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In this study, sea surface scattering with and without surfactants is predicted
using the two-scale boundary perturbation model (BPM) and the advanced
integral equation model (AIEM) augmented with two different damping models,
i.e.,, the Marangoni one and the model of local balance (MLB). Numerical
predictions are showcased for both mineral oil and biogenic slicks. They are
contrasted with actual satellite Synthetic Aperture Radar (SAR) measurements
collected at X-band by the German TerraSAR-X sensor over mineral oil and
plant oil slicks of known origin. Experimental results show that the two-scale
BPM augmented with the Marangoni damping model is more suitable for
predicting the normalized radar cross section and the damping ratio of plant
oil (biogenic) slicks. In contrast, the AIEM combined with the damping MLB
results in a better agreement with SAR measurements collected over mineral
oil slicks.

KEYWORDS

radar scattering, damping model, oil spill, AIEM, X-band SAR.

1 Introduction

Oil pollution monitoring is a hot topic in the framework of the ocean sustainable
development, but it represents a challenging task since it needs real-time, large-scale and
fine spatial-temporal resolution observations. The Synthetic Aperture Radar (SAR),
owing to its day-night and almost all-weather imaging capabilities together with its fine
spatial resolution, is a valuable tool to observe the oceans at a regional scale (Solberg,
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2012). In addition, the availability of several high-performance
SAR satellite constellations guarantees a fine enough temporal
sampling which makes the SAR a key instrument for sea oil slick
monitoring (Solberg, 2012; Garcia-Pineda et al.,, 2013; Fingas
and Brown, 2018).

Marine oil slicks are mainly composed of two major types of
hydrocarbons, mineral oil including crude oil and their by-
products, and biogenic surfactants from biological processes by
ocean plant and animal growth and decay. Mineral oils that
come from leakage or discharge of ships, drilling platforms,
pipelines, etc. spread into thin layers through gravity and surface
tension, and then evaporating and weathering over time (Ivonin
etal., 2020). The mineral films appear in the SAR image plane as
spots darker than the sea surface background due to their
damping effect on sea surface roughness. However, mono-
molecular biogenic surfactants can give rise to radar signature
similar to that of mineral oil films and show as dark features as
well (Alpers et al., 2017; Ivonin et al., 2020). These natural films,
as well as grease ice, low-wind areas, rain cells, shear zones,
internal waves, ship wakes, etc., are known as “oil look-alikes”
since they result in a lower backscatter that can be
misinterpreted as due to an oil slick (Brekke and Solberg,
2005). Hence, distinguishing mineral oil spills from such false
alarms in SAR imagery in a robust and effective way is still a
challenging task (Brekke and Solberg, 2005; Skrunes et al., 2013;
Alpers et al,, 2017; Li et al, 2018). Statistical-based methods
including the recent ones based on artificial intelligence, i.e.,
deep learning and neural networks (Li et al., 2021; Li et al., 2022),
have been developed to characterize marine oil slicks and
distinguish them from look-alikes (Garcia-Pineda et al., 2013;
Chen et al,, 2017; Guo et al.,, 2017; De Laurentiis et al., 2020;
Zhang et al., 2020). Although these methods do not explicitly
rely on a theoretical model of the underlying scattering process,
the latter still plays a key role to: 1) fully understand the link
between the actual oil slick and the dark patch observed in the
SAR image plane, 2) account for the effect of SAR imaging
parameters as polarization, incidence angle, etc. and 3) provide a
rationale for quantitative analysis of SAR signals from mineral
and biogenic oil contaminated area. Therefore, theoretical
scattering models from sea surfaces with and without oil films
are essential, especially to understand the scattering mechanism
of sea areas contaminated by various oil pollution.

Sea surface scattering models, which are modified to account
for the effect of oil films, act as the basis of the modeling of oil-
covered sea surface scattering. Under low-to-moderate wind
conditions, two fundamental mechanisms must be considered,
i.e, scattering from the large- and small-scale part of the sea
surface roughness that can be described according to the
Kirchhoff approximation (KA) (Rice, 1951) and small
perturbation model (SPM) (Valenzuela, 1978), respectively. In
addition, due to the composite nature of the sea surface
roughness, unifying models have been proposed to account for
both scales together with their mutual interactions, namely the
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two-scale models (TSM) (Plant, 1986), the small-slope
approximation (SSA) (Voronovich, 1994), the integral
equation model (IEM) (Fung, 1994) and its improved version
termed as advanced integral equation model (AIEM) (Chen
etal., 2003; Du et al., 2017; Xie et al., 2019a; Xie et al., 2019b), etc.
They all achieve satisfactory performance on simulating the
normalized radar cross section (NRCS) of sea surface within
their respective range of applicability.

When dealing with the modifications that must be applied to
the sea surface scattering models to predict the scattering from a
slick-covered sea surface, the so-called “Marangoni effect” is
widely adopted, which describes the resonance-type damping of
monomolecular slicks in the short gravity and capillary wave
region. The damping of sea surface roughness is generally
considered as the unique effect on radar backscattering since
microwaves can virtually penetrate through the thin film
(thickness < 1 mm (Latini et al., 2016; Boisot et al., 2018))
without being absorbed or scattered-off due to the smaller
permittivity of the oil. The thin oil slicks come from both
biogenic (natural) origins including plant and animal growth
and decay, and mineral (anthropogenic) origins including crude
oil subject to weathering and spreading (Gade et al., 2006). The
Marangoni damping coefficient has been used to reduce the
gravity-capillary part of the sea roughness spectrum and,
therefore, to predict the microwave scattering (or contrast) from
the slick-covered sea surface. In (Pinel et al., 2008) the Marangoni
damping model is used to describe the modification induced by oil
slicks on the sea surface spectrum and the root-mean-square slope
of the sea surface. Then, the bistatic NRCS from the slick-free and
slick-covered sea surface is predicted by benchmark numerical
methods and semi-empirical approaches, respectively. In
(Wismann et al., 1998), multi-frequency and multi-polarization
radar signatures of mineral oils are analyzed and experimental
results indicate that the light fuel show a similar damping behavior
as monomolecular sea slicks, which are well interpreted by the
Marangoni wave damping theory. However, it was found that
even long ocean waves are significantly damped when they travel
through a monomolecular surface film patch (Hithnerfuss et al,
1983). In (Nunziata et al,, 2009), the Marangoni coefficient was
used - together with a reduced input wind model through a
reduced friction velocity - to account for the effects of the biogenic
surfactants on both the short- and long-wave part of the sea
surface roughness spectrum. Then a contrast model for biogenic
slicks has been developed in the frame of TSM and successfully
verified by the SIR-C/X-SAR data at L- and C-band. Then the
proposed oil/sea contrast model is further improved when a
mineral oil slick is present and theoretical predictions show
good agreements with X-band measurements by TerraSAR-X
and COSMO-SkyMed (Montuori et al,, 2016).

