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Abstract—Monitoring and detection of ships and oil spills using
Synthetic Aperture Radar (SAR) have received a considerable
attention over the past few years, notably due to the wide area
coverage, and day and night all-weather capabilities of SAR
systems. Among different polarimetric SAR modes, dual-pol SAR
data are widely used for monitoring large ocean and coastal
areas. The degree of polarization (DoP) is a fundamental quantity
characterizing a partially polarized electromagnetic field. The
performance of the DoP is studied for joint ship and oil spill
detection under different polarizations in hybrid/compact and
linear dual-pol SAR imagery. Experiments are performed on
RADARSAT-2 C-band polarimetric data sets, over San Fran-
cisco Bay, and L-band NASA/JPL UAVSAR data, covering the
Deepwater Horizon oil spill in the Gulf of Mexico.

Index Terms—Degree of polarization (DoP), depolarization,
synthetic aperture radar (SAR), ship detection, oil spill, oil slick,
Deepwater Horizon, dual-pol, hybrid, compact polarimetry.

I. INTRODUCTION

Synthetic Aperture Radar (SAR) is a powerful tool strongly
employed in a wide variety of applications. There exists a rich
literature on maritime surveillance based on SAR polarimetric
imagery. Maritime surveillance is of great environmental and
economical interest, directly contributing to improve public
safety and environmental protection. In particular, efficiently
monitoring the ships, oil platforms and oil spills are of critical
importance.

Oil spills are highly damaging to the environment and
pose serious threats to ecology and wildlife in the marine
system. Oil pollution comes partly from frequent illegal ship
discharges, and partly from large ship and oil-rig accidents,
namely the Prestige tanker disaster (in 2002, northwest coast
of Spain), and more recently the British Petroleum (BP) Deep-
water Horizon oil spill (in 2010, northern Gulf of Mexico).

Maritime monitoring and surveillance using single- and
linear dual-pol SAR modes have been extensively studied
using RADARSAT-1, ERS-1/2 and ENVISAT ASAR data,
demonstrating very promising results for ship detection and
vessel observation. Maritime surveillance in SAR polarimetry
can be made more reliable with the advent of new quad-
pol (full polarimetric) SAR systems such as the Japanese
ALOS-PALSAR, launched in January 2006, the Canadian
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RADARSAT-2, launched in December 2007, and the Ger-
man TerraSAR-X, launched in June 2007. Moreover, the
future launches of the European Sentinel-1 and the Canadian
RADARSAT Constellation Mission (RCM), expected in 2014
with a notable interest in maritime surveillance, will mark a
new era for the operational use of SAR data.

Full polarimetric systems alternately transmit two orthogo-
nal polarizations and record both received polarizations, i.e.,
(HH, HV, VH, VV), where H and V denote the horizontal
and vertical polarizations respectively. In conventional dual-
pol modes, only two linear polarizations are considered, i.e.,
(HH, HV), (VH, VV) and (HH, VV). Newly developed dual-
pol SAR modes are hybrid and compact dual-pols, promoted in
the literature for future SAR missions with the great advantage
of providing a wider swath width, and hence greater area
coverage compared to quad-pol systems. Souyris et al. [1]
introduced the π/4 compact polarimetric (CP) mode, where
the transmitted polarization is the superposition of linear
horizontal and vertical polarizations and the received returns
are recorded in both horizontal and vertical polarizations
(45◦H-45◦V). In a recent study, Raney [2] suggested a hybrid
mode of operation, called CL-pol, with a right (or left) circular
polarization on transmission and two linear polarizations on
reception (RH, RV). The CL-pol mode is part of the design for
the future RADARSAT constellation mission. Different dual-
pol modes collect different aspects of the information content
of the full polarimetric data, and thus, it is of great importance
to study different dual-pol modes and select the appropriate
configuration in each particular application.

