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ABSTRACT
Marine oil spills are an important environmental problem, and satellite SAR remote sensing have become a
valuable tool for the detection and monitoring of these spills. Natural phenomena with similar appearance as oil
in SAR images, producing false detections, compose a challenge for oil spill observation services. One such lookalike phenomena is biogenic slicks produced by marine organisms. In this study we evaluate multi-polarization
features for oil spill characterization and oil versus biogenic slick discrimination. During large-scale oil-on-water
exercises conducted in the North Sea in June 2011 and June 2012, both mineral oil and plant oil were released
and imaged by Radarsat-2 in Fine Quad-polarization mode. The plant oil will form a film resembling biogenic
slicks. The mineral oil spill and simulated look-alike are in this study compared based on multi-polarization
features, combining the information in HH and VV channels. The polarimetric measurements from 2011 have
earlier been analysed, and a potential for discrimination between mineral oil and biogenic slicks is found. The
aim of the current study is to repeat the polarimetric analysis on the new independent data set from 2012.
Preliminary results of the 2012 data set reveal both internal and between slick type variations, giving support
to our previous findings from 2011.
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1. INTRODUCTION
Satellite SAR remote sensing is an important tool for detection and monitoring of marine oil spills. An oil spill
on the sea surface will dampen the waves, and reduce the roughness. The reduced roughness leads to decreased
backscatter, and the oil spill is hence seen as a dark area in the SAR scene. A number of natural phenomena,
called look-alikes, can produce similar dark features in SAR images, possibly leading to false detections. Lookalike phenomena include e.g. low wind areas, grease ice, rain cells and biogenic surface films produced by marine
organisms.1 In this study we focus on the natural biogenic slicks, often called surfactants (from a blend of
surface-active agents). Mineral oils and biogenic slicks form two different types of films on the sea surface.
Biogenic slicks consist of surface-active organic compounds, with one hydrophilic part (tendency towards water)
and one hydrophobic part (tendency against water), giving a spontaneous arrangement in the air/water interface
with the hydrophilic part down towards the water and the hydrophobic part up towards the air. Biogenic slicks
hence produce a very thin film, only one molecule thick (∼ 2.4 - 2.7 nm), a so-called monomolecular film. Mineral
oil spills on the other hand, consist mainly of chemicals that exclusively exhibit a hydrophobic character, and
produce films with thicknesses orders of magnitudes larger than the monomolecular films (µm - mm, in some
cases cm).2 The two slick types will have different viscoelastic properties, and induce different damping on the
ocean waves.3 Discrimination between mineral oil films and biogenic slicks is highly desirable.
Conventionally, oil spill detection have been done based on single-polarization SAR data. The more recent
satellite SAR sensors, such as Radarsat-2 and TerraSAR-X, allow for multi-polarization image acquisitions, and
the added information in dual- or quad-polarization measurements could improve the ability for characterization
and discrimination between oil spills and look-alikes. Several studies have been done over the last years to
evaluate the potential in multi-polarization data for this purpose. The Cloude-Pottier decomposition4 (entropy
(H), anisotropy (A) and mean scattering angle (ᾱ)) are investigated for oil spill observation in several studies.
Migliaccio et al.5 applies the decomposition to C-band SIR-C/X-SAR data, and the entropy is identified as
the most useful quantity of the three parameters. H was found useful for slick versus clean sea discrimination,
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and could in some cases also distinguish biogenic slicks from anthropogenic film. In Zhang et al.,6 H and ᾱ
are applied to characterize scattering properties of oil slicks in Radarsat-2 quad-polarization data. Significantly
higher values of both parameters were found within the oil slick compared to the ambient sea surface, indicating
Bragg scattering in slick-free ocean and non-Bragg in the oil slicks. Tian et al.7 evaluate the use of H-ᾱ-plots for
dark spot classification of Radarsat-2 Fine Quad-polarized imagery. It is concluded that the parameters are valid
for discrimination between sea surface, biogenic slick and anthropogenic oil with different viscosity. Minchew et
al.8 investigate the H and ᾱ parameters in UAVSAR L-band data over the Deepwater Horizon oil spill, and
reach a different conclusion than the other studies. H and ᾱ values of oil are found comparable to those for
clean sea, and an increase in H is seen only when the normalized radar cross section (NRCS) approaches the
noise floor. The authors conclude that the H/A/ᾱ parameters are likely to be beneficial to oil slick classification
in low noise instruments only. In Migliaccio et al ,9 the co-polarized phase difference (CPD) was evaluated with
respect to oil spill detection and ability to discriminate between oil spills and look-alikes. It was found that for
C-band data under low to moderate wind conditions, the standard deviation of the CPD would emphasize oil
slicks, while biogenic look-alikes were de-emphasized. The CPD feature was found to be useful also for X-band
in Velotto et al .10 The correlation between the two co-polarization channels is reported to be a useful feature
for oil spill characterization in Nunziata et al ,11 while the pedestal of the co-polarization signature is used to
discriminate oil slicks from weak-damping look-alikes in Nunziata et al .12
In this study, multi-polarization features, combining the information in HH and VV channels, are evaluated
for oil spill characterization and oil versus look-alike discrimination. The data used in the study was collected
during the oil-on-water exercises conducted by the Norwegian Clean Seas Association for Operating Companies
(NOFO). During these exercises, oil is released onto the sea surface in order to test procedures and equipment
for oil spill cleaning up operations. In this study, two Radarsat-2 scenes, acquired during the oil-on-water (OPV)
exercises in 2011 and 2012, both containing mineral oil and films resembling biogenic slicks, are investigated.
The scene from OPV-2011 have previously been investigated in Refs. 13–15. Multi-polarization features have
been extracted and interesting variations between the different oil types and within the individual slicks are seen.
Classifications based on feature sub sets show potential for discrimination between mineral oils and biogenic film.
A zoning in the classified mineral slicks are revealed, possibly related to zones of different thicknesses. The data
collected during this years exercise, allow further evaluation of the potential in these features on a wider data set.
Type of emulsion, slick ages and wind speeds after release and during image acquisition are some variables that
change from OPV-2011 to OPV-2012. The preliminary analysis of the OPV-2012 data presented in this study
supports the previous findings that multi-polarization features can provide useful information to characterize
surface slicks.
Section 2 gives a brief introduction to polarimetry, and the multi-polarization features used in the study.
Section 3 describes the data set, and results of the analysis are presented in Sec.4. Section 5 concludes the paper.

