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Abstract: Global Navigation Satellite System Reflectometry (GNSS-R) is an emerging earth obser-
vation method for remote sensing of feature parameters using reflected signals from navigation
satellites, and is a purely specular bistatic forward scattering observation means with special right-
handed circular polarization incident wave. In this paper, the small-slope approximation model of
non-Gaussian sea surface is used as the basis to construct the scattering model for the observation
geometry of GNSS-R as well as the L-band characteristics, and the fully-polarization normalized
bistatic radar scattering cross section (NBRCS) are simulated by the method of polarization synthesis
to analyze the scattering characteristics under different wind speeds and directions on the ocean
surface, which highlights the variation of NBRCS with wind direction, and the scattering modeling
accuracy is improved by comparing with the data of CYGNSS. In addition, we adopt the observation
geometry deviating from purely specular geometry, discuss the scattering azimuth angle, scattering
influence, and the relative relationship between different polarizations of the scattering angle under
the non-specular geometry.

Keywords: non-Gaussian ocean surface; bistatic scattering; global navigation satellite system
reflectometry (GNSS-R); ocean wind

1. Introduction

The Global Navigation Satellite System reflectometer ( GNSS-R ) is a new type of
remote sensing means by using GNSS as a signal source and receiving its L-band signal
reflected back from the ground, which can be seen as a bistatic radar observation mode
with high temporal resolution using only deployed receivers. After years of research,
GNSS-R has gradually developed from ground- and air-based observations to satellite-
based observations, and has unique features as well as good performance in the inversion
problems of a variety of geographical parameters, e.g., ocean surface wind speed [1-5],
wind direction [6—10], ocean surface oil spill [11-13], ocean surface altimetry [14,15], sea
ice detection [16], sea ice classification [17], and sea ice altimetry and thickness [18,19]. In
recent years, several GNSS-R receiver satellites have been launched into low Earth orbit to
receive reflected signals from GNSS systems, including GPS, BeiDou, and Galileo, among
which the most symbolic are TechDemoSat-1 (TDS-1) launched by the UK in 2014 [20],
Cyclone Global Navigation Satellite System (CYGNSS) launched by NASA in 2016 [21],
and the BF-1A/B and FengYun-3E (FY3E) launched by China after 2019 [22], to provide
data to aid and advance research in this field.

However, the practical use of the GNSS-R satellites described above is mainly for
detecting wind speed at the ocean surface, with polarization in a single form. Unlike
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airborne GNSS-R, where the resolution of the data is substantially reduced due to the
higher altitude of the satellite receiver and the signal being more severely attenuated as the
transmission distance becomes longer, only the signal near the specular reflection point
has a higher quality and can be used for the detection of geographic parameters. The
application of satellite-based GNSS-R for sea surface detection is mainly in the form of
finding relevant characteristic quantities of elements such as wind speed in the vicinity of
the specular point (SP) from the Delay Doppler Maps (DDMs), particularly the sea surface
normalized bistatic radar scattering cross section (NBRCS) at the SP, which has been shown
to be more effective in retrieving wind speeds [23]. Its initial analysis was based on the
Kirchhoff approximation in the geometricoptics (KA-GO) modal, which treats the geometry
of GNSS-R as pure specular scattering in the forward direction, estimated from the reflected
waveform or DDMs [23-26]. Although it shows some robustness in retrieval algorithm of
wind speed, this estimation approach leaves it with some inescapable problems in terms of
truth value as well as accuracy [27]. In addition, since the polarization characteristics of
electromagnetic waves are influenced by factors such as the dielectric constant of the sea
surface and geometry, the study of the polarization characteristics of GNSS-R is beneficial
for its subsequent application development [28,29], such as wind direction retrieval [30,31].

To solve the above problem, Zavorotny et al. used the small slope approximation (SSA)
model to determine the range of incidence angles to which the KA-GO applies. For large
incidence angles, the NBRCS calculated by the KA-GO model has some bias, which also
affects the quality control problem of the data [32-34]. Modeled with a complex real rough
sea surface containing wind and swell waves, the DDMs generated by Clarizia et al. have
distinct features that differ from those generated by the Z-V model [24], but the distribution
of scattered power is similar to that of the UK -DMC measured results, indicating that
the KA-GO alone and the Elfouhaily wave spectrum cannot accurately describe the real
scattering characteristics of GNSS-R. Moreover, the KA-GO alone can only give the polar-
ization characteristics of large scale rough surfaces, and if full polarization characteristics
need to be considered, the scattering effects in small scale rough surfaces also needs to be
considered [31]. The full polarization NBRCS was simulated using the IEM model and the
polarization ratios of the left and right circular polarization were found to be insensitive
to the ocean wind, and also that the IEM calculations are more complex and require some
parallelization [30,35]. Ahmad et al. used the SSA-1 model to predict the full polarization
characteristics of L-band sea surface scattering in the bistatic case. The SSA model takes
into account the multiple scattering effects from wave breaking and the calculation is more
efficient compared to the IEM model, and the small slope approximation (SSA) model is
widely used in modeling electromagnetic scattering from rough sea surfaces [36]. However,
to improve the accuracy of the cross-polarization, the SSA-2 model was used to calculate
the full polarization scattering coefficient for the bistatic case, taking into account surface
Bragg scattering, and it was found that the change in wind direction had little effect on the
NBRCS for the circular polarization case and that there was still ambiguity and symmetry in
the up/down or crosswind direction, but that there was some sensitivity to wind direction
if the bistatically scattered signal is received in a non-pure specular direction [37].

