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Abstract. Based on the model of Lombardini et al. [J. Atmos. Ocean. Technol. 6(6), 882–890
(1989)], which can predict the hydrodynamic damping of rough sea surfaces in the presence of
oil films, the influence of sea slicks on the sea surface roughness spectrum and sea surface geo-
metrical structure is examined briefly in the present study. On this basis, the influence of sea
slicks on the angular distribution of the bistatic scattering coefficient of sea surfaces and the
Doppler spectrum signature of backscattered radar sea-echo is investigated in detail based
on a frequency-domain numerical method of the parallel fast multiple method. Simulation results
show that Doppler spectrum signatures including Doppler shift and spectral bandwidth of radar
sea-echo are significantly affected by sea slicks, which are qualitatively consistent with wave-
tank or open sea measurements. Moreover, simulation results indicate that the Doppler spectrum
signature is a promising technique for remote sensing of oil films floating on sea surfaces. © 2016
Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JRS.10.016015]
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1 Introduction

In the past decades, the problem of remote sensing of oil spills floating on rough sea surfaces was
investigated experimentally and theoretically, and most of the research effort on this topic was
devoted to analyzing and processing remote sensing data, particularly by synthetic aperture
radar.1–5 Electromagnetic (EM) scattering modeling of oil spills floating on rough sea surfaces
was also presented in Refs. 6–9, which serves as a basis for remote sensing of oil spills floating
on a rough ocean surface and actually involves the investigation of EM scattering from stratified
rough surfaces.10–13 As a promising technique in many areas such as ocean wave spectra esti-
mation, sea surface wind speed retrieval, ocean wave parameters extraction, and sea surface
current measurement, the Doppler spectrum of backscattered echoes from a time-evolving
sea surface carries much more information than the normalized radar cross-section of the
sea surface14–17 and proves to be a much more precise and sensitive tool for monitoring
fluid motion. Most of the existing literature on this topic concentrated primarily on the hydro-
dynamic nonlinear interactions between ocean waves on the Doppler spectrum of time-varying
clean ocean surfaces,18–21 in which a broadening of Doppler spectra of the nonlinear sea surface
and a separation of Doppler spectra between vertical and horizontal polarizations for nonlinear
sea surfaces are observed, especially at low grazing angles.

Motivated by the fact that oil slicks strongly damp the capillary waves of sea surfaces and
inherently change the sea surface geometrical structure, this paper is devoted mainly to an inves-
tigation of EM scattering features and Doppler spectrum signatures of oil films floating on time-
varying one-dimensional (1-D) dielectric sea surfaces, which is potentially valuable for remote
sensing of sea slicks floating on ocean surfaces. In the present study, the nonlinear model termed
as the choppy wave model (CWM) is utilized for describing nonlinear interactions between
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ocean waves,22 which are extremely important for the Doppler spectrum of radar sea-echo, espe-
cially at low grazing angles. The simulation results in the present study indicate that the scatter-
ing intensity in the vicinity of the specular direction is increased, whereas the scattering intensity
away from the specular direction is decreased due to the presence of sea slicks, which are quali-
tatively consistent with measurements.23–26 The simulation results also show that the Doppler
shift in the presence of sea slicks can decrease or increase, dependent on incidence angles and oil
characteristics, which is qualitatively consistent with open sea measurements performed at a
fixed incidence angle.27,28 In addition, a narrowing of the Doppler spectrum in the presence
of oil slicks is observed, which is qualitatively consistent with wave-tank measurements.29

The remainder of this paper is organized as follows. In Sec. 2, the influence of oil films’
damping on the sea surface roughness spectrum and sea surface geometrical structure is exam-
ined based on the model of Lombardini et al., and the formulation of EM scattering from two-
layered rough surfaces and the simulation procedures of the Doppler spectrum are presented. The
numerical results of the bistatic scattering coefficient and the Doppler spectra of backscattered
echoes from oil-free and oil-covered sea surfaces are discussed in Sec. 3. Section 4 concludes
this paper.

