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Electromagnetic Detectability of the Oil Slicks on a Sea Surface in
Bistatic Configuration
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Abstract— This study evaluate the influence of a polluted sea surface upon the electromagnetic
scattering. More precisely, we compare this influence with the electromagnetic field scattered by
a non-polluted sea surface in the same weather conditions. Using a Monte-Carlo approach and
a method of moment adapted to dielectric rough surfaces (a Forward-Backward approach), we
statistically estimate the detectability of the pollution in various bistatic configurations using a
contrast criterion.

1. INTRODUCTION

The detection of the oil slicks on the sea surface is a very important issue for coastal pollution
prevention and for the identification of illegal discharges. Then, this issue was widely studied
with several approaches using several sensors (optics, infrared, microwave, ...). When microwave
sensors are considered, a great part of the scientific studies analyze the detectability of oil spills in
the context of synthetic aperture radar (SAR) system [1-3]. And, the issue of oil spill detection
using SAR systems usually leads to evaluate the efficiency of image processing methods.

In the present paper, we focus on the scattering of a single incident electromagnetic plane wave
by a polluted (oil film) sea surface in bistatic configuration (forward configuration). As a matter
of fact, independently of the radar signal processing, we try to determine if this scattered field is
significantly influenced by the pollution in various weather conditions.

In a first part, we present the models used to describe a sea surface without any pollution
in different weather conditions (wind speed and direction) and with different physical properties
(temperature, salinity, ...). In a second part, we explain how to modify these models to take into
account the presence of an oil film on the sea. Then the following section describe the numerical
method applied to compute the electromagnetic field scattered by an ocean-like surface. Finally,
we give our statistical approach to analyze the detectability of the oil film upon the electromagnetic
scattering.

2. DESCRIPTION OF A NON-POLLUTED SEA SURFACE

From a global point of view, a sea surface can be assimilated to a dielectric random rough interface.
The most standard way to describe the roughness of the sea surface is to determine the sea surface
spectrum S(K, ¢), considering the sea surface as a random, ergodic and stationary process. In
scientific literature, many papers provides fully detailed description of various sea spectra, see
Pierson and Moskovitz studies [4,5] for instance. In this paper, we considered the Elfouhaily
spectrum [6], called unified spectrum, that is very consistent with actual observations and presents
no discontinuity at gravity and wind driven waves.
The sea spectrum is in the form:

S(K, ¢) = S(K)f(K, ¢) (1)

where S(K) represents the isotropic part of the spectrum modulated by the angular function
f(K, ¢). K and ¢ are respectively the spatial wave number and the wind direction.
Analytically, the Elfouhaily spectrum as a function of the wave number K is given by:
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As a matter of fact, the Elfouhaily spectrum only depends on the wind direction ¢, the wind speed
measured at 10 meters above the sea surface Ujg and the variable € that is related to the time
of interaction between the wind and the sea. In the following of the text, we assume that this
interaction is medium and we let {2 = 0.84. So, we can estimate the roughness spectrum of the sea
as a function of the wind speed and the wind direction, see Figure 1.
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Figure 1: Elfouhaily sea surface spectra with different wind speeds.

In the case of a clean sea surface, the dielectric characteristic of the sea water can be modeled
using the Debye theory [7] with adapted semi-empirical modifications. The so-obtained model that
is a function of the frequency, can take into account the salinity and provides a good fit to the
experimental data. Indeed, based on polar theory, Debye [7] gives the permittivity e(e = &’ — ie”)
of the distilled water by the well-know expression.
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where 7 is the relaxation time and w is the circular frequency (w = 27f). In the case of a saline
solution, the complex permittivity is given by

€5 — €0 .o

R T T e e ®)



592 Final Version of PIERS Proceedings will be available on www.piers.org

where gq is the vacuum electric permittivity, and o is the ionic conductivity. This variable can be
determined from the salinity and the temperature of the salt water [7]. Finally, a non-polluted sea
surface can be described as a dielectric random rough interface where every parameters are known.

3. POLLUTED SEA SURFACE

With the presence of pollutant, oil for example, mechanical properties (viscosity, tension surface,

) of the sea surface is modified and a new roughness spectrum must take into account. Letting
Sn(K) and Sp(k), respectively, denote the non-polluted and the polluted surface spectrum, we can
define a damping ratio y(K) as follows:

y(K) = (10)

where K is the spatial wave number of the sea wave.

In low or moderate wind conditions (wind speed at 10 meters height Ujp < 10m/s), the pollutant
often forms a film spreading on the ocean surface. The physicochemical-hydrodynamics theory
applied in the present study can model the damping effect. Actually, this theory distinguishes two
different cases: a soluble and an insoluble pollutant.

As shown in Figure 2, the film of a soluble pollutant on the sea surface induces a continuous
concentration gradient interface. And, in the a similar way, an insoluble pollutant induces random
precipitations on contact with sea water. In both cases, the notion of pollutant layer could lead
to physical model difficulties. To avoid these difficulties, we assume, in our electromagnetic study,
that the pollutant layer can be approximated by a homogeneous half-space (permittivity of the
pollutant) with a rough interface whose the roughness spectrum is given by the physicochemical-
hydrodynamics theory [8]. In the present paper, the pollutant is supposed to be an insoluble oil
whose relative permittivity is equal to 5.

R

(a) Concentration gradient layer (b) Homogeneous layer with precipitations

Figure 2: Schematic presentation for two types of pollutant layers: (a) Soluble pollutant, (b) Insoluble
pollutant.

