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Abstract

Compared with single-polarized synthetic aperture radar (SAR) images, full polarimetric SAR images contain not
only geometrical and backward scattering characteristics, but also the polarization features of the scattering
targets. Therefore, the polarimetric SAR has more advantages for oil spill detection on the sea surface. As a crucial
step in the oil spill detection, a feature extraction directly influences the accuracy of oil spill discrimination. The
polarimetric features of sea oil spills, such as polarimetric entropy, average scatter angle, in the full polarimetric
SAR images are analyzed firstly. And a new polarimetric parameter P which reflects the proportion between Bragg
and specular scattering signals is proposed. In order to investigate the capability of the polarimetric features for
observing an oil spill, systematic comparisons and analyses of the multipolarization features are provided on the
basis of the full polarimetric SAR images acquired by SIR-C/X-SAR and Radarsat-2. The experiment results show
that in C-band SAR images the oil spills can be detected more easily than in L-band SAR images under low to
moderate wind speed conditions. Moreover, it also finds that the new polarimetric parameter is sensitive to the
sea surface scattering mechanisms. And the experiment results demonstrate that the new polarimetric parameter
and pedestal height perform better than other polarimetric parameters for the oil spill detection in the C-band

SAR images.
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1 Introduction

Oil pollution in the ocean environment is a matter of great
concern because of the threats generated by such pollution to
marine operations and wildlife. There is a great effort by scient-
ists around the world on developing surveillance systems that
can efficiently detect and monitor oil spills in the ocean environ-
ment. The synthetic aperture radar (SAR) is an active, coherent,
band-limited microwave high-resolution sensor that provides
valuable measurements at both day and night. Moreover, the
SAR is almost independent of atmospheric conditions. The SAR
has been proven to be a valuable tool for the detection of sea oil
pollution, under low to moderate wind conditions (Nunziata et
al., 2013; Solberg et al., 2007). The scattering mechanisms occur
on a slick covered surface is different from which occur on a
clean sea surface. For the clean sea surface, the echo signals are
mainly dominated by Bragg scattering for incident angles from
about 20°-70°. When the sea surface is covered by oil spill, the
short gravity and capillary waves are damped, and this damping
effect is responsible for the reduction of the backscattered mi-
crowave signals. Therefore, oil spills can be observed as “dark
pitches” in the SAR images (Fiscella et al., 2000; Migliaccio et al.,
2015; Migliaccio and Tranfaglia, 2005; Zhang et al., 2011). And
thus the SAR is considered as an effective instrument to detect oil
spills on the sea surface.

Generally, oil spill detection can be divided into three steps:

(1) dark area detection, (2) feature extraction, and (3) oil
spill/look-alike classification (Brekke and Solberg, 2005; Solberg
et al., 2007). The second step, i.e., the feature extraction is im-
portant to the accuracy of classification. Conventional single-po-
larization SAR intensity images have been employed for sea oil
slick observation purpose. Compared with a single-polarized
SAR, a full-polarized SAR yields more useful information and can
acquire four channels polarimetric data, i.e., hh, hv, vh and vv.
Then, there is a general consensus that the polarimetric SAR is
able to provide additional information for the oil spill detection
(Li et al., 2015 ; Migliaccio et al., 2015, 2009; Migliaccio and Tran-
faglia, 2005; Salberg et al., 2014; Velotto et al., 2011). In Schuler et
al. (2006), Cloude-Pottier decomposition theorem was used to
develop ways of detecting and classifying ocean surface features.
A polarimetric entropy, anisotropy, and average scatter angle of
the Cloude-Pottier decomposition theorem are investigated
when slicks are present (Schuler and Lee, 2006). In Migliaccio et
al. (2009), the CPD (copolarized phase difference) was used to
characterize the scattering return from oil spills and biogenic
slicks. Under low to moderate wind conditions, the CPD stand-
ard deviation for oil spill is larger, while for biogenic slicks the
value of the CPD standard deviation is similar to that for the sea
water (Migliaccio et al., 2009). In Nunziata et al. (2011), a pedes-
tal height was also used to investigate oil slicks, and the paramet-
er was proven to be sensitive to the sea surface scattering mech-
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anisms. Oil spills can be distinguished from sea background by
using the pedestal height (Nunziata et al., 2011). Nunziata et al.
(2013) proposed a new way to distinguish oil slicks from sea wa-
ter based on the use of the degree of polarization. In Skrunes et
al. (2014), the magnitude of a copolarization correlation coeffi-
cient was applied in oil spill detection, the copolarization correla-
tion coefficient is high for the clean sea areas, whereas in the
slick-covered regions the values of the copolarization correlation
coefficient are general much smaller. The decreased copolariza-
tion correlation coefficient in the slick-covered regions may due
to the presence of several scattering mechanisms or a scattering
mechanism which is different from the clean surface scattering
(Skrunes et al., 2014).