2 Theoretical Model

2.1 Modeling of Contaminated Sea Surface

In the existing literature, there are only a few models that can take into account oil films and
predict the hydrodynamic damping of rough sea surfaces in the presence of surface oil films.30–32

Since the emphasis of the present study is on the influence of natural or organic sea slicks on the
Doppler spectrum of backscattered echoes from sea surfaces, the model of Lombardini et al.32 is
considered in this paper. Actually, the model of Lombardini et al. is independent of oil films’
thickness and is only valid for thin oil films. According to the model proposed by Lombardini
et al., the roughness spectrum of an oil-covered sea surface Scont is related to the clean sea surface
roughness spectrum Sclean by the following ratio:9,32

EQ-TARGET;temp:intralink-;e001;116;381Scontðk; u; E0;ωDÞ ¼
Scleanðk; uÞ

ysðk;E0;ωDÞ
; (1)

where ys is the damping ratio.
This paper considers only the insoluble films and a fully covered sea, and thus, the damping

ratio ys is expressed by

EQ-TARGET;temp:intralink-;e002;116;300ysðf; E0;ωDÞ ¼
1 − 2τ þ 2τ2 − X þ YðX þ τÞ
1 − 2τ þ 2τ2 − 2X þ 2X2

; (2)

where

EQ-TARGET;temp:intralink-;e003;116;244τ ¼
�
ωD

2ω

�1
2

X ¼ E0k2

ρð2νω3Þ0.5 Y ¼ E0k
4ρνω

(3)

are dimensionless quantities and

EQ-TARGET;temp:intralink-;e004;116;191f ¼ ω

2π
¼ ðςk3∕ρþ gkÞ1∕2

2π
(4)

is the dispersion law. In Eqs. (2)–(4), ρ is the water density, g is the acceleration of gravity,
ν ¼ 10−6 m∕s is the kinematic viscosity, and ς ¼ 74 × 10−3 N∕m is the surface tension.
E0 denotes the elasticity modulus, and ωD represents a characteristic frequency. This paper
considers three types of oil films with parameters fωD ¼ 6 rad∕s; E0 ¼ 9 mN∕mg,
fωD ¼ 13 rad∕s; E0 ¼ 18 mN∕mg, and fωD ¼ 11 rad∕s; E0 ¼ 25 mN∕mg, respectively. It
needs to be noted that these values were retrieved from experiments conducted in the Sicilian
Channel and the Gulf of Maine.32
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To take into account the small-scale waves of the sea surface, the sea surface roughness
spectrum proposed by Elfouhaily et al. is used in the present study for describing the clean
sea surface, which consists of the gravity waves spectrum and capillary waves spectrum and
can be expressed as33

EQ-TARGET;temp:intralink-;e005;116;687ScleanðkÞ ¼ k−3½BLðkÞ þ BHðkÞ�; (5)

where BL denotes the long-wave curvature spectrum and BH represents the short-wave curvature
spectrum. The detailed expressions of BL and BH can be found in Ref. 33, which is not presented
here due to space limitations.

With the knowledge of the sea surface roughness spectrum, the RMS slope and the RMS
height can be derived as

EQ-TARGET;temp:intralink-;e006;116;596σs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ þ∞

0

dkk2SðkÞ
s

; h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ

∞

−∞
dkSðkÞ

s
; (6)

where SðkÞ can be either ScleanðkÞ or ScontðkÞ. The RMS height and RMS slope of a clean and a
contaminated sea with Elfouhaily spectrum can be calculated numerically with the Elfouhaily
spectrum being truncated. In the following EM simulations, we fixed the cutoff to be five times
the electromagnetic wavenumber, that is, Kc ¼ 5k0, with k0 being the wavenumber of the inci-
dent electromagnetic wave in free space, which definitely includes all potential Bragg scatterers.

