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Based on the polarimetric scattering model of second-order small-slope approximation (SSA-II) with tapered wave incidence
for reducing the edge effect caused by limited surface size, monostatic and bistatic polarimetric scattering signatures of two-
dimensional dielectric rough sea surface with a ship-induced Kelvin wake is investigated in detail by comparison with those of sea
surface without ship wake.The emphasis of this paper is on an investigation of depolarized scattering and enhanced backscattering
of sea surface with a ship wake that changes the sea surface geometric structure especially for low wind conditions. Numerical
simulations show that in the plane of incidence rough sea surface scattering is dominated by copolarized scattering rather than
cross-polarized scattering and that under lowwind conditions a larger ship speed gives rise to stronger enhanced backscattering and
enhanced depolarized scattering. For both monostatic and bistatic configuration, simulation results indicate that electromagnetic
scattering signatures in the presence of a ship wake dramatically differ from those without ship wake, which may serve as a basis
for the detection of ships in marine environment.

1. Introduction

Fully polarimetric radars with four channels (HH, HV, VH,
and VV) have advantages over the conventional single-
polarization radar or dual-polarization radar when mea-
suring ocean wave characteristics, since a fully polarimet-
ric radar measures the entire scattering matrix, whereas
a single-polarization radar or dual-polarization radar can
only measure one or two elements of the scattering matrix.
Ship-induced wake is of great value for the detection and
classification of ships in marine environment, due mainly to
the more distinct radar image signatures of ship-generated
wake than ship itself. Much research effort has been devoted
mainly to the extraction of specific information associated
with ship from SAR images [1, 2] and to the radar imaging
simulation of sea surface with ship-induced wakes [3–6].The
presence of ship-induced wake increases the roughness of sea
surfaces under low wind conditions especially for a higher
ship speed, and a larger sea surface roughness gives rise to a
stronger multiple scattering. Fung and Eom investigated the
multiple scattering and depolarization by Kirchhoff approx-
imation and pointed out that the depolarized backscattering

originates from multiple scattering [7]. Hence, it is of great
value to investigate the fully polarimetric scattering including
copolarized and depolarized scattering from sea surface in
the presence of ship-induced wake.

Electromagnetic scattering from rough surface [8, 9] and
rough surface with ship target on it [10–14] have been investi-
gated extensively. However, fully polarimetric scattering from
sea surface in the presence of ship-induced wake is rarely
considered in the existing literatures, although copolarized
(HH, VV) scattering from perfect electric conducting (PEC)
sea surfaces with ship-induced wakes has been investigated
in [15]. This is due mainly to the complexity of geometric
modeling of sea surface with ship-generated wake as well
as the corresponding fully polarimetric scattering modeling,
which is three-dimensional (3D) electrically large problem
and is beyond the capability of numerical methods such as
method of moments (MoM) [16] and finite-difference time-
domain (FDTD) [17]. Also, significant computational burden
increases, since electromagnetic scattering from sea surface
in the presence of ship-induced wake involves the stochastic
properties of sea surfaces and we thus have to resort toMonte
Carlo simulation. Analytical approximate models can deal
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with 3D electrically large problembut is limited to their valid-
ity domains [18]. Moreover, most of analytical approximate
models cannot correctly predict the depolarization of wave
scattering from rough surface. Among analytical approximate
models, the Kirchhoff approximation [19–21] also known
as the physical optics and the tangent plane approximation
cannot correctly show distinct polarization dependence. The
two-scale model [22, 23] also known as composite surface
model underestimates the cross-polarized components due
to the neglect of second-order Bragg scattering. The second-
order small perturbation method (SPM) can predict the
depolarization in the plane of incidence, but the validity
domain of SPM is restricted to small roughness [24]. The
first order small-slope approximation (SSA-I) to some extent
can predict the depolarized scattering outside the plane of
incidence but cannot predict the depolarization of wave
scattering from rough surface in the plane of incidence [25,
26].

Voronovich and Zavorotny [27] pointed out that the
depolarized scattering from rough sea surface arises from two
effects. The first effect is a result of mutual transformation
of the two linear polarization states caused by facets’ tilts
and the second one is due to the second-order Bragg scat-
tering. The second-order small-slope approximation (SSA-
II) takes into account the two effects and thus can predict
the electromagnetic wave depolarization from rough ocean
surface. Accordingly, SSA-II is used in this paper to predict
the monostatic and bistatic polarimetric scattering from sea
surface in the presence of ship-induced Kelvin wake. The
major concern in the present study is to investigate the depo-
larized scattering and enhanced backscattering from rough
sea surface in the presence of ship-induced Kelvin wake by
comparisonwith single rough sea surfacewithout ship’s wake.
The remainder of this paper is organized as follows. Section 2
briefly presents themodeling of sea surfaces in the presence of
ship-induced Kelvin wake.The polarimetric scatteringmodel
of SSA-II with tapered wave incidence is briefly presented in
Section 3. The numerical results of monostatic and bistatic
polarimetric scattering from sea surfaces with and without
ship’s Kelvin wake are discussed and analyzed in Section 4.
Section 5 concludes this paper.