In each dual-pol mode, the transmitted polarization charac-
terizes the information extracted from a scene. The aim of this
paper is to investigate the potential of physically related po-
larimetric discriminators, the degree of polarization (DoP, P)
and the degree of depolarization (DoD, P = 1−P), for man-
made object detection and oil spill observation under different
polarizations and incidence angles. The DoP has long been
recognized as the most important parameter characterizing a
partially polarized electromagnetic field [3, 4]. The DoP can
help to determine the nature of the objects that backscatter
the electromagnetic field. We demonstrate the potentials of
the DoP (equivalently the DoD) to enhance the contrast of
man-made objects and oil spills against the surroundings when
using different combinations of polarimetric SAR channels.
We first analyze and compare the capabilities of DoP for
different man-made object detection, i.e., buoys, ships, and
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oil/gas platforms. Next, we study the oil spill detection and
slick type recognition in different dual-pol SAR data. We
use L-band data acquired by NASA/JPL Uninhabited Aerial
Vehicle Synthetic Aperture Radar (UAVSAR), over northern
Gulf of Mexico covering the Deepwater Horizon oil spill, and
quad-pol data acquired by RADARSAT-2, over San Francisco
Bay. Moreover, we compare the detection results in dual-
pol modes with recent results, obtained using quad-pol data,
presented by Marino et al. [5, 6].

The paper is organized as follows. In Section II, we review
some physical and mathematical definitions, and derive the
estimator of the DoP in linear and hybrid/compact dual-pol
modes. The data and study areas are presented in Section III.
Experimental results and discussions for the detection of
buoys, ships, oil-rigs, and oil spills are presented in Section IV.
Concluding remarks and future work are addressed in Sec-
tion V.

II. THEORY

The Jones vector [7] for an electromagnetic wave is defined
by E = (E1, E2)

T , where E1 and E2 are the orthogonal
components of the electric field of the wave. In order to
deal with a partially polarized wave the Stokes parameters
can be used. In 1852, Stokes [8] introduced four measurable
quantities, known as the Stokes parameters, for describing
the properties of polarized light. The Stokes parameters in
linear polarization basis at the receiver, for a given incident
polarization, are given by [9]

g1 = |EH|2 + |EV|2

g2 = |EH|2 − |EV|2

g3 = 2<EHE∗
V

g4 = 2=EHE∗
V

(1)

where E is the complex electric field received in the sub-
scripted polarization, i.e., horizontal or vertical (H or V), ∗

denotes complex conjugate, and < and = denote the real and
imaginary parts of the complex field, respectively. Note that
the transmit polarization is not included in the subscripting.
The transmit polarization for a traditional dual-pol radar is
either H or V, for the CL-pol mode is either left- or right-
circular (L and R), and for the π/4 compact mode is H+V
oriented at 45 degrees.

The electric vector Er of the received (or backscattered)
field and the transmitted (or incident) field Et are related by

Er = SEt, S =
(

SHH SHV
SVH SVV

)
(2)

where S is the scattering matrix, known as the Sinclair ma-
trix [10]. In the bistatic scattering case, the quad-pol scattering
vector corresponding to the Sinclair matrix is defined as
~kFP = (SHH, SHV, SVH, SVV)T [11]. The conventional (linear)
dual-pol scattering vectors are obtained straightforwardly from
~kFP as

~kDP1 = (SHH, SHV)T

~kDP2 = (SVH, SVV)T

~kDP3 = (SHH, SVV)T
.

(3)

Hybrid/compact dual-pol scattering vectors can be
obtained from quad-pol data using (2). In CL-
pol mode, for example, a right-circular illumination
is achieved by Et = 1/

√
2(1,−j)T , and thus

Er = 1/
√

2 (SHH − iSHV,−iSVV + SVH)T . Hence
the corresponding scattering vector is achieved by
~kCL-pol = (EH, EV)T where EH = (1, 0)Er and
EV = (0, 1)Er. The scattering vector for the π/4 mode
can be derived in the same fashion. Hence, hybrid/compact
dual-pol scattering vectors are expressed as

~kπ/4 =
1√
2

(SHH + SHV, SVV + SVH)T

~kCL-pol =
1√
2

(SHH − iSHV,−iSVV + SVH)T
.

