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Abstract—The problem of hydrodynamic modeling of the sur-
faces of oil films at sea is treated by using physical models, namely,
the model of local balance and the Elfouhaily et al. spectrum model
for describing the clean sea surface. Then, this refined hydrody-
namic modeling of the surfaces of contaminated seas makes it
possible to derive electromagnetic modeling by considering thin
oil films on the sea surface. Two simplifying approaches in dealing
with this complex double-layer problem are described, called
“thin-layer” and “classical” approaches. These two approaches,
both having the advantage of reducing to a single-layer problem,
are compared with a rigorous reference method for 2-D problems.
Thus, their validity domains are analyzed in terms of incidence an-
gle, wind speed, polarization, frequency, and oil viscosity. Finally,
the polarimetric behavior of both clean and contaminated seas is
analyzed; following recent work led on satellite measurements, the
same features are retrieved, and the influence of incidence angle,
frequency, and oil viscosity can be studied.

Index Terms—Hydrodynamics, oil slicks, sea surface
electromagnetic scattering, thin films, water pollution.

I. INTRODUCTION

THE problem of remote sensing of oil spills on sea surfaces
is a challenging topic of investigation, which has been

subject to active research over the last decades [1] and remains
an active topic of investigation [2]–[24]. Most of the literature
on this topic deals with analysis of data [14], particularly by
SAR [5], [7], [8], [12], [15], [17], [24]. Then, only a few recent
works (e.g., [2]–[4], [9]–[11], [19], [20], [25], and [26]) deal
with quantitative electromagnetic modeling of sea oil spills.
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Contrary to other papers dealing with water-in-oil emulsions
[2], [3] which occur for moderate to high wind conditions, this
paper focuses on homogeneous insoluble oil films on the sea
surface, which restricts our study to low to moderate wind con-
ditions (u10 � 8−10 m/s) [11], [12], [27]. Moreover, in order
to better understand and to thoroughly analyze the observed
data, it is necessary to develop models of electromagnetic wave
scattering by clean and contaminated seas. This implies, first,
an appropriate hydrodynamic modeling to be able to correctly
qualify and quantify the electromagnetic scattering phenomena.
In this paper, contrary to other hydrodynamic models of surface
damping due to surface films [28], [29] used in the literature
which are not well adapted to oil slicks, a physical model well
adapted to oil slick surface damping [30] is used, namely, the
model of local balance (MLB).

Then, the electromagnetic modeling is derived. In this paper,
similar to previous work [11] (which considered the Marangoni
damping coefficient [28] for hydrodynamic oil damping), a
“thin-layer” (TL) asymptotic approach is used. The classical
approach which assumes that the electromagnetic wave cannot
see the oil layer [4], [26] is also used and compared. For a 2-D
problem, a very good agreement was found in [11] between
asymptotic models using the TL approach and the numerical
reference method for radar frequencies, for frequency f =
3 GHz, wind speed u10 = 10 m/s, and incidence angle θi =
{0; 20}◦, by considering the Marangoni damping with two film
thicknesses H = {1, 10} mm. Here, by using the MLB for the
oil film surfaces, the validity domain of the TL approximation is
studied for a 2-D problem more thoroughly and more generally:
We study it directly on the numerical reference method with
respect to the simulation parameters f , u10, and θi, focusing
on the monostatic configuration. The same way is used for the
classical approach.

Finally, a polarimetric study is led by analyzing the polariza-
tion ratio with respect to the observation angle, for varying the
frequency and the oil viscosity. Former observations made on
satellite measurements [12], [18] are retrieved.

This paper is organized as follows. Section II presents
the hydrodynamic modeling of both clean and contaminated
seas by studying their surface spectra for two wind speeds
and different oil film thicknesses and oil viscosities. Then,
Section III presents the consecutive electromagnetic modeling
for 2-D problems, in order to validate the TL and “classical”
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approaches. These two simplifying approaches are first pre-
sented in Section III-A, and their validity domain is analyzed
in detail in Section III-B with respect to the observation angles,
for varying configurations. Finally, Section III-C analyzes the
polarimetric behavior of contaminated seas by comparison with
clean seas.

II. HYDRODYNAMIC MODELING: MLB

In order to correctly predict the mechanisms of electromag-
netic scattering from sea-like surfaces, beforehand, an appro-
priate hydrodynamic modeling of concerned rough surfaces is
necessary. First, for both clean and contaminated seas, the sur-
faces are assumed to obey Gaussian height probability density
function (pdf). Second, an appropriate model for describing
the surface height spectrum is needed. In this paper, for the
case of clean seas, the Elfouhaily et al. surface height spec-
trum model [31] is considered. This is a widely used model
which very satisfactorily simulates the sea surface behavior for
fully developed seas and for low to moderate wind speeds at
microwave frequencies. For the case of contaminated seas, the
Elfouhaily et al. model is also used, in conjunction with a model
which simulates the damping of the surface heights due to the
presence of the oil film. It is assumed that the two (air/oil
and oil/sea) interfaces of the contaminated sea obey the same
statistics, i.e., have the same surface height pdf and spectrum.1

Here, the study focuses on homogeneous insoluble oil films,
which restricts our study to low to moderate wind speeds, i.e.,
u10 � 8−10 m/s [11], [12], [27].

A. MLB

In the literature, to our knowledge, only a few models that
predict the hydrodynamic damping of rough surfaces in the
presence of surface films and that can deal with oil films can be
found [28]–[30]. The first model [28] can be applied to oil films
only for monomolecular films, and the second model can be
applied [29] only for thin oil films with thickness H , checking
the condition H �

√
ν/ω, with ν as the volume viscosity and

ω as the wave pulsation (for more details, see [19]). Thus, the
third one [30] is the most appropriate, in general, for our study.