All of the above are explorations of improvements in the scattering mechanism of
GNSS-R from a scattering model perspective, but the description of the rough sea surface is
also very important in this process. Most studies are based on the general Elfouhaily wave
spectrum [38], but the use of the Elfouhaily wave spectrum is limited at high wind speeds
(25-30 m/s) [27]. On this basis, the sea surface height undulation is generally regarded
as a Gaussian stochastic process, and several approximations are made to simplify the
calculation process. However, the non-linear wave-wave interactions at the sea surface
make the sea surface fluctuations appear non-sinusoidal in shape, thus deviating the sea
surface from a Gaussian distribution. The earliest study of electromagnetic scattering from
non-Gaussian rough surfaces was carried out by Beckmakn et al. who demonstrated that
the non-Gaussian distribution was more consistent with actual sea surface scenarios [39].
To understand the sea surface scattering characteristics under different wind fields, a more
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precise description of the sea surface height undulation is required. Cox, Munk et al. mea-
sured the sea surface slope distribution by aerial photography of sea surface solar flares,
proposed a non-Gaussian distribution of the sea surface slope Cox-Munk Probability Den-
sity Function (PDF), defined the skew and peak properties, and modeled the distribution
function according to the probability density distribution of the resulting measured slope,
which can be expanded on a Gram—Charlier series [40]. The directionality of its slope is
described by third-order skewness, while the kurtosis uses fourth-order kurtosis; for the
effect of higher-order corrections, one can refer to Refs. [41,42]. Nickolae et al. found that
a non-Gaussian distribution of sea surface height undulations can cause an asymmetry
in sea surface electromagnetic scattering in upwind and downwind directions [43]. For
GNSS-R applications, initially, Estel et al. proposed a new algorithm to extract the sea
surface slope PDF from the sea surface reflected GNSS signal from the KA-GO model using
airborne experimental data to detect the ocean wind from the perspective of the sea surface
slope PDF, and found that the inverse-performed PDF is non-Gaussian without presetting
the shape distribution of the PDF, which can effectively solve the 180° ambiguity problem
of wind direction detection [6]. However, due to the resolution of the spaceborne data,
most studies now focus on the NBRCS amplitude characteristics of SP and explore the scat-
tering characteristics of the scattering point in conjunction with electromagnetic scattering
models. Chen et al. modeled a non-Gaussian distributed rough surface in conjunction
with an IEM model and introduced a third-order skewness statistic in the case of backward
scattering [44]. Later, Bourlier extended the non-Gaussian correction to a fourth-order
statistic and explored the scattering properties of the higher frequency band C-band and
Ku-band in conjunction with the SSA-1 model, expanding the NRBCS to a uniform Fourier
series that better fits the actual sea surface scenario [45]. However, in the lower L-band
and in the direction of forward scattering it remains to be discussed. Combining the non-
Gaussian correction with the KA-GO model under the GNSS-R geometry, it was found
that the effect of wind direction in the purely specular geometry is still very small. This
may be constrained by the scattering model and the estimated location of the SP, and the
SSA model reflects a different performance from the KA-GO model. Furthermore, if we
want to explore the effects of wind direction, we need to look away from purely specular
points [46].

According to the above, the key issues with electromagnetic scattering modeling
applied to GNSS-R are the lack of studies of the non-Gaussian statistical characteristics
of the sea surface at longer wavelengths of L-band radiation and the omission of the
full polarization properties of the GNSS circularly polarized signals scattered off a wind-
driven ocean.

In this paper, due to the response characteristics of the non-Gaussian distribution to
the ocean wind [6], the non-Gaussian sea surface SSA model will be applied to the longer
wavelength GNSS-R L-band as well as to the forward scattering geometry [45]. We start
with a statistical description of the non-Gaussian sea surface based on the Elfouhaily wave
spectrum, based on the L-band characteristics, combined with a non-Gaussian Cox-Munk
surface slope probability density function [40]. Secondly, the GNSS-R polarization charac-
teristics under different wind fields and scattering geometries are explored in conjunction
with the SSA scattering model and the polarization synthesis method, and compared with
CYGNSS data to analyze the accuracy and validity of the true values. Finally, the sensitivity
of NBRCS to sea surface wind direction under different scattering geometries is discussed.

2. Materials and Methods
2.1. Data

The Cyclone Global Navigation Satellite System (CYGNSS) is a GNSS-R mission
launched by NASA in 2016, with eight co-orbital receiving satellites operating at an altitude
of approximately 510 km throughout the mission, one of which can simultaneously receive
the reflected point signals from four GPS subsatellites on the Earth’s surface. Its mission
is mainly to monitor the wind speed at the sea surface, and there are three levels of data
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that will be made available to the general public, which we can find in NASA’s Physical
Oceanography Distributed Active Archive Center (PO. DAAC) on https://podaac.jpl.nasa.
gov/CYGNSS (accessed on 1 June 2023) [21]. In this study, we use the level 1 V3.1 product
on 14 September 2018. Because the specular point passes through the hurricane area during
this period, it facilitates the analysis of high wind speed data [47,48].