Till now, for a polarimetric SAR oil spill detection, most of the
papers focus on oil spill detection by using C-band or L-band
SAR. However, few of them discuss the differences between C-
band and L-band. Which band is more suitable for oil spill detec-
tion? Which polarimetric features are more useful to extract oil
slicks from the sea background? To clarify these questions, in this
paper, we compare the C-band polarimetric SAR with the L-
band. Besides, a new polarimetric parameter that can be used to
distinguish oil slicks is also proposed. Moreover, eight polarimet-
ric features at two bands are investigated and discussed. The ex-
periments are conducted on SIR-C/X-SAR and Radarsat-2 data
which are collected under low to moderate wind speeds. The re-
maining of this paper is organized as follows: in Section 2 the the-
oretical background is reviewed, in Section 3, some meaningful
experiments are presented and discussed. The conclusions are
drawn in Section 4.

2 Theory

2.1 The dampen effect caused by slicks

Oil slicks on the sea surface will dampen the small-scale sea
waves, and then the sea surface covered by slick is much smooth-
er than clean sea. The damping effect caused by slicks can be de-
scribed by the Marangoni theory. According to the Marangoni
theory (Lombardini et al., 1989), the spectrum of the sea surface
covered by oil films is related to the clean sea surface spectrum
by

'I/Jwater(k)
oil(k) = ——~—,
vl =) ®

where k is the spatial wavenumber of the water wave; ¢ (k) de-
notes the spectrum covered by 0il; {water(k) denotes the clean sea
surface spectrum and the damping ratio y, (k) caused by slicks is
given by

1

K=— -

Uy MR @
where Fis the fractional filling factor; y (k) can be expressed as

(k)_liZTi2T27X+Y(X+T)
Y = o £ 22 —ox +2x2

3)

where

E ok? E ok / k3 /
X:077Y: 0 S w = gk+n—,7': @. 4)
pV2uw3 4vpw 2w 2w

In Eq. (4), n=74%x1073 N/m, is the surface tension;
p = 10° kg/m?, is the water density; g = 9.8 m/s?, is the acceler-
ation of gravity; » = 107® m/s?, is the kinematic viscosity;
Eo =9 mN/m, is the elasticity modulus; and wp = 6 rad/s is the
characteristic frequency (Pinel et al., 2008). Obviously, the damp-
ing ratio y,(k) is related to the sea wave number.

When microwaves illuminate the sea surface, the scattering
fields can be approximately described by two kinds of scattering
mechanisms, i.e., Bragg scattering and specular scattering. The
backscattered signal intensity of Bragg scattering is much
stronger than the specular scattering while the incidence angle
ranges from 20° to 70°. The relationship between the Bragg and
the electromagnetic wave number is

kB = 2kra sin 9i7 (5)

where k,, is the radar wavenumber; k; is the wavenumber of the
Bragg waves; and 6; denotes the incidence angle. In this work, the
damping effect caused by slicks for C-band and L-band Bragg sea
waves is simulated by Eq. (2). Figure 1 presents the damping ef-
fect caused by slicks for Bragg waves corresponding to C- and L-
band microwaves. In Fig. 1, the damping ratio increases with the
incidence angle at L-band. While for C-band, the maximum
damping ratio is located about 30°. For the incidence angle smal-
ler than 30°, the damping ratio increases with the incidence
angle. For the incidence angle larger than 30°, the damping ratio
decreases with the incidence angle. Overall, the damping ratio
for C-band is larger than L-band. The difference of the damping
ratio will influence the capacity of oil spill detection at two bands.
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Fig. 1. The damping effect of slick on Bragg sea waves. The red
and black lines correspond to C- and L-band, respectively. The
damping ratio is log-transformed.