2. POLARIMETRY
The full scattering matrix is given as

|SHH |ejφHH
S=
|SHV |ejφHV

|SV H |ejφV H
|SV V |ejφV V


(1)

where the matrix elements represent the measured complex scattering coefficients, and the first and second
subindices refer to the polarization of the sent and received signal respectively. H denotes horizontal and V
vertical polarization.
For oil spill characterization, a signal level above the sensor noise floor is required. A signal-to-noise analysis
of the Radarsat-2 scene from OPV-2011 is described in Ref. 13. It is seen that while the co-polarization signal
lies largely above the noise floor, the cross-polarization signal fluctuates about the sensor noise floor, i.e. some
of the signal will be hidden below the noise. Because of this, we have excluded the cross-polarization channels
from our study, and work only on the two co-polarization channels, HH and VV.

From the scattering matrix, S in Eq. 1, scattering vectors can be constructed for further polarimetric analysis.
In our case, using only two polarization channels, the Lexicographic scattering vector, l, and the Pauli scattering
vector, k, are constructed as 2-dimensional vectors, defined as:
l = [SHH SV V ]T

(2)
1
T
(3)
k = √ [SHH + SV V SHH − SV V ]
2
The two elements of k, SHH + SV V and SHH − SV V represents single bounce/surface scattering and double
bounce/even bounce scattering respectively. The 2 × 2 covariance matrix C2 and coherency matrix T2 is
produced from l and k respectively:

C2 =

T2 =

L
1 X ∗T
ln l
L n=1 n

(4)

L
1 X
kn k∗T
n
L n=1

(5)

where ln and kn are single look complex measurements, L is the number of samples included in the averaging and
∗T is the complex conjugate transpose. The multi-polarization features extracted in this analysis are computed
based on the matrices C2 and T2 , and are defined in Table 1.

