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Remote sensing technology is an essential link in the global monitoring of the ocean surface and radars are efficient sensors for detecting maritime pollution. When used operationally by authorities, a tradeoff must usually be made between the covered area and the quantity of information collected by the radar. To identify the most appropriate imaging mode, a methodology based on Receiver Operating Characteristic (ROC) curve analysis has been applied to an original dataset collected by two airborne systems operating at L-band, both characterized by a very low instrument noise floor. The dataset was acquired during controlled releases of mineral and vegetal oil at sea. Various polarization-dependent quantities are investigated and their ability to detect slickcovered area is assessed. A relative ordering of the main polarimetric parameters is reported in this paper. When the sensor has a sufficiently low noise floor, HV is recommended because it provides SAR Imagery for Detecting Sea Surface Slicks:

Performance Assessment of Polarimetric Parameters the strongest slick-sea contrast. Otherwise VV is found to be the most relevant parameter for detecting slicks on the sea surface. Among all the investigated quad-polarimetric settings, no significant added-value compared to single-pol data was found. More specifically, it is demonstrated, by increasing the instrument noise level, that the studied polarimetric quantities which combine the four polarimetric channels have performances of detection mainly driven by the NESZ. This result, obtained by progressively adding noise to the raw SAR data, indicates that the polarimetric discrimination between clean sea and polluted area results mainly from the differentiated behavior between single-bounce scattering and noise.

INTRODUCTION

Spaceborne and airborne remote sensing sensors are commonly used in the offshore domain for monitoring natural and anthropogenic oil slicks [START_REF] Fingas | Review of oil spill remote sensing[END_REF] [START_REF] Brekke | Oil spill detection by satellite remote sensing[END_REF]. These sensors allow the authorities and the petroleum companies to monitor the sea shipping lanes to identify possible boat fuel releases, respond to incidents occurring at surface or subsurface oil and gas facilities, and identify the occurrence of natural hydrocarbons (seeps) on the sea surface testifying to the presence of mature source rock on the ocean bottom.

Because of the constraints linked mainly to weather conditions and the risk of significant cloud cover, the use and programming of Synthetic Aperture Radar (SAR) data is usually favored over optical imagery for oil slicks detection over the ocean surface [START_REF] Gade | Using ERS-2 SAR images for routine observation of marine pollution in European coastal waters[END_REF]- [START_REF] Girard-Ardhuin | Operational oil-slick characterization by SAR imagery and synergistic data[END_REF]. SAR is a powerful tool for detecting hydrocarbons or chemicals on sea surface thanks to the sensitivity of the electromagnetic (EM) signal to the surface roughness. In calm seas, most of the transmitted energy is reflected away from the radar and the backscattered signal towards the instrument is very low. Wind-driven roughness increases the total backscatter energy from the surface. Oil films on the sea surface damp the capillary and short gravity waves that are the main source of the sea surface roughness. As a consequence, slicks appear as dark areas in the SAR image (low backscattered signal), which makes the presence of an oil slick on the sea surface detectable in radar imagery.

Several major issues are identified in the success of hydrocarbon detection in the offshore domain, the first of which remains today, the revisit time. Indeed, in an emergency situation, obtaining quick information from spaceborne sensors is decisive. This delay is constrained by the technical specificities of SAR satellite systems, the trajectory of the orbits, the location of the area of interest (there are more daily possibilities of acquisition at high latitudes than towards the equator), the data recording and downlink system and the SAR systems viewing geometry agility. Thus, very large swath modes are often selected by maritime surveillance services, to the detriment of the spatial resolution or to the amount of information potentially collected over the area of interest, like with polarimetric modes. So, monitoring services exploit mainly radar remote sensing data acquired in a single polarization mode, maximizing the covered surface of the ocean. Due to a higher backscattered signal level from the sea surface for vertically (V) polarized waves than for horizontal (H) polarization [START_REF] Valenzuela | Theories for the interaction of electromagnetic and oceanic waves -a review[END_REF], the VV channel is generally preferred to the HH one for ocean studies. Because most of spaceborne SAR systems available today have a moderate noise floor, the crosspolarization (HV or VH) channels have not been used for operational ocean slick detection.

