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Abstract—In this paper, the sea surface wind speeds are retrieved by using an analytical scattering
model, so called the analytically-based geophysical model function (GMF), from C-band Sentinel-1A
V V -polarized synthetic aperture radar (SAR) images. The analytical models accurately simulate the
rough surface scattering in the incidence angles range of SARs. The accuracy of the scattering results
of the models depends on the sea wave spectrum. In this work, the effect of the sea spectral models on
the accuracy of the sea surface wind speed retrieving is evaluated. In this regard, for omnidirectional
and directional parts of sea spectrum, the Elfouhaily/Hwang spectra and Elfouhaily/McDaniel’s models
are employed, respectively. The V V -polarized backscattered normalized radar cross-section (NRCS) is
calculated by using the first-order small-slope approximation (SSA1) with the four composite models
of the mentioned omnidirectional spectra and angular spreading functions (directional part), and the
backscattering results are compared with the empirical model CMOD6. Then, from the V V -polarized
Sentinel-1A SAR data in two resolutions, the wind speeds are estimated by the analytical and empirical
models. The comparison of analytical models with CMOD6 shows that Hwang-Elfouhaily model is the
best among the composite models. The results show that the analytical scattering models can be easily
used for the sea wind speed retrieving below 20 m/s.

1. INTRODUCTION

Synthetic aperture radars (SARs) measure the high-resolution backscattered normalized radar cross-
section (NRCS) of sea surface roughness. Sea surface roughness and its NRCS accordingly are strongly
influenced by the local winds. Consequently, SAR measurements are the resources for local wind field
retrieval above the sea surfaces. The accuracy of the wind field retrieval from SARs depends on the
modelling of backscattered signals from sea surface roughness.

For wind field estimation from scatterometer or SAR data, geophysical model functions (GMFs)
are commonly used. GMFs relate the NRCS of wind cells to local winds, satellite observation geometry,
and other marine physical parameters. The common GMFs in C-band are CMOD functions, e.g.,
CMOD5 [1], CMOD5.N [2], and CMOD6 [3] which are usually constructed empirically based on
the measurements of satellite scatterometers, weather prediction models, and buoys data. Though
the resolution of scatterometers is low (in kilometer scales), CMOD functions can be used for wind
speed retrieval from high-resolution (in meter scales) SAR data [4, 5]. Recently, GMFs, i.e., C-
SARMOD [6] and C-SARMOD2 [7] functions, have been constructed empirically based on high-
resolution measurements of C-band SARs for coastal wind retrieval.

Empirical GMFs do not have the capability to describe and interpret sea phenomena. Therefore,
the development of electromagnetic scattering models to calculate the scattering is an important
issue. The electromagnetic scattering models for simulating the rough surface scattering have been
divided into exact numerical and approximate analytical methods. The exact numerical methods, e.g.,
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method of moments (MoM) [8] and finite-difference time-domain (FDTD) [9], can be applied to the
problem of rough surface scattering. However, these methods are not efficient for electrically large
surfaces (high wind speeds). The approximate analytical methods are small perturbation method
(SPM) [10, 11], Kirchhoff approximation (KA) [10, 11], AIEM [12], two-scale model (TSM) [13], and
small-slope approximation (SSA) [14–20]. SPM and KA calculate the scattering of small and large-scale
roughness, respectively, while TSM, AIEM and SSA, so-called unified models, describe the scattering of
both types. The earlier versions of TSM combine the SPM and KA, and they are sensitive to a cutoff
parameter for separation of sea wave scales, while recent TSMs [13] employ the SSA method instead
of SPM that has no need of a cutoff parameter. The SSA method bridges between the SPM and KA
without separation of sea wave scales. The SSA method has been developed in two orders of accuracy;
first-order (SSA1) and second-order (SSA2). For the scattering from sea surfaces at C-band frequency,
the difference between the two versions is relatively small, while the computations of the SSA1 are much
faster than the SSA2.