We use level 1A data to calculate NBRCS, and then matched the NBRCS with ECMWF
data. ECMWF data provides hourly information on the ocean wind speed, wind direction,
atmosphere, etc., from 1979. It can be downloaded from Copernicus climate change service
(C83S5) climate database https://cds.climate.copernicus.eu/cdsapp#!/home (accessed on
1 June 2023). However, the spatial resolution of wind speed products is different from
CYGNSS, so it is essential to match them using temporal-spatial interpolation [3,49].

2.2. Geometry

The scattering geometry of GNSS-R is a specular forward scattering pattern, and from
the position of the transmitter and receiver, the specular points on the sea surface can
be deduced.

Figure 1 represents the scattering geometry of GNSS-R at any point on the ocean
surface. At the specular point, the scattering angle 6; is equal to the incident angle 6;, and
the same applies to the scattering and incident azimuth angles (¢s = ¢;). Define the plane
of the incident wave as the i/ — Z, we then have ¢; = ¢; = 0. 6; is in the range of [0°,90°],
and ¢; is in the range of [0°,360°].

GNSS-RTX

Figure 1. GNSS-R bistatic forward scattering geometry.

Other points around the specular point are also reflected in the DDM depending on
their delay as well as their Doppler properties, and their scattering geometry will deviate
from the purely specular geometry, and this difference becomes greater the further away
from the specular point.

2.3. Polarization Synthesis

Since the GNSS signal source is polarized in right-hand circular polarization, after
the reflection from the sea surface, the satellite-borne GNSS-R is now received in left-
hand circular polarization. Considering the practical application of GNSS-R, if accurate
phase information is to be obtained, only fully polarized reception is possible, that is, to
obtain a bistatic radar scattering cross section with dual circular polarization, and linear
(horizontal and vertical) polarization (Ulg R’ Ulg L (71% p and Ugv).
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S represents the scattering matrix, which can effectively describe the polarization
characteristics of the incident and reflected electromagnetic waves.

S — {SHH SHV]
Sva  Svv

)

The two subscripts of S indicate the polarization of the incident and scattered waves,
respectively. H and V indicates horizontal and vertical polarization, respectively.

Under the assumption of scattering reciprocity, the Sy is equal to the Sy . Thus, the
fully polarized scattering amplitude in the right-hand circularly polarized incidence mode
can be obtained based on the method of polarization synthesis [28,46,50].

1
S = —(S —1iS 2
RH \@( HH — iSHV) )
Sky = — (=iSyy + Suv) 3)
= vv + SHv
1 . .
SrL = E(SHH — Syv +iSyy +iShy) 4)
1 . .
SRR = E(SHH + Syv +iSyy — iSgy) )

where R and L indicates right- and left-handed circular polarization, respectively.
The relationship between the scattering matrix elements and the BRCS can be ex-
pressed as:

0 _
09, = <s,,qs;;q> ®)
where * is the conjugate calculation.
To simplify the calculations, the calculation of the constant coefficients is ignored here

and has no effect on the trend of the NBRCS. Thus, in combination with Equations (2)—(5),
the fully polarized NBRCS (¢rr, 0rr, orp and ory) can be described as:

1 *
ORp = 5 [‘T%H + oy — 2R (Sp - SHV)} ()
1 *
oRy = 5 [UXO/V + 0y — 2R (Syv - SHV)} (8)
O = 1 OPp + Yy + 208y — 2R(Suu - SYv — Suv - Syu) ©)
RL — * * * *
o _ L[ohn + by + 200y + 2R(Sun - Syy = Suy - Syn) 10)
R 4] —29(Syu - Sty — Sum - Sy + Svv - Siiy — Svv - Sim)

where 1t and S denote the real and imaginary parts of a complex number, respectively.

3. Scattering of Non-Gaussian Ocean Surface
3.1. Scattering Model

Under the influence of different surface winds, the roughness of the sea surface
varies. As the roughness of the sea surface increases, the coherent component of specular
scattering decreases and the incoherent component of diffuse scattering increases. The
KA-GO model cannot accurately reflect the scattering from the sea surface, while the
Small Slope Approximation (SSA) model is an approximate representation of the scattering
amplitude from a rough surface in the form of a series expansion about the slope of the
rough surface, which can describe the scattering contributions from large-, medium-, and
small-scale rough surfaces simultaneously [32,51,52].
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Bistatic small slope approximation scattering amplitudes of first order for different
polarization forms can be expressed as:

)1/2

(k) = g o) "

: /exp[—i(E ;) -7 (g + q0)2(7) | 7

with B R B R
kf:Kﬂn@h kﬁZKﬁn@h OD

g;i = Kcos6; gs = Kcos 8 (13)

where the subscripts p and g indicate the polarization of the incident and scattered waves,
respectively, which can be V and H, By, (E, k?) is a matrix of first-order coefficients with

respect to the geometric state and polarization mode of the incident and scattered waves,
as expressed in Ref. [33]. K is the incident wavenumber, g; and g, indicates the projection
of the incident and scattered waves in the vertical direction. k; and ks denotes projection on
the horizontal plane, k; and k; is its unit vector. z is the height of the sea surface fluctuation.