On the other hand, several previous studies have pointed out
the main mechanism of attenuating long waves by the slick-
induced nonlinear wave-wave interaction in which wave energy
is transferred from long waves to the energy sink in the short-
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wave “Marangoni resonant” region (Alpers and Hiihnerfuss,
1989; Gade et al., 2006). In this way, the effects of an oil slick on
the sea surface scattering model can be considered using the
Marangoni damping coefficient augmented with a model,
termed as the model of local balance (MLB), which describes
the effect of the oil on the longer wave part of the sea roughness
spectrum through the action balance equation (Alpers and
Hiihnerfuss, 1989; Franceschetti et al., 2002; Pinel et al., 2013).
In (Gade et al., 1998b; Gade et al., 1998¢), the damping MLB has
been successfully used to interpret the damping ratio (DR), i.e.,
the slick-free to slick-covered NRCS ratio of quasi-biogenic films
and anthropogenic films observed by multi-frequency SAR
under different wind conditions. In (Franceschetti et al., 2002),
a SAR raw signal simulator is used to simulate the backscattered
signal from oil-free and oil-covered sea surfaces, where the effect
of oil films is described by MLB. The DR measured by actual
SAR data results in a fairly good agreement with the predicted
one. In (Yang et al, 2013), the MLB is combined with the
method of moments and the Monte-Carlo method to compute
the NRCS related to the oil-covered sea surface. Numerical
predictions show in a good agreement with actual C- and X-
band SAR measurements related to the 2007 Hebei Spirit oil
tanker accident. In (Meng et al., 2021b), the backscattering from
the oil emulsion is predicted using AIEM augmented with MLB
under different environmental and SAR imaging parameters. In
(Meng et al., 2021a), the bistatic scattering from the oil slick-free
and slick-covered sea surface is predicted under different
incident wavelength, wind speed and incidence/scattering
angle, while the sensitivity of the predicted NRCS is discussed
with respect to oil thickness.

This study focuses on the analysis of the joint role played by
the scattering and damping models in predicting the co-
polarized NRCS and DR due to a slick-covered sea surface.
The microwave signal scattered off the slick-free and slick-
covered sea surface is described using two scattering models,
namely the two-scale boundary perturbation model (BPM)
(Guissard et al.,, 1992) and the AIEM (Chen et al., 2003). The
two models have been shown to provide similar prediction’s
accuracy over the sea surface while they present key theoretical
differences both in the way the surface electric and magnetic
fields are evaluated and in the description of the scattering
surface. For a composite surface, like the sea surface, the BPM
solution consists of two terms while the ATEM solution is a series
expansion up to higher orders. In this study, numerical
experiments are accomplished over both slick-free and slick-
covered sea surface and two kinds of surfactants are considered,
namely mineral and plant oil film. Their effects on the scattering
model are accounted for using the Marangoni damping model
and MLB. The two damping models differ in the way the
damping effect of the surfactant is accounted for. Numerical
experiments include simulations of slick-free and slick-covered
backscattering under different polarizations and varying
incidence angles. Then, simulated NRCSs are compared with
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actual measurements collected by X-band TerraSAR-X (TSX)
SAR over mineral oil slicks and plant oil films of known origin
under different polarizations and incidence angles. Experimental
results show that both BPM and AIEM result in accurate enough
predictions over slick-free surface. Differences apply when
dealing with the prediction of the signal backscattered off a
slick-covered sea surface. In the case of plant oil films, the BPM
combined with Marangoni damping and a reduced friction
velocity results in a NRCS and a DR that show a remarkable
good agreement with SAR measurements. When dealing with
crude oil, the ATEM combined with MLB performs better than
BPM with Marangoni which results in an underestimation of
the DR.

The remaining part of this paper is organized as follows: in
section II, the sea surface scattering models, including the two-
scale BPM and AIEM, are briefly reviewed together with the two
strategies we adopted to include the effect of surfactants on sea
surface scattering. Numerical experiments are presented and
discussed in section III, while the conclusions are drawn in
Section IV.

2 Theoretical predictions
2.1 Rough surface scattering models

The scattering from a randomly rough surface has been
extensively studied in literature and, to bridge the gap between
SPM and KA, several approaches have been proposed. When
focusing on sea surface scattering, the family of TSM and IEM
are among the most adopted (Lemaire et al, 2002). In this
subsection, the main theoretical aspects that underpin the two-
scale BPM and the AIEM are briefly reviewed.