In order to calculate the scattering from sea surfaces using analytical methods, either the sea
spectrum or autocorrelation function of surface height is required. Sea spectrum has a directional
shape, which includes an omnidirectional part and an angular spreading function (directional part).
Various functions have been proposed in the literature based on in-situ and laboratory measurements
for both parts such as the directional spectra proposed by Apel [21], Romeiser et al. [22], Elfouhaily
et al. [23], the omnidirectional spectrum proposed by Hwang et al. [24–27], and the angular spreading
function proposed by McDaniel [14]. Elfouhaily spectrum is the most common sea spectrum used for
simulating the sea surface scattering in the literature [16–19]. Hwang spectrum is the newest spectrum
for sea waves that includes swell effects on sea roughness. The accuracy of scattering models of sea
surfaces depends on the accuracy of sea spectrum. Small-scale waves or Bragg waves have a dominant
contribution to sea surface scattering in the microwave regime. Therefore, the sea spectrum should
include a wide range of wave scales and accurately represent small-scale waves.

In this paper, sea wind speeds are retrieved from Sentinel-1A SAR images by using an analytical
method, so-called the analytically-based GMF, which employs the SSA1 with various composite
spectra. First, we compare the omnidirectional part of Elfouhaily spectrum with Hwang spectrum
and Elfouhaily angular function with McDaniel function, especially in Bragg wavenumber range. Then,
the backscattering from sea surface for four compositions of the mentioned omnidirectional spectra and
angular spreading functions, Elfouhaily-Elfouhaily (E-E), Hwang-Elfouhaily (H-E), Elfouhaily-McDaniel
(E-M), and Hwang-McDaniel (H-M), is simulated by the SSA1 model and compared with empirical
CMOD6 function as a reference model. Next, by using wind directions, given by a weather prediction
model, the sea wind speeds are estimated from VV-polarized SAR images in two different resolutions
using the SSA1 model with various spectra. The results have been compared with CMOD6’s estimated
wind speeds. In these regards, the most appropriate spectra with respect to various situations, leading
to accurate retrievals, are reported.

This paper is organized as follows. in Section 2, the sea wave spectral model and formulation of
SSA1 method are described. The comparison of various sea spectra and the comparison of the analytical
scattering model with empirical CMOD6 function are given in Section 3. Wind speed estimation using
the SSA1 model and empirical model is described in Section 4. Section 5 concludes the paper.

2. MODELING OF SEA SCATTERING

2.1. Sea Spectrum

The sea surface waves are considered as a stationary random process, and they are described statistically
by a spectral model. The sea spectrum can be obtained by the inverse Fourier transform of the
autocorrelation of sea height, and it has a directional form which can be expressed as

W (k, ϕk) = W0(k) · f(k, ϕk) (1)

where W0(k) is the omnidirectional part of the spectrum, and f(k, ϕk) is its angular spreading
function. k is the wave wavenumber, and ϕk is the wave direction relative to the wind direction.
The omnidirectional part is the function of sea wind speed, while the angular spreading function is
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the function of both wind speed and wind direction. The best description for the form of the angular
spreading function is proposed by Elfouhaily et al. [23] in the following form

f(k, ϕk) = [1 + Δk cos(2ϕk)] /2π (2)

This relation can be adjusted to all other proposed spreading functions using the following ratio

Δk =
f(k, 0) − f(k, π/2)
f(k, 0) + f(k, π/2)

(3)

where 0◦ and π/2 correspond to upwind and crosswind directions, respectively. The sea wave spectrum
should include a wide range of sea waves from short capillary to long gravity waves.

2.2. Backscattering NRCS

In C-band, the backscattering NRCS of the sea surface for co-polarizations (V V or HH) can be expressed
as

σpq(θ, ϕ;u10) = σpq
0 (θ;u10) + σpq

1 (θ;u10) cos ϕ + σpq
2 (θ;u10) cos(2ϕ) (4)

where p and q denote the polarizations of scattered and incident waves, respectively. ϕ is the
angle between radar range direction and wind direction (wind relative direction), θ the incident (or
observation) angle, and u10 the wind speed at 10 meters above sea level. σ0 includes the wind speed
scale information. σ1 is related to upwind/downwind asymmetry and resolves 180◦ ambiguity in wind
direction. σ2 is related to upwind/crosswind asymmetry and determines the wind direction. For sea
surfaces with Gaussian statistics, σ1 = 0.

