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Doppler Spectrum of Scattered Wave from Two-Dimensional
Time-Varying Nonlinear Sea Surfaces under Right-Hand

Circularly Polarized Wave Incidence

Pengju Yang*, Rui Wu, Xincheng Ren, Yuqiang Zhang, and Ye Zhao

Abstract—Electromagnetic scattering from time-varying sea surfaces under right-hand circularly
polarized (RHCP) wave incidence is investigated, with emphasis on exploring the influence of nonlinear
hydrodynamic interactions on Doppler spectral signatures as well as on examining the polarization
difference of Doppler spectra between right-hand and left-hand polarized scattering waves. The choppy
wave model (CWM) is adopted for describing nonlinear hydrodynamic interactions between ocean waves,
and it is constructed by adding horizontal displacements through performing Hilbert transform for a
reference linear surface model. Simulation results show that Doppler spectral signatures are significantly
influenced by nonlinear hydrodynamic interactions in particular in low-grazing angle regime. It is also
indicated that Doppler spectral signatures show distinct polarization dependence. In addition, numerical
simulations show that Doppler shift of left-hand polarized scattering wave increases obviously with wind
speed increasing, whereas the Doppler shift of right-hand polarized scattering wave looks less sensitive
to wind speed variations. The result is potentially valuable in remote sensing applications with Global
Navigation Satellite System-Reflectometry (GNSS-R) signals.

1. INTRODUCTION

Doppler spectrum of radar sea echoes is of great value in many remote sensing applications, such as sea
surface wind field retrieval [1], ocean wave spectra estimation [2], surface wave height extraction [3], and
ocean surface current measurement [4]. Doppler technique is still a promising tool, although Synthetic
Aperture Radar (SAR) imaging technique is dominant in ocean remote sensing applications nowadays.
Up to now, Doppler technique for ocean remote sensing applications is continuously developed and
improved. For example, very recently, an innovative microwave mission concept called DopSCAT
(Doppler Scatterometer) was proposed for measuring simultaneously ocean vector wind and ocean vector
motion on a global scale [5]. The DopSCAT is also capable of observing very strong wind speeds (up
to 60 m/s), through the use of cross-polarized radar echoes [5]. Many investigations on this topic have
been conducted in both experiments and theories [6–15]. In particular, in measurements [8, 10, 11, 16], a
clear difference was observed in Doppler shift of sea echoes between HH (horizontal-horizontal) and V V
(vertical-vertical) polarization at low-grazing angles. That is, there is a peak separation between HH-
and V V -polarized Doppler spectra at low-grazing angles. Many efforts have been made to determine its
causes by theoretical analysis as well as rigorous numerical simulations [13, 17, 18]. Among these efforts,
to our knowledge, Toporkov et al. first demonstrated that HH- and V V -polarized Doppler spectra
of linear sea surface model almost overlap and shrink to Bragg frequency at low-grazing angles [13].
In fact, linear sea surface model is just a collection of harmonics each propagating independently of
others according to dispersion relation, in which the hydrodynamic interactions between ocean waves
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are entirely neglected. Accordingly, Doppler spectra of linear sea surface model inevitably exhibits
unrealistic behavior in low-grazing incidence angle regime.

To overcome the drawbacks of linear sea surface model, several nonlinear hydrodynamic models
have been proposed, such as Creamer model [19] as well as its simplified version (Creamer model at
second-order) [12], choppy wave model (CWM) [20] as well as its improved version (C2WM) [18], West
model [21], narrow-band Lagrange model [22], and nonlinear fractal sea surface model [23]. These
models have been extensively utilized to better predict Doppler spectra of sea echoes for both 1-
D [13, 17, 18, 22–25] and 2-D sea surfaces [12, 26–29] with analytical models or numerical algorithms,
in particular for low-grazing case. Not surprisingly, the Doppler spectra obtained by nonlinear sea
surface models are more consistent with measurements in comparison with linear sea surface model.
Accordingly, nonlinear hydrodynamic interactions between ocean waves should be taken into account
when simulating Doppler spectra from time-varying rough sea surfaces. The aforementioned studies,
however, are focused on linear polarization incidence. It is widely known that after the scattering
from rough sea surface, the transmitted wave of global positioning system (GPS) signals changes
its polarization into mainly left-hand circular polarized (LHCP). However, during a data collection
campaign [30], it was demonstrated that a strong RHCP component is still present. Hence, it is
interesting to explore the polarization difference of Doppler spectra for RHCP and LHCP scattering
wave. The Doppler spectra under circularly polarized wave incidence is rarely investigated due partly
to the lack of electromagnetic scattering model with high efficiency. Pure numerical methods such
as method of moments (MOM) are excluded from Doppler spectra simulation of sea echoes of 2-D
sea surfaces, due to the severe computational burden encountered in the use of highly demanding
Monte Carlo procedure. Alternatively, analytical approximate models are available with high efficiency,
although their validity domain are limited.

