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Abstract

Remote sensing technology is an essential linkénglobal monitoring of the ocean surface
and radars are efficient sensors for detecting tmai pollution. When used operationally by
authorities, a tradeoff must usually be made betwd#ee covered area and the quantity of
information collected by the radar. To identify tim@st appropriate imaging mode, a methodology
based on Receiver Operating Characteristic (RO@)ecanalysis has been applied to an original
dataset collected by two airborne systems operatinig-band, both characterized by a very low
instrument noise floor. The dataset was acquirethdiwcontrolled releases of mineral and vegetal
oil at sea. Various polarization-dependent quasisire investigated and their ability to detecksli
covered area is assessed. A relative orderingeofrtain polarimetric parameters is reported in this

paper. When the sensor has a sufficiently low nfies®, HV is recommended because it provides



the strongest slick-sea contrast. Otherwise VVogntl to be the most relevant parameter for
detecting slicks on the sea surface. Among all ithestigated quad-polarimetric settings, no
significant added-value compared to single-pol datas found. More specifically, it is

demonstrated, by increasing the instrument noigel,léhat the studied polarimetric quantities
which combine the four polarimetric channels hagggrmances of detection mainly driven by the
NESZ. This result, obtained by progressively addioge to the raw SAR data, indicates that the
polarimetric discrimination between clean sea araluged area results mainly from the

differentiated behavior between single-bounce sdati and noise.

Keywords. SAR, radar, polarization, detection, NESZ, ndile®r, ocean, sea, oil, spill, slick,

maritime pollution, ROC curves, probability of detien, probability of false alarm.

1. INTRODUCTION

Spaceborne and airborne remote sensing sensocsraraonly used in the offshore domain
for monitoring natural and anthropogenic oil sligk}{2]. These sensors allow the authorities and
the petroleum companies to monitor the sea shiplaings to identify possible boat fuel releases,
respond to incidents occurring at surface or sudbsaroil and gas facilities, and identify the
occurrence of natural hydrocarbons (seeps) ondhesgrface testifying to the presence of mature
source rock on the ocean bottom.

Because of the constraints linked mainly to weatt@rditions and the risk of significant cloud
cover, the use and programming of Synthetic Aperfeadar (SAR) data is usually favored over
optical imagery for oil slicks detection over theean surface [3]-[5]. SAR is a powerful tool for
detecting hydrocarbons or chemicals on sea sutfacis to the sensitivity of the electromagnetic
(EM) signal to the surface roughness. In calm s@ast of the transmitted energy is reflected away

from the radar and the backscattered signal tow#rdsinstrument is very low. Wind-driven



roughness increases the total backscatter enaygytfre surface. QOil films on the sea surface damp
the capillary and short gravity waves that are rf@n source of the sea surface roughness. As a
consequence, slicks appear as dark areas in tharBage (low backscattered signal), which makes
the presence of an oil slick on the sea surfacectidile in radar imagery.

Several major issues are identified in the sucoésydrocarbon detection in the offshore domain,
the first of which remains today, the revisit tinhedeed, in an emergency situation, obtaining quick
information from spaceborne sensors is decisivas Telay is constrained by the technical
specificities of SAR satellite systems, the trapegtof the orbits, the location of the area of et
(there are more daily possibilities of acquisitadrhigh latitudes than towards the equator), tha da
recording and downlink system and the SAR systeiawing geometry agility. Thus, very large
swath modes are often selected by maritime suaneié services, to the detriment of the spatial
resolution or to the amount of information potelhi@ollected over the area of interest, like with
polarimetric modes. So, monitoring services expiwdinly radar remote sensing data acquired in a
single polarization mode, maximizing the coveredfae of the ocean. Due to a higher
backscattered signal level from the sea surfacedudically (V) polarized waves than for horizontal
(H) polarization [6], the VV channel is generallyeferred to the HH one for ocean studies. Because
most of spaceborne SAR systems available today leveoderate noise floor, the cross-
polarization (HV or VH) channels have not been useaperational ocean slick detection.

The second major issue concerns the speed of detlyses coupled with the reliability of
hydrocarbon detection. Operationally, the analy$iSAR images is mostly based on the visual
identification of dark areas corresponding to titks. Many oceanic and atmospheric phenomena
can occur over the sea surface and manifest theesseh radar images in the same way as areas
covered by hydrocarbons. These are called loolesldnd they can, e.g., originate from 1) natural
biogenic surface films produced by fish or plankt@hyoung and thin sea ice, 3) low wind area,
and 4) upwelling of cold water. For decades, maagearches have attempted to develop

methodologies to differentiate ocean areas covesetiydrocarbon from look-alikes. Today, the



discrimination between biogenic film and mineral @mains an open subject of research. The
method of conventional operational SAR analysism@&nly based on the experience and expertise
of the photo-interpreter. In order to help and lfete visual inspection, many studies have been
interested in the SAR signature of hydrocarbonifierdnt acquisition configurations to identify the
optimal detection method. From an instrument pofntiew, the relevance of the detection depends
mainly on the frequency band and the sensor ntose fFor example, it has been demonstrated in
[7] that SAR images acquired at high frequency.(®-gor C-band) are preferable to those acquired
at lower frequency (e.g. L-band) for mineral oilickl detection. In parallel with system
consideration, it is essential to know what infotima is most relevant for detection, especially
information that can be brought by the polarizatdthe EM waves. As many studies published in
the literature have suggested that polarimetric S@Ral-polarization or quad-polarization)
parameters improve the detection capability ofkslicompared to mono-polarized data, exploring
the various SAR polarimetric (POISAR) parameteiseasible in the acquisition configurations is a
valuable aid for operational teams in ranking topmetric mode to be taken into consideration.
The aim of this paper is to present a prioritizataf SAR parameters to enhance and facilitate
slicks detection in the offshore domain. The ordjiy of the proposed method lies in the definition
and the quantitative evaluation of POISAR paransetétained from airborne SAR data acquired at
L-band (1.325 GHz) with a very high signal to naiago (SNR), over controlled releases of liquid

substances (including mineral and vegetal oileat s

This paper is organized as follows: Section 2 sunmed the state-of-the-art of POISAR parameters
proposed in the literature for slicks detection¢tid® 3 described the airborne SAR data used in
this study, Section 4 presents the methodology tsegstaluate the studied parameters and gives the

results, and main discussions are in Section 5.