2.3. Small-Slope Approximation

The small-slope approximation (SSA) is an analytical model used to simulate the scattering from a
random rough surface, and in this work, the first-order SSA (SSA1) is used. For the Gaussian sea
surfaces, the backscattering coefficients of Eq. (4) in the SSA1 can be expressed as [17]

σpq
0 (θ;u10) =

2 |Bpq
1 (θ)|2
Q2
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zσ2

h

∫ ∞

0
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[
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]
rdr (5)
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0
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where Qz = q0 + qk, and −q0 and qk are the vertical projections of the incident and scattered wave
vectors, respectively. B1 is the first-order Bragg kernel and depends on the scattering geometry and
dielectric constant of the medium [17]. Jm denotes the Bessel function of the first kind and of order
n, and Im denotes the modified Bessel function of the first kind and of order m. kB = 2K0 sin θ is the
Bragg wavenumber (K0 is free space wavenumber). C0(r) is the isotropic part of the height correlation
function, and C2(r) is its anisotropic part. They are computed from the omnidirectional part of sea
spectrum W0(k) and its spreading function by following expressions

C0(r) =
∫ ∞

0
W0(ξ)J0(rξ)dξ (7)

C2(r) =
∫ ∞

0
W0(ξ)Δ(ξ)J2(rξ)dξ (8)

The integrations are performed over ξ ∈ [ξmin, ξmax] with ξmin = 0.25kp (kp called peak wavenumber [23])
and ξmax = 4K0. σ2

h = C0(0) is the height variance. The integrations over r and ξ are done in logarithmic
scales.
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3. SCATTERING SIMULATIONS

3.1. Comparison of Sea Spectra

In order to calculate the scattering from the sea surface, we use various sea spectra. The spectra
proposed by Elfouhaily et al. [23] and by Hwang et al. [24–27] are considered as omnidirectional part of
the spectrum, and the angular spreading functions proposed by Elfouhaily et al. [23] and McDaniel [14]
are considered as directional part of the spectrum.

The Elfouhaily omnidirectional spectrum and Hwang spectrum are plotted in Fig. 1 for the wind
speeds of 5, 10, 15, and 20 m/s for a fully-developed sea. The behaviours of the two spectra are
similar. Also, the wind speed effects on the spectra are similar. The Bragg waves have a dominant
contribution to the sea surface scattering. Therefore, the part of the wave spectrum corresponding
to the small-scale waves (high wavenumbers) should be attended. Sentinel-1A is a high-resolution C-
band SAR instrument and operates at 5.405 GHz and dual polarizations (V V and HV ). The SAR
images can be acquired by interferometric wide swath (IWS) mode, in which for this mode, incident
angle range is approximately 30◦–45◦. According to this range, Bragg wavenumber range is between
kB1 = 113.2 rad/m and kB2 = 160 rad/m, where these values are shown in the figure by the dashed
black line, and the curves belonging to this range are replotted larger. In this range, the curves are
close together. Also, the energy of Hwang spectrum is more than Elfouhaily spectrum, especially at

(a) (b)

(c) (d)

Figure 1. Elfouhaily omnidirectional spectrum and Hwang spectrum at u10 = (a) 5m/s, (b) 10 m/s,
(c) 15 m/s and (d) 20 m/s. Bragg wavenumbers in the C-band with incident angles 30◦ and 45◦ are
denoted.
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(a) (b)

(c) (d)

Figure 2. Δ(k) ratios related to the spreading functions proposed by Elfouhaily and by McDaniel in
terms of logarithm of wavenumber at u10 = (a) 5 m/s, (b) 10 m/s, (c) 15 m/s and (d) 20 m/s. Bragg
wavenumbers in the C-band with incident angles 30◦ and 45◦ are denoted.

high wind speeds (Figs. 1(c) and (d)).
In Fig. 2, Δ(k) ratios related to the Elfouhaily and McDaniel spreading functions are seen at

various wind speeds. The two curves have similar behaviours in the range of large-scale waves (low
wavenumbers). At high wavenumbers and in Bragg waves region, the McDaniel function yields greater
directionality than the Elfouhaily function.