The calculation of circularly polarized wave scattering from 2-D rough surface requires both co-
polarization and depolarization return. In comparison with the classical models [31] such as small
perturbation method (SPM), Kirchhoff approximation (KA), two scale model (TSM), etc., the modern
analytical approximate model of second-order small-slope approximation (SSA-II) [32] takes into account
facets tilt modulation and second-order Bragg scattering, and thus can predict the depolarized scattering
effect of rough surfaces both in and outside the plane of incidence. Compared to the SSA-II model,
first-order small-slope approximation (SSA-I) is much more numerically efficient, but it cannot predict
polarization dependence of normalized Doppler spectrum [33] and cannot evaluate the depolarization of
wave scattering from rough surface in the plane of incidence [34]. Therefore, the polarimetric scattering
model of SSA-II combined with Monte Carlo procedure is utilized in this paper for evaluating the
Doppler spectra of sea echoes under RHCP wave incidence, with emphasis on exploring the influence of
nonlinear hydrodynamic interactions on Doppler spectral signature including Doppler shift and spectral
bandwidth and on examining the polarization difference of Doppler spectra for RHCP and left-hand
circularly polarized (LHCP) scattering wave. Due to desirable properties such as analytical tractability
and numerical efficiency, the CWM nonlinear hydrodynamic model is adopted in the present study,
which is constructed by adding horizontal displacements through performing Hilbert transform for a
reference linear surface model.

The remainder of this paper is organized as follows. Section 2 presents the modeling of time-varying
nonlinear sea surfaces as well as the modified polarimetric scattering model of SSA-II for evaluating
Doppler spectra from CWM nonlinear sea surface model with nonuniform sampling intervals. Numerical
results of Doppler spectra under RHCP wave incidence for both linear and CWM nonlinear sea surface
model are discussed and analyzed in Section 3. Section 4 concludes this paper.

2. THEORETICAL MODEL

2.1. Modeling of Time-Varying Nonlinear Sea Surfaces

The modeling of time-varying rough sea surface is essential for evaluating electromagnetic scattering
from it. When neglecting the sophisticated hydrodynamic phenomenon such as breaking waves and
surface current, the wind-driven linear sea surfaces can be generated by the spectral method [12].
Under spatially homogeneous and time stationary hypothesis, linear sea surface is a superposition of
harmonics each propagating in all directions independently of others. The linear sea surface elevation
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h(r, t) at spatial position r for time t can be expressed as

h (r, t) =
∑
k

A (k, t) exp (ik · r) (1)

A (k, t) = γ (k)
√

S (k, ϕ) δkxδky exp (iωt) + γ(−k)∗
√

S (k, π − ϕ) δkxδky exp (−iωt) (2)

where k = (kx, ky) = (k, ϕ) is the spatial wave vector. γ(k) is a complex Gaussian random series with
zero mean value and unit variance. δkx = 2π/Lx and δky = 2π/Ly are the sampling intervals along x

and y direction, respectively. ω =
√

g0k(1 + k2/k2
m) is the dispersion relation for infinitely deep sea.

km = 363.2 rad/m and g is the gravity acceleration constant. S(k, ϕ) is the roughness spectrum of sea
surfaces for describing stationary random process. In this paper, the roughness spectrum proposed by
Elfouhaily et al. [35] is utilized for generating rough sea surfaces.

However, the linear sea surface model aforementioned does not contain the nonlinear hydrodynamic
interactions between ocean waves, which is crucially important for predicting Doppler spectrum of
radar sea echoes, especially for low-grazing incidence case. In the present study, the CWM nonlinear
hydrodynamic model is adopted for describing the nonlinear interactions between ocean waves. The
nonlinear CWM model is based on a Lagrangian description of ocean waves and can be constituted
by adding horizontal displacements through performing Hilbert transform for a reference linear surface
model. Given a linear sea surface h(r, t) and its Hilbert transform, the CWM nonlinear sea surface
h̃(r, t) is constituted as [20]

h̃ (r + D (r, t) , t) = h (r, t) (3)

The horizontal displacement D(r, t) can be written as

D (r, t) =
∫

−i
k
k

ĥ (k, t) exp (ik · r) dk (4)

where
ĥ (k, t) =

1
(2π)2

∫
dr exp (−ik · r)h (r, t) (5)

is the spatial Fourier transformation. The CWM nonlinear sea surface model is numerically efficient as
it can be entirely generated by fast Fourier transform.