2. STATE-OF-THE-ART POLSAR PARAMETERS

Radar remote sensing techniques are of greaesttéor monitoring slick covered ocean
surface for two primary reasons. First, EM wavessansitive to the modification of the sea surface
induced by oil. Second, SAR sensors can be usedimeyand in almost any weather conditions.
The physical interaction between an EM wave antick-sovered area has been established by
analyzing airborne and spaceborne data acquired anean surface covered by mineral oil and
biogenic film [7]-[9]. Many studies have analyzduetadded-value of polarimetric SAR data for
slick monitoring. A useful review of polarimetricAR parameters is given in [10] where most of
the methods published in the literature for oitlsti detection are presented. Since this publication
in 2012, many researchers have attempted to atseselevance of PoISAR parameters for oll
detection. These works exploit either accidentanéy [11] or controlled releases of oil at sea,
including experiments managed by the Norwegian I€l&eas Association for Operating
Companies (NOFO) in the North Sea [12]-[18]. In tbkowing we summarize the state-of-the-art

PoISAR parameters for slick detection at sea agdroze the parameters by input data type.

2.1. Dual-Polarized Synthetic Aperture Radar

2.1.1. Radar scattering over the ocean surface

Over a rough sea surface where Bragg scatterinignsinant (incidence angles in the so-
called "plateau region", ranging from around 30%6@5), the co-polarized channels (HH and VV)
have higher backscatter power than the cross-peldri(HV and VH) channels. Higher
backscattered power means higher Signal to Noisie R&NR), which makes these channels more
attractive for slick detection on the sea surfatens typical SNR values can be low [17]. The co-
polarized radar backscattered power is proportibméihe normalized radar cross-section (NRCS),

which is defined in Bragg scattering theory [6] as

o0, = 4rkg,, cos 6, W(k;) (1)



kg =2k, SING (2)

where the subscrigt denotes either H (horizontal) or V (vertical) patation; kv = 2t/Aenm is the
electromagnetic (EM) wavenumber corresponding te thdar wavelengthlem; I'pp iS the
reflectivity; W(ks) is the spectral density of the ocean surface moegh taken at the Bragg
wavenumberkg; and6; is the radar local incidence angle. The spectealsily of the sea surface
describes the components of the ocean wave spetiatncontribute to the scattering of the radar
pulses [19], while the reflectivity describes tlogat power scattered from the surfaég.the local

incidence angle of the EM wave, is defined [6] as

6 =cos[cod@ +¢)cosé] 3)

wheref is the EM angle of incidence relative to the lpcadtilted surface vertical direction, apd
andé are defined is the following paragraph.

The sea surface is modelled as a set of slightlyghotilted facets that contributes to the
backscattering of the incident radiation. Each fé@s superimposed small-scale surface roughness
that creates a Bragg scattering when the roughseake is commensurate with the radar
wavelength. Small-scale roughness is randomlyidiged on the scattering surface and responds to
the strength of local wind, which generates capjli@and short gravity waves whose wavelengths
are of order centimeters to decimeters with perleds than one second [20]. The tilt of the faset i
caused by larger scale gravity waves on the ocadiace that change the local orientation, or ailt,

the short waves [21]. The orientation of the famiethe sea surface is defined by two anglgs:
which is the angle between local up and the prmeatf the facet normal onto the radar scattering
plane, and, the angle between local up and the projectiotheffacet normal onto the vertically
oriented plane perpendicular to the scatteringeglan

The co-polarized reflectivityl) is a function of the local geometry and the eleat properties of

the scattering surface (e.g., seawater, films) soiah
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where the subscrigt (p# q) denotes either H or V polarization. The co-pokdiBragg scattering

coefficients, introduced in (Eq. 4), are definefldé
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They depend only on the local incidence angle efEM wave §;, and the complex-valued relative
dielectric constant of the imaged surfage,

The relative dielectric constant defined as the ratio between the material digtecbnstant and

the electric constant in a vacuum, is a complex menmts value is material-dependent and varies
with the radar frequency. It will characterize hdeep an electromagnetic wave can penetrate into a
conducting medium. The penetration degi}), is defined as the depth where the power of the
propagating EM wave is attenuated by a factor efsikch that

1

" i) ?

where Im(.) select the imaginary part of a compiarber. Typical values of dielectric constant of
sea water [22] and mineral oil [23][24] are giveable 1 below. Please note that the value of
dielectric constant for mineral oil is constanttbe range 1-10 GHz, with a loss factor (imaginary

component) close to zero, suggesting a very higlefpation of the EM wave through this medium.



TABLE |
DIELECTRIC CONSTANT OFSEA WATER FROM[22] AND MINERAL OIL FROM [23][24]

L-BAND C-BAND X-BAND
[1.3GHZz] [5.0GHZz] [10GHZ]

73.0+65.1i 66.8+35.7i 52.9+39.0i

Material

Sea wate
(15°C 35 PSU)

Mineral oil 2.3+0.01 2.3+0.01 2.3+0.01

Assuming a linear mixing model, the effective dodlee constant of a water-in-oil emulsion ¢y)
Is given by

‘Eem = U‘EW + (1_ U)‘Eoil (8)

wherev, ranging from 0 to 1, is the water-content of tllewater mixing and1,, and [, are the
relative dielectric constant of seawater and aspectively. It follows from (Eq. 8) that the
effective dielectric constant of a mixture of orldaseawater is lower than that of seawater alone
[25]. From values given Table 1 and from (Eqs. @ &), the penetration depth decreases with
increasing frequency and water content, with typenetration depth of order millimeters for

water contents greater than 50% (Fig. 1).
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Fig. 1: Penetration depth (in millimeter) as a time of water content (linear mixing model) at L-

band (red), C-band (green) and X-band (blue), digteconstants are taken from Tablel.



When hydrocarbon is spilled into a marine environtthe oil can be mixed with seawater within
the upper few centimeters of the water column am bahave like a viscoelastic film, with
approximately homogenous properties, floating andtarface. In the first case (mixing), reduction
of the relative dielectric constant over the coriteated sea surface compared to surrounding slick-
free area will lead to a decrease in the total rbda@kscattered power. In the second case (film),
radar backscattered power is mainly diminishedughomechanical damping of Bragg-wavelength
gravity-capillary waves. The capability of radaraigery to distinguish between substances that
manifest as a thin film on the sea surface or mhiaes with seawater near the surface has already
been demonstrated in the case of mineral oil [B6] @hemicals [27]. If the thickness of the film on
the top of the sea surface is small compare t@#metration deptly,, the EM wave will penetrate
the film to scatter from the water below the filag the effective dielectric constant will be thét o
seawater, and not that of the product which formesfitm. When the film becomes thicker (relative
to the penetration depth), the dielectric properté the scattering medium will also impact the
power of the backscattered signal.