2. Modeling of Sea Surface with
Ship-Induced Kelvin Wake

The simulation of rough sea surface elevation is crucial for
the modeling of electromagnetic scattering from rough sea
surface.The linear sea surface instead of nonlinear sea surface
is considered in the present study, since the nonlinearity of
oceanwavesmainly influences theDoppler spectrumof time-
varying rough sea surface and the present study involves only
the average scattering coefficient of sea surface. The linear
superposition method, fractal theory, and spectral method
are widely used in generating linear rough sea surface.

In the present study, the spectral method under spatially
homogeneous and time-stationary hypothesis is used to
generate rough sea surface by taking into account its high
efficiency, since the procedure of generating rough sea surface

can be realized by fast Fourier transformation. All of the
components of the linear sea surface in Fourier domain
are completely independent of random phases. This implies
Gaussian statistics for the sea surface elevations and their
derivatives. The spatial Fourier amplitude at any time 𝑡 can
be expressed as follows:

𝐴(𝑘, 𝑡)

= 𝛾 (𝑘)√𝑆 (𝑘, 𝜙) 𝛿𝑘
𝑥
𝛿𝑘
𝑦
exp (𝑖𝜔𝑡)

+ 𝛾 (−𝑘)
∗

√𝑆 (𝑘, 𝜋 − 𝜙) 𝛿𝑘
𝑥
𝛿𝑘
𝑦
exp (−𝑖𝜔𝑡) ,

(1)

where 𝑘 = (𝑘
𝑥
, 𝑘
𝑦
) is spatial wave vector. 𝑆(𝑘, 𝜙) is the

sea surface roughness spectrum. 𝛾(𝑘) is a complex Gaussian
random series with zero mean value and unit variance. The
sampling interval along 𝑥 direction is 𝛿𝑘

𝑥
= 2𝜋/𝐿

𝑥
which

is determined by the Nyquist sampling criterion with 𝐿
𝑥

being the length of sea surface along 𝑥 direction. Similarly,
𝛿𝑘
𝑦
= 2𝜋/𝐿

𝑦
with 𝐿

𝑦
being the length of sea surface along

𝑦 direction. According to the gravity-capillary dispersion
relation, the angular frequency 𝜔 is related to the spatial
wavenumber 𝑘 = |𝑘| by 𝜔 = √𝑔𝑘(1 + 𝑘2/𝑘2

𝑚
) with 𝑔 being

the gravity acceleration constant.
Then, the sea surface elevation 𝜁sea at spatial potion 𝑟 for

time 𝑡 can be expressed by

𝜁sea (𝑟, 𝑡) = ∑

𝑘

𝐴(𝑘, 𝑡) exp (𝑖𝑘 ⋅ 𝑟) . (2)

Equation (2) can be efficiently accomplished by inverse
fast Fourier transformation. To ensure that 𝜁sea(𝑟, 𝑡) is real,
𝐴(𝑘) is required to satisfy the conjugate symmetry about the
origin as follows:

𝐴(𝑘
𝑥
, 𝑘
𝑦
) = 𝐴

∗

(−𝑘
𝑥
, −𝑘
𝑦
) ,

𝐴 (𝑘
𝑥
, −𝑘
𝑦
) = 𝐴

∗

(−𝑘
𝑥
, 𝑘
𝑦
) .

(3)

The sea surface roughness spectrum proposed by
Elfouhaily et al. is used in the present study for generating
sea surface, which consists of gravity waves spectrum and
capillary waves spectrum and is expressed as [28]

𝑆 (𝑘, 𝜙, 𝑈
10
) = 𝑘
−4

(𝐵
𝐿
(𝑘) + 𝐵

𝐻
(𝑘))Φ (𝜙) , (4)

where 𝐵
𝐿
and 𝐵

𝐻
denote the long-wave and short-wave

curvature spectrum, respectively. The detailed expressions of
𝐵
𝐿
and 𝐵

𝐻
can be found in [28]. Φ(𝜙) represents the angular

spreading function and is chosen as follows:

Φ(𝜙) =
1

2𝜋
(1 + Δ (𝑘) cos (2 (𝜙 − 𝜙

𝑤
))) , (5)
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where 𝜙
𝑤
is the wind direction with respect to the radar line

of sight and

Δ (𝑘) = tanh( ln 2
4
+ 4(

𝑐 (𝑘)

𝑐 (𝑘
𝑝
)

)

2.5

+ 0.13(

𝑢
𝑓

𝑐 (𝑘
𝑚
)
)(

𝑐 (𝑘
𝑚
)

𝑐 (𝑘)
)

2.5

) ,

(6)

where 𝑐(𝑘) = √𝑔(1 + 𝑘
2
/𝑘
2

𝑚
)/𝑘, 𝑘

𝑚
= 370 rad/m, 𝑐(𝑘

𝑝
) =

𝑈
10
/Ω
𝑐
with Ω

𝑐
being inverse wave age, 𝑐(𝑘

𝑚
) = √2𝑔/𝑘

𝑚
≈

0.23m/s, and 𝑢
𝑓
is the friction velocity.

Based on the Michell thin ship theory combined with the
classic theory of a ship’s wave resistance with a ship being
regarded as a rigid body moving in inviscid incompressible
fluid, Zilman et al. derived an explicit asymptotic expression
for ship-generated Kelvin wake in the far zone [6]. Here, we
briefly present the main formulations associated with a ship’s
Kelvin wake.