Due to the nonlinear transformation in the generation of CWM nonlinear sea surface,
statistical properties such as root mean square (rms) height and slope of sea surfaces are changed
artificially [12, 20, 26]. In particular, a magnification of root mean square slope is encountered in
the generation of nonlinear sea surfaces model. This magnification may give rise to small errors in
the estimation of radar cross section. Some undressing procedures have been proposed to correct
this artifact. For example, Soriano et al. made use of a simple undressing procedure assuming a
power law form of the high-frequency part of the undressed spectrum [12]. Nouguier et al. [20, 29]
utilized an iterative procedure to perform the undressing. More recently, Fois et al. proposed
an alternative technique based on the use of parametric representation of sea surface roughness
spectrum [26]. The parameters are optimized through an iterative procedure to make rms height
and slope of parametric spectrum consistent with the ones of the original spectrum. It is worth
noting that the undressing procedure proposed by Fois et al. can provide a solution that has always a
physical meaning [26]. Unfortunately, the practical implementation of this iterative procedure is very
sophisticated to accomplish the undressing. It is indicated that, however, the undressing procedure
have very little influence on the Doppler signatures of sea echoes, and thus that such a complicated
spectral correction procedure can be avoided for the specific purpose of Doppler signature analysis [26].
Consequently, we will not apply the undressing procedure to correct the sea surface roughness spectrum
in the following Doppler simulations.

Figures 1(a) and (b) represent the simulated 2-D linear and CWM nonlinear rough surface,
respectively. The wind speed is U10 = 10 m/s, and the wind direction is ϕ = 0◦. U10 denotes the wind
speed at 10 m above the mean sea surface. Colorbar indicates sea surface wave elevation in meter. By
comparing Figures 1(a) and (b), we can hardly see a difference between the linear and CWM nonlinear
sea surface model. Hence, in Figures 2(a) and (b), we make a comparison of 1-D linear and the CWM
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(a) (b)

Figure 1. Simulated 2-D rough surface with wind speed U10 = 10 m/s. (a) Linear sea surface. (b)
CWM nonlinear sea surface.

(a) (b)

Figure 2. Comparison of 1-D linear sea surface and the corresponding CWM nonlinear sea surface.
(a) U10 = 5 m/s. (b) U10 = 10 m/s.

nonlinear surface profile captured from the corresponding 2-D models for wind speed U10 = 5 m/s and
U10 = 10 m/s, respectively. We can observe a subtle difference in horizontal direction between linear
sea surface and the corresponding CWM nonlinear sea surface, since the CWM nonlinear sea surface
model is constructed by adding a slight horizontal displacements through performing Hilbert transform
for a reference linear surface model.

2.2. SSA-II Model under Circularly Polarized Wave Incidence for Evaluating Doppler
Spectrum

The small-slope approximation [36, 37] as a unifying theory bridges the gap between Kirchhoff
approximation and small perturbation method. It consists of a basic approximation of the theory
(SSA-I) and second-order correction to it (SSA-II) and represents a Taylor expansion of scattering
amplitude with respect to surface slopes, which has been applied successfully to evaluate microwave
scattering from rough sea surfaces [27, 28, 32, 38]. As a modern analytical approximate model, the
SSA-II method takes into account mutual transformation of the two linear polarization states caused
by facets tilts as well as the depolarization due to the second-order Bragg scattering. Therefore, the
SSA-II model can predict the depolarized scattering from rough sea surfaces both in and outside the
plane of incidence [32]. In comparison with SSA-II, the SSA-I model is numerically efficient, but it
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Figure 3. Geometry of the 2-D sea surface scattering problem.

cannot show polarization dependence of normalized Doppler spectrum. This means that there is no
difference between HH- and V V -polarized Doppler spectrum predicted by SSA-I model [33]. Hence, in
what follows, the polarimetric scattering model of SSA-II instead of SSA-I is utilized for evaluating the
scattering amplitude, although the SSA-I model is much more efficient than the SSA-II model.

The geometry of wave scattering from rough sea surfaces is illustrated in Figure 3. θi and ϕi denote
the incidence angle and incidence azimuth angle, respectively, while θs and ϕs represent the scattering
angle and scattering azimuth angle, respectively. The incidence wave vector is ki = k0 − q0ẑ, and the
scattering wave vector is ks = k+qẑ. In this paper, a tapered plane wave is chosen as the incidence field
to reduce the edge effect due to the limited sea surface size. The tapered plane wave can be expressed
as [39]

Ei (r) = T (r) exp (iki · r) (6)
T (r) = exp [i (ki · r) w] exp (−tx − ty) (7)

where

tx =
(x cos θi cos ϕi + ycosθi sin ϕi + z sin θi)2

G2cos2θi
(8)

ty =
(−x sin ϕi + ycosϕi)

2

G2
(9)

w =
1

ki
2

(
2tx − 1

G2cos2θi
+

2ty − 1
G2

)
(10)

and G is the parameter that controls the tapering of the incidence wave. Thus, the scattering amplitude
of the SSA-II model under the tapered plane wave incidence for linear sea surfaces can be expressed as

Sαβ (k,k0) =
2
√

q0q

(q0 + q)
√

Pinc

∫
dr

(2π)2
T (r) × exp [−i (k− k0) · r + i(q + q0)h (r)]