Mineral oil films over the ocean surface can fornultitayers, whose thickness can vary
considerably within oil patches from less thapm to more than 1 mm [28]-[30]. When released at
sea, mineral oil mixes quickly with seawater unither action of wind and waves and will result to a
water-in-oil mixing with a water content generatlymprised between 50 to 75% [31].

Results shown in Fig. 1 suggest that the backsedtteignal from ocean surface covered by a
mineral oil film will only be impacted by the dieleic properties of the medium in the case of very
thick slick and preferably for high frequency imagjiradar. Otherwise, damping of the sea surface
roughness will be the primary mechanisms for desingaradar backscatter power. Because the
dielectric constants of biogenic films and mineodl are similar [32][33] and because biogenic
films can be observed on the ocean surface ontlyarfiorm of monolayers [34], i.e., they are only

one thin molecular layer (typical thickness of 22.7 nm), the same phenomena will be observed



as in the case of mineral oil film, namely redubadkscatter power caused by mechanical damping

of the Bragg-wavelength surface waves with litigendence on the effective dielectric constant.

2.1.2. Uncoherent Dual-Co-Polarized Radar Imaging System

For maritime slick-detection methods using a duapolarized (HH and VV) radar remote
sensing system, the two relevant parameters tieaamplitude data only are the Polarization Ratio

(PR) and the Polarization Difference (PD), respetyi defined (in linear units) as

0
pr=Zm 9w g<pRr<i ©)
JW aW
PD =0y, -0}, PD=0 (10)

As backscatter power over sea surface is stromge¥ipolarization than in HH, it follows that PR
varies between 0 and 1 and PD takes positive vameseflectivity at VV and HH are always
different when the SNR is greater than O dB, tteeeno realistic scenario in which backscattered
power is nonzero and PD is equal to zero). It feidrom (Eg. 9) that PR, commonly referred to as
the Bragg ratio when written in this simplified fioy is, in the limited presence of long waves,
independent of the sea surface roughnégsafid dependent only on the local incidence angte a
the relative dielectric constant [26]. Since thiatiee dielectric constant is lower for slick-coedr
areas than for uncontaminated seawater, PR cact def surface slicks through the decrease in the
relative dielectric constant. It is also consideesdan attractive parameter to distinguish between
slick-covered sea surface and oceanographic pheroifi€]. However, at least two major issues
occur when using the Polarization Ratio (PR) farkstletection at sea. First, the contrast, which is
defined as the ratio of the values obtained ovatarninated and uncontaminated areas, is low. This
limitation is evident in Fig. 2 where, for examptegre is little difference in PR between pure
seawater (line labeled 100%) and a 50-50 mixtureiloAnd seawater. Furthermore, films that are
thin relative to the radar wavelength (like biogeor thin oil film) will not influence the relative

dielectric constant and so will have, theoreticaily effect on PR.
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Fig. 2: Polarization Ratio (Bragg theory) as a fiortof incidence angle (a) at L-band for a water
content of 0% (black dashed), 25% (green), 50%) @ad 100% (blue) and (b) at X-band (red) and
L-band (blue) for a water content of 50%. A lineaixing is assumed between mineral oil and

seawater. Values of dielectric constants are freold 1.

The PD parameter is of interest for slicks detectb sea because it is proportional to the spectral
density of the ocean surface roughness [35], wiichiitered even by thin films. As discussed in
[36], the non-polarized part of the backscatteligdad is removed using PD. Therefore, PD mostly
contains contribution due to short wind-driven wawaround the Bragg wavenumber (Eq. 2),

making PD an attractive parameter for slick detectt sea [36].

2.1.3. Coherent Dual-Co-Polarized Radar Imaging System

The Polarization Difference and the Polarizationti®kaintroduced above, use only the
amplitude values of the complex dual-polarized aignWith a remote sensing system collecting
coherent acquisition, the phase between the twootarized channels is measured. In this case, the
following parameters are generally recommendedthénliterature for slick detection over the ocean

surface [10]: the modulus of the co-polarized canploherencep(yy) and the Bragg Likelihood

Ratio (BLR).
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pP= = P €™ 0< Py =1 (11)
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BLR=max ORep)} 0<BLR<1 (12)

In these equations, superscriptenotes the complex conjugat@) denotes spatial averaging, Re(.)

denotes the real part of a complex number, gpdepresents the complex scattering coefficient. In
the case of an EM signal backscattered by rouglaseirthe co-polar channels (HH and VV) are
correlated and in phase [6], [37]. It follows thia¢ complex correlation of the co-polar channel is
real number (imaginary part close to zero) andntleelulus pynvy) takes values close to 1. Thus,
these two parameters have the same behavior, naheelyalue is high (close to one) when the
Bragg scattering mechanism is dominant and theevisllow (close to zero) otherwise. However,
when the backscattered signal is corrupted by ndise phase between the co-polar channels
becomes uniformly distributed between 0 andnd the modulus of the co-polarized coherence
reaches 0.

The polarimetric coherence between the co-polariehnels can be written as the product of three

terms:

Prnvw = PscatteringPrempPsnr (13)

wherepscareringdenotes the correlation between HH and VV due#dtering mechanism (close to 1
over ocean surface) ansgemp and psyr denote temporal decorrelation and decorrelatioa tu
noise, respectively. The decorrelation time of mgvsea surface is of the order of I*Kat X-
band [38] and 1.18s at L-band [39]. For sensors operating at low @uépetition interval (PRI),
the decorrelation due to time lag between transahifiulses (alternatively polarized H and V) can
be neglected. For the two sensors investigatelderidilowing (see paragraphs 3.1 and 3.2), the PRI

are equal to 1.10s for SETHI (operated by ONERA) and 2.3%9 for UAVSAR (operated by



NASA/JPL), which is orders of magnitude smallerrthbe surface decorrelation time and assures
no temporal decorrelation between HH and Wfedp close to 1). Thus, the only remaining
decorrelation term is that induced by noise defiagd

1

— 14
1+ SNF* 19

IOSNR:

This equation exhibits the strong dependence offrthéulus of the co-polarized complex coherence
(punvv) as well as the BLR, on the SNR. Following (Eq), Bh SNR equal to 10 dB (respectively 5
dB) induces a decorrelation between the two corpald channels of 10% (respectively 25 %).