Substituting Equation (11) into (6), after derivation, the NBRCS for different combina-
tions of polarization (S, - S;, ¢ = 02 - q,) can be obtained as follows:

o () = 2| o () (5 5)

[ exp[=i(k—R) 7] - (explitqi +q:) (22 — z0)] a7

(14)

where (exp[i(q; + qs)(z2 — z1)]) is the ensemble average of the difference in height between
any two arbitrary points on the sea surface, which is calculated in relation to the statistical
method of random sea height.

The non-Gaussian nature of the rough sea surface is caused by non-linear wave-wave
interactions and tilt effects, giving a non-sinusoidal trend to the sea surface. It is essential
that this feature is not ignored in the calculations.

The third-order statistical moments (skewness) and the fourth-order statistical mo-
ments (peakedness) of sea surface undulations are statistics of non-sinusoidal trends.
A non-Gaussian correction to the sea surface description is therefore made by adding
peakedness and skewness factors to the Gaussian distribution. The skewness correction
theoretically distinguishes between up/downwind directions, while the peakedness correc-
tion corrects for the absolute value of the scattering cross section. Therefore, the ensemble
average in Equation (14) when considering non-Gaussian effects at the sea surface can be
expressed as [45,53]:

(expli(g; +45) (22— 20)]) ~ exp| ~(4; + ) (02 — W) |

, W (15)
: eXP{_l(‘%' +45)°Ws + (4 + qs)”‘;"}

where the first exponential term on the right-hand side of the equation represents the effect
of a sea surface height undulation satisfying a Gaussian process, and the second exponential
term represents a non-Gaussian correction process. W, is the correlation function for sea
surface height. Wj is the skewness factor. Wy, = Wy — (02 — Wz)2 is a function that
measures the deviation of the peakedness factor between non-Gaussian and Gaussian
surfaces. W is the peakedness factor. ¢ is the root mean square height of the sea surface,
which can be calculated from the wave spectrum.
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o2 = / / W(k, ¢)kdkdgp = / (16)

where (k, ¢) means the wavenumber and the angle between the direction of wave propaga-
tion and the wind direction. S(k) denotes the non-directional spectrum, representing the
isotropic part of the sea spectrum. W(k, ¢) is directional spectrum, which can be expressed
as the product of non-directional spectrum and the spreading function ®(k, ¢).

Wk, ¢) = S(k) - @(k, ) (17)

3.2. Derivation of Non-Gaussian Statistics

In this section we want to show that the statistical properties of the non-Gaussian
ocean surface are strongly dependent on the ocean wind, the incident wave number, and the
observation geometry. To provide an accurate description of the ocean surface, Elfouhaily
spectrum was chosen for modeling, which considers longer and shorter gravity waves
and parasitic capillary waves on the sea surface, respectively, and takes into account the
effect of wind zones on the waves, is widely used for modellng scattering from rough sea
surfaces, and its definition as well as its calculation can be found in Ref. [38].

Since Equation (16) is calculated by integrating the wave spectrum over the full
wave range, the mean square height obtained represents the mean square height of all
waves at the sea surface. However, during microwave scattering at the sea surface, not all
wavelengths of waves interact with the incident electromagnetic waves and thus contribute
to the energy of forward scattering. Since the GNSS signal in the L-band (f = 1.57 GHz)
will not be sensitive to rough surfaces at all scales, rough surfaces with too high a wave
number and too short a wavelength, will not contribute to the roughness measured in the
L-band and therefore the wavenumber integral has to be cut off.

In order to determine the appropriate L-band cutoff wavenumber K., a method of
calculating the cutoff wavenumber in relation to the sea surface wind speed was used,
based on the results of NBRCS fitting of aircraft experimental data to GPS signals [54].

K. = 7K—5 cosb; - (1 + LZIBO) (18)
Figure 2 shows the Elfouhaily non-directional spectrum in the wind speed range of
3-18 m/s. The two vertical lines in the figure indicate the wavenumber K, and cutoff
wavenumber K. corresponding to L-band 1.57 GHz. Thus, the integration interval of the
02 is [0, K.]. Figure 3 shows the variation of the cutoff wavenumber and the mean square
height of the sea surface with wind speed, both of which tend to increase as the wind speed
becomes higher.
Correlation function W, is expressed as a two-dimensional Fourier transform of the
wave spectrum, which in polar coordinates 7 = (rcos ¢, rsin¢) can be defined as:

oo 271
Wa(r,¢) = /0 /0 W (k, @) explikr cos(¢p — ¢)|kdkd ¢ (19)

Taking into account the various anisotropies and combining the Elfouhaily wave
spectrum, according to Ref. [45], the correlation function can be simplified and expanded as:

Wz(?’,qb) = Wy (1’) — sz(?’) COS(2¢) (20)

with
Wao(r) = [~ S(k)Jo(kr)d
(21)

sz fO ]2 k?’ ( )dk

where Wy (r) is the isotropic part and sz(r) is the anisotropic part. A(k) is the spreading
function. [, is the nth-order Bessel function of the first kind.