For insoluble surface films, it is assumed that thermodynamic equilibrium exists within the
subsurface. Below the subsurface, however, the process of precipitation is assimilate to a diffusion
one characterized by a diffusional frequency wp. The characterization of pollutant mechanical
properties can be reduced to the elasticity modulus Fy. Then, the damping ratio in this case can
be expressed as follows [8]:

. 1—2T+2T2—X0+}/E)(X0+T)
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with
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where p,,, v, and (,, are respectively the sea water density, the kinematic viscosity of the sea water
and the surface tension of the sea surface.

Finally with any given weather conditions, we can evaluated the roughness spectra of both a
non-polluted sea surface and the corresponding surface polluted by an insoluble oil.
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4. NUMERICAL ESTIMATION OF THE SCATTERED FIELD

Assuming the statistical roughness spectrum as known, the electromagnetic scattering by a dielec-
tric random rough surface can be estimated using an asymptotic approach like Small Perturbation
Method, Two scale model or Small Slope Approximation. And then, the influence of the pollutant
upon the electromagnetic scattered field can be studied [9, 10]. However, the asymptotic approaches
only provide the mean value of the scattered field for a given geometrical configuration. For in-
stance, the standard deviation of the scattering remains undetermined and the detectability of the
pollutant from the electromagnetic field is difficult to quantify.

In the present study, the scattering from a given rough surface (deterministic surface) is com-
puted using a numerical algorithm based on the Method of Moment. More precisely, we apply
an efficient Method of Moments (MoM) called the Forward-Backward method (FB-MOM). In its
original formulation [11], the Forward-Backward method only applies to scattering from perfectly
conducting surfaces. It is true that Holliday and et al. [12] introduced a more generalized algorithm
that can treat imperfect conductors. However it is to be noted that this generalization assumes that
the imaginary part of the complex permittivity is large. This assumption could be valid for non-
polluted sea but this assumption is not applicable for pollutants like oil. More recently, Iodice [13]
presented a modified version that can take into account the dielectric properties of the sea water
and the pollutants.

The sea surface, denoted S, is assimilated to a one dimension height profile in the form z = f(z)

constant along the y direction. If the incident field is horizontally polarized Einc — E™meg, the
electric field £ = Ey above the rough surface is given by the following integral equations:
B = 5+ [ JunGo(r, )Js(") + () - [ VGolr, 7’ (130)
S
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where J is the electric surface current density, 7 is the outgoing normal to the surface and Gy (resp.
G1) is the two dimensional Green function above the surface (resp. beneath the surface). By using
rectangular pulse basis functions and the point matching method, the previous integral equations
can be expressed in the form 2N x 2N linear equation:
SoEN + ZoJN = Ef\?c

(14)
S1Eny+ Z1Jn =0

where Sy, S1, Zg and Z; are N x N matrix. Fy and J, are N dimensional vectors that contain the
unknowns of the discretized problem. To avoid the use of time-consuming algorithms to solve this
linear system, we split the electrical field and the current density in two “Forward” and “Backward”
components in the same way that original Forward-Backward theory [11]:

Ex=EL+EY%  Iv=JL+J% (15)
Letting

So=8r+8P+8Y S =8F+8P+5Y

(16)
Zo=2+2P+2Y zi=zt 4+ 2P+ 7V

where L, D and U respectively denote the lower part, the diagonal part and the upper part of
the matrix, the linear system (14) can be decomposed into forward-propagation and backward-
propagation pairs of equations:
S§EL + 28 T = BN — S§(EL + EX) = Zg (T} + JR)
SPEL + 2005 = =SB + BR) = ZE (U} + JR)
Sl + 2014 =SBl + By - 20+ k)
SPEN + 20T = =57 (B + BY) — 2 (T4 + J})

(17)
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TIodice [13] show that this new linear system can be solved using a very efficient iterative algorithm
(O(N?)). In the case of a vertically polarized incident field, a similar method can be applied using
the magnetic field.

Finally, this Forward-Backward theory can efficiently compute the electromagnetic field scat-
tered by a given non-polluted or polluted sea surface.

5. OBSERVABILITY ANALYSIS

To realize a statistical comparison between the polluted surfaces and the non-polluted ones, we
use a Monte Carlo approach and we compute the scattering from a great number of equivalent
rough surfaces associated with the same sea spectrum. The convolution of a spectrum with an
unitary white Gaussian random signal generates a one-dimensional profile (one realization) that
represents an ocean surface for given weather conditions, see Figure 3. For fixed weather conditions
and pollutant mechanical properties, the polluted and non-polluted sea spectra induce two different
rough surface with the same unitary white Gaussian random signal. So, using many random signal
sequences and the Forward-Backward computation of the scattering by each realization, we can
estimate the statistical parameters (mean value, standard deviation, ...) of the scattered field in
both polluted and non-polluted case. These parameters are functions of the incident angle 6.

2 T T T T T T T T T
1.5 .
i il
<
S 05F .
(0]
<
[0}
[}
£ Oof 1
=}
7]
-05 .
_1 - -

-15
-250 -200 -150 -100 -50 0 50 100 150 200 250
x/ L

Figure 3: Realization of an ocean surface.

From a statistical viewpoint, the detectability of the pollutant become the evaluation of the

similarity between two data sets. To quantify this similarity we introduce a t-value expression T’
(t-test) [14]:

r(9) = "0 (6 = \flo36) + 2O/ (18)

where m,, and o), (resp. m,, and 0,,) are the mean value and the standard deviation of the scattering
by a polluted (resp. non-polluted) surface. n is the number of realizations.

6. CONCLUSION

The methodology presented is this paper enables to quantify the detectability of a pollution on
an ocean surface independently of the radar signal processing. Our approach can be applied to
optimize the bistatic configuration (angle of incidence) to detect a pollutant for given weather
conditions.
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