The two air/oil and oil/sea interfaces are strongly correlated and can be regarded as fully
correlated (i.e., identical) for thin oil films up to a few millimeters; hence, the two interfaces
of oil films can be considered as locally plane parallel interfaces as in Ref. 9. Therefore, in
the present study, the contaminated and clean sea surfaces are generated as realizations of a
Gaussian random process with the contaminated sea surface roughness spectrum Scont and
the clean sea surface roughness spectrum Sclean, respectively. The CWM surface model describ-
ing nonlinear interactions between ocean waves is utilized in this paper to investigate the in-
fluence of sea surface nonlinearities on the Doppler spectrum, which is based on a
Lagrangian description of ocean waves and can be constituted by horizontal displacement of
the Hilbert transform of a reference linear surface.22

Figures 1(a) and 1(b) present the roughness spectra of oil-free and oil-covered sea surfaces
with wind speeds of U10 ¼ 3 m∕s and U10 ¼ 5 m∕s, respectively. The wind fetch is set to
30 km. It should be noted that for ocean waves whose frequency is smaller than 1 Hz, the in-
fluence of oil films on the sea surface roughness spectrum is not taken into account as illustrated
in Ref. 32. From Fig. 1, we can observe that the higher-frequency components corresponding to
capillary waves of sea surfaces are significantly affected by oil films’ damping effect. Moreover,
the oil film with parameter fωD ¼ 11 rad∕s; E0 ¼ 25 mN∕mg has a stronger damping effect
on the sea surface roughness spectrum compared with the oil films with parameters
fωD ¼ 13 rad∕s; E0 ¼ 18 mN∕mg and fωD ¼ 6 rad∕s; E0 ¼ 9 mN∕mg.
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Fig. 1 Roughness spectra of oil-free and oil-covered sea surface versus the wavenumber:
(a) U10 ¼ 3 m∕s and (b) U10 ¼ 5 m∕s.
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The damping effect of oil films inherently has an influence on the sea surface geometrical
structure as well as sea surface statistical characteristics, as illustrated in Figs. 2 and 3. The
surface height and slope of a realization of clean and contaminated sea surfaces are presented
in Figs. 2(a) and 2(b), respectively. Comparing Figs. 2(a) and 2(b), we can observe that sea
surface heights are slightly affected by oil films, whereas sea surface slopes are significantly
reduced due to the presence of sea slicks. Moreover, sea surface slopes of the oil-covered
sea with oil parameter fωD ¼ 11 rad∕s; E0 ¼ mN∕mg are smaller than those with oil films
with parameters fωD ¼ 6 rad∕s; E0 ¼ 9 mN∕mg and fωD ¼ 13 rad∕s; E0 ¼ 18 mN∕mg. The
comparisons of surface RMS height and RMS slope between clean and contaminated sea sur-
faces are exhibited in Figs. 3(a) and 3(b), respectively. As expected, surface RMS height is
almost not affected by oil films’ damping as illustrated in Fig. 3(a), whereas surface RMS height
is significantly reduced by oil films’ damping as depicted in Fig. 3(b).

2.2 Scattering and Doppler Spectrum Calculation

The investigation on the Doppler spectra of backscattered echoes from oil-covered sea surfaces
involves the calculation of EM scattering from 1-D two-layered rough surfaces as illustrated in
Fig. 4. Applying Green’s theorem to the three media regions divided by the two rough interfaces
Ω0, Ω1, and Ω2, respectively, the coupling integral equations for calculating EM scattering from
the 1-D two-layered dielectric rough surface in the three media can be written as34

EQ-TARGET;temp:intralink-;e007;116;303ψ incðr̄Þ ¼
1

2
ψ0ðr̄Þ −

Z
S1

dS 0½ψ0ðr̄ 0Þn̂ 0
1 · ∇ 0G0ðr̄; r̄ 0Þ − G0ðr̄; r̄ 0Þn̂ 0

1 · ∇ 0ψ0ðr̄ 0Þ� r̄ ∈ Ω0;

(7)
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Fig. 2 Geometrical structure comparison between a clean and an oil-covered linear sea surface:
(a) sea surface height profile comparison and (b) sea surface slope comparison.
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Fig. 3 Statistics comparison between a clean and an oil-covered linear sea surface: (a) RMS
height versus the wind speed U10 and (b) RMS slope versus the wind speed U10.
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EQ-TARGET;temp:intralink-;e008;116;628