Being called the MLB, this is a physical and refined damping
model which takes account of the impact of oil films on the
wind waves [19], [30]. It is worth noticing that numerous field
experiments demonstrated that the damping due to the oil film
does not depend on the wind direction [30]; then, this model
was built to check this property. This model is detailed in
[30], and the damping ratio (the ratio between the spectra of
clean and contaminated sea surfaces) is given by the following
expression [19]:

ys,MLB(k) =

[
β(u∗, k)− γcl(k)

β(u∗, k)− γct(k;H,PP )

]n
with

×
{
n = +1 if β > γ
n = −1 if β < γ

(1)

1For thin oil films, further in the paper, the two surfaces will be considered
as identical and parallel.

where β(u∗, k) is the wind growth rate [32], with u∗ as the fric-
tion velocity, which depends on the wind velocity u10; γcl(k) =
2νk2 is the wave viscous damping on the clean surface (with ν
as the kinematic viscosity of water); and γct(k;H,PP ) is the
wave viscous damping on the contaminated surface, covered by
an oil film of thickness H and with physical parameters de-
noted as PP . For monomolecular films (H = 0), wave viscous
damping depends only on the rheological parameters E0 and
ωD of the oil film. In this case, the wave viscous damping is
connected with the viscous damping coefficient given in the
Lombardini et al. damping model. In the general case (H �= 0),
the wave viscous damping γct depends on the film thickness
H and on physical parameters PP : oil volume viscosity νoil;
surface (air/oil) and interface (oil/water) tensions σ+ and σ−,
respectively; surface and interface elasticities E+ and E−,
respectively; and viscosities μ+ and μ−, respectively. These
parameters were retrieved from the data of our laboratory exper-
iment. Our analysis of wave damping showed that, for oil films
of thicknesses on the order of millimeter (or thicker), the wave
damping depends on oil viscosity but does not significantly
vary with the elasticity of the oil/water boundary. Then, in this
paper, we considered that the elasticity is fixed and studied the
influence of the oil viscosity. Then, the MLB depends on two
main physical parameters of the oil film: the film thickness H
and the oil volume viscosity νoil. Recently, Fuks and Zavorotny
[9] have proposed a practical damping model which cuts off
the clean sea surface spectrum at a surface wavenumber kc
on the order of a few radians per meter. Nevertheless, a more
precise value of kc and its variation with respect to the oil film
parameters must be determined.

First, the slope spectrum k2S(k) of the surfaces of clean
and contaminated seas is plotted for two wind speeds and for
oil films with two different viscosities and film thicknesses by
using the MLB [30]. The curvature spectrum k3S(k) is also
plotted for comparison as the classical electromagnetic model
called small perturbation method (SPM) is directly proportional
to k3BS(kB), with kB = 2k0 sin θ (with k0 as the electromag-
netic wavenumber and θ as the observation angle with respect
to zenith), for a monostatic configuration. An illustration of
corresponding generated surface slopes is given. Then, the rms
slopes of the surfaces of clean and contaminated seas are plotted
for wind speeds u10 ranging 2–10 m/s.

B. Surface Spectrum and RMS Slope

In Fig. 1, the isotropic parts of the slope spectrum k2S(k) of
clean and contaminated sea surfaces k2Sclean,iso(k) = k2M(k)
and k2Scont,iso(k) = k2M(k)/ys(k) [with ys as the damping
ratio given for the MLB by (1)], respectively, are plotted versus
the surface wavenumber k. For a contaminated sea, the MLB
[30] is applied for two different oil types and thicknesses. The
oil type is either a heavy oil with viscosity νoil = 0.5 cm2/s or a
light oil with viscosity νoil = 0.1 cm2/s, and the film thickness
is either H = 10 μm or H = 100 μm. The wind speed is
u10 = 4 m/s.

As expected, it can be seen that the oil film significantly
damps the high frequencies, which corresponds to the capil-
lary waves of the surface; the lower frequencies are nearly
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Fig. 1. Isotropic parts of the slope spectrum of clean and contaminated sea
surfaces versus the surface wavenumber k (in radians per meter). For the
contaminated sea, the MLB is applied for two different oil film types and
thicknesses: with either heavy or light oils, having a film thickness H = 10 μm
or H = 100 μm. The wind speed is u10 = 4 m/s.

unaffected. Moreover, for the thinner film H = 10 μm, no sig-
nificant difference between heavy and light oils is observed. On
the contrary, for H = 100 μm, significant differences appear:
The damping is stronger and begins to contribute at lower
surface wavenumbers for the heavier oil. Finally, interestingly,
for the heavy oil, as expected, the damping is stronger for H =
100 μm than for H = 10 μm, but it is the opposite for the light
oil. As a consequence, more thorough analysis was led (not
shown here) to study the damping behavior with respect to the
thickness, for H = {0; 10; 50; 100; 500; 1000} μm. First, for
the heavy oil with νoil = 0.5 cm2/s, for H = {0; 10; 50} μm,
and for small thicknesses (H = {0; 10; 50} μm), the damping
does not vary significantly when H increases, whereas for
greater thicknesses (H = {50; 100; 500; 1000} μm), the damp-
ing significantly becomes greater when H increases. Second,
for the light oil with νoil = 0.1 cm2/s, the damping slightly
increases for increasing H .