2.2 Polarimetric features for oil spill observation
The full polarimetric scattering matrix is given as

Sth o Sy }
S = s
|: Svh svv (6)

and the matrix elements represent the measured complex scat-
tering coefficients. The first and second superscripts refer to the
polarizations of the sent and received signals respectively, where
h denotes horizontal and v the vertical polarization. From the full
polarimetric scattering matrix, the Pauli scattering vector
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k= % [Shh+ Svww  Shh— Sw ZShv]T
which T denotes transpose. Here, the reciprocity condition, i.e.,
Shv = Svh, is used. Then, the 3x3 polarimetric coherency matrix
T3 is obtained as

can be extracted in

Ty = kK™, ™

where the subscript * denotes the complex conjugate. The aver-
aged coherency matrix (73) is defined as (Cloude and Pottier,
1996)

N
1
<m=Nan ®)

2.2.1 Polarimetric entropy and average scatter angle
The coherency matrix can be written in the form:

(ITs)) = (U] Z][Us) " = Y N, ©)

where 3] is a 3x3 diagonal matrix with nonnegative real ele-
ments; [U] = [ U Uy U3 ], is a unitary matrix where i, ii»
and i are the three unit orthogonal eigenvectors; and ); is the ei-
genvalue of the 3x3 polarimetric coherency matrix.

The entropy (H) is defined from the logarithmic sum of eigen-
values as

3
H= - ZPilog3Pi, (10)
i=1

where P; are the probabilities obtained from the eigenvalues of
the 3x3 polarimetric coherency matrix with

(1

In the physical domain, the entropy represents the random-
ness of scattering mechanisms. If the value of the entropy is
small, the system will contain significant polarimetric information.

The eigenvectors of the 3x3 polarimetric coherency matrix is
introduced in the form:

- . T . i1 T
u= [cos «;, Sin «; cos ﬁ,-e”sl, sin ¢; sin ;€' ] , (12)
where «; is the scattering parameter that represents an internal
degree of freedom of the scatterer; j; is the orientation of the
scatterer about the radar line of sight; and ¢; and v; are phase
shifts between the different polarization-dependent components.
The average scattering angle a can be expressed as
a = Pia; + Pz + P3as. (13)
The value of average scattering angle is related to the scatter-
ing mechanism. Compared with the surrounding clean ocean,
the oil film can effectively smooth the ocean surface and change
the root-mean-square (RMS) slope. Therefore, the scatter angles
of slicks are different with the clean sea.

2.2.2 Pedestal height

Durden et al. (1990) put forward a pedestal height (hp) as the
ratio of minimum eigenvalue to maximum eigenvalue (Lee and
Pottier, 2009):

hp _ rnin(/\l, )\27 )\3) _ ﬁ ) (14)
max()\l, )\27 )\3) )\1
As a measure of the unpolarized backscattered energy, the
pedestal height is expected to be low in the case of an oil-free sea
surface, and much larger in the case of an oil-covered sea sur-
face. Accordingly, the pedestal height is expected to be able to
distinguish oil spills from the sea backgrounds.

2.2.3 Standard deviation of copolarized phase difference
The standard deviation of the CPD is the standard deviation
(d,) of a copolarized phase difference and it can be expressed as

ds = \/<(¢hh - </>vv)2> — ({¢rh — dwe))?. (15)

For Bragg scattering, the phase difference between the meas-
ured complex scattering coefficients Sy, and S, is (almost) 0°. For
slick surface, the phase difference between two copolarized
channels, however, is obviously larger. According to Schuler et al.
(1993), the CPD is small in the case of Bragg resonant backscat-
ter from a slightly rough ocean surface. Hence, the increase in d,,
i.e., the broadening of the phase distribution, which is observed
in the slick areas, may be caused by a specular scattering.

2.2.4 Co-polarization correlation coefficient
The magnitude of the correlation coefficient () is expressed as

C l(SwSa 5
ISwl?) (ISwel?) (16)

where r is sensitive to the characteristic of the target on the sea
surface. The lower value of the correlation coefficient implies de-
polarization effect. For the sea surface Bragg scattering mechan-
ism, vv-polarized echoes are highly correlated with hh-polarized
echoes. While non-Bragg scattering mechanism is expected to
call for the low correlation between vv- and hh-polarized echoes.