3.2. Comparison of Scattering Coefficients

Scattering simulations are performed at the frequency of 5.405 GHz (C-band) with the relative dielectric
constant of εr = 67+35i [28]. The backscattering from sea surfaces is simulated by the SSA1 model with
different compositions of omnidirectional spectra and spreading functions; E-E, E-M, H-E, and H-M and
the results are compared with the curves of CMOD6 function. The CMOD6 is an empirical correction
of the CMOD5.N GMF, and its formulation is found in [2, 3]. The V V -polarized backscattering NRCSs
in terms of wind speed are plotted in Fig. 3 for wind directions of 0◦, 45◦, 90◦, and 180◦, whereas the
scattering results depend on the incident angle. The results are plotted for incident angles of 30◦ and
45◦ according to the incident angle range of Sentinel-1A SAR images in IWS mode. The wind speed
range is 2–30 m/s.

As seen in Fig. 3, the accuracies of scattering results depend on wind speed, wind direction, and
incident angle. It can be seen that backscattering NRCSs increase with wind speed, except for the
spectra with Elfouhaily spreading function at high wind speeds (Fig. 3(g)). According to Figs. 3(c)
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(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 3. Backscattering NRCS in terms of wind speed; for incident angle 30◦ and wind directions
ϕ = (a) 0◦, (b) 45◦, (c) 90◦ and (d) 180◦ for incident angle 45◦ and wind directions ϕ = (e) 0◦, (f) 45◦,
(g) 90◦ and (h) 180◦.

and (g), the curves of Elfouhaily omnidirectional spectrum do not have good behaviour in crosswind
direction. In general, the Hwang curves have more agreements with CMOD6 curves, but in downwind
direction, the Elfouhaily curves have better performance about the incident angle of 30◦, and by
increasing the incident angle the accuracy of Hwang curves is improved. According to the curves,
though at low wind speeds, a small difference between NRCS values leads to the small error in wind
speed determination, the same difference at high wind speeds can lead to a large error in wind speed
determination. Therefore, at very high wind speeds (> 20 m/s), the SSA1 model with none of the
spectra is not trustworthy for most situations.

In detail, in the upwind direction (ϕ = 0◦, the H-E curve is close to CMOD6 curve at low wind
speeds. At moderate and high wind speeds, the H-M curve is close to CMOD6 curve at the incident
angle of 30◦, and by increasing the incident angle to 45◦ the H-E curve gets close to CMOD6 curve. In
crosswind direction (ϕ = 90◦, the H-E curve is close to CMOD6 curve at the incident angle of 30◦, and
by increasing the incident angle, the H-M curve gets close to CMOD6 curve, at all wind speed range.
In downwind direction (ϕ = 180◦, for the incident angle of 30◦ the H-E and H-M curves are close to
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(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 4. Backscattering NRCS in terms of wind direction; for incident angle 30◦ and wind speeds
u10 = (a) 5 m/s, (b) 10 m/s, (c) 15 m/s and (d) 20 m/s, for incident angle 45◦ and wind speeds u10 =
(e) 5 m/s, (f) 10 m/s, (g) 15 m/s and (h) 20 m/s.

CMOD6 curve at low wind speeds, and E-E curve is close to CMOD6 curve at moderate and high wind
speeds. By increasing the incident angle, the H-E curve gets close to CMOD6 curve at most of wind
speed ranges.