3. DATA SET
The data set used in this study was acquired during the annual oil-on-water exercises conducted by NOFO in
the North Sea in June 2011 and June 2012. The controlled discharges of oil for the purpose of equipment and
procedure testing provide a unique opportunity to acquire satellite images of oil spills with corresponding ground
truth information such as oil type, volume of the oil releases and weather conditions known. In this study we
compare two Radarsat-2 Fine Quad-Polarization images, one acquired during the OPV-2011 exercise on 8 June
2011, and one during OPV-2012 on 15 June 2012. Both scenes contain releases of both mineral oil and plant
oil. The plant oil will form a surface film similar to the films produced naturally by marine organisms, and is
considered an oil slick look-alike in this study. Table 2 summarizes the properties of the two scenes.

3.1 OPV-2011
During OPV-2011, three different types of oil were released into the sea, i.e. oil emulsion (mixture of oil and
water), crude oil and plant oil. All three releases were captured within the same Radarsat-2 and TerraSAR-X
scenes, which have been discussed and compared in Refs. 13–15. In this study, we focus on the Radarsat-2 scene,
which is shown in Fig. 1. Furthest to the left is the plant oil, released ∼ 13 hours before image acquisition,
and untouched after discharge. In the middle are remains of the emulsion released ∼ 29 hours before image
acquisition. Most of this spill was recovered mechanically after release, but the remains are clearly visible. To
the right is the crude oil, released ∼ 9 hours before the satellite pass. Dispersion of the slick are going on at the
time of image acquisition. The slicks are clearly visible, despite the low wind speed of 1-3 m/s (see Table 2).

3.2 OPV-2012
During OPV-2012, several releases of oil emulsion were done, in addition to release of plant oil and oleyl alcohol
(OLA) for simulation of biogenic slicks. SAR data was acquired by Radarsat-2, TerraSAR-X and Cosmo-SkyMed.
In this study we focus on the Radarsat-2 scene given in Fig. 2, which contains both mineral oil emulsion and
plant oil. Before the satellite pass, four releases of oil emulsion had been done at different times (∼ 22 hours,
∼ 17 hours, ∼ 14 hours and ∼ 1 hour before acquisition time). The most recent release is seen as a small dark
area in the upper part of the scene, surrounded by ships. The large emulsion area from the middle part of the
scene and down is likely to include the first three releases, which were all subjected to mechanical recovery. Note
that the type of emulsion released during OPV-2012 is different from the one used in OPV-2011. The same type
and amount (400 L) of plant oil was released in both exercises, and the slicks were left untouched after release
in both cases.

Table 1: Definition of the multi-polarization features under consideration.
Feature

Definition

Entropy

H=−

P2

i=1

pi log2 pi

- pi = λi /(λ1 + λ2 )
- λi is the ith eigenvalue, λ1 > λ2
λ1 −λ2
λ1 +λ2

Anisotropy

A0 =

Mean scattering angle

ᾱ = p1 α1 + p2 α2
- αi is the alpha angle associated with the ith eigenvalue
µ = (det(C))1/d

Covariance scaling factor

- C is the covariance matrix of dimension d × d
- det(·) is the matrix determinant
Co-polarization power ratio

γCO =

<|SHH |2 >
<|SV V |2 >

- |SHH | is the amplitude of the complex scattering
coefficient in the HH channel
- < · > denotes ensemble averaging
Magnitude of co-polarization correlation coefficient

ρCO = √

∗
<SHH SV
V>
<|SHH |2 ><|SV V |2 >

- * is the complex conjugate
rCO = |<(< SHH SV∗ V >)|

Real part of co-polarization correlation

- < denotes the real part
Standard deviation of co-polarized phase difference

σφCO =

p
(< (φHH − φV V )2 > −(< φHH − φV V >)2 )