0 ¼ 1

2
ψ1ðr̄Þ þ

Z
S1

dS 0½ψ1ðr̄ 0Þn̂ 0
1 · G1ðr̄; r̄ 0Þ − G1ðr̄; r̄ 0Þn̂ 0

1 · ∇ 0ψ1ðr̄ 0Þ�

−
Z
S2

dS 0½ψ1ðr̄ 0Þn̂ 0
2 · ∇ 0G1ðr̄; r̄ 0Þ − G1ðr; r̄ 0Þn̂ 0

2∇ 0ψ1ðr̄ 0Þ� r ∈ Ω1; (8)

EQ-TARGET;temp:intralink-;e009;116;5630 ¼ 1

2
ψ2ðr̄Þ þ

Z
S2

dS 0½ψ2ðr̄ 0Þn̂ 0
2 · ∇ 0G2ðr̄; r̄ 0Þ − G2ðr̄; r̄ 0Þn̂ 0

2 · ∇ 0ψ2ðr̄ 0Þ� r̄ ∈ Ω2; (9)

where fGPðr̄; r̄ 0Þ ¼ ði∕4ÞHð1Þ
0 ðkpjr̄ − r̄ 0jÞgp¼0;1;2 is the Green’s function with Hð1Þ

0 ð·Þ being the
zeroth-order Hankel function of the first kind.

Applying pulse basis functions and points matching procedure to the integral Eqs. (7)–(9)
with boundary conditions being used, one can obtain a matrix equation that can be solved by a
parallel fast multiple method based on a message passing interface to accelerate calculations of
the scattering problem.34 Upon solving the matrix equation, the surface electric current and sur-
face magnetic current can be obtained. Then the far field can be calculated by utilizing Huygens’
principle in terms of the surface currents. The normalized far-field bistatic scattering coefficient
(BSC)35 with the Thorsos tapered plane wave incidence can thus be calculated in terms of the
scattered fields.

Frequency-domain methods can be applied to evaluate the EM scattering from a time-evolv-
ing sea surface on the basis of a quasi-stationary algorithm,21,36 which approximately simulates
the time-domain problem by repeatedly employing the frequency-domain approach. More pre-
cisely, the time-evolving sea can be regarded as time-frozen for a time interval τ if the pulse
duration τ is small enough. On the other hand, if the duration τ of such a pulse is large enough
and the time-evolving sea still remains time-frozen, the surface illumination can be regarded as a
time-harmonic signal, so that we can employ our frequency-domain method to calculate the
scattered fields from such a time-frozen sea surface. Then, the scattered signal may be considered
as composed of the same pulses of duration τ, whose amplitudes ψ sðnτ; θs; θiÞ, n ¼ 0;1; 2: : : are
determined by solving the frequency-domain integral for each time interval. Apparently, it is
crucial to choose an appropriate time duration τ, which has been discussed in detail in Ref. 21.

Based on the simulated time series of backscattered echoes from a time-evolving sea surface,
the Doppler spectrum, which is defined as the power spectral density of the random time-varying
scattering amplitude, can be evaluated by utilizing a standard spectral estimation technique in
terms of the following expression:21

EQ-TARGET;temp:intralink-;e010;116;224SðfÞ ¼
�
1

T

����
Z

T

0

ψðt; θs; θiÞe−i2πft
����2
�
; (10)

where the angular bracket represents the ensemble average over random surface realizations and
T denotes the sea surface evolution time. In what follows, we consider only the backscattering
case, that is, θs ¼ −θi. The procedure of Doppler spectrum simulation can be summarized as
follows:

Step 1: Simulate a sequence of time-evolving sea surfaces with time duration τ. If this duration
is small enough, the sea surface can be regarded as time-frozen during the time inter-
val τ.

Step 2: Calculate the backscattered field from time-frozen sea surfaces by solving the coupling
integral equations to obtain a time series of backscattered echoes from one sea surface
realization.

Fig. 4 Geometry of the wave scattering from 1-D rough sea surface covered by oil film.
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Step 3: Evaluate one realization of the Doppler spectrum by performing a standard spectral
estimation technique.

Step 4: Repeat steps 1 through 3 to obtain a number of realizations for the Doppler spectrum,
and then take the ensemble average to get an average Doppler spectrum.