×
(

Bαβ (k,k0) − i

4

∫
Mαβ (k,k0; ξ)h (ξ) × exp (iξ · r) dξ

)
(11)

where the subscripts α and β indicate linear polarization and can be either h or v. Pinc is the incidence
wave power captured by sea surface with limited size and

h (ξ) =
1

(2π)2

∫
h (r) exp(−iξ · r)dr (12)

h(ξ) is the Fourier transform of surface elevations. The term i
4

∫
M(k,k0; ξ)h(ξ)× exp(iξ ·r)dξ denotes

a second-order correction to the first-order small slope approximation, and Eq. (11) reduces to first-
order small slope approximation by letting M(k,k0; ξ) = 0. It can be proven that in a general case
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M(k,k0; 0) = 0, and for this reason the term associated with M(k,k0; ξ) in Eq. (11) is, in fact,
proportional to the slopes of the rough surface rather than the elevations themselves. M(k,k0; ξ)
describes the contribution from the second-order Bragg resonant scattering and is related to the Bragg
kernel B and B2 by

M (k,k0; ξ) = B2 (k,k0;k− ξ) + B2 (k,k0;k + ξ) + 2 (q0 + q)B (k,k0) (13)

where the kernel functions of B and B2 are 2 × 2 matrices describing mutual transformations of
the electromagnetic waves of different polarizations, which depend primary on the polarizations,
configuration angles, and the permittivity of the lower medium. The detailed derivation and
corresponding kernel functions of small-slope approximation model can be found in [36, 40].

The scattering matrix Sc on the basis of circularly polarized waves is associated with the scattering
matrix S for linearly polarized waves by the following unitary transformation [37]

Sc =
[
SRR SRL

SLR SLL

]
=

1
2

[
1 i
1 −i

]
S

[
1 1
−i i

]
(14)

By a simple matrix manipulation, the left-hand and right-hand polarized wave scattering amplitudes
under RHCP wave incidence can be expressed as

SLR = (Svv − Shh − iSvh − iShv)/2 (15)
SRR = (Svv + Shh − iSvh + iShv)/2 (16)

where Svv, Shh, Svh, and Shv are scattering amplitudes for linearly polarized waves. The first subscript of
scattering amplitude S represents the polarization state of scattered wave, whereas the second subscript
denotes the polarization state of incidence wave. For example, the index LR means that the polarization
states of scattered and incidence wave are LHCP and RHCP wave, respectively. It should be noted
that the scattering amplitude of circularly polarized wave takes into account both co-polarized (HH
and V V ) and cross-polarized (HV and V H) components.

When performing electromagnetic scattering calculation, linear sea surface is discretized into
uniform grids in general. Eq. (11) can be directly utilized to calculate the scattering amplitude from
linear sea surface model. However, the spatial sampling intervals of the CWM nonlinear sea surfaces
are not the same, since the CWM nonlinear sea surface model is resulted from a reference linear surface
model by adding horizontal displacements through performing Hilbert transform. Hence, Eq. (11)
cannot be directly utilized to calculate the scattering amplitude from CWM nonlinear sea surfaces.
When calculating the scattering amplitude from CWM nonlinear sea surfaces through the use of SSA-
II model, the integral variable r in Eq. (11) should be replaced by r̃ = r + D(r). The Jacobian
transformation J can be utilized to accomplish this change of integral variables from r to r̃. Accordingly,
to calculate the scattering amplitude of CWM nonlinear sea surfaces, Eq. (11) should be rewritten as

Sαβ (k,k0) =
2
√

q0q

(q0 + q)
√

Pinc

∫
dr

(2π)2
T (r + D (r, t)) × exp [−i (k− k0) · (r + D (r, t)) + i(q + q0)h (r)]

× |J (r, t)|
(

Bαβ (k,k0) − i

4

∫
Mαβ (k,k0; ξ)h (ξ) × exp (iξ · r) dξ

)
(17)

where

J (r, t) =
∣∣∣∣1 + ∂Dx (r, t)/∂x ∂Dx (r, t)/∂y

∂Dy (r, t)/∂x 1 + ∂Dy (r, t)/∂y

∣∣∣∣ (18)

Based on the scattering amplitude calculated by the small-slope approximation model, the
scattering coefficient (normalized radar cross section) can be expressed as

σ = 4πq0q
〈
|Sαβ (k,k0)|2

〉
(19)

where the angular bracket 〈·〉 denotes the ensemble average over sea surface realizations. Sαβ is scattering
amplitude of linearly or circularly polarized waves, in which subscripts α and β stand for polarizations
and can be either h, v, R or L. It should be noted that, strictly speaking, the scattered wave from
rough surface under RHCP wave is elliptically polarized.
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The Doppler spectrum of radar sea echoes is defined as the power spectral density of random
scattering amplitude, which can be obtained by performing the Fourier transformation of the time
autocorrelation function for the random scattered field. For scattered field time-series with limited
length, the Doppler spectrum of radar sea echoes is usually evaluated by utilizing a standard spectral
estimation technique by [13]

S(f) =

〈
1
T

∣∣∣∣
∫ T

0
Sαβ (k,k0; t) e−i2πftdt

∣∣∣∣
2
〉

(20)

where Sαβ(k,k0; t) is the scattering amplitude at time t, in which the subscript α denotes the polarization
state of scattered wave and the subscript β represents the polarization state of incidence wave. The
angular bracket stands for the ensemble average over surface realizations and T represents the sea
surface evolution time. In what follows, we consider only the backscattering case, i.e., θs = θi, ϕi = 0◦,
and ϕs = 180◦.

