence angle setting of 18° and CMOD5.N. (a) The radar incidence is 34°
and the relative wind direction is 0°. (b) The radar incidence is 34° and the sea
surface wind speed is 7.1 m/s.

Bohai Sea of China. A total of 42 images are in VV polarization,
and the remaining four are in HH polarization. The sea surface
wind speed retrieval from SAR images is validated against the
nearly simultaneous ASCAT observations. Fig. 6 shows these
two cases of sea surface wind speeds retrieved from R2 SAR
images in VV and HH polarization. In the figure, the color-coded
arrows represent the nearly simultaneous sea surface vectors of
ASCAT, and the background represents the wind speed from the
SAR image. Their indistinguishable colors indicate that there are
small differences in wind speeds between SAR and its nearly
simultaneous ASCAT. Fig. 7(a) and (b) shows the scatterplot of
the comparison of sea surface wind speeds of the all 46 SAR
images and the simultaneous ASCAT.

From Fig. 7, we can see the RMSE of all the sea surface
wind speeds from the 42 SAR images in VV polarization is
1.5 m/s, while the value is 1.7 m/s for the remaining 4 SAR
images in HH polarization. To compare the CBS model with the
GMF of CMOD5.N, we also repeat the sea wind speed retrieval
process from R2 SAR images by CMOD5.N instead of the CBS
model. The RMSE of all the sea surface wind speeds from the
42 SAR images in VV polarization by CMOD5.N is 1.2 m/s,
while the value is 1.7 m/s for the remaining 4 SAR images in
HH polarization by CMOD5.N. The accuracy evaluations of
these retrieved wind speeds are detailed in Table I. The variable
N in the table is the wind speed number for the comparison
between SAR and ASCAT in one SAR image; the detection time

Fig. 6. Sea surface wind speeds retrieved from R2 SAR images at C-band by
the CBS model. (a) VV polarization acquired at 10:37 UTC on Jan. 16, 2014.
(b) HH polarization acquired at 22:56 UTC on Dec. 18, 2014. The color-coded
arrows represent the nearly simultaneous sea surface vectors of ASCAT.

difference represents the time difference from SAR observation
time to ASCAT. The spatial resolution of the compared wind
speed retrieved from SAR is the same as ASCAT (25 km). In
general, we can retrieve sea surface wind speeds from SAR
images at a high spatial resolution (e.g., hundreds of meters).
We use the retrieval wind speed with a resolution of 25 km
in this study to match the sea surface wind vectors of ASCAT
for validation. It is noted that the wind speed numbers (N) for
comparison between SAR-derived wind speed from CMOD5.N
and CBS model and ASCAT are not the same in some cases in
Table I, this is because some abnormal data points of which the
biases are greater than three times of their standard deviation
are eliminated by pauta criterion. The number of eliminated
abnormal data points is no more than three.

From Table I, we can see that 38 of 46 (the percentage is
approximately 83%) RMSEs by the CBS model are smaller than
2.0 m/s. This indicates that most of the sea surface wind retrieval
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TABLE I
ACCURACY EVALUATION RESULTS OF THE SEA SURFACE WIND SPEED RETRIEVAL FROM R2 SAR IMAGES

results from R2 SAR images by the CBS model have a relatively
high accuracy. The average value of the 46 RMSEs of sea surface
wind speeds retrieved by the CBS model is 1.5 m/s, while the
value is 1.2 m/s for CMOD5.N. The histogram distribution of
RMSEs is shown in Fig. 8. The histogram boundaries range from
0 to 3 m/s with a step of 0.5 m/s. From Table I and Fig. 8, we
can see that the RMSEs of the CBS model and CMOD5.N have
small differences with a bias of 0.3 ± 0.4 m/s.

For RMSEs greater than 2 m/s, see the results of no. 17 and
19 in Table I. The cause may be due to the great change in wind
direction, which is the input of the CBS model and CMOD5.N.
As detailed in Table I, the acquired time differences in SAR and
ASCAT are all equal to or greater than 2.4 h, between which
the wind directions may largely change in some cases, such as
in the nearby area of tropical cyclone. The sea surface wind
speeds of ASCAT for validation range from 2.2 to 13.8 m/s.
Moreover, considering that the wind speeds of buoys used to
find the optimized small incidence angle in the above section
of this study ranged from 2.5 to 14.2 m/s, sea surface wind
speed retrieval by the CBS model with a small incidence angle

setting of 18° is relatively reliable under sea surface wind speed
conditions of no greater than 14 m/s.

2) Results From the CSK SAR Images at X-Band: Limited by
the amount of SAR data, only two CSK SAR images were used
in the sea surface wind speed retrieval test in this study. The two
SAR images at the X-band both cover the northern SCS. The
sea surface wind speeds retrieved from the CSK SAR images
by the CBS model are shown in Fig. 9. The nearly simultaneous
sea surface wind vectors of ASCAT are also shown; see the
color-coded arrows. The acquired time differences between SAR
and ASCAT for Fig. 9(a) and (b) are 2.8 and 2.5 h, respectively.

As shown in Fig. 9, most of the color-coded arrows are almost
identical with the wind speed field background from the SAR
images. This means that there are small differences between
these two wind speeds. Due to the different coverage areas of
the SAR image and ASCAT [as shown in Fig. 9(a)], we only
calculate the average wind speed in the box shown in Fig. 9(a).
The values are 6.3 and 6.6 m/s for SAR and ASCAT, respectively.
For Fig. 9(b), the RMSE of the wind speeds from the SAR image
against nearly simultaneous ASCAT vectors is 1.6 m/s. These
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Fig. 7. Scatterplot of sea surface wind speeds retrieved from R2 SAR images
at the C-band by the CBS model against nearly simultaneous ASCAT data.
(a) 42 SAR images in VV polarization. (b) Four SAR images in HH polarization.

Fig. 8. Histogram distribution of the RMSEs of sea surface wind speeds
retrieved from R2 SAR images by the CBS model and CMOD5 against nearly
simultaneous measurements of ASCAT.

Fig. 9. Sea surface wind speeds retrieved from CSK SAR images at X-band
in VV polarization by the CBS model. (a) Acquired at 10:09 UTC on April 28,
2013. (b) Acquired at 10:45 UTC on May 24, 2013. The color-coded arrows
represent the nearly simultaneous sea surface vectors of ASCAT.

results indicate that the CBS model also works well in sea surface
wind speed retrieval from X-band SAR images.

IV. CONCLUSION

The CBS model used in this study combines a two-scale
backscatter model and a geometric optics model. For the small
local incidence angle, the two-scale backscattering solution is
replaced by a geometric optics solution for specular reflection.
In this study, an optimized value of 18° of the small incidence
angle setting is determined by comparing the NRCS between
R2 SAR images and the CBS model with simultaneous sea
surface wind measurements from meteorological mooring buoys
in the northern SCS. The applications of sea surface wind speed
retrieval from SAR images at both C-band from the Canadian R2
satellite and X-band from the Italian CSK satellite show that the
CBS model with this optimized setting works well in surface
wind speed retrieval from SAR images under the condition
of low or moderate sea surface wind speeds (no higher than
14 m/s).
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From case comparisons of the CBS model with R2 SAR
images, it is believable that the optimized small incidence angle
setting of 18° of the CBS model is suitable for the microwave
frequency of the C-band with copolarization. More studies on the
optimized small incidence angle setting of the CBS model and its
application at other microwave frequencies cross polarizations
or high sea states will be considered in future investigations.
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