To approximately simulate a ship’s wake, a parabolic ship
is used which depends on length 𝐿, beam 𝐵, and draft 𝑇:

𝑓 (𝑥, 𝑦) = ±
𝐵

2
(1 − (

2𝑥

𝐿
)

2

)

(|𝑥| ≤
𝐿

2
, − 𝑇 ≤ 𝑧 ≤ 0) .

(7)

The ship-generated elevation of the free surface 𝜁ship
is related to the fluid velocity potential by the following
expression:

𝜁ship (𝑥, 𝑦) =
𝑈
𝑠

𝑔

𝜕𝜑ship (𝑥, 𝑦)

𝜕𝑥
. (8)

Zilman et al. derived the asymptotic expression for fluid
velocity potential by using a parabolic ship depicted by (7) as
follows:

𝜑ship (𝑥, 𝑦, 𝑧)

= −
16𝐵𝐿

𝜋
𝑈
𝑠
Fr6 Re∫

∞

0

𝑑𝜏𝐶 (𝜏, 𝑥) exp (𝑖𝑦𝜏) ,
(9)

where

𝐶 (𝜏, 𝑥, 𝑧) = (1 − 𝑒
−]𝛼𝑇

)
sin (𝛽 (𝜏)) − 𝛽 (𝜏) cos (𝛽 (𝜏))

𝛼
3/2√1/4 + 𝜏

2
/]2

⋅ cos (𝑥]√𝛼 (𝜏)) 𝑒𝑧]𝛼,

𝛼 (𝜏) = 0.5(1 + √1 +
4𝜏
2

]2
) , 𝛽 (𝜏) =

√𝛼 (𝜏)

(2Fr2)
.

(10)

Fr = 𝑈
𝑠
/√𝑔𝐿 is the Froude number. It should be noted

that (8) combined with (9) is in the form inverse Fourier
integral and can be efficiently calculated by using fast Fourier
transformation.

The total wave elevation of the free surface is assumed as
a superposition of wind-generated sea surface elevation 𝜁sea
and ship-induced free surface elevation 𝜁ship as follows:

𝜁 = 𝜁sea + 𝜁ship. (11)

Figures 1(a) and 1(b) present ship-induced Kelvin wake
elevation of free surface with ship speed 𝑈

𝑠
= 3m/s and

wind-generated sea surface elevation of free wave with wind
speed 𝑈

10
= 3m/s, respectively. Under a fixed wind speed

𝑈
10
= 3m/s, the simulated sea surfaces with ship-induced

wake are presented in Figures 1(c) and 1(d) for ship speeds
𝑈
𝑠
= 3m/s and 𝑈

𝑠
= 5m/s, respectively. From Figure 1,

we can observe that the sea surface geometric structure is
changed due to the presence of ship-induced Kelvin wake.
More precisely, the sea surface roughness becomes larger due
to the existence of a ship’s Kelvin wake, especially at low wind
conditions. The electromagnetic scattering signatures from
sea surface will be thus affected due to the presence of a ship’s
Kelvinwake, whichwill be examined in detail inwhat follows.

3. Polarimetric Scattering Model of SSA-II
with Tapered Wave Incidence

The small-slope approximation (SSA) [29] theory consists
of a basic approximation of the theory (SSA-I) and second-
order corrections to it (SSA-II) and represents a systematic
expansion of a scattering amplitude with respect to slopes
of rough surface, which has been successfully applied to
evaluate microwave scattering from rough sea surfaces [27,
30]. The SSA-I cannot predict the depolarization of wave
scattering from rough surface in the plane of incidence due
to the neglect of the second-order Bragg scattering but to
some extent can predict the depolarized scattering outside
the plane of incidence. In comparison with the classical
model such as SPM, KA, and TSM, the modern analytical
approximate model of the SSA-II takes into account the
mutual transformation of the two linear polarization states
caused by facets’ tilts and the second-order Bragg scattering
and thus can predict the electromagnetic wave depolarization
from rough ocean surface both in and outside the plane
of incidence. In this paper, the SSA-II model is used to
evaluate the monostatic and bistatic polarimetric scattering
from two-dimensional (2D) dielectric rough sea surface with
and without a ship’s Kelvin wake to study the influence
of a ship’s Kelvin wake on the depolarized scattering and
enhanced backscattering from rough sea surface.

The geometry of electromagnetic scattering from 2D sea
surface is illustrated in Figure 2. 𝜃

𝑖
and 𝜙

𝑖
denote the incident

angle and incident azimuth angle, respectively, whereas 𝜃
𝑠

and 𝜙
𝑠
represent the scattering angle and scattering azimuth

angle, respectively. The incident wave vector is 𝑘
𝑖
= 𝑘
0
− 𝑞
0
�̂�

and scattering wave vector 𝑘
𝑠
= 𝑘 + 𝑞�̂� can be decomposed

into their horizontal projections and vertical components,
respectively.