In order to measure Doppler spectra quantitatively, the first two moments of Doppler spectrum are
usually adopted. The first moment of Doppler spectrum, i.e., Doppler shift (or Doppler centroid), is
defined as [13]

fc =

∫
fS(f)df∫
S(f)df

(21)

which corresponds to a power-weighted mean line-of-sight velocity of the scatterers.
The second moment of the Doppler spectrum, i.e., Doppler spectral bandwidth, is defined as [9, 26]

fw =

√√√√√√√
∫

(f − fc)
2S(f)df∫

S(f)df
(22)

which is determined by the variance of the velocity distribution of the scattering facets at the sea
surfaces. In the following simulations, the Doppler shift and spectral bandwidth of obtained Doppler
spectra will be calculated for making quantitative comparison Doppler spectra.

3. NUMERICAL RESULTS AND DISCUSSION

In this section, Doppler spectra as well as scattering coefficient of backscattered echoes from rough sea
surfaces are simulated in order to demonstrate the influence of nonlinear interactions of sea waves on
electromagnetic scattering signatures of sea surfaces, in particular on Doppler shift spectral bandwidth.
In addition, emphasis is also put on examining the polarization difference of Doppler spectra for RHCP
and LHCP scattering wave. The circularly polarized incidence wave frequency is 1.2 GHz and the
relative permittivity of sea water is εr = 73.2 + i67.2. The sea surface sampling interval is λ/8 with λ
being the electromagnetic wavelength in free space. In principle, the simulated sea surfaces should be
as large as possible to describe wave motion comprehensively. However, due to severe computational
burden involved in the use of highly demanding Monte Carlo simulations, in the following simulations,
the sizes of sea surfaces are Lx = Ly = 256λ = 64 m and Lx = Ly = 512λ = 128 m for wind speed
U10 = 5m/s and U10 = 10 m/s, respectively. The tapering parameter G is set to Lx/6. The wind fetch is
taken as 30 km. For Doppler spectrum simulations, the time step is chosen as 0.02 s to obtain sufficient
unambiguous Doppler bandwidth, and each realization of Doppler spectra is performed on 256 time
samples to acquire sufficient Doppler spectral resolution. The Doppler spectra are finally presented by
ensemble average for wind speed U10 = 5 m/s and U10 = 10 m/s over 50 and 20 sea surface realizations,
respectively.

Figures 4(a) and (b) make a comparison of backscattering coefficients for linearly and circularly
polarized (RHCP) wave incidences with wind speeds U10 = 5 m/s and U10 = 10 m/s, respectively. The
radar is looking upwind for both wind speeds U10 = 5 m/s and U10 = 10 m/s. The backscattering
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(a) (b)

Figure 4. Comparison of backscattering coefficient for linearly and circularly polarized (RHCP) wave
incidence. (a) U10 = 5m/s. (b) U10 = 20 m/s.

coefficient is an ensemble average over 100 sea surface realizations. For linear polarization incidence
case, it is readily observed from Figures 4(a) and (b) that the sea surface backscattering in the plane
of incidence is dominated by the co-polarized (HH and V V ) scattering rather than the cross-polarized
(HV and V H) except for low-grazing incidence angles. By comparing backscattering intensity between
HH and V V polarization, it is found that at small incidence angles the backscattering curves are
almost indistinguishable. However, the V V -pol backscattering becomes gradually stronger than HH-
pol backscattering as incidence angle increases. This can be attributed to the fact that the sea surface
scattering at small incidence angles is dominated by specular reflections whereas the Bragg scattering
becomes dominant as incident angle increases to moderate and large angles regime. In fact, the small
perturbation theory (SPM) at first order predicts a stronger backscattering for V V -pol than for HH-pol
in the regime of Bragg scattering, which occurs due to resonant interaction with a single surface wave
harmonic. By the way, due to the reciprocity of SSA-II which means that V H-polarized backscattering
equals HV -polarized backscattering, thus the V H-polarized backscattering coefficient is not presented
here. For circularly polarized (RHCP) wave incidence case, we can observe from Figures 4(a) and (b)
that the LR-polarized backscattering is much stronger than the RR-polarized backscattering in small
and moderate incidence angle regime. As incidence angle increases, the RR-polarized backscattering
is eventually identical to LR-polarized backscattering. This means that for RHCP incidence wave the
backscattered power is dominated by LHCP wave except for low-grazing angle regime. This result is
potentially valuable for choosing the polarization channel of GPS signal receiver.