We can highlight here the relevance of the simple damp-
ing model used by Fuks and Zavorotny [9], which considers
a cutting off in the surface spectrum. More precisely, three
values of the surface wavenumber are tested: kc = 2π/Lc =
{6.3; 10.5; 20.9} rad/m. Nevertheless, several limitations of this
model can be highlighted. Among others, the value of this
cutting off seems to be chosen empirically and does not depend
either on physical parameters like the oil viscosity and film
thickness or on the wind speed. Moreover, in the case plotted
in Fig. 1, these values seem to be a bit too low. Also, even if the
damping appears as very strong in decibel scale, approximating
it by a cutoff remains an approximation which would deserve
to be analyzed and validated.

For sea-like surfaces at monostatic configuration and small
to moderate winds, for angles θ � 40◦, the scattering process
is mainly governed by SPM which writes that the normalized
radar cross section (NRCS) is proportional to k3BS(kB) for 2-D
problems and to k4BS(kB) for 3-D problems (by contrast, for

Fig. 2. Isotropic parts of curvature spectrum k3S(k) of clean and contami-
nated sea surfaces versus the surface wavenumber k, with the same parameters
as in Fig. 1.

Fig. 3. Simulations for the same parameters as in Fig. 1, except for the wind
speed u10 = 7 m/s.

angles 0◦ ≤ θ � 20◦, it is mainly governed by geometric optics
(GO) approximation which is related to the surface rms slope).
Then, let us have a look at the curvature spectrum k3S(k) for
clean and contaminated seas. It is plotted in Fig. 2 for the same
parameters as previously. Compared to the slope spectrum, it
can be seen that the curvature spectrum significantly increases
the higher frequencies of the spectrum; that is why a refined
description of the capillary waves is essential for correctly pre-
dicting the radar backscattering NRCS when SPM dominates
the scattering process. This feature is of interest as, even if
SPM is not sufficient to explain the polarimetric behavior of
the backscattering, for thin oil films, it was shown to provide
good indications about the damping ratio (clean/polluted radar
return ratio) of a single polarimetric channel [33].

In order to study the influence of wind speed on the damping,
Fig. 3 plots the slope spectrum for the same parameters as in
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Fig. 4. Representation of the slopes of a particular generated sea surface, for
clean and contaminated seas, with the same parameters as in Fig. 1.

Fig. 1, except for a higher wind speed: u10 = 7 m/s. It can
be seen that increasing the wind speed induces an increase of
the surface wavenumber limit over which a significant damping
occurs. As a consequence, the differences between clean and
contaminated seas decrease, as illustrated further in the rms
slope. Note that this observation is in agreement with measure-
ment observations which conclude that the most accepted upper
limit of detection is about 10 m/s [21].

In what follows, the impact of the oil damping on the surface
slopes is studied. Let us note that, contrary to the surface
slopes, for the surface heights, no difference between the clean
and contaminated cases is observed. This implies that the oil
damping has no significant observable impact on the surface
heights, even for heavy oil and for thick films. That is why the
surface heights are not plotted in the following.

Fig. 4 plots the surface slopes of a particular generated
surface, for the same parameters as in Fig. 1. Contrary to
the surface heights which show no observable damping, as
expected from Fig. 1, a significant damping can be observed.
More precisely, as oil damps the higher surface wavenumbers,
the higher frequency oscillations of the surface slopes with
respect to the horizontal distance are damped. In other words,
the oil films act as a low-pass filter. Moreover, with the damping
in Fig. 1 being stronger for the third MLB case and weaker for
the fourth one (the first and second cases having very similar
intermediate dampings), the same observations can be made
here in Fig. 4. Even though contaminated surfaces follow the
same general slope variations as those of the clean surface, a
slight general amplitude damping can be observed, particularly
for the stronger damping (heavy oil with H = 100 μm). This
should have an observable influence on the surface rms slope,
as studied in the following.

In Fig. 5, the surface rms slopes of clean and contaminated
seas are plotted versus the wind speed u10 for low to moderate
wind conditions, in the range 2–8 m/s. The oil film is charac-
terized by the same parameters as in Fig. 1. A comparison is
also made with the Cox and Munk [34] experimental model, as
described in [11]. In [34], the oil film is a mixture consisting of
40% used crankcase oil, 40% diesel oil, and 20% fish oil (with
mean oil film thickness on the order of 20 μm [11]). It can be
seen that the rms slope of the contaminated (air/oil and oil/sea)
interfaces is lower than that of the clean air/sea interface. Once
more, as expected, a stronger damping implies a decrease of

Fig. 5. Surface rms slope σs of 1-D clean and contaminated sea surfaces
(with the same parameters as in Fig. 1) versus the wind speed u10 in the range
2–8 m/s. Comparison with the Cox and Munk experimental model.

the rms slope as the third MLB case is lower than the first and
second cases, which, in turn, are lower than the fourth case.

The differences of the contaminated sea with the clean sea
are not very much significant compared to the Cox and Munk
experimental model [34]. Indeed, the results from the MLB
model are significantly higher, especially for the higher wind
speeds u10 (a better agreement can be found for heavy oil
with H = 500 μm; see [19, Fig. 5]). A physical explanation
of this difference can be given. Indeed, the Cox and Munk
experimental results [34] were led for a film which cannot
strictly be considered as oil (it has, a priori, a different chem-
ical composition and different physical behavior, particularly
viscosity). As a consequence, the comparison with the Cox and
Munk experimental results is essentially qualitative. Moreover,
the results of the MLB with a larger thickness H = 500 μm
(see [19, Fig. 5]) highlight a good agreement with the Cox and
Munk experimental results. Then, this illustrates the coherence
of the model.