In this paper, a tapered plane wave is chosen as the
incident field to reduce the edge effect caused by the limited
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Figure 1: Simulated ship-induced Kelvin wake, wind-generated sea surface, and wind-generated sea surface with ship-induced Kelvin wake.
(a) Ship wake only with ship speed 𝑈

𝑠
= 3m/s, (b) sea surface only with wind speed 𝑈

10
= 3m/s, (c) ship-induced wake embedded in sea

with 𝑈
10
= 3m/s and 𝑈

𝑠
= 3m/s, and (d) ship-induced wake embedded in sea with 𝑈

10
= 3m/s and 𝑈

𝑠
= 5m/s. The unit of the color bar is

meter.

surface size of 𝐿
𝑥
× 𝐿
𝑦
, and the tapered incident wave can be

expressed as [31]

𝐸
𝑖
(𝑟) = 𝑇 (𝑟) exp (𝑖𝑘

𝑖
⋅ 𝑟) ,

𝑇 (𝑟) = exp [𝑖 (𝑘
𝑖
⋅ 𝑟) 𝑤] exp (−𝑡

𝑥
− 𝑡
𝑦
) ,

(12)

where

𝑡
𝑥
=
(𝑥 cos 𝜃

𝑖
cos𝜙
𝑖
+ 𝑦 cos 𝜃

𝑖
sin𝜙
𝑖
+ 𝑧 sin 𝜃

𝑖
)
2

𝑔
2cos2𝜃

𝑖

,

𝑡
𝑦
=
(−𝑥 sin𝜙

𝑖
+ 𝑦 cos𝜙

𝑖
)
2

𝑔
2

,

𝑤 =
1

𝑘
2

𝑖

(
2𝑡
𝑥
− 1

𝑔
2cos2𝜃

𝑖

+

2𝑡
𝑦
− 1

𝑔
2
) ,

(13)

and 𝑔 is the parameter that controls the tapering of the
incident wave. Thus, the original scattering amplitude of the

SSA-II model can be expressed as follows after introducing
into the tapered incident wave:

𝑆 (𝑘, 𝑘
0
) =

2√𝑞0𝑞

(𝑞
0
+ 𝑞)√𝑃inc

∫
𝑑𝑟

(2𝜋)
2
𝑇 (𝑟)

⋅ exp [−𝑖 (𝑘 − 𝑘
0
) ⋅ 𝑟 + 𝑖 (𝑞 + 𝑞

0
) ℎ (𝑟)] (𝐵 (𝑘, 𝑘

0
)

−
𝑖

4
∫𝑀(𝑘, 𝑘

0
; 𝜉) ℎ (𝜉) exp (𝑖𝜉 ⋅ 𝑟) 𝑑𝜉) ,

(14)

where 𝑃inc is the incident wave power captured by the sea
surface of limited size and

ℎ (𝜉) =
1

(2𝜋)
2
∫ℎ (𝑟) exp (−𝑖𝜉 ⋅ 𝑟) 𝑑𝑟 (15)

is the Fourier transformation of the surface elevation ℎ(𝑟).
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Figure 2: Geometry of 2D sea surface scattering problem.

The term (𝑖/4) ∫𝑀(𝑘, 𝑘
0
; 𝜉)ℎ(𝜉)exp(𝑖𝜉 ⋅ 𝑟)𝑑𝜉 in (14)

denotes the second-order correction to the first-order small-
slope approximation, and (14) corresponds to first-order
small-slope approximation by using 𝑀(𝑘, 𝑘

0
; 𝜉) = 0. It can

be proven that, in a general case𝑀(𝑘, 𝑘
0
; 0) = 0, and for this

reason the term associated with𝑀(𝑘, 𝑘
0
; 𝜉) in (14) is, in fact,

proportional to the slopes of the rough surface rather than the
elevations themselves. 𝑀(𝑘, 𝑘

0
; 𝜉) describes a contribution

from the second-order Bragg scattering process and is related
to the Bragg kernels 𝐵 and 𝐵

2
by

𝑀(𝑘, 𝑘
0
; 𝜉) = 𝐵

2
(𝑘, 𝑘
0
; 𝑘 − 𝜉) + 𝐵

2
(𝑘, 𝑘
0
; 𝑘 + 𝜉)

+ 2 (𝑞
0
+ 𝑞) 𝐵 (𝑘, 𝑘

0
) ,

(16)

where the kernel functions of 𝐵 and 𝐵
2
are 2 × 2 matrices

describing mutual transformations of the EM waves of
different polarizations, which dependmainly on the polariza-
tions, configuration angles, and the permittivity of the lower
medium. The detailed derivation and corresponding kernel
functions of the SSA model can be found in [29].

Based on the scattering amplitude calculated from small-
slope approximation, the scattering coefficient is defined as

𝜎 = 4𝜋𝑞
0
𝑞⟨

𝑆 (𝑘, 𝑘

0
)


2

⟩ , (17)

where the angular bracket ⟨⋅⟩ denotes the ensemble average
over sea surface realizations. It should be noted that the
scattering coefficient defined in this paper represents a
total scattering coefficient including coherent and incoherent
components. It differs from some literatures such as [25], in
which only incoherent scattering component is considered
with coherent component being neglected.

4. Numerical Results and Discussion

In the following simulations, the radar frequency is 1.2 GHz
with a corresponding electromagnetic wavelength 𝜆 =

0.25m. At the working frequency of 1.2 GHz, the relative
complex permittivity of sea surface is 𝜀

𝑟
= 73.2 + 𝑖67.2 at

salinity of 30 parts per thousand and sea water temperature
of 20∘C in terms of Debye expression. The surface size is

𝐿
𝑥
= 𝐿
𝑦
= 64m and the sampling interval is 𝜆/8. The

tapering parameter 𝑔 is set to be 𝐿
𝑥
/4 to reduce the edge

effect caused by the limited surface size. The wind fetch
involved in Elfouhaily et al. spectrum is fixed at 30 km. The
ship parameters are length 𝐿 = 50m, beam 𝐵 = 10m, and
draft 𝑇 = 4m. The final monostatic and bistatic scattering is
an ensemble average over 100 sea surface realizations. In all
simulations, the radar is looking upwind.