- φHH is the phase of the complex scattering
coefficient in the HH channel

4. RESULTS
All features given in Table 1 are computed from both scenes described in Table 2. The result is presented in
Fig. 3 and Fig. 4. A sliding window of size 9 × 9 pixels are used in all computations.
Figure 3(a) and Fig. 4(a) show the entropy H. Entropy is a measure for the randomness of the scattering
process and takes values between 0 and 1. For low entropy areas (H < 0.3), a dominant scattering mechanism
in terms of an equivalent point scatterer can be recovered. For higher entropy values, a mixture of possible
point scatterers must be considered from the full eigenvalue spectrum. For H = 1, the polarization information
becomes zero, and the scattering is a random noise process.16 The sea surface show small entropy values,
indicating one dominating scattering mechanism, while the slick-covered areas have higher values of H, suggesting
a more complex scattering event and less polarization information. The anisotropy A0 in Fig. 3(b) and Fig. 4(b)
measures the relative importance of the two eigenvalues of the decomposition. We see lower values of A0 within

Table 2: Properties of the two Radarsat-2 scenes. The letters following ”Spills” indicate which of emulsion (E),
plant oil (P) and crude oil (C) are visible in the relevant scene. Weather observations were made at the platform
Heimdal and from ships participating in the exercises.
OPV-2011
OPV-2012
Date, time
8 June 2011, 17.27
15 June 2012, 06.19
Sensor, mode
Radarsat-2, Fine Quad-polarimetric Radarsat-2, Fine Quad-polarimetric
Incidence angle 34.5◦ - 36.1◦
30.3◦ - 32.0◦
Spills (age)
E (∼29 hours)
E (∼22 hours/∼17 hours/∼14 hours/∼1 hour)
P (∼13 hours)
P (∼14 hours)
C (∼9 hours)
Wind speed
1-3 m/s
5 m/s
Wave height
1.5 m
1.5 - 2m

Figure 1: Intensity image (VV) of 8 June 2011 scene, multi-looked by 9 × 9 window. RADARSAT-2 Data and
Products c MacDONALD, DETTWILER AND ASSOCIATES LTD. (2011) - All Rights Reserved.
the slicks, pointing to a higher relevance of the second eigenvalue in these areas compared to the clean sea,
indicating the presence of more than one scattering mechanism. The mean scattering angle ᾱ, seen in Fig. 3(c)
and Fig. 4(c), is used as an indicator of the dominating scattering mechanism and takes values between 0◦ and
90◦ . The scattering mechanism changes from surface scattering at small ᾱ values to double bounce at high ᾱ.16
Low ᾱ values in sea areas indicate surface scattering. For the 8 June 2011 scene, we can see that both H, A0 and
ᾱ show a clear difference between the plant oil and the two mineral oils, where the plant oil is more similar to
the surrounding clean sea. Similar variations can also be seen for the scene of 15 June 2012, but the difference
between the plant oil and the mineral oil emulsion is not as apparent, as the emulsion covers a large area and a
large range of feature values.
The covariance scaling factor µ, seen in Fig. 3(d) and Fig. 4(d), is a brightness measure, and provides good
contrast between the slicks and the sea in both scenes, reflecting the lower backscatter levels in the slick-covered

Figure 2: Intensity image (VV) of 15 June 2012, multi-looked by 9 × 9 window. RADARSAT-2 Data and
Products c MacDONALD, DETTWILER AND ASSOCIATES LTD. (2012) - All Rights Reserved.
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Figure 3: Multi-polarization features computed from the 8 June 2011 scene. The features µ and rCO have been
log transformed for visualization purposes.
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(d) log(|µ|).

(e) γCO .

(f) ρCO .

(g) log(|rCO |).

(h) σφCO .

Figure 4: Multi-polarization features computed from the 15 June 2012 scene. The features µ and rCO have been
log transformed for visualization purposes.