Thus, owing to a refined hydrodynamic modeling of the
surfaces of both clean and contaminated seas, an appropriate
electromagnetic modeling can be derived. Beforehand, for the
contaminated sea case, both (air/oil and oil/sea) surfaces must
be known. In fact, for sea slicks of interest, that is to say for oil
film thicknesses up to a few millimeters, the two surfaces can
be considered as identical and parallel [35].

In the next section, the influence of rough oil films on rough
sea surfaces in the NRCS is calculated and compared with the
NRCS of rough clean sea surfaces. Moreover, the TL approach,
already used in previous work [11], [19], is tested more thor-
oughly and is applied with the MLB hydrodynamic model here.
Its validity domain is studied for a monostatic configuration
by applying it directly to the reference numerical method. The
same way is used for the classical approach, which assumes
that the electromagnetic wave cannot “see” the oil layer [4],
[26]. Finally, a polarimetric analysis is led by means of the
polarization ratio, in order to retrieve previous observations led
on satellite measurements [12], [18] and to study the influence
of various configurations.
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III. ELECTROMAGNETIC MODELING: NRCS OF

CLEAN AND CONTAMINATED SEAS

A. From a Complex Double-Layer Problem to a Single-Layer
Problem: TL and Classical Asymptotic Approaches

The problem of electromagnetic wave scattering from a so-
called double-layer problem (i.e., made up of a stack of two
rough surfaces) is complex to resolve in general. Here, contrary
to most electromagnetic asymptotic models which deal with
uncorrelated surfaces [36]–[40], the two air/oil and oil/sea
interfaces are strongly correlated and can be considered as
fully correlated (i.e., identical) for thin oil films up to a few
millimeters [35]. As a consequence, the two interfaces of the
oil film can be considered as identical and parallel for film
thicknesses up to a few millimeters.

Starting from this assumption of the oil film structure, two
asymptotic approaches can be derived for simplifying the
double-layer electromagnetic problem. First, as led in previous
work from the Marangoni effect [11] or for optical applications
[19], a so-called TL approach can be applied. It is based on the
fact that, because we deal with two identical parallel surfaces
for which the capillary waves are strongly damped, the surfaces
may be assumed to be locally flat as a first approximation so
that the system can be locally seen as a Fabry–Pérot inter-
ferometer, as illustrated in [19, Fig. 6]. Indeed, for thin oil
films, the locally flat surfaces can be assumed to be parallel.
Thus, this double-layer complex problem reduces to a much
more simple single-layer problem. Because this assumption is
based on the Kirchhoff-tangent plane approximation (KA), it is
expected to be valid for regions around the specular direction,
corresponding to a monostatic configuration to small incidence
angles. Then, we expect this to be valid (at least) where the GO
approximation is valid, typically for incidence angles θi � 20◦

(indeed, the GO is a further approximation of the KA).
This means that, under this assumption and under the GO, the

two-surface problem of NCRS computation can be reduced to
a single interface problem (here, the air/oil interface) by using
the relation

σcont,TL =

∣∣∣∣req(χi)

r12(χi)

∣∣∣∣
2

σair/oil (2)

with r12 as the Fresnel reflection coefficient at the air/oil
interface and req as the equivalent Fresnel reflection coefficient
of the air/oil/sea locally flat layer given by [11, eq. (9)]. χi

is the local incidence angle, which is related to the incidence
and scattering angles θi and θs, respectively, by the relation
χi = −(θs − θi)/2. σcont and σair/oil are the NRCS of the
contaminated sea and of the air/oil interface, respectively. Note
that, to be specific, (2) is valid under the Kirchhoff-tangent
plane approximation together with the method of stationary
phase (KA+MSP), which is valid for very rough surfaces;
KA+MSP reduces to the GO for even rougher surfaces.

The second asymptotic approach takes a different point of
view. This is the common approach that is used in dealing with
modeling of radar backscattering from thin oil slicks [4], [26];
that is why it is called “classical” here. It is based on the fact
that, at radar frequencies, the oil film thickness is significantly
lower than the electromagnetic wavelength and also that the

refractive index of oil is close to 1 and much less than that
of sea. Then, the electromagnetic wave does not see the oil
film: The air/oil/sea double-layer problem can be assimilated
to a simple air/sea problem; the only difference with the clean
sea case is that the surface is damped, as described by the MLB.
Then, by noting σcont,cl. as the NRCS of the classical approach,
it is expressed as

σcont,cl. = σdamped air/sea (3)

with σdamped air/sea as the NRCS of the damped surfaces
described by the MLB (like σair/oil) but by assuming that the
lower medium of the surface is the sea. It is interesting to note
that Franceschetti et al. [26] justified this approach by studying
the equivalent Fresnel reflection coefficient req of the double-
layer structure in comparison with that of the air/sea interface
rsea: They showed that, for thin oil films, req takes, in general,
values close to the ones of rsea.

Then, the “classical” approach may be seen as a further
approximation of the TL approach, at least when the Kirchhoff-
tangent plane approximation (KA) is valid. In [26], it can be
seen that it is valid at a radar frequency f = 5.6 GHz for thick-
nesses H ≤ 2 mm and for moderate (local) incidence angles χi.
Nevertheless, this approximation is less good for thicknesses
H > 2 mm (see [26, Fig. 4] or Fig. 6) or in V (vertical)
polarization for local incidence angles χi close to the Brewster
angle (see [26, Fig. 5] or Fig. 6). This remark also holds at f =
3 GHz for thicker films (see [11, Fig. 8] for H = 10 mm). Thus,
in the X band, the restriction on the thickness is H � 1 mm for
the condition to be valid (see Fig. 7 for f = 10 GHz). Let us
note that in V polarization and for local incidence angles χi

close to the Brewster angle (on the order of 83◦ here), the con-
straint is much harder: on the order of H � 0.2 mm. However,
such values of χi are not reached in monostatic configurations.