To validate our small-slope approximation code, in Fig-
ures 3(a) and 3(b) wemake a comparison of bistatic scattering
coefficient obtained from SSA-I and SSA-II with that from
MoM under incident angle 𝜃

𝑖
= 60

∘ for wind speeds
𝑈
10
= 5m/s and 𝑈

10
= 10m/s, respectively. The sea surface

is assumed to be one-dimensional and the length of sea
surface is 204.8𝜆 with 𝜆 being electromagnetic wavelength.
Comparing the bistatic scattering coefficient calculated from
SSA-I and SSA-II with that fromMoM, we observe that SSA-
II is inmuch better agreement withMoM compared to SSA-I.
More precisely, for vertical polarization, both SSA-I and SSA-
II are in rather good agreement with MoM. That is, SSA-II
provides a small correction to SSA-I for vertical polarization.
However, for horizontal polarization, the agreement between
SSA-II and MoM is excellent but the difference between
SSA-I and MoM is obvious. This means that SSA-II can
provide more significant correction to SSA-I for horizontal
polarization than for vertical polarization.

In Figures 4(a) and 4(b), we make a comparison of SSA-
I and SSA-II for calculating the copolarized backscattering
coefficient from 2D single rough sea surface and 2D sea
surface with a ship’s Kelvin wake embedded in it, respectively.
The wind speed is 𝑈

10
= 3m/s and the ship speed is 𝑈

𝑠
=

3m/s. By comparing the backscattering coefficient obtained
from SSA-I with that from SSA-II, it is readily observed
that SSA-II provides more significant correction to SSA-
I for horizontal polarization than for vertical polarization.
Moreover, the correction of SSA-II to SSA-I is much obvious
for the sea surface with a ship’s Kelvin wake than for a
sea surface without a ship’s Kelvin wake. The reason for
this phenomenon is that ship’s Kelvin wake makes the sea
surface much rougher than the sea surface without a ship’s
Kelvin wake. By the way, there is no difference in the
normalized Doppler spectrum of backscattered echoes from
time-evolving rough surfaces, which is a much more precise
and sensitive tool in assessing the scattering model’s validity
than the usual comparison of average scattering coefficient.

Figures 5(a) and 5(b) present the copolarized and cross-
polarized backscattering coefficient from 2D rough sea sur-
face with and without an embedded ship’s Kelvin wake,
respectively.Thewind speed is𝑈

10
= 3m/s and the ship speed

is 𝑈
𝑠
= 5m/s. Obviously, copolarized (HH, VV) backscatter-

ing coefficient is much larger than the cross-polarized (HV,
VH) backscattering coefficient except for the larger incident
angles. What is more, the backscattering coefficient for VV-
polarization is always larger than that for HH-polarization
and cross-polarization. This is attributed to the fact that the
rough sea surface scattering is dominated by copolarized
scattering rather than the depolarized scattering. Also, it is
very interesting to note that HV-polarized backscattering
coefficient is equal to VH-polarized one for the sea surface
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Figure 4: Comparison between SSA-I and SSA-II for copolarized backscattering coefficient with different wind speed 𝑈
10
= 3m/s. (a) Sea

surface alone and (b) sea surface with wake.

with and without a ship’s Kelvin wake embedded in it. This
arises from the reciprocity which means that HV-polarized
backscattering is equal to VH-polarized backscattering. On
the other hand, the reciprocity of cross-polarized backscatter-
ing demonstrates the validity of SSA-II. By the way, the SSA-
I cannot predict the depolarization of wave scattering from
rough surface in the plane of incidence. Nevertheless, to some
extent, SSA-I can predict the depolarized scattering outside
the plane of incidence. In the present study, we used an Intel
processor with 2.26GHz CPU frequency and 32GBmemory.
For backscattering scattering presented in Figure 5(a), the
SSA-II takes about 24.6 hours and the SSA-I costs about 3.1

hours. Although SSA-I is much more efficient than SSA-II,
it cannot predict the depolarization of wave scattering from
rough surfaces in the plane of incidence.Thus, SSA-II instead
of SSA-I is adopted in this paper to evaluate the polarimetric
scattering from rough sea surface with or without a ship-
induced Kelvin wake.