(4)

We note that under the scattering reciprocity, and in the
backscatter alignment convention, we have SHV = SVH [12].

The state of polarization of an electromagnetic wave can be
characterized by the DoP expressed, in terms of the Stokes
parameters, as

P =

√
g2

2 + g3
2 + g4

2

g1
. (5)

Mathematically, on the Poincaré sphere, the DoP represents the
distance of a normalized Stokes vector’s last three components
from the origin. The surface of the unit Poincaré sphere
corresponds to P = 1, and represents all fully polarized states
[13]. Depolarization is associated with a reduction in the DoP
of incident states. The DoD is defined as P = 1 − P . A
depolarizing interaction causes fully polarized Stokes states
on the surface of the Poincaré sphere to emerge with P < 1,
and thus P > 0. In brief, the wave is totally depolarized for
P = 1 (P = 0), totally polarized for P = 0 (P = 1), and
partially polarized when P,P ∈ ]0, 1[. The DoP, and thus the
DoD, are invariant with respect to the choice of orthogonal
polarization basis at the receiver. However, DoD and DoP are
dependent of the transmit polarization. Hence, the nature of
the application and targets of interest determine the optimal
transmit polarization.

The DoP and DoD are estimated in each dual-pol mode by

P =

√
α̂2

2 + α̂2
3 + α̂2

4

α̂1

P = 1− P
(6)

with α̂l = 1
n

∑n
j=1 gl [j], l = 1, . . . , 4, where n is the number

of samples used for the estimation, and gl [j] is the l-th Stokes
parameter associated with the j-th pixel. In other words, α̂l

is calculated for each pixel by using a sliding square window
centered on the considered pixel, and computing the empirical
mean over the n pixels contained in the window. In the next
section, the detection performance of DoP maps in different
hybrid/compact and linear dual-pol modes are studied for
different scenarios.

III. DATA AND STUDY SITES

In this study, the sensitivity of the DoP with respect to
different polarizations is investigated for the discrimination
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Fig. 1. [Color online] San Francisco Bay, CA. USA. (a) Google EarthTM

image of the area. (b) Pauli RGB image of the RADARSAT-2 fully polarimet-
ric data set (Red, |SHH − SVV|; Green, |SHV + SVH|; Blue, |SHH + SVV|).
Red boxes outline 12 buoys of interest. The original image has a size of
1816× 3600 pixels.

of man-made objects and oil spills from the sea surface.
We estimate the DoP in hybrid/compact and linear dual-
pol SAR modes and compare the detection performance of
these modes for different scenarios. We use C-band data
acquired by RADARSAT-2, as well as L-band data acquired
by NASA/JPL UAVSAR. RADARSAT-2 is a Canadian C-band
SAR satellite launched in December, 2007. It provides many
operating modes, including linear dual- and quad-pol modes,
and supports right- and left-look imaging. The NASA/JPL
UAVSAR, operational since 2007, is a reconfigurable fully
polarimetric L-band (1.26 GHz, 24 cm wavelength) airborne
system with a range bandwidth of 80 MHz (2 m range
resolution), and a range swath greater than 16 km.

The RADARSAT-2 data set is acquired in fine quad-
pol mode over San Francisco Bay, California (+37◦45’0”N,
+122◦17’0”W). The Google Earth and Pauli RGB images
of this data set are shown in Fig. 1. RADARSAT-2 data
are used for detection of ships, boats and buoys. Further-
more, oil/gas platform detection is studied using NASA/JPL
UAVSAR data sets over northern Gulf of Mexico, Mississippi
River Delta, Louisiana (+29◦0’43.56”N, +89◦15’33.12”W).
The Google Earth and Pauli RGB images of this data set are
shown in Fig. 6. We analyze the depolarization signatures of
oil spills, under different incidence angles and polarizations,
using the Deepwater Horizon oil spill data (+28◦44’11.86”N,
+88◦21’57.59”W), acquired by NASA/JPL UAVSAR on June
22-23, 2010. The Deepwater Horizon oil spill, occurred on
April 20, 2010 in the Gulf of Mexico, is by far the worst oil

spill in U.S. history, with over 200 million gallons of leaked
oil along the coastal areas of Louisiana, Mississippi, Alabama,
and Florida. The Pauli RGB image of the oil spill study region
is shown in Fig. 8. All original NASA/JPL UAVSAR data sets
are acquired in quad-pol mode.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Buoy Detection