2.2.5 Degree of polarization
The degree of polarization (dp) can be defined in terms of

Mueller matrix:
1 /tr(M™™
dy— 2 (EMM) G
3 M7,

where M is the 4x4 Mueller matrix. For more details, please see
Nunziata et al. (2013). When dealing with the sea water surface
without oil, Bragg scattering is expected to call for low depolariz-
ation, and the value of dp is close to 1. When the oil slick is
present, non-Bragg scattering mechanism is expected to call for
high depolarization, and the value of the d,, is close to 0. The
value of the d, shows a completely different sensitivity with re-
spective oil-covered and oil-free sea surfaces.

amn

2.2.6 Copolarization power ratio
A copolarization power ratio can be expressed as
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According to the basic scattering theory of the ocean surface, the
measured complex scattering coefficients S;, and S,, can be rep-
resented as

St = i + Spns

19

Sw=8%+Sw, (20)
where the subscripts refer to two kinds of scattering mechanisms
and the superscripts sp denotes the specular scattering and B de-
notes Bragg scattering. The copolarization power ratio of water
can be expressed as

(ISt +Siml")

Ywa = w2\
<\S§V+SVB\ >

@n

According to a SPM (small perturbation method), the first-or-
der scattering coefficient caused by Bragg scattering can be writ-
ten as

b, (0;) = 161k}, cos*0; gpl* 1) (k, ¢p) ,

P 22)

where v (k, ¢5) denotes a sea surface spectrum. ¢g is the azi-
muthal angle between a radar-look direction and the wind direc-
tion; pp denotes hh or vv; and g,,, is a geometric factor. Moreover,
the relationship between the first-order scattering coefficient 02,7
and the measured complex scattering codfficient S gp is

0 _ B |2
Tpp = 4n ‘Spp (23)

Combining Egs (1), (21), (22) and (23), the copolarization power

ratio of slick (74 ) can be expressed as
2
{5t/ VT + S|
Vsl = o\
(st v+ 520 )

where the subscript wa (water) denotes the scattering from the
oil-free surface. According to the SPM theory, we know that vv-
polarized channel presents a stronger echo signal, i.e.,, S® > S& .

24

Moreover, as discussed in Section 2, the values of the damping
ratio y;(k) are generally larger than 1. The microwave echo of the
specular scattering is much weaker than Bragg scattering when
the incidence angle is larger than 30°. Thus, oil spill has a larger
copolarization power ratio value than sea water.

2.2.7 Polarimetric parameter
In the present work, a new polarimetric parameter P can be
defined as

o)
P = <|Shh_SW‘2> . (25)

According to the Bragg scattering mechanism, the phase dif-
ference between the measured complex scattering coefficients
S&, and S8, is (almost) 0 for sea water, and we may model the
elements of the scattering matrix (Salberg et al., 2012) as

N l]'?h _ Qhh, vv 1 S ‘]?v
va 1 0 n

where 7 is a random scalar introduced to model the random dif-

(26)

ference between Sf, and SB,. The scalar oy, v denotes the amp-
litude ratio between the vertical and horizontal polarizations.
The relationships between S and S5, S and S;, are as fol-
lows

SB, = amn, wSE, + 1, @7

Shh = —Seh- (28)

Using Eqs (19), (20) and (25)-(28), the new parameter P is de-
rived as

<|(ahh, w183 2>
<\(Ozhh, w—1)SB —28% 2>
1 (29)
<\Othh, vv_1|2> 4<|53€\2> .

<‘ahh‘ wt 1|2> ’ <|(ahh v+ 1) S\]?v 2>

In the derivation of Eq. (29), we have supposed that the meas-
ured complex scattering coefficients S®, and S are uncorrel-
ated with each other, i.e., S5, S3* = 0. Under low to moderate
conditions, the electromagnetic scattering processes of sea sur-
face can be modeled as two kinds of mechanisms, i.e., Bragg scat-
tering and the specular scattering. For the incidence angle ran-
ging from 20° to 70°, Bragg scattering mechanism generally plays
aleading role and the specular scattering only accounts for a
smaller proportion for the oil-free surface (Skrunes et al., 2012),

which leads to a smaller value of 4 <|S\S,€ 2> / <|(ozhh‘ w+1)8E, 2>,
a larger value of the new parameter P. Once an oil spill presents,

the surface becomes smoother because the short gravity and capil-
lary waves are damped. In this case, the specular scattering acco-
unts for a larger proportion, the factor 4 < |Ss? >/< |(omn, wt1) S, 2>
becomes larger. As a consequence, the value of the new paramet-
er in the slicks is expected to be smaller. Thus, one can classify a
SAR image with oil slicks in it into different classes rely on the
value of the new parameter. It is important to note the new para-
meter is available under low to moderate wind speeds. If the
wind speed is large enough, sea waves will be broken. As a result,
the scattering processes will be more complex. The new paramet-
er would be ineffective to distinguish an oil slick.