2.1.1 Two -scale BPM

The two-scale BPM assumes that the surface consists of
small-scale ripples superimposed on large waves. The NRCS
from the two components, assumed to be random and
independent, is given by (Guissard et al., 1992)

0o _ 0 0
Opq = Opg, 0 T Opg, 1

where the subscript p and g denote the polarization of incident
and scattered waves, respectively. The zeroth-order term o‘l‘,)c1
given by KA, i.e., the Physical Optic (PO) solution used for the

large-scale surface

0 18

0 T

qu ’qu,eff |2 Tsl(a> ﬂ)

- cost 1,
where T, is the angle between the local normal and vertical
directions; Ry is the effective Fresnel reflection coefficient
evaluated using the local incidence angle, which accounts for the
ripples on the tangent plane; Ty (o, f) is the probability density
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function (PDF) of the large-scale slope, with ¢ and f denoting
the specular slopes. The first-order term Ggq’l is the un-tilted
SPM result averaged over the larger scale slopes

i k y JJZ‘Hm(a’ﬁ)\z %(KoK)) Ta(en B)dadp

Pty (, [k
v, is the vertical component of v = k(s — i), where k is the
wavenumber of the incident electromagnetic wave while § and
i represent the scattering and incident directions, respectively;
H,q(ouP) is the surface field function. The convolution of the
normalized ripple spectrum Yx(K,K,)= W(K,,K,) with the
large-scale slope PDF Tg(a,f) , accounts for the tilting of the
ripples by large-scale waves, which results in a broadening of the
Bragg scattering spectrum.

When dealing with two-scale models, a key issue is the
choice of the limiting wavenumber K; that splits the full sea
surface spectrum into a large-scale and a small-scale part. In this
study, K, is chosen to ensure that the constraints of the small-
scale and the large-scale scattering models are simultaneously
verified. This allows the two-scale BPM model converging to the
KA for a very rough surface and to the SPM for a slightly rough
one (Nunziata et al., 2009).

2.1.2 AIEM

The AIEM describes the surface scattering coefficient as the
sum of a Kirchhoff field term (superscript k), a complementary
field term (superscript ¢) and a cross term (superscript x) (Chen
et al., 2003)

0

_ <k c
pq = Opg + Opg + Oy,

0 Pq

Under the hypothesis of a small-slope sea surface and
neglecting multiple scattering, the scattering coefficient is given
by

O.2n

(50 = k_2 e_gz (kszﬁki) i [

247n
I "W
P =5 n! pal

where I{,’q is the surface field function, o'is the root-mean-square
(rms) height of the sea surface; W" is the Fourier transform in
the spatial domain of the nth power of the autocovariance
function, which is also the n -fold convolution of the sea
surface spectrum. The AIEM integrates the classical KA and
SPM solutions and includes them as special cases valid for high
and low frequency regions of the spectrum, respectively. When
dealing with a surface characterized by a single scale of
roughness, the AIEM accounts for the Bragg effect by
including all orders of the surface spectrum, W"(K,¢) sampled
at the Bragg wavenumber, K=2ksin6; . In the case of a surface
calling for multi-scale roughness, the so-called “wavelength
filtering effect” applies. It consists of considering that only
some scales of roughness are responsible for the backscattering
(Fung, 2015). Therefore, the AIEM scattering coefficient still
includes all the n orders of the surface spectrum, but they are
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linked to specific roughness scales, i.e., the “effective roughness”
that consists of [mK,+e) spectral components, with m being a
parameter that was found to be 0.05 by matching simulations
with radar measurements and empirical models (Xie et al,
2019c). Hence, the effective root mean square (rms) height o,
can be calculated as

and the autocorrelation function of sea surface elevation p(r,¢) is
the inversed Fourier transformation of the directional sea
spectrum S(K,y) (which can be obtained by the
omnidirectional spectrum S(K) multiplied by an angular
spreading function)

1 oo 2T )
p(0) = oz [ [ St wiesplir cos(o - y)Kikdy

And the high-order spectral term in polar coordinate W" is
the Fourier transformation of the n th power of the surface
correlation function

" 1 oo 2 " )
wiky) =5 [ [ o oexplikreos(o - w)rdrdg

To predict the NRCS according to AIEM a series of terms up
to high orders must be considered; hence, a key issue is selecting
the parameter n to stopping the series expansion (this term is
also known as convolution time). In this study, the n parameter
is not fixed a priori, indeed the NRCS is predicted considering
enough terms in the expansion (5) to minimize the residual, i.e.,
making the difference between the cumulative NRCS predicted
summing up the # th and the (n+1) th term arbitrarily small.

For more details about BPM and AIEM, readers can refer to
(Guissard et al., 1992; Nunziata et al., 2009) and (Chen et al,,
2003; Xie et al., 2019c¢), respectively.

The above analysis shows that for composite surfaces
characterized by different scales of roughness, the NRCS
predicted by BPM is expressed as the sum of two terms, while
the AIEM solution is formulated by a series up to high orders.
Figure 1 shows the HH- (A) and the VV-polarized (B) X-band
NRCS related to the sea surface and predicted by BPM and
AIEM under a wind speed of 5 ms™. The dashed lines represent
the zero- and first-order terms of the NRCS predicted by BPM,
while the red asterisks are related to AIEM predictions. For
incidence angles larger than 30° (35°), the HH- (VV-) polarized
NRCSs predicted by BPM and AIEM are satisfactorily consistent
with each other. The main differences apply at smaller incidence
angles. In the specular scattering regime (up to 8°), the AIEM
results in a NRCS slightly larger than the BPM one at both
polarizations. In the range of incidence angles spanning from 8°
to 30° (35°) for HH (VV) polarizations, an opposite behavior is
observed. These differences rely on the different approaches used
by BPM and AIEM to include surface roughness information
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(A) HH- and (B) VV-polarized X-band backscattering coefficients related to a slick-free sea surface predicted by two-scale BPM (continuous
black lines) and AIEM (red asterisks) under a wind speed U;p=5 ms ™ at variance of incidence angle. The zero (first)-order BPM scattering

coefficients are also annotated as dashed green (blue) lines.

about the scattering surface. In two-scale BPM, the roughness is
described using the ripple spectrum yz(K,,K,) and the large-scale
slope PDF Tg(o,f) ; while in AIEM the effective spectral
components [mK,+eo) of the nth order spectrum W" are used
in the AIEM.