In order to quantitatively measure the Doppler spectrum, the Doppler shift fc, that is, the
spectral centroid, and the bandwidth of the Doppler spectrum fw can be defined by the following
expressions, respectively:

EQ-TARGET;temp:intralink-;e011;116;649fc ¼
R
fSðfÞdfR
SðfÞdf ; fw ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR ðf − fcÞ2SðfÞdfR
SðfÞdf

s
: (11)

3 Numerical Results and Discussion

In the following, numerical simulations are performed at a frequency of f ¼ 3.0 GHz. The
relative permittivity of sea surface is εr ¼ 70.4þ i37.637 at a sea water temperature of 25°C
and salinity of 30 parts per thousand in terms of the Debye expression, and the relative permit-
tivity of the oil film is taken as εoilr ¼ 2.25þ i0.01.38 Three types of insoluble homogeneous oil
films are considered in this paper, and the mean thickness of oil film d is assumed to be 0.1λ,
with λ being the electromagnetic wavelength. In what follows, oil films with parameters
fωD ¼ 6 rad∕s; E0 ¼ 9 mN∕mg, fωD ¼ 13 rad∕s; E0 ¼ 18 mN∕mg, and fωD ¼ 11 rad∕s;
E0 ¼ 25 mN∕mg are represented by oil of types A, B, and C, respectively. The Elfouhaily spec-
trum is utilized for describing the clean sea surfaces, and the Elfouhaily spectrum in conjunction
with the model of Lombardini et al. is employed for modeling contaminated sea surfaces. The
wind fetch involved in the Elfouhaily spectrum is set to 30 km. The length of sea surface is
L ¼ 204.8λ, and the Thorsos tapered wave with tapering parameter g ¼ L∕6 is chosen as
the incident field to reduce the edge diffraction effect due to the truncation of the rough surface.
For Doppler spectra simulation, the criterion for choosing the time interval is discussed in detail
in Ref. 21. In the present study, the time step is set to 0.02 and 0.01 s for wind speeds of U10 ¼
3 m∕s andU10 ¼ 5 m∕s, respectively, to obtain sufficient unambiguous Doppler bandwidth, and
each realization of the Doppler spectrum is performed on 256 and 512 time samples for wind
speeds of U10 ¼ 3 m∕s and U10 ¼ 5 m∕s, respectively, to obtain sufficient Doppler spectral
resolution. The final average Doppler spectra are obtained over 100 ensemble realizations.

Figures 5(a) and 5(b) exhibit the BSC versus scattering angle under incidence angles of θi ¼
0 deg and θi ¼ 30 deg for horizontal–horizontal and vertical–vertical (VV) polarizations,
respectively. The wind speed at a height of 10 m is U10 ¼ 5 m∕s, and the final BSC is averaged
over 100 Monte Carlo realizations. It is readily observed that the angular distribution of the BSC
is more concentrated in the vicinity of the specular direction for the oil-covered sea surface than
for the oil-free sea surface. This means that BSC decreases more rapidly away from the specular
direction for the oil-covered sea than for the oil-free sea surface. One attributes this phenomenon
to the fact that an oil-covered sea surface has a lower slope compared with those of an oil-free sea
surface, which is due to the difference in the roughness spectrum of the sea surface arising from
the damping effect of the oil film. It is also found that the angular distribution of BSC is more
concentrated near the specular direction for the oil of type C than for the oil of type A. This can
be attributed to the fact that the surface slope of an oil-covered sea with oil film of type C is
smaller than those with oil film of type A, which is due to the fact that the damping effect is
stronger for oil film of type C than for oil film of type A. For sea surface in the presence of oil
films, experimental measurements show that near-nadir backscattering intensity is increased23,26

and that, at moderate angles of incidence, backscattering power is decreased.24,25 In Figs. 5(a)
and 5(b), we can observe that in the vicinity of the specular direction, BSC in slicks is higher than
that of clean sea, and that for the scattering angles away from the specular direction, BSC is
much lower than that of clean sea. Hence, our simulation results are qualitatively consistent
with measurements.23–26