3 Experiments

3.1 Comparison of poalrimetric features at C-band and L-band
According to the results simulated in Fig. 1, the oil slick seems

to have a greater impact on Bragg sea waves at C-band. In order

to verify this conclusion, six SIR-C/X-SAR images at C-band and
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L-band are processed in this part. The SIR-C/X-SAR imaging
radar took its first flight on the space shuttle endeavour in April
1994 and flew for a second time in October 1994. This multifre-
quency radar has fully polarimetric capability at C- and L-band,
and a single polarization at X-band (X-SAR). The incidence angle
of the radar ranges from 20° to 55° and the SAR swath width on

Table 1. C- and L-band SIR-C/X SAR dataset

the ground varies between 15 and 90 km. During the missions
STS-59 (April 1994) and STS-68 (September and October 1994),
C-band and L-band full polarimetic data were acquired at same
time. Therefore, we can compare C-band SAR data with L-band
in despite of the other environmental factors. More details are
summarized in Table 1 (Migliaccio et al., 2009).

Processing number Type and band Time of acquisition Wind speed/m-s! Incidence angle/(°)
PR17040 MLCL 1994-04-11 10:49 low to moderate 35.5-40.4
PR17041 MLCC 1994-04-11 10:49 low to moderate 35.5-40.4
PR44326 MLCL 1994-10-01 08:14 low to moderate 44.1-47.5
PR44327 MLCC 1994-10-01 08:14 low to moderate 44.1-475
PR49938 MLCL 1994-10-08 05:57 4.0 47.2-49.9
PR49939 MLCC 1994-10-08 05:57 4.0 47.2-49.9

All of the images listed in Table 1 were acquired under low to
moderate wind speeds. Among the three groups data, the first
group data are presented and discussed in detail, similar conclu-
sion can be drawn from the other two groups.

Figure 2 shows the vv polarization images of PR17041 (C-
band) and PR17040 (L-band), which are acquired under low to
moderate conditions. The incidence angle varies from
35.5°-40.4°. The dark areas related to the slicks are visible both in
C- and L-band vv polarization images. The color bars indicate the
value of the NRCS (normalized radar cross section).

The value of the NRCS is plotted in Fig. 3 based on the two
white lines in Fig. 2, which are related to two different bands. For
hh polarized channel (Fig. 3a), the NRCS of sea water is about -23
dB for C-band and L-band. And the NRCS of the slick is about -27
dB at L-band while the value is about -32 dB at C-band. Obvi-

NRCS/dB

NRCS/dB

— L-band
— C-band

L) T T T 1
0 50 100 150 200 250 300
Pixel

ously, C-band (9 dB) has a high contrast than L-band (4 dB)
between the slick and the sea water. For vv polarized channel
(Fig. 3b), the NRCS values of the sea water at C- and L-band are
also similar to each other, and the values are both about -18 dB.
The signal value of the slick is -23 dB for L-band, -28 dB for C-
band. A higher NRCS contrast between the slick and the sea wa-
ter can also be observed at C-band. The results in Fig. 3 show that
the intensity of the echoes backscattered from sea water at C-
band is similar to L-band. However, the intensity of the echoes
backscattered from the slicks present an obvious difference
between C- and L-band polarized channels. Knowing from Fig. 1,
the oil film performs a heavy damping effect for C band Bragg
waves and induces a weaker backscattered intensity. As a con-
sequence, the oil spills are more significant in C-band SAR im-
ages.