In order to explore the influence of nonlinear hydrodynamic interactions on the angular distribution
of backscattering intensity, a comparison of backscattering coefficient is made for linearly and circularly
polarized wave incidences with wind speeds U10 = 5m/s and U10 = 10 m/s in Figures 5(a) and (b),
respectively. In Figure 5, the RHCP incidence wave is assumed. The radar is looking upwind for both
wind speeds U10 = 5m/s and U10 = 10 m/s. The backscattering coefficient is an ensemble average
over 100 sea surface realizations. Obviously, the backscattering coefficient of the CWM nonlinear
sea surfaces is almost identical to that of linear sea surfaces for both LR- and RR-polarization cases
in the quasi-specular regime. As incidence angle increases, however, the backscattering intensity of
the CWM nonlinear sea surfaces gradually becomes stronger than that of linear sea surfaces for both
LR- and RR-polarization. The primary reason for this is that the CWM nonlinear model takes into
account the nonlinear interactions between ocean waves. It is well known that Doppler spectrum
of radar sea echoes is a much more precise and sensitive tool for monitoring ocean surface motion
compared to the backscattering coefficient of rough sea surfaces. Hence, in the following simulations,
the Doppler spectrum of scattered wave from time-varying rough sea surface will be investigated in
detail, with emphasis on exploring the influence of nonlinear hydrodynamic interactions on Doppler
spectrum signatures including Doppler shift as well as spectral bandwidth.

Figures 6 and 7 present the normalized Doppler spectra for linear and CWM nonlinear sea surfaces
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(a) (b)

Figure 5. Comparison of backscattering coefficient for linear and CWM nonlinear sea surface under
RHCP wave incidence. (a) U10 = 5m/s. (b) U10 = 20 m/s.
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Figure 6. Comparison of Doppler spectrum for linear and CWM nonlinear sea surface under RHCP
wave incidence with wind speed U10 = 5m/s at various incidence angles. The left and right column are
for LR and RR polarization, respectively. The vertical short dotted lines represent Bragg lines.
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Figure 7. Same as Figure 6, but with wind speed U10 = 10 m/s.

at various incidence angles with wind speeds U10 = 5 m/s and U10 = 10 m/s, respectively. The Doppler
spectra are an ensemble average for wind speeds U10 = 5 m/s and U10 = 10 m/s over 50 and 20 sea
surface realizations, respectively. The radar is looking upwind for both wind speeds U10 = 5m/s and
U10 = 10 m/s. For comparison with Bragg scattering theory, the Bragg lines are also plotted with
vertical short dotted lines, which are predicted by the first-order SPM theory and are calculated by
fB = ±√

gKB/2π with KB(θi) = 2k0 sin(θi) being Bragg wavenumber.
For linear sea surfaces, it is found in Figures 6 and 7 that for both LR- and RR-polarizations, the

Doppler spectra first become broader and then shrink until they become quite narrow when approaching
low-grazing incidence angles, in particular for low-grazing incidence angle 80◦ as illustrated in Figure 6.
In the quasi-specular regime with small incidence angles, both LR- and RR-polarized Doppler spectral
peaks locate at higher frequencies compared to the corresponding Bragg lines. As incidence angle
increases, both LR- and RR-polarized Doppler spectral peaks move closer to and eventually coincide
almost with Bragg shifts. This can be attributed to the fact that the scattering mechanism is dominated
by specular reflection in small incidence angle regime, and that Bragg scattering gradually becomes
dominant as incidence angle increases.

Comparing the Doppler spectra for linear and CWM nonlinear sea surfaces under RHCP wave
incidence, we can readily observe that in small incidence angle regime, the difference between linear
and CWM nonlinear sea surfaces is almost negligible. As incidence angle increases, the Doppler spectra
difference between linear and CWM nonlinear sea surfaces becomes pronounced, in particular for low-
grazing incidence angle regime. Specifically, the Doppler spectra of CWM nonlinear sea surfaces are
broader than those of linear sea surfaces in moderate and large incidence angle regime, especially in low-
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grazing incidence angle regime. Additionally, in moderate and large incidence angle regime, the Doppler
spectral peaks of CWM nonlinear sea surface are shifted to higher frequencies relatively to those of linear
sea surfaces. The primary reason for this is that the linear sea surface realization is just a collection of
harmonics each propagating according to dispersion relation independently of others. It thus completely
misses the horizontal components of the orbital motion that shorter waves experience due to long waves.
However, the vertical components of orbital motion are captured by linear sea surface model by local
height changes due to long waves. For near-nadir observation with small incidence angles, the line-
of-sight projections of orbital motion are almost due to the vertical components, which are correctly
captured by linear sea surface model. However, as incidence angle increases to low-grazing incidence
angles, the horizontal components of orbital motion start playing increasingly important role and then
take a dominant role in the line-of-sight projection. Unfortunately, these back and forth components
of orbital motion are completely missing in the linear sea surface model. The CWM nonlinear sea
surface, however, does capture these orbital motion correctly by adding horizontal displacements through
performing Hilbert transform for a reference linear surface model. Hence, as incidence angle approaches
low-grazing angles, the Doppler spectra of the CWM nonlinear are broader than those of linear sea
surfaces, and the Doppler spectral peaks of CWM nonlinear sea surfaces are shifted to higher frequencies
compared to linear sea surfaces.