Figure 6 exhibits Doppler spectra of VV-polarized backscattered echoes from clean linear
sea, clean nonlinear sea, and contaminated nonlinear sea with wind speed U10 ¼ 3 m∕s at vari-
ous incidence angles. Oil of type A with parameter fωD ¼ 6 rad∕s; E0 ¼ 9 mN∕mg is
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considered in Fig. 6. For reference, the Bragg lines are also plotted with vertical dotted lines,
which are predicted by the small perturbation method at first order and are expressed by
fB ¼ � ffiffiffiffiffiffiffiffiffiffiffi

g0KB
p

∕2π, with KBðθiÞ ¼ 2k0 sinðθiÞ being the Bragg wavenumber. For linear sea sur-
faces, it is indicated in Fig. 6 that the Doppler spectrum first becomes broader and then shrinks
until it becomes quite narrow when approaching low grazing incidence. In addition, the Doppler
spectral peaks of linear sea surfaces locate at higher frequencies compared with the correspond-
ing Bragg shift for small and moderate incidence. As incident angle increases, the Doppler spec-
tral peaks of linear sea surfaces move closer to and eventually coincide with the Bragg shift. This
is attributed to the fact that the scattering mechanism is dominated by specular reflection at small
incident angles, whereas the Bragg scattering becomes dominant as the incident angle increases.

Comparing the Doppler spectra of clean linear and nonlinear sea surfaces, we can readily
observe that at small incidence angles, the difference of Doppler spectrum between clean linear
and nonlinear sea surfaces is almost indistinguishable. As incidence angle increases, the differ-
ence of Doppler spectrum between clean linear and nonlinear sea surfaces becomes increasingly
pronounced, especially at low grazing angles. As illustrated in Fig. 6, the Doppler spectra of
nonlinear sea surfaces for low grazing angles are much broader than those of linear sea surfaces.
The reason for this difference is that linear sea surface is just a collection of harmonics, each
propagating according to a dispersion relation independent of others. It captures the vertical
component of orbital motions that shorter waves experience due to long waves by local height
changes, but the horizontal component of the orbital velocities of long waves is completely
missed due to the neglect of nonlinear interactions between ocean waves. For small incident
angles, the line-of-sight projections of sea surface motions are almost entirely due to the vertical
components, which are correctly captured by the linear sea surface model. However, the hori-
zontal component of orbital motion starts playing increasingly and then takes a dominant role in
the line-of-sight projection as the incidence angle moves toward grazing angles. These back-and-
forth motions (nonlinear interactions between ocean waves) are completely missing in the linear
sea surface model. The CWM nonlinear sea surface model used in the present study, however,
does capture these orbital motions correctly by adding horizontal displacements of the Hilbert
transform of a reference linear surface. Obviously, the Doppler spectra of nonlinear sea surfaces
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Fig. 5 Bistatic scattering coefficients of clean and contaminated sea for θi ¼ 0 deg and
θi ¼ 30 deg with wind speed U10 ¼ 5 m∕s: (a) horizontal polarization and (b) vertical polarization.

Yang, Guo, and Jia: Electromagnetic scattering and Doppler spectrum simulation. . .

Journal of Applied Remote Sensing 016015-7 Jan–Mar 2016 • Vol. 10(1)



are more consistent with measurements39,40 compared with linear sea surfaces. Without consid-
ering the nonlinear hydrodynamic interactions between ocean waves, the Doppler spectrum
exhibits exceedingly unrealistic behavior toward low grazing angles, degenerating essentially
in a narrow Bragg line. Therefore, the CWM nonlinear sea surface model instead of the linear
sea surface model is utilized in the present study for modeling realistic sea surfaces. On the basis
of the CWM nonlinear sea surfaces, we will investigate the influence of sea slicks on the Doppler
spectrum of backscattered radar echoes of sea surfaces.