NRCS/dB

NRCS/dB

” —— L-band
- —— C-band
34
T T T T L) 1
0 50 100 150 200 250 300
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Fig. 3. The NRCS of vv polarized channel at C-band and L-band. The red and black lines correspond to the transection in C-band (see
Fig. 2a) and L-band images (see Fig. 2b). a. hh polarized channel and b. vv polarized channel.
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Figures 4a-h show the eight multipolarization features at C-  at C-band. However, the oil slick cannot be easily identified by a
band and L-band. From Fig. 4, the slick is clearly distinguished  visual inspection at L-band polarimetric features images. When
from the sea background in the eight polarization feature images the radar wave illuminates on the sea surface, the scatter mech-
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Fig. 4. Polarimetric features in C-band and L-band images. The red and black lines denote the transection in Figs 2a and b, respectively.
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anisms of the slicks and the sea water are differ from each other.
Many efforts have been made to explain the scattering processes.
Generally speaking, under low to moderate conditions, Bragg
scattering dominates for the slick-free surface. Bragg scattering is
expected to call for a low depolarization. When a slick is present,
non-Bragg scattering is in place. This scattering mechanism is ex-
pected to call for a high depolarization. In Fig. 4a, the polarimet-
ric entropy of the oil spill is higher than 0.8 while the value of sea
water is lower than 0.4 at C-band. However, both slicks and sea
water are characterized as a lower polarimetric entropy property
at L-band. This phenomenon means that the polarimetric en-
tropy at L-band cannot accurately indicate that the randomness
of scattering mechanisms occurs on the oil spill surface. Figure
4b shows the mean scattering angle (o) which is a descriptor of
different scattering mechanisms. If the value of the mean scatter-
ing angle is below 30°, the surface Bragg scattering is dominant. If
the value of it is between 30° and 50°, a dipole scatter is domin-
ant, and if it is between 50° and 90°, an even-bounce scatter is
dominant. In Fig. 4b, for C-band, the value of the mean scatter-
ing angle for the oil slick is larger than 40°, which suggests a non-
Bragg scattering is dominant. However, for the clean sea surface,
the value of the mean scattering angle is smaller than 30°, and
this suggests that the scattering field is dominated by the surface
Bragg scattering. By comparisons, the value of the mean scatter-
ing angle for L-band is smaller than 20° in the oil covered area.
And thus, it is impossible to discriminate the slicks from the sea
backgrounds by a mean scatter angle in L-band SAR images. Fig-
ure 4c shows the pedestal height of the ROIs. As a measurement
of depolarized backscattered energy, the pedestal height is ex-
pected to be high in the oil-covered areas. In Fig. 4c, it is clear
that the value in the oil spill region is higher than the oil-free sea
at C-band. However, there is no significant difference between
the oil-covered and the oil-free areas in L-band SAR image.

The polarimetric entropy, mean scatter angle and pedestal
height extracted by using the C-band full poalrimetric SAR data
can better reflect the scattering mechanisms. Similar conclu-
sions can be drawn from other features, e.g., the standard devi-
ation of the copolarized phase difference, the co-polarization
correlation coefficient, the degree of polarization. While for the
copolarization power ratio, the parameter performs not as well as
other features mentioned above at C-band. But compared with L-
band, the C-band copolarization power ratio is somewhat better
on discriminating oil spills.

In fact, the scattering mechanisms occur on the oil-free and
oil-covered surfaces are complex processes. We try to explain the
processes in terms of two kinds of scatter mechanisms, i.e., Bragg
scattering mechanism and the specular scattering mechanism.
For the sea surface, the scatter field is dominated by Bragg scat-
tering under low to moderate wind conditions if the incidence
angle ranges from 20° to 70°. When oil is spilled on the sea sur-

20

face, it will spread to form a thin layer on the water surface. This
layer will dampen gravity-capillary waves on the ocean surface.
The roughness of sea surface covered with oil is much smaller
than the clean sea surface. In this case, the specular scatter ac-
counts for a larger proportion among the whole scatter process.
The scatter process occurred on the slick surface become more
complex. The parameter P described in Section 2 could measure
the proportion of the specular scatter mechanism. Figure 4h
presents the parameter P extracted from Fig. 2. For C-band, the
parameter values of the oil-covered water are quite small be-
cause the specular scattering mechanism accounts for a larger
proportion. The oil-free area has a larger parameter value than
the oil contaminant area because Bragg scattering mechanism
accounts for a major proportion. The parameter P is sensitive to
the sea surface scattering mechanisms. It is proven that the para-
meter P is also a useful feature to observe an oil slick at C-band.

3.2 Classification based on polarimetric features

On the basis of the above experiments, one can notice that C-
band the full polarimetric SAR performs better than L-band un-
der the same conditions. To further compare the two bands, we
conduct a segment method to the eight features. Here, due to
space constraints, only the segment results by the parameter P
are discussed in detail. A threshold method is used to separate
the oil slicks from sea water. First, the PDF (probability distribu-
tion function) of the polarimetric features for the oil-free areas
(the pixels in rectangles in Fig. 5) is established. We assume that
the sea water within a narrow incidence angle has a constant po-
larimetric feature value and that the distribution is only due to
speckle. Then, the minimum values of pixels in the rectangles are
regarded as thresholds. In Fig. 6a, the red solid line denotes the
PDF of the whole region presented in Fig. 5a, the black solid line
denotes the PDF of the pixels in the rectangles. The dashed line
denotes the minimum values of pixels in the rectangles which are
set as thresholds.