Buoys are distinctively shaped floating devices with many
different purposes. In this section, we consider the buoy detec-
tion task, since there exist accurate nautical charts reporting the
exact position of the buoys via different systems. In particular,
we use nautical charts from National Oceanic and Atmospheric
Administration (NOAA) as ground truths. Fig. 2(a) shows
a NOAA nautical chart over a test region in San Francisco
Bay with 12 buoys of interest (red boxes). The maps of the
DoP obtained over this region, for linear and hybrid/compact
dual-pol modes, are shown in Figs. 2(b)–(f). Thresholds were
manually chosen so that a maximum number of targets may
be visible. These results suggest that hybrid/compact dual-pol
modes are more performant than traditional linear dual-pol
modes; most of the buoys which can hardly be seen in linear
dual-pol modes, are easily distinguished in hybrid/compact
modes.

The latter is further demonstrated in Figs. 3 and 4. These
figures respectively show the DoD surfaces for Southampton
Shoal day mark (height = 32 ft/9.75m, marked as T1 in
Fig. 2(a)), and Southampton Shoal Channel Entrance buoy
(T2). We clearly see the gain of performance for buoy de-
tection when using hybrid/compact dual-pol data compared
to linear (HH, HV) and (VH, VV) data. We note that the
results from (HH, VV) mode are closely comparable to
hybrid/compact modes.

B. Ship Detection

In this section we study the performance of the DoP maps
in a ship detection context. For this purpose, we compare
the DoP maps of San Francisco Bay region to the results
recently reported by Marino et al. [5, 6]. Fig. 5(a) shows the
Pauli RGB images of a region of interest from RADARSAT-2
San Francisco Bay data set. Figs. 5(b)–(f) show the maps of
the DoP obtained in hybrid/compact and linear dual-pol modes
over the test region (thresholds were manually chosen so that a
maximum number of targets may be visible). Fig. 5(g) shows
the ship detection results reported by Marino et al. [5, 6]
obtained using a notch filter based on quad-pol SAR data.
In these figures, boxes indicate potential ships; solid (white)
boxes indicate targets that are visible in all modes whereas
dashed (black) boxes indicate less- or non-visible targets in
linear dual-pol modes. We see that most of the ships detected
using the quad-pol method (Fig. 5(g)) are not visible in the
(HH-HV) and (VH-VV) dual-pol modes (black, dashed boxes)
whereas they are clearly seen in (HH-VV) and hybrid/compact
dual-pol modes. We also note that the ship detection results
based on the estimation of the DoP in hybrid/compact dual-
pol modes are closely comparable to the results obtained
using quad-pol data (which benefit from the full polarimetric
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Fig. 2. [Color online] (a) NOAA nautical chart showing the position of the
buoys. (b–f) Maps of the degree of polarization over the San Francisco Bay
test area, outlined in Fig. 1(b), in different hybrid/compact and linear dual-pol
modes; (b) HH-HV (c) VH-VV (d) HH-VV (e) CL-pol. (f) π/4.

information of the scene). These results are in agreement with
the results obtained in the buoy detection case. However, we
emphasis that the ship detection problem is slightly different
from the previous buoy detection context; in particular, ships
are much bigger than buoys, and thus, they can introduce a
preferred direction. Therefore, some ships, because of there
alignment, may be more visible in some dual-pol modes than
the others. This issue is to be addressed in future work by
studying different ship detection scenarios in the presence of
ground truth.