2.2 Damping models of sea surface
oil films

2.2.1 Marangoni damping model

The well-known “Marangoni effect” can describe the
damping of monomolecular slicks such as biogenic films on
short wave region of the sea spectrum. In comparison, mineral
oil slicks of anthropological origin can form surface-active
compounds after weathering and spreading on the sea surface.
Moreover, the Marangoni damping with resonance-type
characteristics can be observed as well (Alpers and
Huhnerfuss, 1988; Gade et al., 2006). The viscous damping of
short gravity and capillary sea waves of oil films can be well-
modeled according to the Marangoni effect (Lombardini et al.,
1989)

1+ X(cos@—sin6) + XY - Ysin 6

K;|E|,0) =
Ynar (K5 |EL, €) 1 +2X(cos 0 — sin 0) + 2X>

with |E| and 6 denoting amplitude and phase of the complex
dilational coefficient of the surfactant that accounts for its
viscoelastic properties. And

|E|K*

X=—"™1__
20°np

|EIK
y=1-=
4om
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where @is the angular frequency of the sea surface waves while 1
and p are the dynamic viscosity and the density of the sea water,
respectively. A surfactant floating on the sea surface affects the
full wavenumber omnidirectional sea roughness spectrum while
having negligible effect on its directional part (Ermakov et al.,
1992; Franceschetti et al., 2002).

The effect of the surfactant on the longer wave part of the
roughness spectrum depends on the non-linear wave-wave
interactions and on the reduction of the aerodynamic
roughness that, at once, is related to the energy input from the
wind to the waves, which is represented by the friction velocity.
In (Montuori et al., 2016), an empirical relationship between the
friction velocity of slick-covered u,; and slick-free (u-) sea
surface is provided

Ugs = M- Uy

where the reduction factor u<1 depends both on sea state
conditions and the damping properties of the surfactant.
Hence, according to (Nunziata et al,, 2009; Montuori et al,
2016) the slick-covered sea surface spectrum can be obtained by
evaluating the slick-free one at a lower friction velocity (i)
and, then, damping it by the Marangoni coefficient

S(K, um)

S (et 581, 6) = — )
M ’ | | yMar(K; |E|’0)

2.2.2 MLB

The oil films can affect the longer-wave part of the roughness
spectrum by nonlinear wave-wave interaction from the longer
wave part to the energy sink in the Marangoni dip, together with
the reduction of the wind input on the sea surface (Gade et al.,
1998a; Gade et al., 1998b; Gade et al., 1998c). Therefore, to
include the Marangoni damping and nonlinear interaction,
together with the wind input effect on the sea surface
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spectrum, the action balance equation can be invoked which
leads to the damping model of MLB (Alpers and Hiihnerfuss,
1989). The latter predicts a damping coefficient that depends on
the wind growth rate 3, the viscous dissipation term 2Ac,, with
cg being the group velocity of the sea waves, and the non-linear
wave-wave interactions rate o/

ﬁ(u*)s) =2CG,(A - yuar) + (a0 + Ax)
ﬁ(u*) -2C A+«

YMLB (K» u*,s’yMar) =

According to the MLB, the viscous damping coefficient of
the slick-covered sea surface consists of: a) reducing the wind
energy input through a reduced friction velocity that, at once,
affects the wind growth rate B(u-); b) enhancing the viscous
dissipation coefticient A by the Marangoni coefficient (A-yy,,); ©)
increasing the nonlinear transfer rate by a factor Act . Note in
this study the wave breaking term in the action balance equation
has been ignored since the breaking-wave dissipation is
negligible when the wind speeds are less than 10 ms™, which
is the oil slicks detectable wind condition for SAR (Franceschetti
et al., 2002). Therefore, the slick-covered sea surface spectrum
can be evaluated by the slick-free one S(K,u~) damped by the

S(K, u,,)

yMLB (K; u*,s’yMar)

MLB coefficient yyp

Ss,MLB (K» u*,s;yMar

From above it can be seen that the process to obtain the
slick-covered sea spectrum differs in two aspects: the benchmark
slick-free spectrum and the damping coefficient. In 2.2.1, the
Marangoni coefficient is combined with the wind-reduced
spectrum S(K,u-,). While in 2.2.2, the MLB damping
coefficient is combined with the non-reduced spectrum S(K,u-)

A
20
Biogenic slick (Marangoni)
Mineral slick (Marangoni) -ban{l
15 = Biogenic slick (MLB)
£ - Mineral slick (MLB)
©
£
1]
Q
O 10
=3
£
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\.\
0

10' 10?