The example histograms in Fig. 6 are evaluated based on the
polarimetric parameter P. The black curves represent the values
of the clean sea surface, and the red lines include all pixels in the
polarimetric parameter P images, i.e., values from both the oil-
free area and the oil-covered area. In Fig. 6a, the left-hand tails of
the red line distribution are dominated by the values observed
over the oil spill in Fig. 2. It’s obvious that the tail is more pro-
nounced at C-band than L-band. Figures 6¢ and d are the seg-
ment results by using the thresholds computed in Figs 6a and b.
In the case of C-band, most of the pixels are classified correctly,
and the segment result consists of experiment fact. However, in
Fig. 6b, the distribution of the polarimetric parameter P value in
oil-free area is similar to the oil-covered area. The threshold is set
3.17 at L-band. Moreover, only a few pixels in oil-covered area
are recognized as oil spill. Most of the slicks pixels are classified

20
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Fig. 5. Polarimetric parameter P extracted from Fig. 2. a. C-band and b. L-band.
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Fig. 6. Histograms of poalrimetric parameter P at C-band (a) and L-band (b), from selected spots on sea water (black lines) and over
the entire images (red lines). The histograms were normalized relative to the maximum frequency of occurrence. The segment results
correspond to C-band (c) and L-band (d), the thresholds are set to be 3.82 and 3.17, respectively.

as sea water. By the above experiments, one can see that L-band
is inferior to C-band, and the parameter P is useful to distinguish
the oil spills at C-band.

Knowing from the above experiment, that the C-band SAR
performs much better than L-band. However, in some other pa-
pers, such as Minchew et al. (2012), the L-band full polarization
SAR can separate the oil spills from the sea background clearly.
While the L-band SAR data used in this paper cannot distinguish
slicks from clean sea as good as Minchew et al. (2012). The dis-
crimination results may be affected by the kinds of slicks, the
thickness of slicks, the noise floor or some other external factors.
The data used in this paper and in Minchew et al. (2012) have
many different factors. The three images used in this paper are
collected under similar sea conditions, we suppose that the phys-
ical properties and the chemical properties of films influence the
discrimination results. Unfortunately, this assumption cannot be
assured because we could not get the details about the oil slicks.
Further studies are needed to clarify this question. Nevertheless,
we can still come to the conclusion that the C-band polarimetric
SAR performs better than L-band because the data at two bands
used in this paper are acquired under the same condition.

3.3 Comparison of different polarimetric features at C-band

In this part, we conduct an experiment for further investiga-
tion of different features at C-band. The data used in this part in-
clude C-band SIR-C/X SAR data listed in Table 1, and three single
look complex (SLC) fine quad-pol C-band SAR images acquired
by Radarsat-2. Figure 7a shows a vv polarization Radarsat-2 im-
age collected from the Gulf of Mexico at 12:01 UTC on 8 May
2010. The dark areas are the oil spills which are caused by nature

seeps. The incidence angle varies from 41.9° to 43.4°. The wind
speed U, is about 6.5 m/s. Figure 7b shows an images acquired
during the DWH accidence, at 11:56 UTC on 15 May 2010. The
accidence caused larger areas of the oil spills on the sea surface.
The oil patches on the right are processed in this experiment. For
these data, the incidence angle at near range is 29.2° and the in-
cidence angle at far range is 30.9°. The wind speed U, is 4-7 m/s
during the SAR observation. Figure 7c was acquired during the
oil spill experiment conducted by the Norway clean seas Associ-
ation for Operating Companies (NOFO) in the North Sea. Three
dark areas can be observed in this image, which correspond to
plant oil, oil emulsion and crude oil. In this paper, only the crude
oil (right most) is used to investigate the polarimetric features.
The wind speed is about 1.6-3.3 m/s when the data is collected
(Li et al., 2015). More information about three Radarsat-2 images
can be seen in Table 2.

Using the six C-band full polarimetric SAR images, the eight
features mentioned above are investigated for the oil spill dis-
crimination. First, the slicks were identified by the visual inspec-
tion in the three images. And then the slick-to-sea water contrast
of the slicks and sea water is computed on account of the seg-
ment results. The slick-to-sea water contrast (Peli, 1990) of differ-
ent features can be defined as

Foiwaa

Cow = | =2—22 1
o ‘ Pt P (30)

where F,; the mean value of oil spill regions, and F,,, the mean
value of sea water. A large value of C,, indicates that the oil spill
may be easily separated from water. Figure 8 presents the con-
trast between the slick and the clean sea water for the eight fea-
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Fig. 7. Intensity images of vv polarized channel. a. RS-1, the dark areas related to the oil slick; b. RS-2, the dark patches were observed
during the DWH oil spill event; and c. RS-3, the three dark areas correspond to the plant oil, the oil emulsion and the crude oil from
the left to the right, respectively. In this paper, only the crude oil (right most) is used to investigate the polarimetric features.