Remote Sens. 2023, 15, 3526

8 of 22

U10=3m.n's
L.I_IO:Grn.n's

U10=Qma's

L.l,|0=12rm's i
_ U10=I5ma'5

U_‘O:‘lea's

log S(k) / (m°frad)
&

1] 1 2 3 4
log k /{rad/m)

Figure 2. The Elfouhaily non-directional spectrum in the wind speed range of 3-18 m/s. K is the
wavenumber corresponding to 1.57 GHz.
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Figure 3. Trends in cutoff wavenumber and sea surface mean square height with wind speed. Blue
dashed line indicates the mean square height o2. Red solid line indicates the cutoff wavenumber K.

Figure 4 shows the normalized correlation function based on the Elfouhaily wave
spectrum in different wind speed. As the wind speed increases, the correlation length of
the sea surface height becomes larger and, the correlation function captures the asymmetry
between up/crosswind directions, however, the asymmetry between up/downwind direc-
tions is not captured and there is some ambiguity, which is due to the effect of cos(2¢). In
addition, due to the multiscale character of the sea surface, its correlation function appears
to have both positive and negative components. Theoretically, the addition of higher
order statistics through non-Gaussian corrections could distinguish such wind direction
differences in scattering modeling. However, the peakedness and skewness factors cannot
be obtained directly from the wave spectrum function and need to be derived from the
PDF of the total sea surface slope.
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(a) (b)
Figure 4. Normalized correlation functions for different ocean wind. (a) U9 =5m/s. (b) Ujg = 15m/s.

For non-Gaussian seas, the widely used slope distribution function is the Gram-—
Charlier distribution, developed by Cox and Munk [40]. It can accurately describe a rough
sea surface with a relatively small slope. Without considering the interaction between the
slope components, the sea surface slope can be expanded using the Gram—Charlier series,
which by simplification gives the fourth order Gram—Charlier distribution function as:

_ 1 (&, 9
P(Cx, gy) B 27'1'(Tsx0_sy exp( 2 <U’25x * Uzsy
2
1 & & 1 (& &\, 1, (& &
1—Zcpp>= -1)—-- 32— - - —63—+3 22
22 <U2sy s\ 5. 73, + 57640 o 0 + (22)
1 2 &y 1 Ty &
— —— 1) 55— -1 = -6 3
+ 4C22 (0'25x ) (Uzsy + 24C04 Uzsy Uzsy +
where { and {y, is indicates the slope in the upwind and crosswind directions, respectively.

02, and 0'25y are their variances. The constant factor c3y and ¢, characterizes the skewness,
c40, o4 and cpp characterizes the kurtosis. When describing the clean sea surface, we obtain:

c12 = 0.01 — 0.86 x 102U;, £ 0.03 23
c30 = 0.04 — 3.3 x 102Uy, +0.12

cos = 0.4+0.23

Cop = 0.12 £0.06 (24)

cap = 0.23 +0.41

where Uy, ~ Uy, error about 2%.

From Equations (15) and (22), Bourlier derived an approximate expression for third-
and fourth-order statistical moments based on the characteristic function of the slopes.
They can then be simplified as [45]:

Ws(r, ¢) = Wao(r) cos(¢) (25)

Wso(r) = —Ugsi exp <— r2 > (26)

3 T2
Lc3 Lc3
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s 4 4
W4d<r) — U—ZZLT eXp _LT (27)

c4 c4

with 3
6 Ozs

L= |— o 28
a= (o) = 8)

2 1/2
Ly=0y| —— 29
c4 zl (%x%y@) ( )

where L3 and L4 are the correlation lengths of the skewness and deviated peakedness
factors, respectively. 0,5 and 0, means small- and large-scale root mean square for rough
ocean surface 02 = 02 + 02, which are related to skewness and peakedness, respectively.
The cutoff wavenumber K, can separate the small- and the large- scales. This once again

zl’
emphasizes the need for cutoff wavenumber determination. ((Tszx, aszy

slope in the up-and cross-wind directions, and we have following:

) are the mean square

oo 271
o2 = / K> - W(k, ¢) - cos*¢ - dkdg

co 27
= / K> - W(k, ¢) - cos*q - dkdg
o Jo

(o

[
<N

In Figure 5, the variation of the normalized correlation functions of the height, the
skewness, and the deviated peakedness with radial distance for different wind speeds is
shown. Note that the radial distance of the skewness decreases as the wind speed becomes
higher, which is in contrast to the trend of the mean square height and deviated peakedness.
This is because the variation in skewness is determined by small scale capillary waves,
a part that is insensitive to the L-band, while mean square height and deviated peakedness
are associated with large scale gravity waves, as is clearly demonstrated by Equations (16),
(28), and (29).

12 A
correlation of the height
17 =—skewness i 1
b deviated peakedness o
5 o8r 5 o08r correlation of the height
E = skewness
c g

S 06 1 2 o06r deviated peakedness
= c
L2 ]
T 04 1 % 04r
w ©
= =
g 02 § o2t
8 -
e 0 e _g 0 =
™ @
= E
502 1 502t
= c

04r 1 04}

0.6 ; ' b 0.6 . § : =

102 10 10° 10’ 10% 10% 102 107 10° 10’ 10°
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Figure 5. Comparison of skewness, deviated peakedness, and normalized correlation functions of
height for ¢ = 0° and for different wind speed. (a) Ujp =5m/s. (b) Ujg =15m/s.