Wavenumber (K), rad/m

107" 10°

FIGURE 2
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since includes the wind reduction. To give a better
understanding of the two damping coefficients with respect to
the kind of surfactants, the damping coefficient (ypra, and yars )
and the slick-covered full range sea surface spectrum (S, y., and
Ssmrp ) are depicted in Figures 2A, B, respectively. The spectral
damping coefficient is depicted for both a biogenic surfactant
and a weathered oil slick. The former refers to an oleyl alcohol,
which is usually used to simulate a biogenic surfactant (Gade
et al.,, 1998b; Gade et al.,, 1998a), whose rheological parameters
are | E|=0.0255 Nm™' and 6=-175°, with u=0.7; while
the weathered oil slick calls for rheological parameters that are
| E|=0.01 Nm™! and 6=-175°, with 1=0.575 (Hiinerfuss et al.,
1989). In Figure 2A, their spectral damping coefficients are
depicted with blue and orange lines, respectively. The damping
coefficient is modeled using the Marangoni coefficient yy,, , see
continuous lines, and the MLB yy;1 5 , see dashed lines. Although
from a strict theoretical viewpoint the Marangoni damping
should be used to describe the damping due to mono-
molecular surfactants, Figure 2A is instructive to gain a better
understanding of the different behavior of the two damping
coefficients. In both cases of mineral oil and biogenic surfactant,
the maximum value of yjp,, and yypp locations are almost at the
same Bragg wavenumber. However, the largest damping is
achieved when yy,, is used and the largest difference among
the two models is achieved in the case of biogenic surfactant
(blue lines). It is worth noting that, unlike the Marangoni
damping model that call for a narrow resonant-like behavior,
the MLB leads to a damping that is spread across the
wavenumbers affecting in a non-negligible way also longer
waves (Alpers and Hithnerfuss, 1989). According to MLB, the
depth of the Marangoni dip (corresponding to the maximum
Marangoni damping of continuous lines) is reduced because
more energy is being transferred from adjacent spectral regions
to the dip region by wave-wave interaction. The more is

10°

10°
-10
10 Slick-free
Biogenic (Marangoni)
Mineral (Marangoni)
— = = Biogenic (MLB)
— = = Mineral (MLB)
1071
102 107 10° 10’ 102 10°

Wavenumber (K), rad/m

(A) Spectral damping coefficient related to a biogenic film (blue line) and a crude oil (red line) slick evaluated using the Marangoni — continuous
line — damping model ym, and the MLB dashed — dotted line — damping model ym g. Note that the range of X-band Bragg wavenumbers is
enclosed by the dotted black vertical lines. (B) Roughness spectrum of a slick-free (black line), biogenic slick-covered (blue line) and crude oil-
covered (red line) sea surface. Note that the continuous lines represent Sg mar While the dashed lines representing Sqmis.
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attenuated (by smaller u1 ), the stronger damping in the longer-
wave region, since more energy in this region is required to sink
into the Marangoni dip because of less energy fed from wind
input. The range of Bragg wavenumbers that correspond to X-
band microwave impinging on the sea surface with an incidence
angle that ranges from 20° to 60° is enclosed in the vertical black
dotted lines. It can be noted that the damping peak is out of this
range for the simulated biogenic surfactant while it lies in this
range for the simulated oil slick.

Figure 2B shows the Elfouhaily full-range sea roughness
spectrum of slick-free S(K,u+) (black line) and slick-covered sea
surface obtained using the Marangoni coefficient, i.e., S;par Se€
continuous lines, and the MLB, i.e., S;yrp, see dashed lines,
respectively, for both a biogenic surfactant (blue lines) and crude
oil (red lines). As expected, the slick-covered spectrum exhibits a
departure from the slick-free one in both the short- and the
longer-wave parts, which depends on both the kind of surfactant
and the considered damping model. When the slick-covered sea
surface spectrum is obtained using S; yar a significant reduction
of the energy associated to both the short and longer waves is
observed with the largest reduction occurring when the mineral
oil is considered. In addition, a significant shift of the peak
wavenumber towards shorter waves (related to the reduction of
the friction velocity) is observed that is the largest in the case of
crude oil. When the slick-covered sea surface spectrum is
obtained using S;aip, the peak wavenumber does not change
significantly in the slick-covered case and the spectral energy is
reduced both at the short- and long-wave parts of the spectrum
with the largest reduction occurring, again, in the case of
mineral oil.

In conclusion, the MLB provides a more realistic modeling
of the surfactant’s effects on the full-range sea surface spectrum.

2.3 Scattering coefficients of
slick-covered sea surface and DRs

In this subsection, the scattering coefficient of slick-covered
sea surfaces, as well the DR of slicks is predicted using BPM and
AIEM and the effect of the surfactant is included using the
Marangoni model and the MLB, respectively.

When using the BPM scattering model, the NRCS of the
slick-covered sea surface is predicted using 2.1.1 combined with
the Marangoni damping on sea spectrum in 2.2.1. The surfactant
is supposed to affect a) the zeroth-order term Ggq,o by changing
the PDF of the surface slope Ty and by reducing the roughness
on the local tangent plane; b) the first-order term Ggq,l by
damping the sea spectrum and shrinking the PDF of the
slopes Ty as described above. In this study, we assumed that
the thickness of the surfactant is much smaller than the
penetration depth of the incident X-band microwave to
consider the surface field function H,, unaffected by the
surfactant (Alpers and Hihnerfuss, 1989; Nunziata et al,,
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2009). Once the slick-free and the slick-covered NRCSs are
available, the DR is predicted as follows
Dhypy = 2= T2 1 T
Os Oyt Oy
where the subscripts f and s denote the slick-free and slick-
covered sea surface, respectively.

When using the AIEM scattering model, the NRCS of the
slick-covered sea surface is predicted using 2.1.2 combined with
the Marangoni model in 2.2.1 and MLB in 2.2.2, respectively.
The surfactant affects the sea wave spectrum S(K) and its high-
order terms W"(K), as well as the small-scale rms height o,
which can all be obtained by the oil-covered sea surface
spectrum. The DR is predicted as follows

o (7125 W)"
039 5 X , n:1‘1f| n!
P~ op = A =) I ]
n= n!

where O.fz and o7 are the square of the rms height for slick-free
and slick-covered sea surface, respectively. The polarization-
dependent surface field function |I(-)| also depends on the
surface rms height; hence they have been explicitly written for
both the slick-free |I{ and the slick-covered case |I.

