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Abstract

Synthetic Aperture Radar (SAR) is one of the favorite
sources for sea near-surface wind speed retrieval. For this
problem, wind speed is principally estimated based on the
empirical (EP) models, namely CMOD functions, which
are constructed by the observations from spaceborne
microwave scatterometers (ERS-1/2). Little studies have
mentioned the use of electromagnetic (EM) models for
wind speed estimation, probably due to their complicated
descriptions. However, it is reasonable to compare wind
speed estimates based on the two approaches, since both
of them describe the relation of radar scattering and wind
field, directly for EP models and via wave surface
roughness for EM models. Based on the comparisons,
some ideas are proposed to improve the performance of
EP and EM models.

1. Introduction

Sea near-surface wind is an important factor for the
studies of oil spill propagation, ship detection, marine
weather prediction, etc. In particular, wind speed and
wind direction are the crucial parameters for the
calculation of radar scattering from sea surface, since it
influences significantly the formation of wave surface
roughness. Among available wind sources, i.e. marine
buoy data, numeric weather prediction model, Synthetic
Aperture Radar (SAR) is a favorite one to obtain wind
parameters, since it can offer the data at a high spatial
resolution and in most meteorological conditions. For
wind speed retrieval, in spite of many proposed studies in
recent years, ie. Doppler centroid [1], azimuth
wavelength cut-off [2], the scatterometry approach [3-6]
is still one of the most widely used methods, since it can
estimate quite accurately wind speed from 2 to 25 m/s.
For this approach, radar backscattering or normalized
radar cross section (NRCS) is described as a function of
wind speed, wind direction, radar incidence angle and
radar look, namely Geophysical Model Function (GMF).
Once wind direction is determined and the geometry of
observation is known from SAR data, wind speed the 10-
m reference height can be estimated by inverting the
GMF. In C-band, one can find the GMF series, namely
CMOD functions [3-6], which are developed based on
observations from spaceborne microwave scatterometers
(ERS-1/2). Therefore, they are also called the empirical
(EP) GMF.

In constrast to EP GMF, in the electromagnetic (EM)-
based approach, the relation between radar scattering and
wind parameters via sea surface roughness is constructed
based on the physical calculations of reflection and
dispersion of radar signal on sea surface. Depending on
different approaches, the EM models of radar scattering
from sea surface can be constructed based on quasi-exact
calculations, i.e. Method of Moment [7], Forward-
Backward Method [8], or based on asymptotic method,
i.e. Composite Two-Scale Model (CTSM) [9], Small-
Slope Approximation (SSA) [10], and Resonant
Curvature Approximation (RCA) [11]. For the range of
20°-60° incidence angle of most SAR systems, the EM
models based on asymptotic method are more widely used
since their descriptions are quite simpler, and then they
can offer the results more rapidly, while the NRCS
calculated by two approaches is quite similar. Among the
EM models based on asymptotic method, the CTSM, SSA
and RCA can describe sea surface roughness with multi-
scale (large- and small-scale), while the SPM only
calculates radar scattering from small-scale roughness. In
other words, the domain of validity of the CTSM, SSA
and RCA is larger than that of the SPM in terms of wind
speed and incidence angle.

Although the EM models have not been developed for the
inverse problem to estimate near-surface wind speed, it is
reasonable to compare the EP and EM models since both
of them describe the relation of radar scattering and wind
field. Based on the comparisons of NRCS calculation and
wind speed estimation for different scenarios of
polarization and incidence angle, we can understand more
clearly the difference between EP and EM GMF, and then
some ideas can be proposed to improve their performance.

2. Electromagnetic Models

2.1 Composite Two-Scale Model (CTSM)

The CTSM [9] is constructed based on the combination of
Kirchhoff Approximation (KA) and Small Perturbation
Model (SPM) for the calculation of radar scattering from
large-scale and  small-scale  surface  roughness,
respectively. In general, the CTSM can be described as
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where 0frsy , Oga, and ospy are the normalized radar
cross section (NRCS) calculated by the CTSM, KA and
SPM, respectively; W is the probability density function
(PDF) of the surface slope of the long wave portion of the
surface; k, is the z-component of the radar wavenumber
vector k, and ky is the projection of the 3-D k vector onto
the horizontal surface.

The SPM [9], or Bragg mechanism, is constructed based
on the principle of resonance between spatial
wavenumber of ocean waves K and radar wavenumber k,
which is described as K = 2k, X sin@, where 8 is the
radar incidence angle. The general description of SPM
can be illustrated as

2
05, = 161k cos*0|a,, (0)| S(K, ®) (2),

where p and ¢ denote transmitting and receiving
polarizations (vertical V or horizontal H), a,, is the
scattering coefficients which relate to seawater
permittivity or temperature and salinity, and S(K, ®) is
the directional surface roughness spectrum.

2.2 Small-Slope Approximation (SSA)

As well as CTSM, the SSA [10] is constructed based on
the combination of KA and SPM for the calculation of
radar scattering from multi-scale surface roughness.
However, it calculates radar scattering by only one
processing, without the intervention of division between
the surface roughness structures. There are two versions
of SSA: first-order (SSA-1) and second order (SSA-2).
For scattering from ocean-like surfaces at microwave
frequencies, the difference between two versions is
relatively small. Therefore, we only present in this study
the description of SSA-1 as
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where By(k,ky) is the Bragg kernel, and p(r) is the
autocorrelation function of ocean waves.