3.3. L-Band Forward Scattering Coefficient
Substituting Equations (25)—(27) into (15), we have:
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_ 11| 2g:

0 qiqs
1\ Kisks ) = —

UWPW(“ S) 77| 35 + s

co 27 .
'/0 rdr/o expliksir cos(¢p — ¢)] (31)

. W,
: {exp {(qz‘ +45)°Wa +(g; + 9s)°Ws + (g; + qs)424‘”] —~ 1}d¢

ZBM (E‘/ E) Byy (E, E) exp [—(ﬂli + qs)z%ﬂ

with
2
Kot = \/ (ke — ki) + (Key — Kiy) (32)
ksx = Ksin 65 cos s ksy = Ksin 6; sin ¢ (33)
kiy = Ksin0; cos ¢; kiy = Ksin; sin ¢; (34)

This integral is a complex operation that contains a real part related to the corre-
lation functions of height and deviated peakedness and an imaginary part determined
by the skewness. This result is consistent with Ref. [44], where the asymmetry caused
by the wind direction is influenced by the imaginary part determined by the skewness
exp (i(q,- + qs)3W3), but in purely specular scattering, ks; ~ 0, expliksr cos(¢ — ¢)] =
cos(kgir cos(¢ — ¢)) + isin(ksir cos(¢p — @)), sin(ksir cos(¢ — ¢)) ~ 0, the effect of skew-
ness is very small, so that even for non-Gaussian sea scatter, the up/downwind remains
indistinguishable in specular scattering [45].

Therefore, taking only the real part affected by surface roughness and utilizing the
Bessel function, Equation (31) can be simplified as:

_ 11| 24
0 - _ 1| “1i4s
o //(kl,k5> n’qi—i—qs

o0 ) W,
. /0 {exp |:(q1 + qs)2W2 + l(qi + qs)3W3 + (q,- + qs)424d] — 1}]o(ksi1’)1’d1’

By () By (R ) exp [+ 0027

(35)

4. Results

In this section, based on the non-Gaussian ocean surface scattering model above, the
fully polarization BRCS of the right-hand circular polarization signal incident on the ocean
surface in the L-band is simulated in combination with GNSS-R geometrical properties.

4.1. The Effect of Observation Angle on BRCS

According to the geometry of Figure 1, there are four influential parameters in terms of
the angle of observation. The plane of incidence is generally taken as the reference ¢; = 0.
Thus, geometry angle applied to GNSS-Ris §; = 6;, ¢; = ¢s = 0. In Figure 6, we have
the effect on the BRCS caused by changes in the incidence angle for different wind speeds.
We note that the non-Gaussian NBRCS is a little larger than the Gaussian NBRCS, due to
the effect of peakedness correction. Clearly, there are various polarization components in
all ranges of incidence angles, and 0%, > 0%, > 05, > 0%z, which is consistent with the
performance of the Fresnel reflection coefficient. The amount of correction is the same for all
four polarizations, on average around 0.4 dB, as shown in Figure 7, and decreases with the
increasing wind speed. In addition, 03, , 0%, and 0}, have a similar trend at the incidence
angles [20°,40°], with just a small difference at larger incidence angles, indicating that they
are less sensitive to the incidence angle. This is consistent with the results of the study in
the literature [2]. This is due to reflection symmetry, with zero correlation between the
co-polarized and cross-polarized channels (Syy - Si;y = Syv - Siyy = 0). Furthermore, the
longer the wavelength, the greater the penetration capacity. For L-band, cross-polarization
(VH/HV) has a weaker penetration capacity than co-polarization (HH/VV), and the cross-
polarized cross section is generally much lower than co-polarized cross sections [37,50].
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However, 0% is strongly influenced by the incidence angle, and it is low in moderate
incidence angles [30°,50°], which are the reason why GNSS-R signals are not currently
received using right-hand circular polarization.

Figure 8 shows the effect of scattering angle on the NBRCS for a fixed angle of incidence.
The black dashed line indicates the specular scattering angle. In the specular direction
¢s = 0, the non-Gaussian NBRCS has the same peak effect as the Gaussian NBRCS, both
reaching a maximum at the specular scattering angle (6; = ;). Note that the main difference
relating to polarization is also beyond £20° of the purely specular scattering angle. The
main differences lie in the part away from the specular scattering angle, mainly because of
the specific weight of the cross-polarization at large scattering angles. This is due to the
reflection of a left-handed circularly polarized incident wave from the sea surface, which
reverses the main polarized component. Therefore, choosing circularly polarized reception
in the purely specular direction has the same effect as linearly polarized reception.
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Figure 6. Comparison of fully polarization non-Gaussian NBRCS and Gaussian NBRCS with specular
incidence angle 6;, upwind ¢ = 0°. (a) Uyg =5m/s. (b) Ujg = 15m/s.
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Comparing Figure 8a,c and Figure 8b,d, the degree of correction is greater in the
cross wind direction. In addition, the amount of NBRCS correction increases as the wind
speed increases, which indicates that the peakedness effect of the non-Gaussian correction
becomes larger.

4.2. The Effect of Ocean Wind on NBRCS

Under a defined observational geometry, the NBRCS is still mainly influenced by the
distribution of the sea surface slope due to the ocean wind.