In order to explore the polarization difference of Doppler spectra for RHCP and LHCP scattering
waves, a comparison of LR- and RR-polarized Doppler spectra of CWM nonlinear sea surfaces is made
at various incidence angles for wind speeds U10 = 5m/s and U10 = 10 m/s in Figure 8 and Figure 9,
respectively. In both Figures 8 and 9, RHCP incidence wave is assumed. From Figure 8 and Figure 9, it
is observed that the Doppler spectra show distinct polarization dependence. The LR-polarized Doppler
spectra significantly differ from the LR-polarized ones, in particular for small and moderate incidence
angle regime. Specifically, for small and moderate incidence angles, the LR-polarized Doppler spectra
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Figure 8. Comparison of LR- and RR-polarized Doppler spectra at various incidence angles with wind
speed U10 = 5 m/s. The vertical short dotted lines represent Bragg lines.
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Figure 9. Same as Figure 8, but with wind speed U10 = 10 m/s.

are shifted to higher frequencies compared to the RR-polarized ones. As incidence angle increases,
it is interesting to observe that there is almost no difference between LR- and RR-polarized Doppler
spectra in large incidence angle regime. In addition, at small and moderate incidence angle regime, the
LR-polarized Doppler spectral peaks are located at higher frequencies compared to the corresponding
Bragg lines especially for higher wind speed U10 = 10 m/s, whereas the RR-polarized Doppler spectral
peaks are located at around the corresponding Bragg lines. By comparing Figure 8 and Figure 9, we can
observe that Doppler spectra of CWM nonlinear sea surfaces are broader for wind speed U10 = 10 m/s
than for U10 = 5m/s. The main reason for this is that Doppler spectral width depends primarily on
the variance of the orbital velocities of ocean waves. A higher wind speed gives rise to a larger orbital
velocities of ocean waves. It is also observed that the Doppler spectra with wind speed U10 = 10 m/s are
shifted to higher frequencies compared to the ones with wind speed U10 = 5 m/s. The primary reason
for this is that the wind-induced sea surfaces move faster for wind speed U10 = 10 m/s than for wind
speed U10 = 5 m/s.

In order to quantitatively measure and compare the obtained Doppler spectra, the first two moments
of Doppler spectra including Doppler shift as well as spectral bandwidth are presented in Figures 10
and 11. From Figures 10(a) and (b), we can observe distinct polarization dependence for Doppler shift.
Specifically, under both lower wind speed U10 = 5m/s and higher wind speed U10 = 10 m/s, a clear
difference between LR- and RR-polarized Doppler shift can be observed for both linear and CWM
nonlinear sea surfaces, in particular at small incidence angles. What is more, the LR-polarized Doppler
shifts are greater than RR-polarized ones in most of the incidence angle regime considered here, in
particular at small incidence angles around 15◦. In small incidence angle regime around 15◦, there is
an obvious peak for LR-polarization for both linear and nonlinear sea surface, whereas no such peak
can be observed for RR-polarization. The primary reason for this is that quasi-specular reflections are
dominated in small incidence angle region. Comparing Figures 10(a) and (b), we can see that the LR-
polarized Doppler shifts are strongly influenced by wind speed variations. Moreover, the LR-polarized
Doppler shift with wind speed U10 = 10 m/s is larger than those with wind speed U10 = 5 m/s, in
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(a) (b)

Figure 10. Comparison of Doppler shift for linear and CWM nonlinear sea surface under RHCP wave
incidence. (a) U10 = 5m/s. (b) U10 = 10 m/s.

(a) (b)

Figure 11. Comparison of Doppler spectral bandwidth for linear and CWM nonlinear sea surface
under RHCP wave incidence. (a) U10 = 5m/s. (b) U10 = 10 m/s.

particular in small incidence angle regime around 15◦. This is due to the fact that the wind-induced
sea surface waves move faster for wind speed U10 = 10 m/s than for U10 = 5m/s. However, the RR-
polarized Doppler shift looks less sensitive to wind speed variations compared to LR-polarization case.
Additionally, the LR-polarized Doppler shift shows a maximum for higher wind speed U10 = 10 m/s
as illustrated in Figure 10(b), whereas this peak is not so evident for lower wind speed U10 = 5 m/s.
In comparison with LR-polarization, there is no such peak for RR-polarization case although for the
higher wind speed U10 = 10 m/s.