In Figure 6, the simulation condition is the same as
Figure 5 but forwind speed𝑈

10
= 10m/s. Comparing Figures

5(a) and 6(a), we can observe that, for sea surface without
wake, the scattering intensity for wind speed 𝑈

10
= 10m/s in

the vicinity of normal incidence is significantly decreased in
comparison with that for wind speed 𝑈

10
= 3m/s. However,
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Figure 6: Similar to Figure 5, but for wind speed 𝑈
10
= 10m/s. (a) Sea surface only and (b) sea surface with wake at ship speed 𝑈

𝑠
= 5m/s.

comparing Figures 5(b) and 6(b), it is indicated that, for sea
surface with ship-induced Kelvin wake with ship speed 𝑈

𝑠
=

5m/s, the scattering intensity near normal incidence for wind
speed 𝑈

10
= 10m/s is approximately equally to that for wind

speed 𝑈
10
= 3m/s. This is due mainly to the fact that, under

wind speed 𝑈
10
= 10m/s, the contribution of ship-induced

wake is very small.
To illustrate the effect of a ship’s Kelvin wake on copo-

larized backscattering coefficient, in Figures 7(a) and 7(b)
we make a comparison of the copolarized backscattering
coefficient from 2D rough sea surface with and without a
ship’s Kelvin wake embedded in it for ship speeds 𝑈

𝑠
= 3m/s

and 𝑈
𝑠
= 5m/s, respectively. The wind speed is 𝑈

10
=

3m/s. In Figures 7(a) and 7(b), the copolarized backscattering

coefficient from rough sea surface with an embedded ship’s
Kelvin wake is significantly weaker than that from sea surface
without an embedded wake in the vicinity of the normal
incidence. Moreover, the backscattering coefficient from sea
surface with an embedded ship’s Kelvin wake is weaker for
ship speed 𝑈

𝑠
= 5m/s than for ship speed 𝑈

𝑠
= 3m/s near

the normal incidence. As the incident angle increases, there
is a slight difference between the backscattering coefficient
from rough sea surface with and without an embedded
ship’s Kelvin wake for ship speed 𝑈

𝑠
= 3m/s, and the

backscattering coefficient from sea surfacewith a ship’sKelvin
wake becomes stronger than that from sea surface without
a ship’s Kelvin wake with ship speed 𝑈

𝑠
= 5m/s especially

forHH-polarization.Thismeans that the backscattering from
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Figure 8: Cross-polarized backscattering coefficient from 2D rough
sea surface with and without an embedded ship’s Kelvin wake with
wind speed 𝑈

10
= 3m/s.

sea surface in the presence of a ship’s Kelvin wake is enhanced
away from the normal incidence due to the existence of ship’s
Kelvin wake. We attribute this phenomenon to the fact that,
under a low wind speed 𝑈

10
= 3m/s, the presence of a

ship’s Kelvin wake makes the sea surface roughness increase,
and a higher ship speed 𝑈

𝑠
= 5m/s makes the background

consisting of sea surface and ship’s Kelvinwakemuch rougher
compared with a lower ship speed 𝑈

𝑠
= 3m/s.

Figure 8 exhibits the cross-polarized backscattering coef-
ficient from sea surface with and without an embedded ship’s
Kelvin wake. To better illustrate the effect of a ship’s Kelvin

wake on the cross-polarized backscattering coefficient, the
wind speed is fixed at 𝑈

10
= 3m/s. Two typical ship-induced

Kelvin wakes with ship speeds 𝑈
𝑠
= 3m/s and 𝑈

𝑠
= 5m/s

are considered in Figure 8. As expected, the ship’s Kelvin
wake plays an important role in the depolarization of wave
scattering from rough surface. The depolarized backscatter-
ing coefficient from sea surface with an embedded ship’s
Kelvin wake is stronger than that without wake. Moreover,
under a fixed wind speed 𝑈

10
= 3m/s, the depolarized

backscattering coefficient from sea surface with an embedded
ship’s Kelvin wake is larger for ship speed 𝑈

𝑠
= 5m/s

than for ship speed 𝑈
𝑠
= 3m/s. This is attributed to the

fact that sea surface roughness becomes larger due to the
presence of an embedded ship’s Kelvin wake and that sea
surface roughness grows larger as the ship speed increases
under a low wind speed 𝑈

10
= 3m/s. What is more, the

depolarization of wave scattering from rough surface is due
to multiple scattering and a rougher sea surface leads to
a stronger multiple scattering. It should be mentioned that
Fung and Eom [7] investigated the multiple scattering and
depolarization by Kirchhoff approximation and pointed out
that the copolarized backscattering is dominated by the single
scattering process, whereas the depolarized backscattering is
due to multiple scattering.Thus, we can speculate that, under
a fixed sea surface wind speed, a higher ship speed will give
rise to a stronger depolarized scattering.

Figures 9(a) and 9(b) present a comparison of the angular
distribution of bistatic scattering coefficient with and without
an embedded ship’s Kelvin wake with incident angle 𝜃

𝑖
=

0
∘ for HH- and VV-polarization, respectively. To better
illustrate the effect of a ship’s Kelvin wake, the wind speed
is fixed at 𝑈

10
= 3m/s. Two typical ship-generated Kelvin

wakes with ship speeds 𝑈
𝑠
= 3m/s and 𝑈

𝑠
= 5m/s are

considered here. In Figure 10, the incident angle is 𝜃
𝑖
= 60
∘,

and other parameters are the same as in Figure 9. From
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Figure 10: Similar to Figure 9, but with incident angle 𝜃
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∘. (a) HH-polarization and (b) VV-polarization.