Due to the non-Gaussian sea surface, the skewness of its distribution is mainly affected
by the wind direction. However, according to Figure 9, the NBRCS shows an "M’-shaped
double-peaked structure with the wind direction under the specular scattering geometry,
and the non-Gaussian correction only increases the distinguishability between up- and
crosswind, and it becomes smaller with the increase of wind speed. At Ujg = 15 m/s,
the NBRCS difference between the lateral and downwind directions is less than 3 dB,
which is sufficient to indicate a larger area of NBRCS distribution in the low wind speed
region during the retrieval, which is consistent with the characteristics in Refs. [2,3,23,55,56].
Furthermore, it does not allow for exact wind detection and still does not solve the problem
of up/downwind ambiguity. This is possibly caused by the insensitivity of the skewness
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determined by the capillary waves to microwaves in the L-band, which partly determines
the skewness of the Gaussian distribution influenced by the wind direction. Because of
the analysis in Section 4.1, the polarization behaves similarly under specular scattering
geometry, so only the characteristics of circular polarization are analyzed here.

To highlight the necessity for an SSA model, we also used the KA-GO model under
a non-Gaussian distribution to simulate the effect of wind direction [57], as shown in
Figure 9¢, which shows that the NBRCS of the KA-GO model remains independent of wind
direction even under non-Gaussian seas, which is consistent with the results in Ref. [46].

NBRCS T /dB

' 2

T
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T
Gaussian-15mis
Nen-Gaussian-15mis

T T T
— — —Gaussian-15m/s — — —Gaussian-5m's
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20

NBRCS Ol /dB
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Wind Direction / ()
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Figure 9. Comparison of non-Gaussian NBRCS and Gaussian NBRCS with wind direction. (a) SSA —
0%, ,0; =0s =30° (b) SSA — 095, 0; = 0 = 30° (c) non-Gaussian KA — 0%, ,0; = 0 = 30°.

However, the variation of NBRCS about wind speed, as shown in Figure 10, has
some limitations, and it can be seen that in the low wind speed region, as the wind
speed increases, the NBRCS also increases sharply, which is not consistent with the actual
scattering situation. This shows that the combined wave spectrum SSA model is unable to
effectively simulate the L-band forward scattering from the sea surface at low wind speeds
(UIO <3m/ S).
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Figure 10. Comparison of non-Gaussian NBRCS and Gaussian NBRCS with wind speed.

To test the accuracy of the model in this paper, we use ECMWF Reanalysis, which
includes wind speed and wind direction, and CYGNSS data from 14 September 2018. By
temporal-spatial interpolating, the ECMWF Reanalysis data have an interpolated spatial
dimension of 0.1° longitude/latitude and 1-min increments of temporal resolution. Then,
matching with the quality-controlled CYGNSS data, we can obtain NBRCS with their
corresponding wind speed and wind direction [3]. The calculation of NBRCS using L1A
data is described in Ref. [58]. Due to the inaccuracy of the model in the low wind speed,
we filtered the matching points with wind speed greater than 3 m/s.

Next, the data were filtered for the five wind directions (¢ = 0°,30°,45°,60°,90°), and
a functional relationship between NBRCS and ECMWEF wind speed is shown in Figure 11.
The non-Gaussian SSA model (red solid line) and Gaussian SSA model (red dashed line)
were used for comparison, respectively, and it can be seen that there are different detection
performances in different wind directions.

In order to verify the performance of the non-Gaussian NBRCS with wind speed,
we use the root mean square error (RMSE), coefficient (R), and the Bias (Bias), which are
presented in Table 1 and Figure 12.

Table 1. Comparison of RMSE, R, and Bias for non-Gaussian NBRCS with CYGNSS data.

RMSE R Bias
Wind Direction ¢ Non-Gaussian . Non-Gaussian . Non-Gaussian . Number of Matches
SSA Gaussian SSA SSA Gaussian SSA SSA Gaussian SSA
0° 1.92 2.37 0.60 0.59 —1.68 —2.11 307
30° 1.34 1.73 0.57 0.55 —0.92 —1.44 274
45° 1.22 1.85 0.65 0.64 —0.62 —1.56 362
60° 143 1.50 0.66 0.59 0.40 —0.72 326
90° 2.11 1.65 0.72 0.64 1.66 043 372
Total 1.60 1.82 0.64 0.60 —0.23 —1.08 1642

Obviously, the non-Gaussian model clearly has a smaller average RMSE (1.60 dB)
and a smoother trend, with poor accuracy only near the crosswind, and in particular the
highest accuracy (1.22 dB) when the wind direction tends to be closer to 45°. However, the
non-Gaussian NBRCS is overall low near the upwind and the opposite in the crosswind,
which can lead to a necessity to correct the results during the reality check.
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Then, correlation analysis was conducted between the model’s estimated NBRCS
and CYGNSS data. Figure 13 shows the scatter plot of the estimated NBRCS of non-
Gaussian, Gaussian, and the CYGNSS data, respectively. Bias, RMSE, and R? are marked
in Figure 13. Non-Gaussian models have better results, the Bias is —0.30 dB, the coefficient
of determination R? is 0.73, and the RMSE is 1.81 dB. We can verify that non-Gaussian
correction corrects the interval of variation of the NBRCS with ocean wind, and allows for
a small bias in the performance of the NBRCS.
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Figure 11. Comparison of non-Gaussian, Gaussian NBRCS, and CYGNSS data for wind speed in
different wind direction. The wind direction range is (a) ¢ = 0° (b) ¢ = 30° (c) ¢ = 45° (d) ¢ = 60°
(e) p =90°.
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Figure 12. Comparison of RMSE and error for non-Gaussian NBRCS with CYGNSS NBRCS.
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Figure 13. Comparison of non-Gaussian, Gaussian NBRCS, and CYGNSS NBRCS (number of
matches = 25,681). (a) Non-Gaussian NBRCS (b) Gaussian NBRCS.

