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ABSTRACT

The aim of this work is to study the impacts of the oil spills on the electromagnetic scattering of the ocean sur-
faces in bistatic and monostatic configurations. Therefore, in this paper, we will study the influence of the pollut-
ants (oil spills) on the physical and geometrical properties of sea surface. In recent literature, the study of the
electromagnetic scattering from contaminated sea surface (sea surface covered by oil spill) was limited in
monostatic case. In this paper, we will study this effect in bistatic configuration, which is interested in presence of
pollution in sea surface. Indeed, we will start the numerical analysis of the bistatic scattering coefficients of a
clean sea surface. Then, we will study the electromagnetic signature from sea surface covered by oil spills in
bistatic case using the numerical Forward-Backward Method (FBM). The obtained numerical simulation of
bistatic scattering coefficients of clean and contaminated sea surface is studied as a function of various parame-
ters (frequency, incident angle, sea state, type of pollutant...). And the obtained results are also compared with
those published in the literature, including those using asymptotic methods.
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1. Introduction out pollutant) properties of the ocean surface is an essen-
tial tool in the design of detection systems, in particular
for pollutant [4].

In recent years, many research works have focused on
modelling the electromagnetic scattering from ocean
surface. Indeed, on one hand, different models based on
the geometric description of the sea surface (Elfouhaily
spectrum and Pierson-Moskowitz spectrum) [5,6] and on
the other hand, different electromagnetic models have
been developed for studying the electromagnetic scatter-
ing from sea surface. The existing electromagnetic mod-
els are classified into: approximate methods like the

In the maritime environment, the presence of objects,
ship wake and pollutants changes the physical and geome-
trical properties of sea surface. In this paper, a spatial
focus is given to analyze the electromagnetic signature of
pollutants such as organic films, petrol and oil slicks. To
date, many systems have been developed such as SAR
(Synthetic Aperture Radar) to detect the presence of the
oil spill on the sea surface (Figure 1). To improve the
performance of existing systems, it becomes very impor-
tant to analyze in greater detail the information contained

in the electromagnetic field scattered by the sea surface
[1-3]. In this context, modeling the interaction of elec-
tromagnetic waves with polluted seas or not takes all its
importance. In particular, the estimation of the electro-
magnetic scattering based on geometric (roughness) and
physical (dielectric properties of sea water with or with-
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Kirchhoff Approximation (KA), Small Perturbation Me-
thod (SPM), Two Scale Model (TSM), Small Slope Ap-
proximation (SSA) [7-9] and exact methods such as the
finite difference time domain (FDTD) [10], Finite Ele-
ment Method (FEM) [11], Method of Moment (MoM)
[12], Forward-Backward Method (FBM), Forward-
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Figure 1. Electromagnetic detection of oil spills on sea surfaces.

Backward Method with Spectral Accelerate Algorithm
(FBM/SAA) [13-17].

In our study, the numerical FBM method is used to
calculate the bistatic scattering coefficients from a clean
and a polluted sea surface. Recently in [4], the study of
the electromagnetic scattering from ocean surface cov-
ered by oil spills was performed in monostatic case by
using the numerical method of moment and Monte-Carlo
simulation. The contribution of this paper is the study of
this effect in bistatic case (Forward propagation configu-
ration), which is interested in presence of pollution in sea
surface. We will start the numerical simulation of the oil
spills effect on the sea surface. Then, we represent our
numerical results of the bistatic scattering coefficients
from a clean and polluted sea surface by using the nu-
merical Forward-Backward method.

This paper is organized as follows: in the first part, we
present the impact of the oil spills on the surface height
spectrum of a rough sea surface. To characterize the
clean sea surface, the model of Elfouhaily et al. [6] is
used, and for the contaminated sea surface we use the
Lombardini et al. model [18]. In the second part, we dis-
cuss the calculation method of electromagnetic scattering
coefficients (FBM). In the last part, by using the FBM
method, we present the numerical results of electromag-
netic scattering coefficients obtained for non-polluted
and polluted sea surface.

2. Formulations
2.1. Sea Surface Description

In our simulation, we use the Elfouhaily model for sea
roughness spectrum [6]. This sea spectrum formulation is
given in the form:

S(k,¢)=M (k) f(k,9) 1)
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M (k) represents the isotropic part of the Elfouhaily
spectrum modulated by the angular function f(k,¢).
k is the sea wave number and ¢ is the wind direction.
Figure 2 illustrates the omnidirectional spectrum and the
angular function for different values of the wind speed.