In Figure 3, the co-polarized DR of slick-covered sea surface
are predicted using both BPM and AIEM. Numerical predictions
related to the biogenic film and the crude oil slick are depicted
using blue and red lines, respectively, while BPM and AIEM
scattering models are marked by continuous and dashed lines,
respectively. The effect of the surfactant is included in the BPM
predictions using the Marangoni damping coefficient in 2.2.1,
see continuous lines. In the AIEM predictions the surfactant is
accounted for using both Marangoni damping in 2.2.1 and the
MLB in 2.2.2 respectively, see dashed lines with and without star
marker. The slick-covered sea roughness spectrum is obtained
by the slick-free one using the parameters i suggested in (Gade
et al,, 1998¢; Montuori et al.,, 2016), i.e.: u equal to 0.7 and 0.575
for biogenic and mineral oil slicks, respectively. Negative DR
values are observed at smaller incidence angles in all model
predictions and are due to the enhanced specular reflection
arisen from the damping of the small-scale sea waves on the
tangent plane.

Firstly, to explore the role of scattering model in the
prediction of DR, the results by using the same Marangoni
damping model combined with BPM (continuous lines) and
AIEM (dashed lines with star marker), respectively, are
compared. Non-negligible differences apply between BPM and
AIEM predictions. By contrasting with Figure 1, one can note
that the differences between the NRCSs predicted by the two
scattering models under slick-free conditions are emphasized in
the slick-covered case, which is due to the different way the effect
of the surfactant is included in the two scattering models. For
both surfactants, the DR predicted by AIEM are always higher
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X-band BPM and AIEM predicted DR at HH (A) and VV (B) polarization versus incidence angle. BPM and AIEM predictions are shown in
continuous and dashed lines, respectively. The rheological parameters refer to a biogenic slick (blue lines) and a mineral oil slick (red lines). The
effect of the surfactant is included using Marangoni damping ymar for BPM. While for AIEM, the effect of slicks is included by Marangoni damping

Ymar and MLB damping ymig, respectively.

than the BPM one as the incidence angle increases. When the
incidence angle is about 20° the DR difference between BPM
and AIEM is about 11 (6) dB for biogenic (mineral oil) slick at
both polarizations. As incidence angle increases to about 40°,
such the difference becomes more significant for mineral oil with
about 13 dB.

Secondly, the effect of various damping models on the
predicted DR are explored, which can be obtained by
comparing the DR based on AIEM combined with Marangoni
damping (dashed lines with star marker) and AIEM damping
(dashed line without marker). For incidence angle larger than
about 12° (20°), the Marangoni damping always predict higher
DR values than MLB for a biogenic (mineral oil) slick. For the
incidence angle exceeding 20°, the DR predicted by Marangoni
damping is stronger than that by MLB in the case of mineral oil,
while their difference stabilized in the range of 4-6 dB in the case
of biogenic slick. It is important to note that, as far as for DR
plots, even in this case the predictions obtained by augmenting
the AIEM with the Marangoni damping coefficient result in a
DR that, especially in the mineral oil case (see red dashed lines
with star marker), diverge significantly from the predictions
resulting from AIEM augmented with MLB and BPM
augmented with Marangoni damping coefficient. Such a DR
behavior does not seem to be realistic for an oil-covered
sea surface.

BPM and AIEM provide consistent (although calling for
different NRCS values) predictions for both biogenic- and oil-
covered sea surface when the AIEM is augmented with the MLB
while the BPM is augmented with Marangoni. According to
BPM, the two surfactants are indistinguishable in terms of
damping at incidence angles between 20° and 30°. Indeed, they
can be distinguished by AIEM in this range of incidence angles,
except for angles close to 20°. This analysis points out that the
ability to distinguish biogenic surfactants from crude oil through
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the DR depends significantly on the incidence angle and this
dependence is accounted for in a different way by the two
scattering models. In addition, the AIEM does not provide
reliable DR over oil-covered sea surface when the Marangoni
damping is used.

3 Numerical results versus
actual measurements

In this section, theoretical predictions are contrasted with
actual measurements collected by the X-band TSX satellite
mission over sea surface areas where surfactants of known
origin are present at low (about 21°) and high (about 40°)
incidence angles.

3.1 TSX scene collected at low
incidence angle

The TSX SAR scene was acquired on June 8, 2011, at
17:12:05 UTC, during an oil-on-water exercise carried out in
the North Sea by the Norwegian Clean Seas Association for
Operating Companies. The TSX SAR scene was collected in dual
co-polarization Stripmap mode (HH and VV) and an excerpt of
the whole HH-polarized 5x5 window speckle-filtered NRCS
image is shown in Figure 4A. The exercise consisted of
releasing at sea plant, emulsion, and crude oil (from left to
right in Figure 4A). Since the exercise was to test the equipment
and procedure response to oil spill accidents, the mineral oil
releases were subjected to mechanical recovery and dispersion
before the SAR acquisitions (Skrunes et al., 2013). Therefore, it
can be assumed that the crude oil was subjected to a weathering
process at the time of SAR imaging. The wind speed, estimated
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Experiments related to the TSX SAR scene acquired on June 8, 2011, at low incidence angle (about 21°), see Table 1. (A) Excerpt of the HH-
polarized speckle-filtered SAR scene. From the leftmost part of the image to the rightmost one, plant, emulsion and crude oil slicks can be
observed. The image also includes a ROI, marked in green color, used to analyze the reference sea surface backscattering. (B) Mean and
standard deviation values (errorbars) of the HH- and VV-polarized NRCSs measured within the slick-free ROI, together with the NRCSs
predicted by BPM and AIEM. (C) Mean and standard deviation values (errorbars) of PR measured within the slick-free ROl contrasted with the

one predicted by BPM and AIEM.

over the slick-free patches of the SAR scene, is around 4.11 ms™
(Li and Lehner, 2013). The NRCS of the slick-free and slick-
covered sea surface is predicted according to the two scattering
models using SAR, environmental and rheological parameters
listed in Table 1, see TSX (A).