The V V -polarized backscattering NRCSs in terms of wind direction are plotted in Fig. 4 for wind
speeds of 5, 10, 15, and 20 m/s and at incident angles of 30◦ and 45◦. Fig. 4 shows that all the
curves have similar behaviours with respect to wind direction variations. None of the curves match
CMOD6 curve. However, the Hwang spectrum has a better condition than Elfouhaily spectrum in most
situations. About the Elfouhaily and McDaniel spreading functions, it cannot be said that one of them
is more accurate than another. Though it seems that the fluctuations related to McDaniel function are
more similar to CMOD6 than Elfouhaily function, in composition with the omnidirectional spectra, in
some situations, the Elfouhaily function has better performance than the McDaniel function, and in
some other situations, the McDaniel function has better performance than the other one. According to
Figs. 3 and 4, the best choice for spectrum in various situations at C-band and vertical polarization is
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Table 1. Most accurate spectra for various wind speed and direction ranges and variation of incident
angle from 30◦ → 45◦.

Wind speed (m/s)
Wind direction (◦)

Sea spectrum for
θ = 30◦ → θ = 45◦

0–45 45–135 135–180
< 5 H-E H-E → H-M H-E
5–10 H-E E-M H-M → H-E
10–15 H-M → H-E H-E → H-M E-E
15–20 H-M → H-E H-E E-E → H-E

given in Table 1.
The real sea surface profile is a non-Gaussian stochastic process, and the backscattered signal for

upwind direction is larger than that for downwind direction. Whereas the amount of difference is low,
and its effect on the accuracy of retrieved wind speed is low, in the scattering model of this work,
the Gaussian statistics is assumed for surface roughness, which leads to up/downwind symmetry. This
simplification is acceptable at low and moderate wind speeds. By applying the nonlinear surfaces such
as choppy wave model [19] or Creamer model [20] and the resulting non-Gaussian statistics, the accuracy
of the scattering model increases. The breaking waves are the marine phenomena that can have effect
on scattering from the sea surface. In [16] it is shown that in C-band frequency, the breaking waves
have no effect on V V -polarized backscattering. Accordingly, the breaking wave effects on sea surface
scattering is not considered in this work.

4. WIND SPEED RETRIEVAL

For a better understanding of the error amount in wind estimation by the analytical model with various
spectra, we retrieve the wind speed from SAR images. We employ the scatterometry-based approach
for wind speed retrieval. In this approach, by minimizing the difference between the NRCS of SAR
image and the NRCS of theoretical or empirical models for a given wind direction, the wind speed is
retrieved. The required wind directions for this approach are provided by either the SAR image itself
or outside resources, e.g., weather prediction model.

4.1. Sentinel-1A SAR Data

Three V V -polarized NRCS images from a part of Persian Gulf acquired on February 01, 2018 from
2:38:56 to 2:39:21 UTC, February 13, 2018 from 2:38:56 to 2:39:21 UTC, and December 22, 2018 from
2:39:04 to 2:39:29 UTC are used for wind retrieval (Figs. 5(a), (b) and (c)). The radar footprint on
the Persian Gulf can be seen in Fig. 5(d). The Geo-coordinates of corners of images are (29◦4′51′′N,
51◦4′13′′E), (29◦9′36′′N, 48◦8′20′′E), (27◦4′24′′N, 50◦4′36′′E), and (28◦9′19′′N, 48◦0′40′′E). The images
are acquired by IWS mode with the incident angle range of 30–45◦. The level-1 data are selected, and
the images are acquired with the ground range detected (GRD) mechanism. The dimensions of original
images are approximately 256 km × 167 km corresponding to 25664 × 16728 pixels. The pixel sizes are
10 m and 10 m in azimuth and range directions, respectively.

4.2. Weather Data

The Icosahedral Nonhydrostatic (ICON) model is a global numerical weather prediction (NWP) model
produced by Germany weather service (DWD). We use the wind direction information given by this
model on February 01, February 13, and December 22, 2018 at 3:00 UTC with the spatial resolution
of 13 km as shown in Fig. 6. The time difference between weather model and SAR imagery is about
20 min.
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(a) (b)

(c) (d)

Figure 5. V V -polarized NRCS images (a) on 2018/02/01 from 2:38:56 to 2:39:21 UTC, (b) on
2018/02/13 from 2:38:56 to 2:39:21 UTC, (c) on 2018/12/22 from 2:38:56 to 2:39:21 UTC, (d) the
radar footprint on Persian Gulf is shown by rectangular [29].