Thus, the TL approach is expected to be valid for monostatic
configurations for incidence angles θi � 20◦, where the GO
is assumed to be valid. To be more specific, the damping of
the capillary waves by the oil film should extend this limit
to slightly higher values, typically θi � 25◦. This limit should
increase as the damping increases, that is particularly when the
oil viscosity increases and also when the thickness increases
(within the validity domain of the Fabry–Pérot assumption).
Within this region of validity of the TL approach, the “classical”
approach should also be valid for thicknesses H � 4 mm in
the C band and H � 2 mm in the X band. Beyond the validity
domain of the TL approach, the validity of the “classical”
approach is hard to evaluate: It is analyzed hereafter.

In the following section, once the refined MLB hydrody-
namic damping model is implemented, the validity domain of
both asymptotic electromagnetic approaches is studied more
thoroughly by applying them directly to the numerical reference
method. That is to say, with the reference numerical method,
calculating the NRCS of only the air/oil interface σair/oil, ap-
plying (2), and comparing this result directly to the NRCS of the
contaminated sea σcont. This has the advantage of comparing
methods of the same kind, contrary to [11] in which the TL
approach was applied on the GO and compared to a reference
numerical method.
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Fig. 6. Intensity of Fresnel reflection coefficients |r|2 (in decibels) of clean
and contaminated seas with respect to the local incidence angle χi (in degrees)
at a radar frequency f = 5 GHz for both horizontal (upper figure) and vertical
(lower figure) polarizations. For the contaminated sea, several oil film thick-
nesses are considered: H = {0.5; 1; 2; 5} mm. δ represents the penetration
depth, defined as 1/(2k′′2 ), with k′′2 as the imaginary part of the wavenumber
inside the oil film.

B. Validity Domain Study of the Two Asymptotic Approaches

This validity domain study is led for 2-D problems only as
the actual computer resources make it impossible to resolve the
problem of radar scattering from two sea-like surfaces for 3-D
problems with “exact” numerical methods. Even for a single
sea-like surface, this remains a challenging topic. In spite of
this limitation, we know by experience that the results for 2-D
problems are very similar to the copolarized (VV and HH)
results for 3-D problems. Thus, starting from the following re-
fined 2-D study, chosen asymptotic approaches may be applied
to an appropriate analytical model for 3-D problems.

First, let us study a first set of four scenarios, with the
following common physical parameters: The oil film is a light
oil with kinematic viscosity νoil = 0.1 cm2/s and film thickness
H = 5 mm. The four scenarios study the distinct influence of
the polarization (V or H), the wind speed u10 (4 or 7 m/s), and
the frequency f (5 or 10 GHz) as follows:

1) f = 5 GHz, u10 = 4 m/s, and V polarization;

Fig. 7. Simulations for the same parameters as in Fig. 6, except for the radar
frequency f = 10 GHz.

2) f = 5 GHz, u10 = 4 m/s, and H polarization;
3) f = 5 GHz, u10 = 7 m/s, and V polarization;
4) f = 10 GHz, u10 = 4 m/s, and V polarization.

For the numerical simulations to follow, the relative permit-
tivities of sea and oil are taken as εr,sea = 69.2 + 35.7i and
εr,oil = 2.25 + 0.01i for f = 5 GHz, respectively, and εr,sea =
53.2 + 37.8i and εr,oil = 2.25 + 0.01i for f = 10 GHz. The
simulations were led with a numerical reference method based
on the method of moments, with the help of acceleration
algorithms: the forward–backward (FB) method [41] with spec-
tral acceleration (SA) [42]. Moreover, for the contaminated
sea, note that the employed rigorous numerical method is
the propagation inside layer expansion (PILE) method [43],
[44]. This method makes it possible to rigorously calculate
the scattering of electromagnetic waves from stacks of two
rough surfaces; one of its advantages is its ability to decompose
the total scattered field into its components resulting from the
multiple interactions between the two interfaces of the layer.
The order of the PILE method pPILE, which corresponds to
the number of interactions inside the layer, is then a simulation
parameter to be chosen judiciously in order to correctly model
the scattering process. Here, in all of the following simulations,
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TABLE I
PARAMETERS OF THE PILE+FB-SA METHOD USED FOR THE TWO

SCENARIOS DESCRIBED PREVIOUSLY, WITH Lc AS THE

SURFACE CORRELATION LENGTH

numerical tests showed that pPILE = 4 is a sufficient number.
Moreover, only rather significant film thicknesses (H = 5 mm)
were considered here because the numerical method cannot
deal with thicknesses lower than the surface sampling step.
Then, the following scenarios are more typical of accidental oil
spills than illegal oil spill discharges.

By construction, this method uses the rigorous numerical
calculation of the scattering from each surface. Consequently,
it is possible to use the single interface acceleration algorithms
quoted previously: FB method [41] with SA [42] is then used
for each surface, which greatly reduces the computing time
and the memory space of the calculation. For each interface
and each acceleration algorithm, a parameter must be tuned:
For the FB, it is the order of FB, denoted as pFB1 and pFB2

for the upper and lower surfaces, respectively, and for the SA,
it is the distance of strong interactions, denoted as xd1 and
xd2, respectively. Finally, the computation of the interaction
between the two interfaces is also accelerated by the SA, whose
tuning parameter is xd12. Then, Table I gives the used values
for the four scenarios (note that, for scenarios 1, 2, and 4,
the SA is not applied for the coupling calculation because it
does not converge). The other simulation parameters are the
following: The sampling step Δx = λ/10, the surface length
L = 1.68u2

10, and the incident beam is a Thorsos wave with
tapering parameter g = L/6; a Monte Carlo average over 20
surface realizations was performed to obtain the NRCS.