Figures 11(a) and (b) present the comparison of Doppler spectral bandwidth at various incidence
angles for linear and CWM nonlinear sea surfaces under RHCP wave incidence with wind speeds
U10 = 5 m/s and U10 = 10 m/s, respectively. Comparing the Doppler spectral bandwidth of linear
and CWM nonlinear sea surfaces, we can see that for moderate and large incidence angles, the spectral
bandwidth of the CWM nonlinear sea surface is significantly larger than that of linear sea surfaces, in
particular for low-grazing angles. The primary reason for this is that the CWM nonlinear model takes
into account the hydrodynamic interactions by adding horizontal displacements through performing
Hilbert transform for a reference linear surface model. In addition, for RR-polarized cases under
moderate and large incidence angles, by comparing Figure 10 and Figure 11, it seems that sea surface
nonlinear interaction has stronger influence on Doppler spectral bandwidth than Doppler shift. From
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Figures 11(a) and (b), a pronounced difference of Doppler spectral bandwidth between LR- and RR-
polarization cases in small incidence angle regime can be observed for both linear and nonlinear sea
surfaces. That is, in small incidence angle regime, the RR-polarized spectral bandwidth is significantly
larger than LR-polarized one, in particular at the higher wind speed U10 = 10 m/s. However, for
moderate and large incidence angles, there is almost no difference between LR- and RR-polarized
spectral bandwidth. By comparing Figures 11(a) and (b), it is indicated that the Doppler spectral
width is obviously larger for wind speed U10 = 10 m/s than that for U10 = 5 m/s, in particular for the
CWM nonlinear sea surface. The main reason for this is that Doppler spectral bandwidth depends
mainly on the variance of orbital velocity of ocean waves. A higher wind speed gives rise to a larger
orbital velocities of ocean waves.

It should be mentioned that a comparison is valuable between the developed model and
experimental measurements. However, it is difficult to make a comparison between our model and
experimental measurements at present, due to the lack of appropriate measurement data regarding
Doppler spectra of sea or river echoes under circularly polarized wave incidence, in particular for
GPS signal. In principle, circularly polarized Doppler spectral measurement data can be obtained by
transforming linearly polarized (HH,HH,HV and V H) data into coherent circularly polarized wave
data if appropriate linearly polarized data are available. Nevertheless, a comparison should be made
between theoretical model and experimental measurements in the future if appropriate datasets are
available. In addition, in order to better compare with measurements, foam and whitecaps associated
with intensive breaking of ocean waves should be taken into account. Accordingly, single rough surface
scattering theory such as the SSA-II model utilized in this paper is no longer appropriate. Alternatively,
surface scattering theory combining with volume scattering theory should be utilized for a better
comparison with real dataset.

In summary, global navigation satellite system-reflectometry (GNSS-R) is nowadays widely
recognized as an innovative and very promising remote sensing tool. Doppler spectrum of scattered wave
from sea or river sea surfaces carries much more information than the average scattering coefficient, and
it is a much more precise and sensitive tool for monitoring fluid motion. Doppler spectrum technique
combined with GNSS-R signals is a promising tool in many remote sensing applications, such as the
monitoring of river or sea surface motion, the detection and discrimination of oil slicks floating on river
sea surface, and other remote sensing applications.

4. CONCLUSION

In this paper, the polarimetric scattering model of SSA-II under RHCP wave incidence combined with
the CWM nonlinear sea surface model is utilized for exploring the influence of nonlinear hydrodynamic
interactions on sea surface backscattering coefficient as well as Doppler spectrum signatures including
Doppler shift and spectral bandwidth. The simulation results show that the Doppler shift and spectral
bandwidth of CWM nonlinear sea surfaces are significantly greater than those of linear sea surfaces for
moderate and large incidence angles, in particular for low-grazing angle regime. This also demonstrates
the CWM nonlinear sea surface does capture the orbital motion of ocean wave. Moreover, the Doppler
signatures show distinct polarization dependence. For Doppler spectral bandwidth, a pronounced
difference between LR- and RR-polarization cases in small incidence angle regime can be observed
especially for higher wind speed. As for Doppler shift, obvious polarization dependence can be observed
in our simulation. Specifically, the LR-polarized Doppler shifts are greater than RR-polarized ones in
most of the incidence angle regime considered in the present study, in particular at small incidence angles
around 15◦ with an obvious peak. In addition, the simulation results indicate that the LR-polarized
Doppler shift increases obviously with wind speed increasing, whereas the RR-polarized Doppler shift
looks less sensitive to wind speed variation variations compared to LR-polarization case. This result
is potentially valuable in remote sensing application at high wind speeds with GNSS-R signals. It
should be noted that at high sea-state cases, whitecaps and foam related to intensive breaking of waves
become dominant surface features, which are not taken into account in the SSA-II model. The future
investigation on this topic will focus on high sea-state and higher frequency band cases by developing
appropriate electromagnetic model with high efficiency, which is potentially valuable for ocean remote
sensing applications with GNSS-R signals.
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