In addition to their strong dependence on the Sbé#g normalized by the amplitude of the co-
polarized backscattering coefficiept;nw and BLR are both more strongly affected by noisev(l
SNR) than the intensities alone. To overcome imgdtion while exploiting the potential of these
parameters, we propose to use the Hermitian PrqéiiRt between the two co-polarized channels,

defined as

HP=(S,.S) (15)

2.1.4. Coherent Dual-Polarized Radar | maging System

A way to represent polarimetric information colledtby a coherent dual-polarized (HH and
HV or VV and VH) remote sensing system is the Ssokermalism [40]-[42]. The Stokes

parameters are a set of four valueg & S, ) describing the polarization state of an EM wave:
2 2
S = (B[ +[E[) (16)
2 2
s =(E[-E[) an

s, =2RdE, E,)) (19)



s, =2Im((E,E,)) (19)

where Re(.) and Im(.) select the real or the imagirvalue (respectively) of a complex number. E
is the measured complex voltage in the subscriptéarization and is independent of polarization
state of the transmitted wave. Using this formalismthors have proposed to use the Degree of

Polarization (DoP) for ship or maritime pollutioatdction [43]-[45].

[ 2 2 2
DoP = 31+§Oz+53 0<DoP<1 (20)

Over ocean surface, the EM wave is well polariZzéd [and the DoP is close to one. When the
received signal is dominated by noise, as in thee dar slicked surfaces imaged by most of
spaceborne SARs available today, the measuredisigpaear depolarized and the DoP reaches
values close to zero.

These last four parameterpuyvw, BLR, HP and DoP), derived from co-polarized ceimr
acquisitions, are recommended in the literatureofbslick detection and the proposed justification
comes from their ability to distinguish Bragg sedtig (over clean sea surface) to another
scattering mechanism that may occurs over slickecay area. However, the impact of noise on
these parameters is often omitted whereas, as wejhst seen, it may have a predominant effect.

An analysis of the impact of noise will be propogse&ection 4.4.

2.2.Quad-Polarized Synthetic Aperture Radar

Many methods using quad-polarized remote sensitg @ proposed in the literature to
detect ocean surface covered by a slick. For @&weuhe reader is referred to [10] and [46]. Here
we consider a few parameters dependent on allipateoms, namely the Conformity Coefficient

(w), originally proposed by [47] for remote sensingplcation over land surfaces, the first



eigenvalue X;) and the Entropy (H) based on the eigenvalue dposition of the covariance

matrix, C [48][49].

U= 2(RG(SHH S*/V)_‘SHV‘ )

= -1l<u<l (21)
S ‘2 + Z‘SHV‘Z +‘S\N‘2

(Sul) V2(SuS) (SwSi) |
C=|V2(SySi) 2|Sw[) V2(SuS) 22
(SwS) v2(SwSw) {ISnl")

Over ocean, as the cross-polarized signal is \@&y the conformity coefficient can be interpreted
in the same way as the co-polarized coherencelBqor the Bragg Likelihood Ratio (Eq. 12). A
very simple algorithm with a threshold equal toozes proposed in [50] for oil slick detection. The
entropy has similar interpretation to that of thegbee of Polarization, but with values near zero
corresponding to one dominant scattering mechaaistinvalues close to one when multi-scattering
occurs or when signal is corrupted by noise.

The main issue which occurs when working with gpathrized SAR data is the low power of
backscatter signal in the cross-polarization chien(téV and VH). For most of spaceborne SAR
sensors available today, the backscattered sigeakuned in cross-polarization over slick-covered
area is low and close to the instrument noise fland sometimes even lower. This strongly impacts

values of polarimetric settings computed from thda&.

3. EXPERIMENTAL DATA

Two experimental campaigns of measurements ard umsehis paper: NOFO'2015 and
POLLUPROOF'2015. POLLUPROOF'2015 was conducted ay K015 over the Mediterranean

Sea (off the French coasts, around 42°45' N, ®23%ind focused on the release and subsequent



observation of several hazardous and noxious suteta(HNS) that are meant to represent the
majority of chemicals commonly transported by sEae primary goal of this experiment is to
establish a procedure for collecting evidence lefjdl maritime pollution by HNS using airborne
sensors [27]. SAR imageries over controlled releasfeFatty Acid Methyl Esters (FAME) and
rapeseed oil, conducted during the POLLUPROOF'Zferiment, are investigated in this study
(Table 2). Vegetal oils (like plant oil or rapese®t) have already been imaged by SAR sensors as
they are often used to simulate a natural monomtdediogenic slick [9][12]. NOFO'2015 was
conducted from the ®to the 14 of June 2015 during NOFO's oil-on-water exerciBhis
experiment aims at testing recovering systems dififomn at sea by hydrocarbons. During the
exercise, airborne and spaceborne acquisitions eatected over the offshore spill areas (North
Sea, around 59°59' N, 2° 27' E). In the followimg focus on SAR imageries collected by the
French and American airborne sensors on thef@une 2015. For the investigated experiment, the
released product is an emulsion of mineral oil mter, with a water content of 60 % (Table 2). It
consists of a mix of water, Oseberg crude oil asdhall addition of IFO 380 (Intermediate Fuel Oil
or marine diesel oil, with viscosity of 380 mst). For the trial, 45mof mineral oil emulsion were
discharged at sea. Large swath remote sensingcddexted by UAVSAR (see 3.2), allows to
measure the full extent of the hydrocarbon-coveread, namely 5.4 kmAssuming all the 45Fof
mineral oil emulsion released at sea was on thiaeirone can estimate the upper limit of the
average slick thickness, namely 8.3 um. The effedtinickness is lower, modeling achieved the
10" of June, during another spill exercise and fohaigwinds, indicates that only about 50 % of

the released oil was on the surface a few houes tife released [51].



TABLE Il
ENVIRONMENTAL CONDITIONS AND PROPERTIES OFRELEASED SUBSTANCES

' . . . Wave
Date of Time of Amount of  Released Time of ~ Wind Wind height(m)
release release | substance  'maging speed direction at time of
(UTC) reiease (UTC)  (m/s) (from-deg) maging
220 15:00-15:30  1th  Rapeseedoil  16:07 7 315 2
22May, 15051540  11h FAME 16:07 7 315 2
2015
OJoiE 06:30-08:00 45t Mineralol  09:56 5 270 1
09 oiE" 06:30-08:00 45t Mineraloil  10:01 5 270 1

The methodologies and the results presented ifiottwaving are based on SAR data collected by
SETHI, the remote sensing imaging system develdpe@®NERA, as well as experimental data
acquired by UAVSAR, the airborne sensor of JPL/NAS¥ections 3.1 and 3.2 below briefly
present the two SAR systems used here. Table 3 aumen all SAR scenes investigated in this

paper.