In Fig. 6, it is indicated that for small incidence angles, the Doppler spectra of contaminated
sea surfaces are significantly narrower than those of clean nonlinear sea surfaces. In addition,
the Doppler spectral peaks of contaminated sea surfaces are shifted to higher frequencies rel-
ative to the corresponding ones of clean sea surfaces. However, as the incidence angle
increases, the Doppler spectra of contaminated sea surfaces gradually approach those of
clean nonlinear sea surfaces. It should be noted that oil of type A with parameters
fωD ¼ 6 rad∕s; E0 ¼ 9 mN∕mg is considered in Fig. 6. In comparison with oil of type A,
oils of types B and C with parameters fωD ¼ 13 rad∕s; E0 ¼ 18 mN∕mg and
fωD ¼ 11 rad∕s; E0 ¼ 25 mN∕mg, respectively, show a stronger damping effect, as illustrated
in Sec. 2.1. In what follows, we will discuss the influence of oils of types B and C on the
Doppler spectrum of radar echoes from sea surfaces.

Figures 7 and 8 present a comparison of the normalized Doppler spectra of clean and
contaminated nonlinear sea surfaces for VV-polarization at various incidence angles with
wind speeds U10 ¼ 3 m∕s andU10 ¼ 5 m∕s, respectively. Two types of insoluble homogeneous
oils with parameters fωD ¼ 13 rad∕s; E0 ¼ 18 mN∕mg, denoted as oil B, and fωD ¼
11 rad∕s; E0 ¼ 25 mN∕mg, represented by oil C are considered in Figs. 7 and 8, respectively.
The Bragg lines are also plotted with vertical dotted lines for reference. Comparing the Doppler
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spectra of clean and contaminated sea surfaces, we can observe that the influence of sea slicks on
the Doppler spectrum of radar sea-echo is noticeable. More specifically, a narrowing of Doppler
spectra in the presence of sea slicks is observed in comparison with those of clean sea surfaces.
Moreover, the Doppler spectra of contaminated sea surfaces with oils of types B and C are nar-
rower than those of clean sea surfaces. This is attributed to the fact that the Doppler spectrum
width depends primarily on the variance of orbital velocities. The oil slick damping decreases the
magnitude of the sea surface roughness spectrum and thus decreases the variance of sea surface
orbital velocities. This narrowing effect was confirmed in wind-wave tank measurements29

performed at a fixed incidence angle of 35 deg using an X-band radar. It should be noted
that our simulations are performed at the S-band (3 GHz), while the measurements are performed
at the X-band. Thus, we cannot fairly compare our simulation results with measurements.29

Qualitatively speaking, our simulation results are consistent with measurements.29

In comparison with Doppler spectrum width, the variation tendency of Doppler spectral
peaks is more complicated. As illustrated in Figs. 7 and 8, the Doppler spectral peaks in the
presence of sea slicks can be shifted to higher or lower frequencies relative to the corresponding
clean sea surfaces, dependent on incidence angle and oil property. More specifically, the Doppler
spectral peaks are shifted to higher frequencies for small to moderate incidence angles
(θi < 30 deg), which is qualitatively consistent with measurements performed at about an
angle of 20 deg incidence using an X-band radar.41 The measurements41 conducted in the
Black Sea show that the Doppler spectra obtained from slick-covered regions showed strong
shifts of the mean Doppler return toward higher frequencies compared with that obtained
from slick-free areas.

As incidence angle increases, the Doppler spectral peaks in slicks are gradually shifted to
lower frequencies compared with those of clean sea surfaces. In particular, for an incidence angle
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of 35 deg, the Doppler spectral peaks in oil B are shifted to higher frequencies relative to that of
clean sea surfaces, whereas the Doppler spectral peaks in oil C are shifted to lower frequencies
compared with that of clean sea surfaces. This implies that the variation tendency of the Doppler
spectral peak is sensitive to oil properties, which is potentially valuable for the discrimination of
oil slicks with different elasticity floating on sea surfaces. In addition, we can observe that the
Doppler spectra in oil C are somewhat narrower than those in oil B. This is attributed to the fact
that oil C has a stronger damping effect than oil B.

It should be noted that except for wind speed, the same simulation parameters are used in
Figs. 7 and 8. Comparing Figs. 7 and 8, one can observe that the Doppler spectra with wind
speed U10 ¼ 5 m∕s is somewhat broader than those with wind speed U10 ¼ 3 m∕s. This is
attributed to the fact that the orbital velocity of ocean waves with wind speed U10 ¼ 5 m∕s
is larger than that with wind speed U10 ¼ 3 m∕s, and that Doppler spectrum width depends
primarily on the variance of orbital velocities.