In this section, we study the effect of the oil spills on
the geometrical properties of the sea surface (ocean spec-
trum). We will focus on the oil from a layer up the sea
surface (contaminated sea surface). Then we present its
influence on the ocean spectrum using a damping model
[18], and we compared the obtained results with the rep-
resentation of clean sea surface spectrum.

According to Lombardini et al., the influence of the
pollution is introduced in the form of an attenuation co-
efficient applied to the clean sea spectrum:

S
Spo = —— @
’ ys ( f ’ EO 1 a)D)
This damping effect is expressed by the attenuation
coefficient explicitly given by the following equation:

1i21+212—X+Y(X +r)

f,E,,o)= 3
¥ (. Eor) 1427 +27% —2X +2X° @
where
2 Y2
X = B 72 Y = EK rziﬂj 4
p(21)(03) 4pvw 20
A dimensional quantities and
12
oK?®/p+gK
f=13=£——1————l— ®)

2n 2n

The dispersion law, S, denotes the clean sea spec-
trum, S, the polluted sea spectrum, p the sea water
density, o the kinematic viscosity, o the surface ten-
sion, g acceleration of gravity, K the wave number,
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Figure 2. Elfouhaily spectrum with different values of the wind speed: (a) Omnidirectional spectrum (b) Angular function.

E, the elasticity modulus and @, is a characteristic
pulsation which for soluble film depends upon the diffu-
sional relaxation and for insoluble films, depends upon
structural relaxation between intermolecular forces. In
Equation (3) a plus sign indicate soluble films, while a
minus sign refers to insoluble films. In this paper we will
focus a 1- D rough sea surface contaminated by insoluble
films.

In general the damping ratio should not be directly in-
terpreted as corresponding to Equation (3). It would be
noted so if the film was uniformly dispersed by wind and
waves, so that the surface investigated results only par-
tially covered by the film. In this case we shall introduce
a fractional filling factor, F i.e., the ratio for the surface
covered by film with respect to the total area considered,
and write for the damping ratio (2) the expression:

1
C1-F+F/y(f,Epmp)

ys(f’EO’wD) (6)

Figure 3 presents the damping ratio variation with
frequency for different fractional filling factors.

In this paper we will focus on one-dimensional rough
sea surface covered by of insoluble films (fully covered
sea, F = 1). Figure 4 shows the comparison between the
height spectrum of clean sea surface and the polluted sea
surface. The normalized height spectrum of contaminated
sea surface (sea surface covered by oil film) is plotted for
different parameters of oil film [18]. It was observed that
the attenuation due to pollutant film is essentially located
at the high frequencies, which corresponds to the capil-
lary waves.

In the next section we will present the numerical FBM
method used to calculate the electromagnetic scattering
coefficients of clean and polluted ocean surface.
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2.2. Numerical Forward-Backward Method

Many approaches were developed to estimate the elec-
tromagnetic scattering from sea surface (The asymptotic
models and the numerical exact methods). Each of
asymptotic methods is an approximation and is based on
particular conditions (SPM covers the small-scale
roughness; KA is valid for a surface with wide-scale
roughness). However, the numerical exact methods are
valid for all scale of roughness and give more precise
results. Among the exact methods, in our study the nu-
merical FBM method is used to calculate the bistatic
scattering coefficients from a clean and a polluted sea
surface. It should be noted that the chosen method (FBM)
in this paper has already been applied, in particular to
calculate the electromagnetic signature of a breaking
wave, and the results obtained in this context were com-
pared with measurements made in the anechoic chamber
with profiles of breaking waves in aluminum [19,20].

In this work, the presented simulations of electromag-
netic scattering coefficients of clean and contaminated
sea surface are mainly based on a Forward-Backward
Method. The FBM method split the surface current into
contributions; one is the forward component (the courant
contribution due to the waves propagating forwards) and
another is the backward component (The current contri-
bution due to the waves propagating backwards). This
method has been developed to calculate the scattering
coefficients from dielectric rough surface [16]. Further-
more, to accelerate this method and to treat a large prob-
lem, the FBM method was combined with Spectral Ac-
celerate Algorithm (FBM/SAA) [15,17].

The FBM method has been well-discussed in [13-17].
The surface electric and magnetic fields can be evaluated
by solving the following pair of integral equations:
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E™ (r)=1

> E(r)+L jou,G, (r,r') 3, (r')+E(r')-[-VGy (r,r') ]ds’

U]

0 :%El(r)_js ja)ﬂlGl(r.l")Js (r’)+ El(r').[ﬁ.vel(r, r')]dS’

where E™ is the incident wave, J, is the induced
current in the surface, the fields E in the upper medium
(free space) and E, in the lower medium, g, and g
are respectively the permeability of the free space and the
lower medium, @ is the radian frequency, r and r’

are the source and observation points respectively, A
the outgoing normal to the surface G,(r,r') and
Gl(r,r') are respectively, the two dimensional Green
function in the free space and in the lower medium.