TABLE 11l
PROPERTIES OFSAR SCENESINVESTIGATED IN THISSTUDY. INCIDENCEANGLE AND NESZVALUES ARE THEMINIMUM
AND MAXIMUM ACROSS THEMAGING SWATH.

Incidence NESZ

Frequency Polarization Time

Sensor band mode Experiment Date (UTC) angle (dBr/ m?)
(deg
22 May, i :
SETHI L Quad-Pol  POLLUPROOF 25 M@ 16:07  34/52  51/-53
SETHI L Quad-Pol NOFO Oggf[‘e 1001 34/52 -51/-53
UAVSAR L Quad-Pol NOFO Oggf[‘e 0956 19/51 -45/-51

3.1.SETHI: Airborne Quad-Polarized SAR Sensor

SETHI is the ONERA airborne remote sensing lalmyatlesigned to explore the science
applications of remote sensing [52]. It is a podduh system operating onboard a Falcon 20

Dassault aircraft, flying at an altitude of 9 000 f



For both POLLUPROOF'2015 and NOFO'2015 campaigmad-gpolarized SAR data were acquired
at L-band, with a range resolution of 1.0 m (bamtdwifrom 1.25 to 1.4 GHz). Images are
processed with an azimuth (along-track) resolugignal to the range resolution. Imaged area is 9.5
km in azimuth and 1.5 km in range, with incidenoglas from 34° to 52°. The instrument noise
floor has been estimated using the method propos¢d3] and the results are shown in Fig. 3
below. The estimated NESZ is very low, ranging fraraund -51 to -53 dB, allowing a sufficiently
high SNR over slick-covered areas for valid analysfi surface characteristics. Examples of high

resolution PoISAR images acquired by SETHI at Lebare shown in Section 4.

-50

51+

-52¢

NESZ (dB)

-53+

541

-5 L L L L
%0 35 40 45 50 55
Incidence angle (deg)

Fig. 3: SETHI - POLLUPROOF'2015 and NOFO'2015 ekpent - Instrumental noise floor.

3.2. UAVSAR: Airborne Quad-Polarized SAR Sensor

During the NOFO'2015 experiment, UAVSAR (Uninhallit Aerial Vehicle Synthetic
Aperture Radar, developed by NASA [54]) acquiredhdipolarized SAR data at L-band over
controlled releases of mineral oil at sea, flyingaa altitude of 35 100 ft. The data used in this
analysis were acquired on 9 June 2015, within Sutes of SETHI and over the same area. They
are processed with a resolution of 5 m in range A@dm in azimuth (multi-look format). The
incidence angle ranges from 19° to 51° across weths The instrument noise floor has been

estimated using the same methodology as for theHBBMme [53] and it is shown in Fig. 4. The



NESZ is very low, ranging from around -45 to -51, diBowing as for SETHI a sufficient SNR over

sea surface covered by slicks for valid analysisuoface properties.
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(a): UAVSAR - VV polarization - NOFO'2015 (b): UAVSAR - NESZ

Fig. 4. UAVSAR - NOFO'2015 experiment, June 09,209:56 UTC - VV image (a) and
instrumental noise for the corresponding acquisifl). The oil slick is located at incidence angle

~40 to 50° in the image.

The literature on remote sensing over maritimeypih is very prolific and we can find many
illustrations of airborne or spaceborne SAR imagewer oil slicks but none have compared
multiple low NESZ instruments operating in the sabamd with near simultaneous imaging the

same slick, which is done herein.

4. METHODOLOGY AND PERFORMANCE ASSESSMENT

We use Receiver Operating Characteristic (ROC) esurto characterize the detection
capabilities of the polarimetric parameters disedsi® Section 2 [55]. This is an extension of the
methodology published in [13] using a much largatadet and a more comprehensive set of

parameters. ROC curves are obtained by plottingptiodability of detection (Pd) against the



probability of false alarm (Pfa), and they quantifiyje performance of a detector as its
discrimination threshold is varied. In other worB€)C graphs depict the trade-off between hit rates
and false alarm rates of detectors [55]. The proaeds as follows (Fig. 5): we manually select
areas of clean sea surface (i.e. the backgrourdiklaok (i.e. the area of interest) and compute for
each investigated polarimetric parameters the dniatos of values within the two regions. Then, for
all possible values of the detection threshold,cateulate Pd as the fraction of samples in within
the area of interest that exceed the thresholdPdadhs the fraction of samples in the background
that are below the threshold. We will use thesaltes$o develop an instrument-independent ranking

of the detection capabilities of each polarimgpacameter.

4 T T T
<« Area of interest
35 =
L =« Threshold |
25} .

D\ < Background

0 01 02 03 04 05 06 07 08 09 1
Value

Fig. 5: Overview of histogram thresholding for RO@ves computation based upon separation of

two classes.

4.1.Sea Surface Slicks Observation

We begin by evaluating the quad-pol SAR data aequay SETHI (Fig. 6) over a controlled
release of mineral oil (NOFO’2015 experiment). Hugse images, the wind direction is from the

top right. Wind information was obtained from theriWegian Meteorological Institute and is given



in Table 2. The oil slick is observable as a dadaawith a ship’s wake running through the slick.
Within the lower part of the slick, the passaga afiechanical recovery boom (MOS Sweeper [56])
appears to have left a relatively clean sea surfatages show a feathered structure along the top
of the slick, due to the effect of the wind.

Interestingly, while the upper limit of the slickitkness (8.3 um) has been estimated to be at least
one-hundredth of the penetration depth at L-baygidally of order millimeters for water content

greater than 50% — see. Fig. 1), the mineral mks$$ observable in the PR images (Fig. 6 — (d)).
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(a): SETHI, L-HH, NOFO'2015, 09 June 2015, 10:01 UTC
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(b): SETHI, L-VV, NOFO'2015, 09 June 2015, 10:01 UTC
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(c): SETHI, L-PD, NOFO'2015, 09 June 2015, 10:01 UTC



Range distance (km)

Azimuth distance (km)

(d): SETHI, L-PR, NOF0'2015, 09 June 2015, 10:01 UTC
Fig. 6: SETHI NOFO'2015 - L-band SAR data acquivedr mineral oil released at sea - June 09,

2015 - 10:01 UTC - HH (a), VV (b), PD (c) and PR @gdiantities - multi-look 7x7.