C. Oil-rig Detection

Efficiently identifying the existence and position of oil and
gas platforms after tropical events is of critical importance. In
the context of oil-rig detection, Gulf of Mexico with nearly
4000 active oil and gas platforms is an interesting study case.
Fig. 6 shows the Google EarthTM and Pauli RGB images of a
test region in northern Gulf of Mexico, along with a NOAA
nautical chart reporting the position of oil and gas platforms.
Most of the targets are bright enough to be visible on the Pauli
RGB image. The DoD surfaces showing two oil platforms
(marked as T3 in Fig. 6) are shown in Fig. 7. Once again, we

��
���
��
���

	
����
��������

����

��

��
��

�

���

���

��

���

�

�����

�

���

���

��

���

�

�����

�

���

���

��

���

�

����

��� ���

��� ���

�

���

���

��

���

�

� ����

�

���

���

��

���

�

� ���

��� ���

����
 ���!�"����#��"!#��"$���%�
&'��!#��$%!"!
����!�"�

� ��� ��� �� ��� �

�
(
)
*
()
)

�
(
*
*
(*
)

�
(
*
*
()
)

�
(
�
*
(�
)

�
(
�
�
*
(�
�
)

Fig. 3. [Color online] San Francisco Bay, CA. USA. (a) NOAA nautical chart
showing the position of Southampton Shoal day mark (T1). (b)–(f) The degree
of depolarization in different hybrid/compact and linear dual-pol modes; (b)
HH-HV (c) VH-VV (d) HH-VV (e) CL-pol (f) π/4

notice that hybrid/compact and (HH, VV) modes clearly detect
the oil-rigs whereas (HH, HV) and (VH, VV) modes are less
performant. We note that DoP signatures are representative of
different scattering mechanisms in a scene. Hence, the DoP
surfaces can also help in target identification (for example
distinguishing between buoys, ships, and oil-rigs). This is an
interesting subject for future work.

D. Oil Spill Detection and Identification

Oil does not mix with water, and initially spreads as thin
layers on the surface of the ocean. In this section we study
the depolarization signatures of oil spills and clear water
under different incidence angles and transmit polarizations.
We use homogeneous regions of oil and water, covering all the
incidence angle range, i.e., from 25 to 65 degrees (near- to far-
range), as shown in Fig. 8. The depolarization profile of these
regions are shown in Fig. 9. All dual-pol modes discriminate
water and oil for most of the incidence angle range. These
results suggest that HH-VV mode outperforms other modes
in distinguishing oil and water for shallow incidence angles
whereas in steeper incident angles HH-HV outperforms other
modes. The detection results from hybrid/compact dual-pol
modes (CL-pol and π/4) are close to HH-VV. We notice that
the clear water depolarizes the incident wave more than oil for
steep incidence angles, and less than oil for shallow incidence
angles. The transition incidence angle is around 40 degrees.

Identifying the color, structure, and consistency of oil on
water can help to determine the oil type, the amount of time
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Fig. 5. [Color online] (a) Pauli RGB image of a test area from San Francisco Bay, RADARSAT-2 fully polarimetric data set. (b)–(f) Maps of the degree
of polarization over the test area in different hybrid/compact and linear dual-pol modes; (b) HH-HV. (c) VH-VV. (d) HH-VV. (e) CL-pol. (f) π/4. (g) Ship
detection results, based on quad-pol data, reported by Marino et al. [5, 6]. Boxes indicate potential ships; solid (white) boxes indicate targets that are visible
in all modes whereas dashed (black) boxes indicate less- or non-visible targets in linear dual-pol modes.
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Fig. 4. [Color online] San Francisco Bay, CA. USA. (a) NOAA nautical
chart showing the position of Southampton Shoal Channel Entrance buoy
(T2). (b)–(f) The degree of depolarization in different hybrid/compact and
linear dual-pol modes; (b) HH-HV (c) VH-VV (d) HH-VV (e) CL-pol (f)
π/4