Figures 9 and 10, we can readily observe obvious peaks in the
specular direction for sea surface without an embedded ship’s
Kelvin wake. This is attributed to the fact that the coherent
scattering is very strong and the scattering mechanism is
dominated by specular reflection. Hence, a coherent sharp
peak appears at low wind conditions. We can expect that
this sharp peak disappears if the coherent component was
subtracted. The angular distribution of bistatic scattering
intensity in the specular direction is strongly influenced by
the ship’s Kelvin wake, and this difference is relatively small
away from the specular direction. We can speculate that,

under a fixed wind speed𝑈
10
= 3m/s, the scattering intensity

in the specular direction becomes weaker with the ship speed
increasing due to the increase of sea surface roughness. A
backscattering enhancement is observed by comparing the
scattering coefficient from sea surface with and without a
ship’s Kelvin wake. Moreover, a larger ship speed gives rise
to a stronger backscattering enhancement under a fixed wind
speed 𝑈

10
= 3m/s. We conclude here that when the sea

surface wind speed is sufficiently high until the ship’s Kelvin
wake is submerged in sea surface, the scattering contribution
comes primarily from sea surface itself and that the ship’s
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Figure 11: The angular distribution of bistatic scattering coefficient of sea surface with and without a ship-induced kelvin wake for VV-
polarization at wind speed 𝑈

10
= 10m/s. (a) Upwind case and (b) crosswind case.

Kelvin wake begins to contribute to scattering as the ship
speed increases under low wind conditions.

The angular distribution of bistatic scattering coefficient
of sea surface with and without a ship-induced Kelvin wake
for VV-polarization at speed 𝑈

10
= 10m/s is presented

in Figures 11(a) and 11(b) for upwind case and crosswind
case, respectively. We can observe from Figure 11 that, due
to the presence of a ship-induced Kelvin wake, the scattering
intensity of sea surface in the specular direction is decreased
and the backscattering is enhanced. Moreover, under a fixed
wind speed 𝑈

10
= 10m/s, the scattering intensity in the

specular direction decreases with ship speed increasing. This
is attributed to the fact that sea surface becomes rougher due
to the presence of ship wake and that under a fixed wind
speed a higher ship speed gives rise to a larger roughness.
Comparing Figures 11(a) and 11(b), we can observe that it
is not easy to observe significant difference between upwind
case and crosswind case. In the following, we will discuss
the dependence of bistatic scattering coefficient of sea surface
with and without wake on the scattering azimuth angle.

From Figures 9, 10, and 11, we can observe that the
scattering intensity near the specular direction is significantly
influenced due to the presence of ship-induced wake, even
for higher wind speed and lower ship speed as depicted in
Figure 11. However, the influence of ship wake on the scat-
tering coefficient away from the specular direction is rela-
tively small, especially for oblique incidence as illustrated
in Figure 10. In comparison with bistatic configuration, the
backscattering coefficient away from specular direction is less
sensitive to ship-inducedwake as illustrated in Figure 7. From
Figure 7, we can observe that, even at low wind condition
𝑈
10
= 3m/s, the backscattering scattering coefficient away

from the specular direction is not significantly affected by
ship wake at ship speeds 𝑈

𝑠
= 3m/s and 𝑈

𝑠
= 5m/s. This

implies that, for monostatic configuration even at low wind
condition 𝑈

10
= 3m/s, the ship wake contribution on the

backscattering coefficient away from the specular direction
is negligible under low ship speed conditions. It should be
noted that these conclusions are drawn with the fixed ship
parameters. The influence of other parameters such as ship
size on the angular distribution of scattering coefficient is
not conducted in this paper due to space limitation, which
deserves further investigation.

Figures 12(a) and 12(b) show the angular distribution of
bistatic polarimetric scattering coefficient with incident angle
𝜃
𝑖
= 0
∘ for sea surface with and without an embedded ship’s

Kelvin wake, respectively. The wind speed is fixed at 𝑈
10
=

3m/s, and the ship speed is 𝑈
𝑠
= 5m/s. In Figure 13, the

incident angle is 𝜃
𝑖
= 60

∘, and other parameters are the
same as Figure 12. In Figures 12(a) and 13(a), obvious peaks
appear for copolarized scattering coefficient in the specular
direction. When a ship’s Kelvin wake is embedded in sea
surface, however, the specular peaks disappear as depicted in
Figures 12(b) and 13(b). This can be attributed to the fact that
the coherent scattering in the specular direction is weakened
due to the presence of ship’s Kelvin wake. In Figures 12 and
13, we can readily observe that the copolarized scattering
intensity is significantly stronger than the cross-polarized
one in the vicinity of the specular direction, whereas their
difference is small far away from the specular direction
as depicted in Figure 13. By comparing Figure 12(a) with
Figure 12(b) and Figure 13(a) with Figure 13(b), we find that
the cross-polarized bistatic scattering coefficient is larger for
sea surface with an embedded ship’s Kelvin wake than for sea
surface without wake. We attribute this phenomenon to the
fact that the depolarized scattering becomes stronger, which
is a result of multiple scattering arising from a larger sea
surface roughness due to the presence of a ship’s Kelvin wake.
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Figure 12: Bistatic polarimetric scattering coefficient versus scattering angle 𝜃
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with wind speed 𝑈
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Figure 13: Similar to Figure 12, but with incident angle 𝜃
𝑖
= 60
∘. (a) Sea alone and (b) sea with wake.

By the way, for a bistatic configuration, the reciprocity is not
obeyed since the HV-polarized scattering coefficient is not
equal to the VH-polarized one as depicted in Figures 12 and
13, which is different from the monostatic configuration.