areas. Ships are seen as very strong points. Some internal enhancement variations are seen in the slicks in both
scenes, especially in the mineral oils, but no clear distinction between slick types can be found. It is interesting
to note how the areas within the slicks with the lowest µ values corresponds to the areas with the highest H,
lowest A and highest ᾱ (high-contrast areas).
The co-polarization power ratio γCO for the 8 June 2011 scene in Fig. 3(e) also discriminates the slicks from
the background, but little variations among the slicks are found. For the scene of 15 June 2012 in Fig. 4(e), it
is less easy to identify the slick-covered regions, but the areas which in general seem to provide the strongest
contrast in most of the features can be recognized.
The magnitude of the co-polarization correlation coefficient ρCO in Fig. 3(f) and Fig. 4(f), and the real part of
the co-polarization correlation rCO in Fig. 3(g) and Fig. 4(g), both show a decrease in correlation in slick-covered
areas compared to clean sea. Some internal variations in the slicks are seen, in addition to a clear difference
between the plant oil and the mineral oils in the 8 June 2011 scene. Again, we see large internal variations in the
emulsion zones in the scene from OPV-2012. For rCO , the small area of newly released emulsion can also clearly
be seen in the upper middle part of the scene. The standard deviation of the co-polarized phase difference σφCO ,
seen in Fig. 3(h) and Fig. 4(h), is also related to the correlation. The decrease in correlation in slick-covered
areas produce a higher phase difference with a broader distribution, increasing the standard deviation.
In general we can see that the corresponding features images for the two scenes show similar variations
between clean sea, biogenic slicks and mineral oil spills. The slicks in the scene from 8 June 2011 is smaller, with
better defined boundaries, and show a clear difference between the plant oil and the mineral oils that is more
difficult to see in the 15 June 2012 scene. However, most features for this last scene show strong contrast in the
same emulsion areas, and a weaker response in other areas. The latter seem to have feature values similar to the
plant oil slick.

4.1 Classification
In Fig. 3 and Fig. 4, the multi-polarization features show interesting variations both between the oil types and
internally in the slick-covered regions. Figure 5 shows the histogram of the features µ, rCO and H computed
from the scene of 8 June 2011. The histograms are computed based on pixels selected within the different classes
in the image, i.e. within the plant oil, emulsion and crude oil region, in addition to areas of clean sea, and are
normalized with respect to the whole subscene.

(a) Histogram of |µ|.

(b) Histogram of rCO .

(c) Histogram of H.

Figure 5: Histograms of selected features based on pixels chosen within the different regions in the 8 June 2011
scene.
From Fig. 5, we see that all three features show some discrimination potential between water, plant oil and
crude oil/emulsion. The two mineral oils (crude oil and oil emulsion) overlaps inn all features. These features
investigated in Fig. 5 have been used as input to a simple K-means classification of both scenes. Results are
given in Fig. 6 and Fig.7.
From the classifications of the scene from OPV-2011 in Fig. 6, a separation between the plant oil and the
mineral oils can be seen. In Fig. 6(a) and Fig. 6(b), most of the crude oil and emulsion is classified as red with

(a) Classification into 3 classes.

(b) Classification into 4 classes.

(c) Classification of segmented scene into 2 classes.

(d) Classification of segmented scene into 3 classes.

Figure 6: Classifications of the 8 June 2011 scene based on µ, rCO and H.

(a) Classification into 3 classes.

(b) Classification into 4 classes.

Figure 7: Classifications of the 15 June 2012 scene based on µ, rCO and H.

a green zone along the edges, while most of the plant oil is green, with some internal red areas. As the emulsion
have been on the surface for the longest amount of time, it is interesting to see that its properties are more similar
to the crude oil than to the plant oil. This may indicate that the differences we see are related to the type of
slick (mineral vs biogenic) and the properties they have, e.g. monomolecular vs thicker layer etc.. Classification
of segmented slicks from the 8 June 2011 scene are seen in Fig. 6(c) and Fig. 6(d). Again, a distinction between
the plant oil and the two mineral slicks is clearly seen. Attention should also be given to the zones that appear
along the edge of the crude oil and oil emulsion regions. For the 2-class image we see one edge zone (green),
while the 3-class image produces two zones (green and blue). The outmost zones of the mineral slicks correspond
to the classes present in the plant oil slick. The zones could be related to slick thickness, which is expected to be
low for the plant oil and to decrease towards the edges of the mineral oils. Classifications based on other feature
combinations produce similar results, and are presented in Ref. 14.
Classification of the OPV-2012 scene is seen in Fig. 7, and show similar results as for the OPV-2011 scene.
Most of the plant oil and the low-contrast areas in the emulsion that were seen in the features, are classified as
green, while the high-contrast emulsion areas appear in red. For both scenes, the 4-class classification seem to
better highlight the oil-covered areas, compared to the 3-class classification.