it has been on the water, and other information, critical to
improve the oil recovery process. The thinnest possible oil
layer is called sheen which dampens out the surface waves
and gives the water a reflective appearance. Thicker oil layers
are called rainbow, metallic, transitional, and dark oil slick.
Depolarization maps of oil spills are further studied in Fig. 10
for oil property recognition in different dual-pol SAR modes.
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Fig. 6. [Color online] Mississippi River Delta, Louisiana, USA. (a) Google
EarthTM image of the area. (b) Pauli RGB image of the NASA/JPL UAVSAR
fully polarimetric data set (Red, |SHH − SVV|; Green, |SHV + SVH|; Blue,
|SHH + SVV|). (c) NOAA nautical chart showing the position of the oil
platforms. The original image has a size of 1600× 800 pixels.

In each figure, three regions of interest (R1, R2 and R3) are
outlined. All depolarization maps reveal the oil structures and
properties in different dual-pol modes with HH-VV giving
the maximum depolarization contrast between dark oil and
clear water. Using these depolarization maps, we can clearly
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Fig. 7. [Color online] The degree of depolarization for oil platforms (T3)
in the Mississippi River Delta, Louisiana, USA. (a) HH-HV (b) VH-VV (c)
HH-VV (d) CL-pol (e) π/4

recognize the oil sheens along the edges (in R1 regions),
the narrow bands of oil (in R2 regions) revealing the wind
direction, and also dark oil patches (in R3 regions).
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Fig. 8. [Color online] Pauli RGB image of the NASA/JPL UAVSAR
fully polarimetric data set from the Deepwater Horizon oil spill in northern
Gulf of Mexico, USA. (Red, |SHH − SVV|; Green, |SHV + SVH|; Blue,
|SHH + SVV|). The region in the yellow box is further studied in Fig. 10.
The original image has a size of 3151× 4201 pixels.

The proposed polarimetric framework is of great interest
for maritime surveillance and monitoring using dual-pol SAR
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Fig. 9. [Color online] Depolarization P (dB) versus incidence angle (deg.) for
ocean and oil regions in different hybrid/compact and linear dual-pol modes.
(a) HH-HV. (b) VH-VV. (c) HH-VV. (d) RH-RV. (e) 45◦H-45◦V. Regions
are shown in Fig. 8.
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Fig. 10. [Color online] Oil slick property/type recognition using the degree of
depolarization P (dB) in dual-pol SAR. (a) VH-VV. (b) HH-VV. (c) RH-RV.
(d) 45◦H-45◦V. The region is an excerpt of UAVSAR data set (outlined in
Fig. 8). A sliding window covering n = 7× 7 pixels is used.
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data. In particular, the joint detection of ships and oil spills in
large coastal and ocean areas. Future work will concentrate on
analyzing the potential of DoP for man-made object detection,
under different incidence angles, in multifrequency L-, C-, and
X-band polarimetric SAR.

V. CONCLUSION

The degree of polarization was used to detect the fea-
tures, such as man-made objects and oil spills, with dif-
ferent polarimetric signatures compared to the sea clutter.
The detection performance of the degree of polarization was
studied in different hybrid/compact and linear dual-pol SAR
modes. Experiments were performed on RADARSAT-2 C-
band polarimetric data sets, over San Francisco Bay, and
L-band NASA/JPL UAVSAR data, covering the Deepwater
Horizon oil spill in the Gulf of Mexico. Experimental results
suggest that hybrid/compact and (HH, VV) dual-pol modes
deliver better detection performance compared to conventional
dual-pol modes, i.e., (HH, HV) and (VH,VV). Investigated
polarization signatures are of great interest in joint detection
of ships and oil spills, using dual-pol SAR data, in large coastal
and ocean areas under all-weather conditions. Future work
will concentrate on analyzing and comparison of polarization
signatures of ships and oil spills in multifrequency L-, C-, and
X-band polarimetric SAR data, and discrimination between oil
spills and look-alikes.
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