(a) (b) (c)

Figure 6. Wind directions given by ICON model in 13 km resolution in the region of SAR imagery on
(a) 2018/02/01, (b) 2018/02/13, (c) 2018/12/22 at 3:00 UTC.

4.3. Wind Speed Retrieval

According to the spatial resolution of the weather model, the dimensions of wind vector cells (WVC) are
chosen as 13 km × 13 km. Before inversion, using the Sentinels Application Platform (SNAP) software,
the images are calibrated; the speckle noise is removed; and the mean NRCS is obtained for each WVC,
by the multi-looking method. The land zones and the pixels with no data are removed. According to
the valid region for inversion, the number of WVCs in each image is 202.

The CMOD6 is considered as a reference model, and the retrieved wind speeds by the SSA1 model
with different spectra versus the retrieved wind speeds by CMOD6 are plotted in Fig. 7. The values
of error metrics are given in the figure, including root mean square error (RMSE), mean bias (Bias),
and correlation (R). The results show good agreement between the SSA1 model with various spectra
and CMOD6. The values of RMSE and Bias are smaller than 1.5 m/s and ∼ 1m/s, respectively, and
the results of the two methods are highly correlated (R ≥ 0.89). At low wind speeds (< 5 m/s), the
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Elfouhaily spectrum, unlike the Hwang spectrum, have no agreement with CMOD6. At moderate and
high wind speeds, the accuracy of different spectra depends on wind direction and radar incidence angle.
For more details, in Fig. 8, the estimated wind speeds at the incident angles about 30◦ and 45◦ are
separated according to wind direction ranges.

Figures 8(a), (b), and (c) correspond to the incident angles about 30◦, and Figs. 8(d) and (e)

(a) (b)

(c) (d)

Figure 7. Wind speed retrieved by the SSA1 model with various spectrums versus wind speed retrieved
by CMOD6.

(a) (b) (c)
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(d) (e)

Figure 8. SAR wind speeds retrieved by SSA1 with various spectra versus CMOD6 wind speed (a)
θ = 30◦, 40◦ < ϕ < 45◦, (b) θ = 30◦, 45◦ < ϕ < 70◦, (c) θ = 30◦, 145◦ < ϕ < 170◦, (d) θ = 45◦,
0◦ < ϕ < 45◦, (e) θ = 135◦, 0◦ < ϕ < 145◦.

(a) (b) (c)

(d) (e) (f)

Figure 9. (a) ROI of NRCS image on 2018/12/22, Wind speeds retrieved from SAR image in 10m×10m
pixels by (b) CMOD6, (c) the SSA1 model and E-E spectrum, (d) the SSA1 model and E-M spectrum,
(e) the SSA1 model and H-E spectrum and (f) the SSA1 model and H-M spectrum. Color bar indicates
u10 (2–16 m/s).
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correspond to the incident angles about 45◦. In this evaluation, the wind speed range is lower than
12 m/s. In Fig. 8(a), in which wind direction is smaller than 45◦, the H-M spectrum is more accurate
than other spectra. Fig. 8(b) shows that E-E spectrum has the best performance at the wind directions
between 45◦ and 70◦. Fig. 8(c) shows better performances of the H-E and H-M spectra for lower
wind speeds and better performances of the E-E and E-M spectra for higher wind speeds at the wind
directions between 145◦ and 170◦. In Fig. 8(d), in which the wind directions are smaller than 45◦, the
E-E shows better performance for lower wind speeds, and by increasing the wind speed, four spectra
show similar performances. It is seen in Fig. 8(e) that the E-M spectrum is relatively more accurate
than others at the wind directions between 135◦ and 145◦.