Fig. 8 shows the monostatic NRCS σ (upper figure) of a
clean sea computed rigorously with the numerical reference
method and of a contaminated sea computed with the numerical
reference method either rigorously or by applying the TL or the
“classical” approximation. The contaminated sea for a heavy
oil (viscosity νoil = 0.5 cm2/s) with the rigorous method is also
plotted for comparison. The lower figure shows, for a contam-
inated sea, the ratio between the NRCS σ of the simplifying
approaches and of the rigorous method σrig for both light and
heavy oils. First, it can be seen that, for small observation angles
(θs < 25◦), the contrast between clean and contaminated seas
is weak, making the oil slick hardly detectable for this typical
configuration and from this sole measurement. Beyond 25◦,
this contrast increases quickly as θs increases, making the oil
slick detection possible and easier and easier. The same general
remarks hold for the heavy oil, for which the limit of detection
occurs earlier (around 20◦) and for which the contrast increases
more quickly. This is not surprising as a heavier oil induces a
stronger damping of the capillary waves and, consequently, a
stronger contrast.

Moreover, about the contaminated sea with light oil, the
comparison of the rigorous method with the two simplifying
approaches highlights a general good agreement (below 2-dB

Fig. 8. Monostatic NRCS σ (upper figure) with respect to the observation
angle θs (in degrees) according to scenario 1, for a light oil with thickness H =
5 mm. Comparison between clean and contaminated seas with the rigorous
method and with a contaminated sea by using the two simplifying approaches.
The contaminated sea for a heavy oil with the rigorous method is also plotted for
comparison. The lower figure shows, for a contaminated sea, the ratio between
the NRCS of the simplifying approaches and of the rigorous method for both
light and heavy oils.

error) up to θs = 25◦ for the TL approach and at least up to
θs = 72◦ for the classical approach. For small θs, the TL
approach gives the best agreement, but this approach gradu-
ally underestimates the NRCS for increasing θs. The classical
approach has the great advantage of showing a very good
agreement (below 1-dB error) up to at least 72◦, with a nearly
constant error within this whole angular range. Indeed, beyond
72◦, the values of the NRCS are so low that the ratio plot is not
reliable. For the heavy oil, similar observations can be made.
Here, the classical approach shows a very good agreement
(below 1-dB error) up to at least 45◦. Thus, the behavior of
the TL approach confirms the former qualitative predictions:
excellent agreement at 0◦ and degradation with increasing θs.

Fig. 9 plots the numerical results for same simulation pa-
rameters as in Fig. 8, except for the H polarization. The same
general observations as that for the V polarization can be made
here on the NRCS: The general trends are very similar, with
increasingly lower NRCS for increasing θs. This decrease is
weak for the contaminated sea and significant for the clean sea.
Then, the limit of detection of the oil slick remains around
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Fig. 9. Same simulation parameters as in Fig. 8, except for the H polarization.

25◦, but the contrast increases less rapidly when θs increases.
The comparison of the TL and classical approaches with the
rigorous method in the lower subfigure shows similar trends
for the classical approach and a significantly better general
agreement for the TL approach. Indeed, the TL approach shows
an excellent agreement (within around 1-dB error) at least up to
42◦ for heavy oil and 75◦ for light oil. Note the better agreement
for the heavy oil in the range 20–42◦, which is consistent with
the aforementioned predictions, because a heavier oil induces
more capillary wave damping. Like in V polarization, the
classical approach shows a very good agreement (1-dB error at
the most) with the rigorous method, with nearly constant error,
at least up to 45◦ and 70◦ for heavy and light oils, respectively.

Fig. 10 plots the numerical results for the same simulation
parameters as in Fig. 8, except for the wind speed: u10 =
7 m/s here. Comparatively to u10 = 4 m/s, the NRCS levels
are mainly increased for moderate θs and, in particular, for
the contaminated sea. Then, the oil slick is detectable from
only 35◦ for light oil and 25◦ for heavy oil (with a 3-dB
limit of detection), which is in qualitative agreement with
measurement observations [21]. This may be attributed to the
fact that increasing the wind speed increases the contribution of
the gravity waves, which are not damped by the oil film. Also,
comparing the slope spectra with wind speeds u10 = 4 m/s

Fig. 10. Same simulation parameters as in Fig. 8, except for the wind speed:
u10 = 7 m/s here.

and u10 = 7 m/s in Figs. 1 and 3, respectively, the contrast
between clean and contaminated seas occurs for higher surface
wavenumbers for higher wind speeds, inducing a higher Bragg
wavenumber at which differences are sensitive. Compared to
Fig. 8, similar observations can be made for small observation
angles θs. The main differences are the following: The TL ap-
proach underestimation increases more slowly, and the classical
approach is constant only up to 45◦ for light oil (55◦ for heavy
oil); then, it is valid up to only around 60◦ for light oil (for heavy
oil, it is always within the 2-dB error limit). Both observations
may be attributed to the increased contribution of the gravity
waves for moderate θs.