5. Discussion

The non-Gaussian SSA model improves the distinction between up- and crosswind
directions, but still fails to accurately invert the wind direction and resolve the ambiguity of
the wind direction down/upwind. This is partly due to the observational geometry of the
forward specular scattering, and partly due to the insensitivity of the L-band to the larger
wavenumber of the sea surface, which affects the skewness factor of the wind direction.

So, if the wind direction is to be distinguished by NBRCS in forward scattering
(8s < 90°), this also requires deviations from pure specular scattering of the observation
structure, and such non-specular NBRCS can theoretically be sought from the DDM away
from the specular scattering point.

Selecting several special observation modes, Figure 14 shows the trend of NBRCS
with wind direction for an incidence angle of 40° and a wind speed of 10 m/s. The
four polarizations have the same variable trend, remaining an "M’-shaped double-peaked
structure with wind direction, but the angle of the peak varies. The non-pure specular
observation mode effectively improves its symmetry between up/downwind directions.
Comparing Figure 14a,c and Figure 14b,d, we can find that the NBRCS variability is greater
for larger scattering angles. In addition, unlike specular scattering, the NBRCS magnitude
varies more significantly for different polarizations, as shown in Figures 15 and 16, while
what remains constant is that 03, is always maximum in ¢ < 60°. From the previous
analysis, in forward scattering, the HH polarization component is more sensitive to sea
surface electromagnetic scattering, especially in the direction away from the pure specular,
and the cross-polarization (HV/VH) will also have some effect. Besides, the VV polarization
component will reach the scattering Brewster angle more quickly with the change of
scattering orientation, as shown in Figure 15, so there are (Tg L U?W about the VV-polarization
component are smaller with 0'1% 1 [46].

From the above simulations, it can be seen that the scattering azimuth and scattering
angle are very important for the final scattering trend in the non-specular observation.
These parameters should be taken into account in future studies on wind detection, in
addition to which GNSS-R can be extended for applications based on the relative behavior
between different polarizations.
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angle. 0; = 40°, Ujp =10m/s, ¢ = 0°. (a) 6s = 20° (b) 6; = 60°.



Remote Sens. 2023, 15, 3526 19 of 22

NBRCS / dB

-10

-15

-20

-25

-30

-35

| Non-Gaussian-ag
. Non-Gaussian-a 10r

. Non-Gaussian-a .,

Non-Gaussian-a
Non-Gaussian-ag,, -
> 5t NOH-GZIUSSIEII'I-HR"

R T, «  Non-Gaussian-o !
S e N e i +  MNonGaussian-op,

NBRCS / dB
3

1] 20 40 60 80 0] 20 40 60 a0

Scattering angle /(°) Scattering angle /(°)
(a) (b)

Figure 16. Comparison of non-Gaussian NBRCS in fully bistatic geometry with scattering angle.
8; = 40°, Ujp =10 m/s. (a) ¢s = 30° (b) ¢s = 60°.

6. Conclusions

In this paper, a non-Gaussian small-slope approximation is used to model the forward
fully polarized electromagnetic scattering from a bistatic station on a rough ocean surface
for GNSS-R, taking into account the properties of the L-band and setting a suitable cut-
off wavenumber. In turn, the all-observation geometry and the fully polarized NBRCS
characteristics can be effectively analyzed.

For the GNSS right-handed circular polarization incident wave, there is little difference
in the performance of 0%y, 0%, 0%, and 0%, for the fully polarized received mode. In
the direction of specular scattering, NBRCS reaches a maximum, and there is always
0%y > 0% > 05y, > 09y, Only 0% is small and very sensitive to the incidence angle.

Due to the consideration of the non-Gaussian properties of the sea surface, both the
skewness factor and peakedness factor increase the NBRCS in the pure specular scattering
mode of GNSS-R. For non-Gaussian model, the NBRCS increases by about 0.4 dB near the
direction of specular scattering, and the extent of this correction becomes more dramatic as
the relative wind direction and wind speed become lower.

The non-Gaussian SSA model increases the distinction between the up- and cross-
wind, highlighting the variation of NBRCS with wind direction, and the lower the wind
speed the more distinguishable it is. However, it still fails to resolve the ambiguity of the
down/upwind, which is caused by the insensitivity of the skewness determined by the
capillary waves to microwaves in the L-band. Comparing the effects of different wind
direction, the non-Gaussian sea surface NBRCS is closer to the results of the CYGNSS real
data, which has a smaller average RMSE (1.22 dB) and a stable trend. By testing these
models, we observed that between the two NBRCS models, the non-Gaussian model have
the smallest Bias of —0.30 dB, the coefficient of determination R? is 0.73, and the RMSE is
1.81 dB.

In addition to this, we have analyed the characteristics of non-specular scattering. The
effect of the scattering azimuth and the relative relationship between polarization can be
taken into account in future GNSS-R applications.
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