Figure 14makes a comparison of bistatic scattering coeffi-
cient versus scattering azimuth angle of the simulation result
in this paper with the result published in [25]. In Figure 14,
the simulations are performed at 14GHz.The incidence angle
and incidence azimuth angle are 𝜃

𝑖
= 40

∘ and 𝜙
𝑖
= 0
∘,

respectively. The scattering angle is 𝜃
𝑠
= 40
∘. From Figure 14,

we can observe that the variation tendency of our simulation

result is consistent with the results published in [25]. The
comparison shows that the scattering coefficient of this paper
is somewhat smaller than that published in [25], especially
at small scattering azimuth angles. However, the scattering
coefficient of this paper, in principle, should be slightly larger
than that published in [25]. The reason is that the SSA-II
is adopted in the present study in which a second-order
correction is added to SSA-I, while in [25] the SSA-I is
utilized. The possible reasons leading to this discrepancy
could be the following simulation condition differences. For
example, the sea surface size in this paper is very limited
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Figure 15: Bistatic scattering coefficient versus scattering azimuth angle 𝜙
𝑠
. (a) Sea surface alone at wind speed𝑈

10
= 3m/s and (b) sea surface

with ship wake at wind speed 𝑈
10
= 3m/s and ship speed 𝑈

𝑠
= 5m/s.

due to the severe computational burden involved in SSA-II,
whereas sea surface size is assumed to be infinite in [25]. The
wind fetch involved in Elfouhaily et al. spectrum [28] is set as
𝑋 = 30 km in the present study, and it seems as if the value
of wind fetch is not explicitly specified in [25]. In addition,
the scattering coefficient of this paper is obtained over 100
sea surface realizations, whereas the statistical solution of
scattering coefficient is presented in [25].

The variation of bistatic scattering coefficient with scat-
tering azimuth angle is presented in Figures 15(a) and 15(b)
for sea surface only and sea surface with a ship-induced
Kelvin wake, respectively. In Figure 15, the incidence angle
and incidence azimuth angle are 𝜃

𝑖
= 30

∘ and 𝜙
𝑖
= 0
∘,

respectively. The scattering angle is 𝜃
𝑠
= 30
∘. In Figure 16, all

simulation parameters are the same as those in Figure 15, but
with incidence angle 𝜃

𝑖
= 40
∘ and scattering angle 𝜃

𝑠
= 40
∘.

From Figures 15 and 16, we can observe that the copolarized
scattering coefficient encounters a minimumwhen scattering
azimuth angle varies from 0

∘ to 180∘. More specifically,
for HH-polarization, the minimum of scattering coefficient
appears in the vicinity of scattering orthogonal plane (𝜙

𝑠
=

90
∘). However, we can notice that for VV-polarization the

position of theminimum of scattering coefficient depends on
the value of incidence/scattering angle. Similar conclusions
were reported in [25], in which the statistical solution of sea
surface scattering is obtained by using first-order small-slope
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Figure 16: Similar to Figure 15, but with incidence angle 𝜃
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∘ and scattering angle 𝜃
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approximation. Comparing Figure 15(a) with Figure 15(b)
and Figure 16(a) with Figure 16(b), we can observe that the
cross-polarized scattering coefficient of sea surface with a
ship-induced wake is obviously larger than that of sea surface
alone. That is, the depolarized scattering is enhanced due to
the presence of ship-induced Kelvin wake. This is attributed
to the fact that sea surface in the presence of ship-induced
wake is much rougher than sea surface alone. Thus, we can
expect that the enhanced depolarized scattering due to the
presence of a ship-induced kelvin wake is potentially valuable
for the detection of ships in marine environment.

5. Conclusion

In this paper, fully polarimetric monostatic and bistatic scat-
tering from rough sea surface in the presence of a ship’s Kelvin
wake has been investigated in detail by comparison with that
from single sea surface without ship-induced Kelvin wake.
For bistatic configuration, the copolarized scattering intensity
is significantly stronger than the cross-polarized one in the
vicinity of the specular direction, whereas this difference
is small far away from the specular direction. Meanwhile,
the copolarized backscattering coefficient is much stronger
than the cross-polarized one except for the larger incident
angles. The numerical simulations show that the ship speed
is an important parameter for influencing the radar echo
signatures, since the sea surface roughness depends mainly
on the ship speed with fixed ship parameters under low wind
conditions. It is also indicated that a larger ship speed gives
rise to a stronger enhanced backscattering and enhanced
depolarized scattering under low wind conditions, which is a
result of multiple scattering arising from a larger sea surface
roughness due to the presence of a ship’s Kelvin wake. It
should be noted that the dependence of angular distribution
of scattering intensity on ship parameters is not examined in

the present study due to space limitation. However, we can
speculate that ship parameters can also affect the radar echo
signatures, since a ship’s Kelvin wake also depends on the ship
parameters such as ship length, beam, and draft. The investi-
gation of polarimetric scattering from rough ocean surface
in the presence of ship-induced Kelvin wake is potentially
valuable for the detection and classification of ships inmarine
environment. It should be pointed out that SAR imaging
simulation of sea surface with an embedded ship-induced
Kelvin wake based on simulated electromagnetic scattering
data deserves further investigation, which goes beyond the
scope of this paper.
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