Low backscattering values from slick covered arems lead to low SNR values. Therefore, it is
critical that we ensure sufficiently high SNR valueefore undertaking any analysis. SNR values
along a transect through data obtained by SETHihduhe NOFO'2015 experiment is shown in
Fig. 7. The curves have been computed across @ raagsect at azimuth 2.1 km. The slick is
between 3.85 km (incidence angle 44.2°) and 4.Jikoidence angle 49.4°). The SNR values are

high (even in cross-polarization) to allow for pataetric analysis of the surface properties.

40

35}
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Fig. 7: SETHI Signal to Noise Ratio (SNR) in potation HH (red), HV (green), VV (blue) -

Range transect for azimuth 2.1 km (see. Fig. 6nheX9, 2015 - 10:01 UTC



4.2.Evaluation of Polarimetric Parameters for Slick &ion: mineral oil

We first focus on SAR data collected by SETHI owemeral oil spill (NOFO'2015
experiments). Fig. 8 shows areas selected for R@@s computation where the uncontaminated
sea surface (background) is outlined by the blue &od the contaminated area of interest is
outlined by the red box. Note that the average $NRputed over the two regions (Table 4) is at

least equal to 10dB.

-20

-25

Range distance (km)

-30

-35

Azimuth distance (km)

Fig. 8: Areas selected for ROC curves computatiblue box: clean sea surface, red box: slick area

- SETHI, NOFO'2015 experiment, June 09, 2015 1QTC - multi-look 7x7.

TABLE IV
SIGNAL TO NOISERATIO - SETHI,NOFO'2015EXPERIMENT, 09 JUNE 201510:01UTC
. Incidence
Region angle (deg) HH HV vV
Clean se 44.5°¢ 26.5 dE 16.4 dE 34.1 dE
Oil slick 44 5¢ 21.5dE 10.2 dE 28.0 dE

ROC curves (Fig. 9) shows that PD and VV are thstratficient parameters for mineral oil slicks
detection (i.e. for a given value of Pfa, they éxhthe greater value of Pd). HV has good
performance of detection and is better than HHdar values of Pfa. This result for HV, which is
consistent with results obtained with UAVSAR datastronger wind conditions [18], is possible
because of high SNR over the entire image. Thenfonad that most of the quad-polarimetric

parameters have low Pd values for all Pfa valubss@& results seem to indicate that the same main



scattering mechanism occurs over both contaminatetl uncontaminated sea surface, namely
surface reflection and Bragg scattering [25]. Taftm this, we note that the polarimetric Entropy,
computed with a high SNR even over polluted aredpw both over clean sea surface and area
covered by oil: mean entropy values are respegtieglal to 0.18 and 0.17. This indicates that only
one dominant scattering mechanism occurs, whicliroos previous observations [16][18] for the
NOFO’2015 exercise and the original observatiorelasn UAVSAR L-band data acquired over

the Deepwater Horizon oil spill accident [25].
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Fig. 9: Probability of Detection (Pd) vs Probalilif False Alarm (Pfa) computed for all
investigated parameters — The top figure is a zobthe above figure for Pd greater than 98 %.

SETHI, NOFO'2015 experiment, June 09, 2015 10:0CUT

We now investigate SAR data collected with UAVSARridg the same NOFO'2015 experiment
(mineral oil). As for SETHI, the UAVSAR instrumerd characterized by a very low noise floor,
which suggests a good complementarity of the resabtained with the two airborne sensors. The
imaged ocean surface is the same as for the pe\B&ITHI analysis (Fig. 8) and the time lag
between the two acquisitions is only equal to 5utés. For UAVSAR ROC graphs analysis,
contaminated and clean sea surface are close se s&ected for SETHI (Fig. 8 and Fi). The
NESZ is optimal (areas choosen close to the middi¢he swath) and Signal to Noise Ratio
corresponding to the selected regions are giveteTabAs for SETHI, the levels are very high (at

least 7 dB), which ensures a relevant analysis bwtr slick-free and oil-covered sea surfaces.

TABLE V
SIGNAL TO NOISERATIO - UAVSAR, NOFO'2015EXPERIMENT, 09 JUNE 201509:56UTC
. Incidence
Region angle (deg) HH HV \AY
Clean sea 40.6° 17.8 dB 11.4 dB 26.7 dB

Oll slick 40.6°¢ 13.4 dE 6.8 dE 20.2 dE
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Fig. 10: Areas selected for ROC curves computatioine box: clean sea surface, red box: slick

area - UAVSAR, NOFO'2015 experiment, June 09, 208:56 UTC

ROC graphs shown in Fig. 11 demonstrate that tisé firformance of detection are given by the
cross-polarized channel (HV), followed by VV, PDdan; (the three curves are almost
superimposed on Fig. 11), then we found HH andHleemitian Product (HP) and finally the

conventional quad-polarimetric parameters: Entrdpglarization Ratio, Degree of Polarization,
dual-pol coherence, Bragg Likelihood Ratio and ©@omity Coefficient. These results are very

close to those obtained by SETHI.
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Fig. 11: Probability of Detection (Pd) vs Probalibf False Alarm (Pfa) computed for all
investigated parameters — The top figure is a zobthe above figure for Pd greater than 90 %.

UAVSAR, NOFO'2015 experiment, June 09, 2015 09:5€U

4.3. Evaluation of Polarimetric Parameters for Slick &ibn: vegetal oil

We investigate now Fatty Acid Methyl Esters (FAM&)d rapeseed oil releases imaged by
SETHI during the POLLUPROOF'2015 experiment (Fig). Because of their physico-chemical
properties, these two substances have differeravb@is once released into the ocean. FAME forms

a cloud in the water column composed by micro-drtgphvhile rapeseed oitemains above the



surface and produce a film [27]. These two behavimve been highlighted in [27], using the oil-

water mixing index introduced in [26].
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(d): SETHI, L-PR, POLLUPROOF'2015, 22 May 2015, 16:07QJ
Fig. 12: SETHI POLLUPROOF'2015 - L-band SAR dakday 22, 2015 - 16:07 UTC - HH (a),

VV (b), PD (c) and PR (d) quantities - multi-look7/- FAME is indicated by the red box, rapeseed

oil by the green box, the blue box correspondsroxdure between the two products.