To quantitatively measure the difference between clean and contaminated nonlinear sea sur-
faces with wind speedU10 ¼ 5 m∕s, the Doppler centroid and spectral bandwidth for VV-polari-
zation versus incidence angle are presented in Figs. 9(a) and 9(b), respectively. The Doppler
spectrum in oil of type Awith wind speedU10 ¼ 5 m∕s is not presented due to space limitations,
but its Doppler shift and spectral bandwidth are shown in Figs. 9(a) and 9(b), respectively.
Comparing the Doppler shift of clean and contaminated nonlinear sea surfaces, we can observe
that the Doppler shift of radar sea-echo in the presence of sea slicks can decrease or increase as
illustrated in Fig. 9(a), which depends on incidence angles and sea slick characteristics repre-
sented by the elasticity modulus of oil films. More specifically, the Doppler shift in oil of type A
is always larger than that of clean sea surfaces. However, it is indicated that for oils of types B
and C, the Doppler shift in slicks is increased for small incidence angles and is decreased for
large incidence angles compared with that of clean sea surfaces. It should be noted that oils of
types B and C have a stronger damping effect on the small-scale waves of sea surfaces in
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comparison with oil of type A, as mentioned in Sec. 2.1. Measurements27,28 performed at a fixed
incidence angle using X- and Ka-band radar showed that Doppler shifts in slicks can increase or
decrease, depending on radar wavelength, surface film characteristics, and so forth. However, we
cannot fairly compare our simulations with measurements,27,28 since the simulations in the
present study are limited to the S-band (3 GHz) due to computational burden. Nonetheless,
the simulation results are qualitatively consistent with the measurements.27,28 From Fig. 9(b),
we can observe that the Doppler spectral bandwidth of contaminated sea surfaces is smaller
than that of clean sea surfaces. This is attributed to the fact that the orbital velocity of
ocean waves is reduced due to the presence of sea slicks and that the Doppler spectrum
width depends primarily on the variance of orbital velocities. Moreover, the Doppler spectral
bandwidths in the presence of sea slicks of types B and C are smaller than those in oil of type A.
This is due to the fact that oils of type B and C have a stronger damping effect compared with oil
of type A. As mentioned previously, the narrowing of the Doppler spectrum in slicks was con-
firmed in wind-wave tank measurements.29 Comparing the difference of Doppler spectral band-
width and Doppler shift between clean and contaminated sea surfaces, we can conclude that
Doppler shift is more sensitive to oil properties, which is potentially valuable for discriminating
oil films with different elasticity.

4 Conclusion

In this paper, the influence of sea slicks on the bistatic scattering coefficient and Doppler spec-
trum of radar sea-echo from rough sea surfaces is investigated by comparison with clean sea
surfaces. The simulation results show that at normal incidence, the angular distribution of scat-
tering intensity in slicks is more concentrated and higher than that of clean sea surface, and that at
moderate incidence angles, the backscattering intensity is reduced, which is qualitatively con-
sistent with measurements. For the Doppler spectrum of radar sea-echo, a narrowing of the
Doppler spectrum in the presence of oil slicks is observed, which is qualitatively consistent
with wave-tank measurements. In addition, the numerical results indicate that the Doppler
shift in slicks can decrease or increase, dependent on incidence angles and oil characteristics,
which is qualitatively consistent with open sea measurements. These qualitative results relating
to Doppler shift and bandwidth are potentially valuable for remote sensing of sea slicks floating
on ocean surfaces, although the present study is limited to 1-D sea surfaces due to the severe
computational burden. Moreover, it is possible to discriminate oil films with different elasticities
by using the Doppler shift of the radar sea-echo, which is more sensitive to oil film elasticity in
comparison with Doppler spectral bandwidth. It needs to be pointed out that the future inves-
tigation on this topic will include the Doppler spectrum of radar sea-echo from two-dimensional
sea surfaces covered by sea slicks. It should also be pointed out that the discrimination between
oil films and look-alikes deserves further investigation, which goes beyond the scope of
this paper.
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