4.2 Optical Data
Visual classification of oil spill zones are often done into four classes with different thickness ranges as given by
the Bonn Agreement Oil Appearance Code, i.e. sheen (0.04 - 0.3 µm), rainbow (0.3 - 5.0 µm), metallic (5.0 50 µm) and true colour (50 - 200 µm for discontinuous true colour, > 200 µm for continuous).17 During the
oil-on-water exercises, optical data, which is complementary to the SAR imagery, was collected from the ships,
airplane and/or satellite.
Figure 8(a) is a photo of the crude oil spill from OPV-2011, which illustrates the visual appearance of the
thickness zones just described. Figure 8(b) is an aerial overview photo of the same spill, where the different
thickness zones also can be recognized. The aerial photo shows internal thickness variations and also patches
of open water, possibly corresponding to the internal variations seen in the multi-polarization features and
classifications in Fig. 3 and Fig. 6. However, time difference between optical data and SAR acquisitions and
lacking information on exact position of photo material prevent an accurate comparison.

(a)

(b)

Figure 8: Photos taken during the OPV-2011 exercise showing the crude oil spill in the 8 June 2011 scene. (a)
Photo taken from a ship showing the different thickness zones. Photo: Stine Skrunes. (b) Photo from aircraft
taken about one hour before satellite passes. Photo: Kystverket/NOFO/Sundt Air.
During OPV-2012, one optical satellite scene was obtained by RapidEye, see Fig. 9. The RapidEye image
was acquired about 6 hours after the Radarsat-2 scene. The slicks seen in the SAR image in Fig. 2 can be
recognized also in the RapidEye image. Some internal variations can also be seen in the optical scene. In Fig. 10,
a closer view of the middle part of the large emulsion area is seen for the Near Infrared band in RapidEye and
for the magnitude of the co-polarization correlation coefficient extracted from the Radarsat-2 scene. Note that,

(a)

(b)

Figure 9: RapidEye image from 15 June 2012. (a) RGB composite of the red, green and blue channels. (b) Near
Infrared band.Delivered by RapidEye, c RapidEye (2012) - All Rights Reserved.
in Fig. 10, no image rectification is done to project the two images to a common image plane. Some correlation
in the internal slick variations of the two scenes can be found, supporting our theory that the internal variations
in multi-polarization SAR features could be related to changes in physical slick parameters.

(a)

(b)

Figure 10: Detailed view of emulsion areas in satellite imagery from 15 June 2012. (a) Near Infrared band of
RapidEye. (b) ρCO extracted from Radarsat-2 scene.

5. CONCLUSION
During the oil-on-water exercises conducted by NOFO in 2011 and 2012, plant oil, oil emulsion and crude oil
were released, producing slicks on the sea surface which were imaged by SAR. In both exercises, Radarsat-2 Fine

Quad-Polarization imagery, containing both mineral oil (crude oil and/or oil emulsion) and simulated natural
slicks (plant oil) were acquired. Natural slicks produce false oil spill detections, and hence compose a challenge
for SAR oil spill observation. In our study, we address this issue by looking at multi-polarization features,
evaluating the potential of combining HH and VV measurements for improved oil spill versus biogenic slick
discrimination. The analysis from the scene acquired during OPV-2011 are discussed in Ref. 13–15. A potential
for discrimination between mineral oil and simulated natural biogenic slicks were found. Interesting zoning along
the edges was interpreted as possible variations in slick thickness.
The data from OPV-2012 allow for investigating the usefulness of the multi-polarization features on a larger
data set. Similar feature variations as seen in the 8 June 2011 scene, among clean sea, mineral oil and biogenic
slicks, were also found in the new scene from 15 June 2012. In the emulsion covered areas, internal slick variations
in the features are evident, with the same high-contrast and low-contrast areas identified in several features. The
low-contrast areas in the emulsion show similar feature values as the plant oil, and is classified into the same
class. Optical data from the exercises also show internal variations in the slicks, possibly corresponding to the
variations in the SAR scenes.
The preliminary analysis of the OPV-2012 data presented in this study supports the previous findings that
multi-polarization features can provide useful information to characterize slicks and improve oil spill versus
look-alike discrimination.
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