The slick contains both substances. FAME appeatb®teft part of the spill and covers a surface
of 0.29 knf (see red box in Fig. 12). Rapeseed oil correspomdise right part of the spill (green
box in Fig. 12) and covers a surface of 1.26.Km between, there is a mixture of the two prosuct
(blue box in Fig. 12). From the amount releasedipeb (1 i) and the area covered by the spill, the
average thickness of the rapeseed oil spill isreged to be equal to 0.8 um. This is approximately
three orders of magnitude thinner than the penetratepth at L-band. Thus, the relative dielectric
constant measured by the radar should be unaffégtéide oil slick, and as expect, no signature of
the rapeseed oil is observed in the PR image (g- (d)).

Clean sea surface and surface covered by rapegde/e been chosen and ROC curves computed
for the selected areas. As for mineral oil analytsis SNR is again very high (see Table 6), attleas

14 dB, over both covered and free sea surfaces.

TABLE VI
SIGNAL TO NOISERATIO - SETHI,POLLUPROOF'201EXPERIMENT, 22 MAY 201516:07UTC
. Incidence
Region angle (deg) HH HV \AY
Clean se 42.5° 30.7dB 18.7dB 36.€dB
Oil slick 42.5° 26.7dB 14.€dB 33.1dB

Similarly to that obtained over mineral oil slickge observe that over rapeseed oil release most of
quad-polarimetric parameters (Bragg Likelihood Batntropy, co-polarized coherence ...) give
very poor performance of detection while ampliteth@nnels are very powerful: HV gives the best

performance of detection, followed closely by HH, VV, HP and PD. We note finally that an



identical ordering of the investigated parametemhtained when selected sea surface contaminated

by FAME instead of rapeseed oil (ROC curves notshbere).
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Fig. 13: Probability of Detection (Pd) vs Probalibf False Alarm (Pfa) computed for all
investigated parameters. SETHI, POLLUPRROF'201®expent (rapeseed oil), May 22, 2015

16:07 UTC

This analysis, based on ROC graphs obtained witR $lata acquired by two airborne remote
sensing sensors, both characterize by a very lstmiment noise floor, demonstrate that, in most of
the cases, the best performance of detection endby the VV amplitude channel. Sometimes, a
slight improvement could be obtained with the cypskrized channel (but with the strictly
necessary condition of having a very high SignaNtwse Ratio) or with polarization-dependent
parameters like the Polarization Difference. Whé&iRSlata are collected with a very low NESZ,
the backscattered signal is not corrupted by ndls®,EM wave is well polarized and only one
scattering mechanism occurs over both clean anthconated sea surface (low entropy values
over both surfaces). When the SNR over slick-cavexreea is not as high as with the airborne

acquisitions analyzed here, as for the spacebofi®s Qwvailable today, the instrument noise level



could impact the performance of detection of pal@tric parameters. The paragraph below is then

focused on this particular and fundamental aspect.

4 4. Instrument Noise Effect

To study how the NESZ impacts the ROC curves obthfor the investigated features, we
added increasing levels of white Gaussian noisen 6 to 30 dB, to the raw SAR data collected by
SETHI during the NOFO’2015 experiment. We then pssed the noisier data using the standard
processing software (Fig. 14). We note that wheisens increased by 15 dB (Fig. 14 — (d)), its
effect in the VV image is seen. When 30 dB of nassadded, the slick is no longer observable in
the VV image (Fig. 14 — (f)).

We now assess the detection performance for alllated instrument noise levels. ROC curves are

computed over the areas shown in Fig. 8. Resultsdme selected radar quantities are given Fig.

15 and conclusions are as follows:

* For a given Pfa, Pd for HH, VV, and HV decreas&Bf decreases. When the additive noise is
less than 10 dB, the ROC curves are largely unathng

* For a given Pfa, Pd increases for the polarimgiaiameters for additive noise values less than
20 dB. Then, performance of detection decreasdsguiater levels of additive noise.

Thus, in contrast to the amplitude values, the ghbdly of detection for the polarimetric

parameters increases with the instrument noisersp &s the SNR is sufficiently high over clean

sea surface, and decreases when the SNR oveffreleelarea becomes low. As SNR decreases, the

received signal is increasingly corrupted by na@sd the EM wave becomes randomly polarized

(DoP goes to 0 and Entropy goes to 1). With swdfily high noise levels, both contaminated and

uncontaminated sea surfaces will be randomly paddriand no further separation between the two

regions is possible. SNR values as well as meamevail DoP and Entropy over clean sea and oil

slick are given Table 7 and Table 8 below.
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TABLE VII
SIGNAL TO NOISERATIO - SETHI,NOFO'2015EXPERIMENT, 09 JUNE 201510:01UTC

. Noise
Region adde HH HV vV

0 dE 26.5 dE 16.4 dE 34.1 dE

5 dB 21.5 dE 11.4 dE 29.1 dE

10 dE 16.5 dE 6.4dE 24.1 dE

Cleansea g qp 11.5 dE 1.4 dE 19.1 dE
20 dE 6.5 dE 3.6 dE 14.1 dE

30 dE 3.5 dE -13.6 dE 4.1 dE

0 dE 21.5dE 10.2 dE 28.0 dF

5 dR 16.5 dE 5.2 dE 23.0 dE

- 10 dE 11.5 dE 0.2 dE 18.0 dE
Oil slick 15 dE 6.5 dE -4.8 dE 13.0 dE
20 dE 1.5 dE -9.8 dE 8.0 dE

30 dE -8.5 dE -19.8 dE 2.0 dE

TABLE VIl

DEGREE OFPOLARIZATION, ENTROPY
SETHI,NOFO'2015EXPERIMENT, 09 JUNE 201510:01UTC

Region gg('jse? DoP Entropy
O dE 0.9¢ 0.17
5dE 0.9: 0.1¢
10 dE 0.€ 0.2¢

Cleansea 15 4E 0.8¢ 0.3
20 dE 0.7t 0.4¢

30 dE 0.67 0.5¢

O dE 0.92 0.1¢

5dE 0.8¢ 0.2t

oo 10 dE 0.81 0.3¢

Oilslick 75 g 0.72 0.4¢
20 dE 0.67 0.5t
30 dE 0.6¢€ 0.57

5. DISCUSSION

Our analysis of L-band SAR data collected by SE&Rd UAVSAR, two airborne sensors that
have low instrument noise floor, allows us to folate the following ordering of polarimetric
parameters for region-based slick detection:

e Group 1: VV, HV, PD and,;

e Group 2: HH and HP

e Group 3: Entropy, PR, DoPynvv, BLR, p



The parameters in the first group all provide hpginformance of detection based on the ROC curve
results. The presence of each parameter in grogpcam be understood through the Bragg-
scattering model. In this framework, VV always lias highest amplitude and HH and VV always
have different reflectivities, ensuring that PD dakpositive values. In the tilted-Bragg-scattering
model, HV has a nonzero amplitude that is alwags than both HH and VV. As a result, the first
eigenvalue of the covariance matrix is dominated/®yand, to a lesser extent, HH. The control of
VV on the value of the first eigenvalue explainsywthe first eigenvalue is a high performing
parameter. As previously reported in [18], HV penis well where the instrument noise floor is
low because, to a good approximation in the tiBedgg model, HV amplitude is proportional to
PD.