2.3 Resonant Curvature Approximation
(RCA)

The RCA [11] has been recently developed to improve the
calculation of radar scattering in HH-pol. Its description is
very close to that of SSA, but the Bragg kernel B, is
replaced by the Kirchhoff kernel K,, and the p(r)
function is modified to g(r) by adding a kernel which is
defined as Ty = B, — K,,. The general equation of RCA is
described as
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3. Comparison with Empirical Model

3.1 CMOD Function

For the retrieval of near-surface wind speed in C-band,
one can find the CMOD functions [3-6] which have a
general form defined as

ody = A[1 + by X cos @ + b, X cos 2P]B (%),

where oy, is the vertical-polarized (VV-pol) NRCS of the
ocean surface, @ is the relative wind direction to radar
look. The coefficients A4, b;, b, are described as the
functions of wind speed at the 10 m reference height (U;)
and incidence angle 6. The exponent B is a fixed value.
Among CMOD functions, the CMODS5.N [6] is a recently
developed GMF for the correction of wind speed
estimates from 1-25 m/s, and it is chosen in this paper for
comparisons with the EM GMF. For the calculation of
horizontal-polarized (HH-pol) NRCS, a polarization ratio
(PR) [12-13] defined as in (6) is used. There are many
models to calculate PR, depending on measured data. In
this paper, we select the PR calculation proposed by Liu
etal [13].

0
PR =2 (6).
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3.2 NRCS Comparison

The NRCS calculated by the CMODS.N, CTSM, SSA,
and RCA as a function of wind speed is compared in Fig.
1. At 8 =20°, the NRCS level given by four studied GMF
is quite similar. This is noted for both VV- and HH-pol.
At 8= 30°, for VV-pol the CMODS.N and SSA give quite
similar results, while the level offered by the RCA is
slightly lower, and the NRCS given by the CTSM is
underestimated, especially for wind speed below 25 my/s.
The similar result is noted at § = 40°, but the deviation
between CMODS5.N and EM GMF is more significant.
Likewise, for HH-pol the NRCS level given by the EM
GMF is lower than that of CMODS5.N. However, the RCA
improves NRCS calculation for 6 > 30°, while the
deviation of NRCS between CMODS5.N, SSA and CTSM
is more significant.

The poor performance of CTSM and SSA in NRCS
calculation for § > 30° in HH-pol has been expected, in
spite of the change of surface roughness spectrum. The
reason is that the contribution of small-scale wave
breaking and foam to NRCS has not been considered in
the description of CTSM and SSA. Since the HH-pol
NRCS is smaller than that in VV-pol for 6 > 30°, the
contribution of wave breaking and foam is more
significant for NRCS calculation in HH-pol. This is



clearly noted in Fig. 1. At 8 = 20°, the NRCS for VV-pol
and HH-pol is very close, the CTSM, SSA and RCA offer
quite similar NRCS to the CMODS5.N. However, for 6 >
30° the deviation is larger. For the RCA, while NRCS
calculation is clearly improved for 8 < 40°, the difference
from the CMODS.N is still more 3 dB for 6 > 40°.

As shown in Fig. 1, beyond 20-25 m/s depending on
incidence angle, the NRCS given by the CMODS5.N tends
to be saturated, while that calculated by the SSA and RCA
still increases with wind speed. This evokes the idea about
the use of EM GMF to estimate high or extreme wind
speed.
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Figure 1. Comparison of NRCS calculated by the
CMODS5.N [6], CTSM [9], SSA [10], and RCA [11] for
up-wind direction (@,, = 0°) in (a) VV-pol and (b) HH-
pol. The surface roughness spectrum studied with the
CTSM, SSA, and RCA is proposed by Hwang [14]
(omnidirectional part) and McDaniel et al. [15] for the
angular spreading function.

4. Wind Speed Estimation

We present in Fig. 2 the estimated wind speed by the
CMODS5.N and RCA from a Sentinel-1 image acquired in
HH-pol and with SM (StripMap) mode (80 km swath
width). The obtained results with the CTSM and SSA are

not presented here since the NRCS calculated by them is
overestimated as shown in Fig. 1. In general, the
estimated wind speed by the CMODS5.N and RCA is very
close (2 m/s maximum difference). This has been
expected from Fig. 1b for 8 =~ 35°-40°. Wind directions
shown in Fig. 2 are extracted by the Local Gradient (LG)
method [16]. They are also used for the RCA to estimate
wind speed. In order to obtain high-resolution and
accurate wind fields at the scale of 2.5 km, the dimension
of original image with a pixel size of 10 m (or 250 pixels
for a 2.5-km wind cell) is reduced with the ratio of 1:10. It
means that a 2.5-km wind cell of the size-reduced image
contains 25 pixels.

(b)

Figure 2. Estimated wind field at the scale of 2.5 km
from a Sentinel-1 image acquired on Nov. 2, 2014 in
HH-pol and with SM mode (ID #C244). (a) Wind
direction extracted by the LG method [16] + wind speed
estimated by the CMODS.N [6]. (b) Wind speed
estimated by the RCA [11].



5. Conclusion and Perspectives

We present in this paper the application of EM models for
near-surface wind speed retrieval in C-band. In general,
despite based on different approaches, the EP and EM
models give quite similar NRCS, especially for 8 < 40°.
Likewise, the estimated wind speed by the EP GMF
(CMOD5.N) and EM GMF (SSA for VV-pol, RCA for
HH-pol) is very close. However, for 8 > 40° the NRCS
calculated by the EM models is smaller than that of the
CMODS.N. The reason is that the contribution of wave
breaking and foam to NRCS has not been taken into
account in the description of EM models. This should be
considered in the next steps to improve the performance
of the NRCS calculation of EM models. For high and
extreme wind speed (above 25 m/s), the NRCS calculated
by the CMODS.N tend to be saturated, while that given
by the EM models still increases with wind speed. This
evokes the possibility of EM models for the estimation of
extreme winds.
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