The integral Equation (7) are discrete under a matrix

Parameter of oil film: o, = 8 rad/s, E, = 10 mN/m
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Figure 3. Damping ratio for different fractional filling factors.
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Figure 4. Comparaison between a clean and oil spilled sea surface.
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form (8) by using rectangular pulse basis functions and
the point matching technique:

Z-1=V (8)

where Z is the impedance matrix, V is the wave in-
cidence and | is the induced current along the rough
surface. In the FBM approach, the matrix of Equation (8)
is decomposed as:

=1, +1, 9)
Z=72,+7Z,+2Z, (10)

Equation (8) can be now decomposed into forward
propagation and backward propagation of matrix equa-
tions, respectively as follows:

ZAg=V=Z (1 +1,)

(11)
Zy==Z,-(1; +1,)
This system of equation can be solved iteratively; in-
deed the currents 117, 11" at the i-th iteration can be
obtained as

(12)

The algorithm begins with 1” =0.

After competition of the surface current, so that we
can calculate the scattered field from the non-polluted
and polluted sea surface. Using the Monte Carlo tech-
nique, we calculate the overage of the bistatic scattering
coefficients.

Finally, the algorithm of FBM method used in this pa-
per is adapted to estimate the electromagnetic scattering
coefficients from clean or polluted rough sea surface.

In the next part, first we study the electromagnetic
scattering from non-polluted sea surface and we will
present the outcomes of the pollutant film on the elec-
tromagnetic sea surface scattering.

3. Numerical Analysis of Bistatic Scattering
Of Contaminated Rough Sea Surface by
Using The Forward-Backward Method

Many works [21-23] show that the FBM method and the
accelerated version FBM-SAA is interesting for maritime
applications (ship target, electromagnetic scattering from
braking wave). However, there are not research works,
which analyze the oil spills effect on the electromagnetic
signature of sea surface observed in bistatic configuration
and by using the numerical FBM method. This is the
object of this section.

In this section, we will focus on electromagnetic scat-
tering coefficients of ocean surface covered by oil spills.
First, we study the case of one-dimensional rough sea
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surface (clean sea surface without pollutants). By using
the numerical FBM method, we realize the numerical
simulation of the bistatic scattering coefficients (in for-
ward propagation configuration) of clean rough sea sur-
face, and we compare the numerical results with those
obtained by using the asymptotic models such as small
perturbation method (SPM) [7,24]. This step will allow
to validate the results obtained by the developed model,
and to have a reference on an ocean surface without oil
spills.

3.1. Comparison with Asymptotic Methods

In this part, by using the FBM method, we present nu-
merical simulations of bistatic scattering coefficients (in
forward propagation configuration) of clean rough sea
surface, and we compare the numerical results with those
obtained by using the asymptotic methods, especially
with those given by the small perturbation method (SPM).
In this simulation the sea surface is assumed to be dielec-
tric rough surface. Figure 5 compares the results ob-
tained using the numerical FBM method with those given
by using SPM model in the forward propagation confi-
guration. The parameters are fixed as follows: The elec-
tromagnetic wave frequency is 10 GHz (X band), the
relative dielectric constant of sea is (55.5 + i38), the in-
cident angle is fixed to 8; = 60°, and the wind speed U10
=5mfs.

Using the Monte-Carlo technique, we calculate the
average of the bistatic scattering coefficients (60 realiza-
tions).

We compared the results obtained by FBM with those
given by SPM method; we can notice that the results
obtained by using the numerical FBM method are in
good agreements with those given by the asymptotic ap-
proach SPM. It should be noted that the SPM method is
accurate for the rough sea surfaces with the small rough-
ness conditions (valid for a slightly rough sea surface). In
our future works we will compared the numerical FBM
method with other asymptotic models such as (TSM,
SSA, WCA...) which have a wider application domain
than the SPM method.