The second group of parameters, composed of HHttadHermitian Product (HP) between HH
and VV channels, gives good performance of detectialthough slightly lower than the
performance of group 1. We show that HH channdlightly less effective than VV for slick
detection, owing to the lower amplitude of HH relatto VV in the Bragg-scattering model.
However, we emphasize that HH is effective foridgishing slicks from relatively clean sea
surfaces. HP suffers from the decrease in detepgoiormance of HH compared to VV.

We place all remaining parameters in group 3, winak the worst capabilities of detection. The
parameters in group 3 are the co-polarized cohergngiv), Bragg Likelihood Ratio (BLR),
Entropy (H), Degree of Polarization (DoP) and Comfity Coefficient {(1). For these parameters,
detection performance seems to be very stronglseladed with the instrumental noise and their
interest in a sea pollution detection scheme igunsent-dependent. For a sufficiently high SNR,
the EM wave backscattered by the slick-free sefaseremains well polarized (DoP close to 1 and
Entropy close to 0) while it becomes less and [@slarized over the contaminated area (DoP
decreases, Entropy increases) and then performahaksection increase. When the instrumental

noise become highly-depredated (low value of SNR¢, EM wave becomes likely randomly



polarized over contaminated and uncontaminatedwséaces and no further separation between the
two regions is possible.

The hierarchy that we propose here is obtained fteband airborne SAR data collected over
vegetable and mineral oil slick released during ematé wind conditions. A similar study is
proposed in [16] and [18], with [18] evaluating tharameters during transport and evolution of
mineral and plant slicks. The major differencesuaenn all these studies being the proposed method
of measuring the capabilities of detection of tifetent quantities investigated and the fact that
slicks studied in [16] and [18] were thinner, foufeom the release of 0.2-0.5°mf material rather
than 45 m as the slick in our study. In [16], SAR data acediby UAVSAR, TerraSAR-X and
RADARSAT2 at nearly the same time over mineral gpills under high wind conditions are
investigated using many of the same parametergrah They found likewise that VV intensity is
the most efficient parameter for slick-sea detectibhe HV channel was not investigated in [16]
because of the low SNR of the satellite data. THY®AR image investigated in [16] are also
studied in [18], combined with 17 other images cowgethe evolving slicks over an 8-hour period.
In the latter, the proposed methodology to order blarimetric parameters is slightly different
than in [16], and the authors also found that V\emsity is very efficient for slick-sea
discrimination. The HV channel was studied in [&8[d, similarly to results obtained herein, they
found that the cross-polarized channel is veryaetive for slick detection over ocean surface when
employed SAR data are acquired with a very lowrumental noise floor. Comparing [16], [18]
and the results that we report here, there isa censensus on the use of VV or HV channels for
slick detection at sea. The main difference betwesults obtained in this paper and those reported
in [16] and [18] concerns the performances of detacgiven by the Polarization Difference.
Indeed, we found here, and as already reportedl®j, [[17] and [36], that the Polarization
Difference is one of the most efficient parameterdlick-sea discrimination. This difference could
be due to the different wind conditions, sea s@telick thicknesses, and highlights the complexit

of slick detection across the range of variabledeunvhich they can occur.



6. CONCLUSIONS

To guide the selection of the most appropriate S&Rging mode for marine pollution
detection, a methodology based on ROC curves d@sdigs been reported in this paper. The ROC
analysis accounts for the non-Gaussian tails ofpttedability distribution of parameter values,
which are particularly important for the slick-cogd areas. We compare the probabilities of
detecting a slick to the probabilities of a falézra for a range of detection thresholds, to rdmk t
various polarimetric parameters in order of sliékattion performance, from best to worst. The
originality of the results reported in this papes| firstly, in the quantitative evaluation of azeén
of common polarimetric parameters for detectingitimae slicks, and secondly, in the uniqueness
of the studied dataset collected by two airbornmesses operating at L-band, both of which are
characterized by a very low instrument noise flomt, currently available from spaceborne SARs.
This makes the parameters more sensitive to thacguproperties and less influenced by the
sensor. The third originality of this paper liestie analysis of the instrument noise effect on the
performance of detection offered by the studiechpesters. This is done by progressively adding
white Gaussian noise directly to the raw SAR datal then processing the noisier data using the
standard processing software.

We find that HV amplitude can outperform all othawestigated amplitudes and polarimetric
settings whenever the instrument noise is suffttydow. However, as instrument noise increases,
HV amplitude and all polarimetric parameters tley on HV become corrupted by noise and their
slick-detection performance diminishes. HV is clgs®llowed by the investigated co-polarized

settings (ordered in the following: VV, PD, HH aHhi®), while being more robust to a lower SNR
than the cross-polarized channel.

We note that this relative ordering is determinedmf a single combined set of sea state,
meteorological conditions and slick properties, dadher work is needed to expand to other

conditions, in particular lower wind speeds andedént slick thickness.



For detecting slicks on the sea surface, we thiak YV parameter offers the best tradeoff between
the benefit of detection performance and the eettument and data requirements.

We find that the co-pol amplitudes (HH and VV) ana polarimetric parameters, the Polarization

Difference and the first eigenvalue of the quad-poVariance matrix, are more robust in the

presence of instrument noise than the cross-pol) @ikplitude and quad-polarimetric parameters.
This disparity in robustness is due to higher cbgroplitudes relative to the cross-pol amplitude
and the strong impact of instrument noise on Pol$&Rameters. This implies that polarimetric

quantities which combine the four polarimetric chels have performances of detection mainly

driven by the NESZ.
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