Then, a part of the original image acquired on December 22, 2018, from a region of interest (ROI) is
considered for high-resolution wind speed retrieval. The dimensions of ROI are 26 km×26 km (equivalent
to four WVCs), shown in Fig. 9(a). The pixels size of the original image is 10m × 10 m; therefore, the
ROI includes 2600 × 2600 pixels. It is assumed that the wind direction in the pixels of each WVC
is constant and equal to the wind direction of that WVC. Then, the wind speeds are estimated by
inverting the CMOD6 and the SSA1 model with various spectra as seen in Figs. 9(b) to (f). The wind
direction in ROI is about 40◦, and the incident angle is about 30◦. According to the figure, the results
of the H-E and H-M spectra (Figs. 9(e) and (f)) are similar to CMOD6 results (Fig. 9(b)), and the E-E
and E-M spectra (Figs. 9(c) and (d)) overestimate the wind speeds at high winds. Whereas the wind
direction is about 45◦, the effect of the angular spreading function is low.

5. CONCLUSION

In this paper, the analytical scattering model of SSA1 is employed for the sea surface wind speed
estimating from Sentinel-1A V V -polarized SAR images. The accuracy of sea spectrum has undeniable
effects on the accuracy of the analytical scattering coefficients. Among the various spectra proposed
in the literature, we choose Elfouhaily spectrum as the most common directional spectrum and Hwang
spectrum as the newest omnidirectional spectrum to evaluate their accuracy for our sea scattering
problem. In addition to Elfouhaily spreading function, we use the McDaniel spreading function to
see the effect of directionality in the accuracy of the results. The comparisons of the Elfouhaily
omnidirectional spectrum with the Hwang spectrum show more power of Hwang spectrum at high
winds, and comparisons of the Elfouhaily spreading function with the McDaniel function show greater
directionality of McDaniel function at high wavenumbers. Then, the SSA1 simulations are performed
with the E-E, E-M, H-E, and H-M composite spectra. The comparison of the backscattering NRCSs
of sea surface simulated by the SSA1 model using four spectra with the empirical function CMOD6
shows that the various spectra have different performances in different situations depending on wind
speed, wind direction, and incident angle. From the viewpoint of the omnidirectional spectrum, Hwang
spectrum has better performance in most cases. From the viewpoint of angular function, in some
conditions, the Elfouhaily function has better performance than the McDaniel function, and in some
other conditions, better performance belongs to the McDaniel function. Among the composite spectra,
the H-E spectrum is more accurate than others in more situations. At very high wind speeds (> 20 m/s),
differences between the SSA1 model with various spectra and CMOD6 are high in most situations and
lead to a large error in wind speed estimation.

Then, the wind speeds are retrieved from SAR data by employing the scatterometry-based
approach. By using the wind directions information extracted from ICON weather prediction model,
the SSA1 models with four various spectra are inverted, and the results are compared with the wind
speeds retrieved by inverting the CMOD6. In the first case, the spatial resolution of the images is
reduced to 13 km according to the resolution of the ICON model. The results and error values show the
good accuracy of the analytical model in the estimation of the wind speeds. Detailed comparisons show
different performances of the spectra at different incident angles and different wind speeds and direction
ranges corresponding to utilized SAR images. At the second case, the wind speeds are retrieved from a
part of original high-resolution SAR images. For the case, the wind speeds retrieved by the SSA1 with
Hwang spectrum have good agreement with the CMOD6 results, and Elfouhaily spectrum overestimates
the wind speeds at high winds.

As results, the analytical model SSA1 can be used for estimating the wind speeds below 20 m/s from
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V V -polarized Sentinel-1A SAR data as well as CMOD6 function. According to the better performance
of the Hwang spectrum in most situations, this spectrum is suggested to use for wind speed retrieval.
By employing the second-order accuracy of SSA and nonlinear surfaces and by considering some marine
phenomena such as the foam effects at high wind speeds, the accuracy of wind speed retrieval is increased.
Also, other theoretical methods such as the TSM can be tested for wind speed retrieval in high accuracy.
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