The 200-pixel wide green strip in Figure 4A highlights the
region of interest (ROI) of clean sea surface considered to
evaluate the statistics (mean with vertical error bars evaluated
over each bin consisting of 50 pixels) of the backscattered signal
at both VV and HH polarizations, see orange and blue errorbars
in Figure 4B, respectively. The NRCS predicted by the two-scale
BPM (continuous lines) and AIEM (dashed lines) is also shown
in red and blue colors for VV and HH polarization, respectively,
using the same parameters of the TSX (III.A) scene listed in
Table 1. The BPM scattering model exhibiting a NRCS best

TABLE 1 SAR, Environmental and Rheological Parameters.

Parameters
- June 8, 2011
A
cquisition date 17:12 UTC
Polarization VV, HH
20.3-21.8

Incidence angle (°) (Excerpt area)

TSX (A)

fitting the measured one at both polarizations (the mean error is
about +1 dB) in the range of incidence angles spanning 20° to
22°. The AIEM NRCS is always about 3 dB lower than the BPM
and the measured one.

The availability of dual-polarimetric TSX SAR
measurements suggests investigating the joint behavior of the
co-polarized channels using the polarization ratio (PR), i.e., the
ratio between the VV- to HH-polarized NRCS. PR is evaluated
over the slick-free ROI of Figure 4A and shown (again, as mean
and standard deviation values evaluated for each 50-pixel bin) in
Figure 4C. The mean value measured for the PR is 0.308 dB. PR
is also predicted using both the BPM and the AIEM scattering
models and depicted in Figure 4C as red and yellow dashed lines,
respectively. The BPM results in a PR that exhibits a behavior
steeper than both the ATEM and the measured one with respect

TSX (B)

August 17, 2011
17:36 UTC

\A%

39.2-41.5
(Excerpt area)

Wind speed (ms™") 4.11 ~5

Wind direction (°) 141.54 84

Sea surface temperature (°) 12 15
Surfactant Plant oil Crude oil Crude oil
|E| (Nm-1) 0.0255 0.01 0.01

0(°) -175 -175 175

u 0.7 0.575 0.575
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to the incidence angle. The mean PR value (0.303 dB) predicted
by the AIEM results in very fair agreement with the measured
one, while the BPM predicts a mean PR value quite larger than
the measured one, i.e., 0.548 dB.

In Figure 4 the low backscatter areas due to the plant and
crude oil slicks are analyzed by contrasting measurements with
model’s predictions obtained using the two-scale BPM
augmented with the Marangoni damping coefficient and the
AIEM augmented with the MLB.

3.1.1 Plant oil

In Figure 5A, a close-up view of the plant oil slick area in the
TSX image of Figure 4A is shown. The blue and green boxes,
consisting of 50x50 pixels each, indicate the ROIs selected to
analyze the behavior of the NRCS resulting from the plant oil
and the reference slick-free sea surface areas, respectively. They
call for approximately the same incidence angle. The mean and
standard deviation VV-polarized NRCS values measured for
each box are shown in Figure 5C together with BPM (continuous
lines) and AIEM (dashed lines) NRCSs predicted for slick-free
(blue lines) and biogenic (plant oil) slick-covered sea surface (red
lines). A fairly good agreement applies between measured and
predicted NRCSs. The two scattering models result in
remarkable differences when dealing with the prediction of the
NRCS related to the slick-covered sea surface, with the AIEM
predicting lower backscattered signals compared to the TSX SAR
measurements and BPM predictions. The better performance
provided by the BPM scattering model is also confirmed by the
DR shown in Figure 5E, where the measured VV-polarized DR is
contrasted with the BPM and AIEM predictions. The mean
values of the measured DR range approximately between 2 dB
and 4 dB with a standard deviation equal to 3.82 dB. The DR
predicted by BPM is equal to 2.46 dB at an incidence angle
around 20.5°, while a much larger DR value is predicted by
AIEM (about 10.37 dB). A similar behavior applies for the HH-
polarized NRCSs and DRs, see Figures 5G, I, respectively.

3.1.2 Mineral oil

In Figure 5B, a close-up view of the crude oil slick area in the
TSX image of Figure 4A is shown. The brighter spot represents
the ship involved in the oil-on-water exercise. In Figure 5D, the
VV-polarized NRCS values predicted by BPM and AIEM are
contrasted with the NRCS measured within slick-free and oil-
covered ROIs highlighted in Figure 5B. Again, both BPM and
AIEM result in a predicted slick-free NRCS that agrees with the
measured one. Remarkable differences between the two models
apply in the oil-covered case where the AIEM results in a
predicted NRCS that best fits the measured one. This is also
confirmed by the VV-polarized DR predicted by AIEM that
provides the best agreement with the measured one. The latter
calls for a mean value that lies in the range 5 dB - 10 dB which,
as expected, is larger than that of the plant oil slick. A remarkable
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standard deviation value applies, i.e., about 4.12 dB, which is
larger than the plant oil slick one. This larger variability could be
related to the chemical dispersion and the weathering that
affected the crude oil from the releasing to the SAR imaging
time. Similar comments apply when analyzing the HH-polarized
NRCS and DR, see Figures 5H, ], respectively.

It must be noted that, by jointly discussing Figures 5E, F, the
difference between the VV-polarized DR values predicted for
plant and mineral oil slick is about 0.4 (0.8) dB for BPM (AIEM).
This small difference is mainly due to the incidence angle as
shown in Figure 4C. It is worth noting that, when dealing with
low backscatter areas in SAR imagery, a key issue to be
considered is the reliability of the measured NRCS with
respect to the noise equivalent sigma zero (NESZ), ie., the
signal-to-noise-ratio. To be reliable, the NRCS measured over
a low backscatter area should be larger than the NESZ. In the
TSX case, the NESZ lies between -19 dB and -26 dB depending
on the imaging mode and incidence angle, with an average value
of -21 dB (Eineder et al., 2008). According to (Montuori et al.,
2016), the received signal can be considered uncorrupted by
noise if it is at least 3 dB larger than NESZ. In this data set,
Figure 4B, Figure 5C show that the NRCS measured over slick-
free and plant oil slick-covered area is more than 3 dB larger
than the NESZ, which is about -19 dB. This is not always the case
for the NRCS measured over the oil-covered ROIs, see
Figures 5D, H, which may lie at the level or even below
the NESZ.