3.2. Bistatic Scattering Coefficients of Sea
Surface Contaminated by Oil

To analyze the influence of the oil pollutants on the elec-
tromagnetic signature from sea surface, we represented
the variation of the bistatic scattering coefficients (in
forward propagation configuration) under different con-
ditions of sea state, frequencies, type of pollutant, and
incidence angles. Figure 6 gives the bistatic scattering
coefficients for both clean and polluted surface by using
the FBM method. The sea surface is described by using
the Elfouhaily spectrum, the wind speed U10 =5 m/s, the
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Figure 5. Bistatic scattering comparison of numerical method (FBM) and (SPM): frequency (10 GHz) and incidence angle
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Figure 6. Bistatic scattering coefficients of clean and contaminated sea surface: frequency (3 GHz) and incidence angle (0°).

sea temperature and salinity are respectively T = 20°C
and S = 35 ppt the frequency is 3 GHz (S band), the in-
cident angle is fixed to 6; = 0°, HH polarizations, and the
scattering angle in vary from —90° to 90°. The pollutant is
considered insoluble film and its relative dielectric con-
stant is (2.25 + i0.01) [22], and the relative dielectric
constant of the sea water is equal to (70.5 + i40) [21].

Figures 7-9 show the bistatic scattering coefficients of
the clean and the contaminated rough sea surface ob-
tained for incidence angle equal to 40°, 70° and 80° re-
spectively. The other parameters are the same as those
given in Figure 6.

From Figures 6-9 it may be noted the differences be-
tween the scattering coefficients of the clean and the
polluted sea surface. Indeed, for the incidence angle

OPEN ACCESS

equal to 0° (Figure 6) the differences exist for both nega-
tive and positive scatterings angles, whereas for the inci-
dence angles 40°, 70° and 80° (Figures 7-9) the differ-
ences appear at negative scattering angles, more precise-
ly in the range [-90°, 6; = 6;]. The deviation between the
scattering coefficients is essentially due to both the in-
fluence of pollutant in surface height spectrum and rela-
tive dielectric constant of the pollutant.

In order to obtain more information about the devia-
tion between the scattering coefficients of oil spilled sea
surface and the non polluted surface, we present in
Figures 10 and 11 another comparison at Ku band (fre-
guency is 14 GHz).

In Figures 10 and 11 the electromagnetic wave fre-
quency is 14 GHz (Ku band), the dielectric constant of
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Figure 7. Bistatic scattering coefficients of clean and contaminated sea surface: frequency (3 GHz) and incidence angle (40°).
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Figure 8. Bistatic scattering coefficients of clean and contaminated sea surface: frequency (3 GHz) and incidence angle (70°).
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Figure 9. Bistatic scattering coefficients of clean and contaminated sea surface: frequency (3 GHz) and incidence angle (80°).
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Figure 11. Bistatic scattering coefficients from clean and contaminated sea surface: frequency (14 GHz) and incidence angle

(50°).

sea surface is (45.75 +i39) , the incident angle is equal to
40° in Figure 10 and to 50° in Figure 11 and the other
parameter are the same as in Figure 6.

By comparing Figures 7 and 10, we notice that for Ku
band (frequency is fixed to 14 GHz) the difference be-
tween the electromagnetic scattering coefficients of the
clean and polluted sea surface is greater than S band
(frequency 3 GHz). From these analyses, we can con-
clude the influence of the oil spills on the electromagnet-
ic signature of ocean surface is more important at a high-
er frequency.

In our study, the numerical simulations of electro-
magnetic scattering coefficients from both clean and
polluted sea surface are limited to the problem of one

OPEN ACCESS

dimensional surface (1D) and only the cross-polarization
scattering coefficients can be evaluated by using the nu-
merical FBM method. The main purpose of our future
works is to evaluate the co-polarization and cross-pola-
rization scattering by tow-dimensional rough sea surface
(clean and oil-spilled sea surface) in bistatic configura-
tion.

4. Conclusions

In this paper, by using the numerical FBM method, the
EM scattering by clean and polluted rough sea surface
observed in bistatic case (forward propagation configura-
tion) is investigated. For clean rough sea surface, the
numerical results obtained by using FBM were compared
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with those given by using the asymptotic methods (small
perturbation method-SPM). The pollutant effect on sea
surface spectrum and in the electromagnetic scattering
coefficients was described and modeled for various con-
ditions of sea surface, frequencies and incidence angles.

Comparing the scattering coefficients of the clean sea
surface with those of polluted sea surface, it may be
noted the differences between the scattering coefficients.
These results demonstrate the influence of the pollution
on the electromagnetic signature of the sea surface.

The objective of future work is to compare the per-
formance of the FBM method with other asymptotic mo-
dels such as (TSM, SSA, WCA...) which have a large
validity domain than the small perturbation method
(SPM). And we will study the electromagnetic scattering
from other geometric configurations of observation and
other types of surface (including 2D dielectric rough sea
surface).
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