Table 2. Radarsat-2 data set

Data set Type and band Time of acquisition U,y/m-s! Incidence angle /(°)
RS-1 fine quad-pol C-band 2010-05-08 12:01 6.5 41.9-43.4
RS-2 fine quad-pol C-band 2010-05-1511:56 4.0-7.0 29.2-30.9
RS-3 fine quad-pol C-band 2011-06-08 17:27 1.6-3.3 34.5-36.1
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Fig. 8. Contrasts of different polarimetric features between slick and sea water at C-band. a. The features evaluated by the SIR-C\X-
SAR data listed in Table 1 and b. the features evaluated by the Radarsat-2 data listed in Table 2.

tures.

In Fig. 8a, the slick-to-sea water contrasts are evaluated based
on the three images listed in Table 1, the processing numbers of
the three images are PR17041, PR44327, and PR49939, respect-
ively. For data PR17041, the slick-to-sea water contrasts of the
pedestal height (0.82), the standard deviation (0.86) of the co-
polarized phase difference and P (0.79) are larger than other fea-
tures. For data PR44327, pedestal height (0.68) and the polari-
metric parameter P (0.58) have the larger slick-to-sea water con-
trasts. While for data PR49939, the polarimetric entropy (0.27),
the pedestal height (0.46) and the polarimetric parameter P
(0.28) have larger slick-to-sea water contrast Cy, values. In Fig.
8b, the slick-to-sea water contrasts are evaluated based on the
three images listed in Table 2, the three lines correspond to RS-1,
RS-2, RS-3, respectively. For data RS-1, the pedestal height (0.68)
and the polarimetric parameter P (0.63) have larger slick-to-sea
water contrasts than other features. For data RS-2, pedestal
height (0.35) and the polarimetric parameter P (0.34) have larger
slick-to-water contrasts. For data RS-3, the pedestal height (0.76)
and the polarimetric parameter P (0.65) have larger slick-to-sea
water contrasts. Overall, pedestal height and the polarimetric

parameter P seem to have the best potential for the oil spill
versus the sea water discrimination.

From Fig. 8a, one can see that the variation trend of the three
lines are similar to each other. Some parameters will exhibit a dif-
ferent slick-to-sea water contrast in different images. Take polari-
metric entropy as an example, the value of slick-to-sea water con-
trast is 0.53 (PR17041), 0.38 (PR44327) and 0.25 (PR49939), re-
spectively. On the other hand, some parameters exhibit similar
values in different data. For instance, the slick-to-sea water con-
trast of d,, in PR17041 (0.1) and PR49939 (0.09) are almost same.
It seems that the value of the slick-to-sea water contrast will af-
fected by the thickness of films, the wind speed and some other
environmental factors. Unfortunately, we are not sure which
factor is most important. Further studies are needed to explain
this phenomenon.

4 Conclusions

In recent years, with the advance of SAR technology, polari-
metric SAR has been used to monitor oil spill accidents on the
sea surface. The full-polarized SAR could collect more informa-
tion of oil spill than single polarized SAR. In this work, we study
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seven common polarimetric features and propose a new para-
meter defined as the polarimetric parameter P. The capability of
the polarimetric features for a sea oil spill observation is investig-
ated. First, we compare C-band with L-band based on the SIR-
C/X-SAR data, the experiment results show that the polarimetric
features in the C-band SAR images are sensitive to the sea sur-
face scattering mechanisms. Meanwhile, the slick-to-sea water
contrasts of the eight features are also compared with each other
in C-band SIR-C/X-SAR and Radarsat-2 images.

In summary, according to the above experiment results, un-
der low to moderate conditions, the key conclusions can be sum-
marized as follows:

(1) C-band performs better than L-band for the oil spill detec-
tion.

(2) The new polarimetric parameter P is sensitive to the sea
surface scattering mechanisms at C-band.

(3) Among the features which are used to detect the oil spills,
the pedestal height and the new parameter P perform better than
other features.

The paper introduces a basic research for the oil spill discrim-
ination with the polarimetric SAR. The polarimetric features can
be utilized for the discrimination between the oil spill and the
look-alike phenomenon in further research.
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