3.2 TSX scene collected at high
incidence angle

The TSX SAR scene was acquired on August 17, at 17:36
UTC, in the North Sea, see Table 1 (B). The speckle-filtered VV-
polarized NRCS image is shown in Figure 6A where a crude oil
slick released during the Gannet Alpha oil rig accident occurred
on August 14, 2011, is visible as an elongated patch darker than
the sea background. The surface wind speed is around 5 ms™
(Nunziata et al., 2019). The three ROIs considered for
quantitative analysis, i.e., one over clean sea surface (green)
and two over the oil slick - since it exhibits an elongated shape,
they are extracted closer to and farther away the oil rig site (red
and orange boxes, respectively). The mean and standard
deviation NRCS values related to the slick-free ROI are
depicted in Figure 6B where the NRCSs predicted by BPM and
AIEM are also annotated as continuous and dashed blue lines,
respectively. The mean and standard deviation NRCS values
measured over the slick-free ROI are equal to about -20.9 dB and
+1.5 dB, respectively. As far as for the previous experiment, both
models predict NRCS values that agree with the measured ones.
The difference between the two models’ predictions is about 0.5
dB, which is consistent with the theoretical results shown in
Figure 1. In Figure 6C the mean and standard deviation values of
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Experiments related to the TSX SAR scene acquired on June 8, 2011, at low incidence angle (about 21°), see Table 1. The first row are excerpts
of the TSX SAR scene that includes (A) plant oil and (B) crude oil. The slick-free and slick-covered ROls selected for quantitative analysis are also
annotated in green and blue colors, respectively. The second row are the contrast of VV-polarized NRCS measured within slick-free and slick-
covered ROIs with predictied ones in the case of (C) plant oil and (D) crude oil. The third row are the contrast of VV-polarzied DR measured
from ROIs with predicted ones in the case of (E) plant oil and (F) crude oil. The forth row (G, H) are the same as (C, D) but for HH-polarized
NRCS. And the fifth row (I, J) are the same as (E, F) but for HH-polarized DR.
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Experiments related to the TSX SAR scene acquired on August 17, 2011, at high incidence angle (about 40°), see Table 1 (A) Excerpt of the VV-
polarized speckle-filtered SAR scene. The slick-free ROI (green box) and the two oil slick-covered ROIs (red and orange boxes) used for
quantitative analysis are also annotated. (B) The VV-polarized NRCS measured over the slick-free ROl is contrasted with the BPM and AIEM
predicted one. (C) The measured DR related to red and orange oil-covered ROIs contrasted with BMP and AIEM predictions.

the measured DR (evaluated for each 50-pixel bin) is contrasted
with BPM and AIEM predicted ones for the ROI closer to (red
markers) and farther away (orange markers) the oil rig. Note
that the elongated shape of the slick makes difficult selecting oil
pixels. Hence, to limit the mixing between sea and oil pixels
along the azimuth direction, we focused on measured DR values
whose standard deviation is lower than +2.5 dB. The AIEM
predicts a DR of about 7.12 dB that results in a fairly good
agreement with the TSX SAR measurements, while the BPM
underestimates significantly the DR (about 4.6 dB).

The ROI closer to the oil rig site (see red markers in
Figure 6C), calls for a measured DR whose mean values span
the range from 4 dB to 8 dB. The ROI farther away from the oil
rig site (see orange markers in Figure 6C) calls for mean DR
values spanning a larger range, i.e., from 5 dB to 15 dB. This
witnesses that, compared to the fresher oil spilled closer to the oil
rig, as far as one moves away from the rig site a stronger
weathering applies to the oil that exhibits more complex and
heterogeneous characteristics. One should also note that the
thickness of mineral oil may vary within the oil slick generating
areas with varying characteristics affecting the backscattered
signals (Espeseth et al., 2020).

4 Conclusions

In this study, the two-scale BPM and AIEM scattering
models augmented with Marangoni damping coefficient and
the MLB are used to predict the NRCS related to slick-free and
slick-covered sea surface. From numerical analysis, the
scattering model and the damping model both play a non-
negligible role in predicting the DR of scattering from sea surface
slicks. The predicted values are contrasted with actual TSX SAR
measurements collected at low (about 21°) and high (about 40°)
incidence angles over slicks of known origin. The main

outcomes can be summarized as follows.
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When dealing with slick-free sea surface, the two-scale BPM
and AIEM result in predicted NRCS values at both polarizations
that exhibit non-negligible differences up to an incidence angle of
about 40°. Those differences are negligible (less than 1 dB) at
larger incidence angles. The NRCS predicted by BPM results in
the best agreement with the measured one at low incidence angles.
The AIEM results in a PR that best fits actual measurements.

When dealing with slick-covered sea surfaces, the backscattered
signals from TSX measurements are utilized to analyze the damping
behaviors of plant oil (biogenic) and mineral oil slicks, while the
mineral oil slicks generally cause stronger damping on
backscattering coefficients at X-band. AIEM and BPM combined
with various damping models are used to predict the NRCS and
DR. The two scattering models result in significantly different
predictions according to the slick type (biogenic or mineral oil)
and the considered damping model. In the case of plant oil slicks,
the DR predicted by BPM combined with Marangoni damping
model results in the best agreement with the DR measured from
actual TSX SAR imagery. In the case of mineral oil slicks, the ATEM
results in the best predictions at both low and high incidence angles
when the MLB damping model is used.
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