Fig. 11 plots the numerical results for the same simulation
parameters as in Fig. 8, except for the frequency: f = 10 GHz
here. Note that the heavy oil was computed up to 40◦ only.
Comparatively to f = 5 GHz, the main difference comes from
the general shape of the contaminated sea compared to the clean
sea: It takes lower values even at normal incidence (θs = 0◦),
and the increase of the contrast, which starts from 25◦ for
light oil and 20◦ for heavy oil, is even stronger here when θs
increases. Then, the oil slick may be detected for all θs for
accurate enough sensors (on the order of 2-dB accuracy). About
the validity of the TL and classical approaches, the TL ap-
proach shows similar features, with increased underestimation



2334 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 52, NO. 5, MAY 2014

Fig. 11. Same simulation parameters as in Fig. 8, except for the frequency:
f = 10 GHz here.

for increasing θs, so that it is valid up to around 20◦. By
contrast, the classical approach significantly overestimates the
NRCS for low observation angles (up to 3-dB error at 0◦).
This can be attributed to the fact that here the equivalent
Fresnel reflection coefficient of the air/oil/sea double layer is
not equivalent to the air/sea Fresnel reflection coefficient any
more. This error decreases for increasing θs so that it is valid
from around 20◦ and up to at least 35◦ and 50◦ for heavy
and light oils, respectively. Then, for oil film thicknesses of
about H = 5 mm, the classical approach seems well adapted
for lower frequencies (like that illustrated here in the C band),
but it is not the case any more in the X band and, in particular,
around nadir. Nevertheless, by keeping a similar thickness-to-
wavelength ratio from C band to X band, we expect that the
two asymptotic approaches give similar performances. This is
illustrated in Fig. 12, where we took H = 3 mm (with f =
10 GHz). As compared to Fig. 8, indeed, the validity domains
of both TL and classical approaches are similar. Moreover,
comparing H = 3 mm in Fig. 12 to H = 5 mm in Fig. 11, as
expected, for moderate observation angles (θs > 20◦), it can
be seen that the NRCS decreases when H increases from 3 to
5 mm. This may be attributed to the surface damping by the
presence of oil as this damping increases when H increases
and because the NRS is sensitive to the surface spectrum in this

Fig. 12. Same simulation parameters as in Fig. 11 (with f = 10 GHz) but
with H = 3 mm.

angular region. By contrast, for small observation angles (θs <
20◦), only the GO approximation contributes to the scattering
process; then, the NRCS is not sensitive to the surface spectrum
but only to the surface rms slope whose variations do not have
a strong influence from 3 to 5 mm in this angular region (the
rms slope varies only slightly in this case). Indeed, as illustrated
in Fig. 7 for flat surfaces with H = {0.5; 1; 2; 5} mm, the
local monostatic NRCS (corresponding to χi = 0 in Fig. 7)
significantly decreases from 2 to 5 mm: The decrease is about
−2.1 dB. Similarly, from 3 mm (not shown here) to 5 mm, the
decrease is about −1.4 dB. This mainly explains the differences
observed for rough surfaces between Figs. 11 and 12.

These interesting distinct features in the X band deserve
plotting another configuration at this frequency. Here, we will
change the polarization to H polarization as increasing the
wind speed would induce a prohibitive computing time. Then,
Fig. 13 plots the same simulation parameters as in Fig. 11 (with
f = 10 GHz) but for H polarization; only the light oil was
considered here. Similar general observations as for f = 5 GHz
can be made here: From V to H polarization, for moderate θs,
the contaminated sea is slightly decreased, and the clean sea
is strongly decreased. Also, the validity domain of the TL
approach is strongly increased, up to nearly 50◦ here, with
perfect agreement up to 30◦. The classical approach has the
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Fig. 13. Same simulation parameters as in Fig. 11 (with f = 10 GHz) but for
H polarization (light oil only).

same behavior as the TL approach with respect to θs and
significantly overestimates the NRCS up to 40◦. Then, this
error decreases, but it strongly increases again from 50◦ so that
it is invalid again from 55◦. Thus, for these typical oil film
thicknesses, although the classical approach seems very well
adapted for lower frequencies (like that illustrated here in the
C band), it is not the case in the X band, at least for small
observation angles. In what follows, the polarimetric behavior
of clean and contaminated seas is analyzed.

C. Polarimetric Behavior

In this section, the polarization behavior of clean and con-
taminated seas is studied, mainly through the analysis of the
(co)polarization ratio σV /σH ; other polarimetric features, like
the degree of polarization, the copolarized phase difference, and
the copolarization correlation, were also analyzed. They are not
plotted here as they did not give significantly new information.

Fig. 14 plots the (co)polarization ratio σV /σH according to
scenarios 1 and 2, with a radar frequency f = 5 GHz and a
wind speed at 10 m of u10 = 4 m/s for light oil. The clean
sea computed rigorously is compared with the contaminated
sea, computed rigorously as well as with both the TL and
classical approaches. The polarization ratio predicted by the

Fig. 14. Polarization ratio σV /σH (light oil with thickness of 5 mm) for the
same simulation parameters as in Fig. 9 (scenarios 1 and 2: f = 5 GHz and
u10 = 4 m/s).

Bragg theory (or SPM), which is equal to (1 + 2 tan2 θs)
2 [45],

[46], is also plotted for comparison. Note that the polarization
ratio predicted by the GO approximation is practically equal to
1 (0 dB) for all observation angles in monostatic configurations.

For the clean sea, the polarization ratio (PR) starts from 0 dB
at zenith θs = 0 and is nearly constant up to 15◦, which is a
characteristic of a GO behavior. This is in agreement with the
validity domain of GO for dealing with sea surfaces at these
frequencies and wind speeds. Then, the PR slightly increases
and then significantly increases from around 30◦, with an
increase similar to that predicted by Bragg. Then, this is in
agreement with the validity domain of SPM for dealing with
sea surfaces at these frequencies and wind speeds.

For the contaminated sea, the PR has the same behavior for
small θs. The main difference is that the increase of the PR
is significantly less than that of the clean sea and does not
follow the increase predicted by Bragg, at least up to around
70◦. This means that, in this region, the Bragg theory (or
SPM) alone is not enough to model the scattering mechanism
for contaminated seas. The same remark holds for GO in
this region. This is an important result as it shows the limits
of former analyses of results which were based only on the
Bragg theory [6], [25], [33]. Note that this result is coherent
with the surface spectrum: looking at Fig. 2, for f = 5 GHz
and around θs = 50◦, the Bragg wavenumber given by kB =
2k0 sin θs is equal to around 160 rad/m, around which the
curvature spectrum of the contaminated sea is significantly
smaller than that of the clean sea. Also, more importantly, this
is in agreement with the polarimetric analysis in [12] and [18]
which showed that an oil-covered sea surface does not have a
pure Bragg-scattering mechanism. Numerical results analyzing
the copolarization correlation like that in [12] confirmed this
analysis: The correlation is increased for the contaminated sea
(not plotted here). This is again logical as the capillary waves
are strongly damped when an oil film is at the sea surface.
Finally, compared to the “numerically exact” rigorous method,
the classical approach correctly predicts the PR, contrary to the
TL approach from 10◦.
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Fig. 15. Same as Fig. 14 but for heavy oil.

Fig. 16. Polarization ratio σV /σH (light oil) for the same simulation param-
eters as in Fig. 11 (scenario 4: f = 10 GHz and u10 = 4 m/s).

Then, Fig. 15 plots the same parameters as in Fig. 14 but
for a heavy oil. Comparatively to a light oil, the damping of
the capillary waves is much stronger: see Figs. 1 and 2 for
H = 100 μm, e.g., the contrast between light and heavy oils
being even stronger for H = 5 mm. As a consequence, the PR
of the heavy oil is much closer to 0 for increasing θs: It can be
seen that the PR is nearly constant and very close to 0 at least
up to 40◦, which is a characteristic of GO. Note that, above
40◦, the strong unphysical increase of the PR is due to the very
low NRCS levels, making the results not reliable in this region.
Thus, these results show that, at least up to 40◦, the scattering
mechanism is dominated by GO. Moreover, the classical and
TL approaches show the same behaviors as that for the light oil
(at least up to 40◦). Then, let us have a look at the influence of
the frequency on the PR.

Fig. 16 plots the PR of a light oil, for a radar frequency
f = 10 GHz(u10 = 4 m/s). First, for the clean sea, the PR
has a behavior very similar to that for f = 5 GHz. The GO
validity domain is slightly increased here up to 20◦, which is not
surprising: As the frequency increases, the Bragg wavenumber

increases, making the capillary waves contributive for higher
θs. For the contaminated sea, the increase of the PR with θs
is significantly reduced but not down to 0 (note that, once
again, the results from 50◦ are not reliable for the same reason).
This means that both the GO and Bragg mechanisms alone are
not enough to describe the scattering process in this region,
contrary to the clean sea. Moreover, it can be seen here that
the classical approach correctly reproduces the PR only in the
same region as the TL approach.

Thus, these results are in qualitative agreement with similar
analyses made on measurement data [12], [18].

IV. CONCLUSION

The problem of the hydrodynamic modeling of the sur-
faces of oil films on the sea is treated by using a physical
model, namely the Model of Local Balance (MLB), and the
Elfouhaily et al. spectrum model for describing the clean sea
surface. Then, this physical damping model makes it possible to
accurately predict the radar backscattering from clean and con-
taminated seas. Then, by calculating the NRCS, computations
are made from a reference numerical method for 2-D surfaces
in order to assess the contrast between clean and contaminated
seas for varying configurations, including observation angles
θs, polarizations (vertical or horizontal), frequencies f , wind
speeds u10, thickness H , and characteristics by studying the in-
fluence of its viscosity on the NRCS. The main general physical
conclusion for moderate observation angles θs is as follows: As
expected and observed in measurements, the contrast between
clean and contaminated sea is increased when the observation
angle θs increases, the polarization changes from horizontal (H)
to vertical (V), the wind speed u10 decreases, the frequency f
increases, and the oil thickness H or viscosity νoil increases.

Also, two simplifying approaches in dealing with contam-
inated seas, called TL and “classical,” have been proposed
and analyzed. They have the great advantage of reducing the
complex double-layer (air/oil and oil/sea) problem to a classical
single-layer problem, just like clean seas. Then, their validity
domain is studied in detail. It is found, in general, that they
have rather complementary validity domains: The TL approach
is always valid for small observation angles, which makes it
applicable to near nadir sensors like altimeters, whereas the
“classical” approach is valid for moderate observation angles,
which makes it applicable for satellite applications. A polari-
metric analysis is made by focusing on the copolarization ratio.
Then, the same qualitative observations as recent work led on
satellite measurements (for moderate angles) are found [12],
[18], and detailed physical explanations are given. Moreover,
this study has the great advantage of being able to study
the influence of the different physical parameters: here, the
observation angle, the frequency, and the oil viscosity. Thus,
these two simplifying approaches make it possible to develop
3-D models of radar backscattering from both clean and con-
taminated seas by using asymptotic analytical models adapted
to sea-like surfaces, like the two-scale model, the small slope
approximation, and the weighted curvature approximation [47].
Future work will present such developments and will further
validate these models by comparison with measurements.
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