The second major issue concerns the speed of data analysis coupled with the reliability of hydrocarbon detection. Operationally, the analysis of SAR images is mostly based on the visual identification of dark areas corresponding to oil slicks. Many oceanic and atmospheric phenomena can occur over the sea surface and manifest themselves on radar images in the same way as areas covered by hydrocarbons. These are called look-alikes and they can, e.g., originate from 1) natural biogenic surface films produced by fish or plankton, 2) young and thin sea ice, 3) low wind area, and 4) upwelling of cold water. For decades, many researches have attempted to develop methodologies to differentiate ocean areas covered by hydrocarbon from look-alikes. Today, the discrimination between biogenic film and mineral oil remains an open subject of research. The method of conventional operational SAR analysis is mainly based on the experience and expertise of the photo-interpreter. In order to help and facilitate visual inspection, many studies have been interested in the SAR signature of hydrocarbon in different acquisition configurations to identify the optimal detection method. From an instrument point of view, the relevance of the detection depends mainly on the frequency band and the sensor noise floor. For example, it has been demonstrated in [START_REF] Wismann | Radar signatures of marine mineral oil spills measured by an airborne multi-frequency radar[END_REF] that SAR images acquired at high frequency (e.g. X-or C-band) are preferable to those acquired at lower frequency (e.g. L-band) for mineral oil slick detection. In parallel with system consideration, it is essential to know what information is most relevant for detection, especially information that can be brought by the polarization of the EM waves. As many studies published in the literature have suggested that polarimetric SAR (dual-polarization or quad-polarization) parameters improve the detection capability of slicks compared to mono-polarized data, exploring the various SAR polarimetric (PolSAR) parameters accessible in the acquisition configurations is a valuable aid for operational teams in ranking the polarimetric mode to be taken into consideration.

The aim of this paper is to present a prioritization of SAR parameters to enhance and facilitate slicks detection in the offshore domain. The originality of the proposed method lies in the definition and the quantitative evaluation of PolSAR parameters obtained from airborne SAR data acquired at L-band (1.325 GHz) with a very high signal to noise ratio (SNR), over controlled releases of liquid substances (including mineral and vegetal oil) at sea. This paper is organized as follows: Section 2 summarized the state-of-the-art of PolSAR parameters proposed in the literature for slicks detection, Section 3 described the airborne SAR data used in this study, Section 4 presents the methodology used to evaluate the studied parameters and gives the results, and main discussions are in Section 5.

STATE-OF-THE-ART POLSAR PARAMETERS

Radar remote sensing techniques are of great interest for monitoring slick covered ocean surface for two primary reasons. First, EM waves are sensitive to the modification of the sea surface induced by oil. Second, SAR sensors can be used any time and in almost any weather conditions.

The physical interaction between an EM wave and a slick-covered area has been established by analyzing airborne and spaceborne data acquired over ocean surface covered by mineral oil and biogenic film [START_REF] Wismann | Radar signatures of marine mineral oil spills measured by an airborne multi-frequency radar[END_REF]- [START_REF] Gade | Imaging of biogenic and anthropogenic ocean surface films by the multifrequency/multipolarization SIR-C/X-SAR[END_REF]. Many studies have analyzed the added-value of polarimetric SAR data for slick monitoring. A useful review of polarimetric SAR parameters is given in [START_REF] Solberg | Remote Sensing of Ocean Oil-Spill Pollution[END_REF] where most of the methods published in the literature for oil slicks detection are presented. Since this publication in 2012, many researchers have attempted to assess the relevance of PolSAR parameters for oil detection. These works exploit either accidental events [START_REF] Latini | Multi-frequency and polarimetric quantitative analysis of the Gulf of Mexico oil spill event comparing different SAR systems[END_REF] or controlled releases of oil at sea, including experiments managed by the Norwegian Clean Seas Association for Operating Companies (NOFO) in the North Sea [START_REF] Skrunes | Characterization of Marine Surface Slicks by Radarsat-2 Multipolarization Features[END_REF]- [START_REF] Espeseth | Analysis of Evolving Oil Spills in Full-Polarimetric and Hybrid-Polarity SAR[END_REF]. In the following we summarize the state-of-the-art PolSAR parameters for slick detection at sea and organize the parameters by input data type.

Dual-Polarized Synthetic Aperture Radar

Radar scattering over the ocean surface

Over a rough sea surface where Bragg scattering is dominant (incidence angles in the socalled "plateau region", ranging from around 30° to 60°), the co-polarized channels (HH and VV) have higher backscatter power than the cross-polarized (HV and VH) channels. Higher backscattered power means higher Signal to Noise Ratio (SNR), which makes these channels more attractive for slick detection on the sea surface where typical SNR values can be low [START_REF] Hansen | Wave Breaking in Slicks: Impacts on C-Band Quad-Polarized SAR Measurements[END_REF]. The copolarized radar backscattered power is proportional to the normalized radar cross-section (NRCS), which is defined in Bragg scattering theory [START_REF] Valenzuela | Theories for the interaction of electromagnetic and oceanic waves -a review[END_REF] as ( )
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where the subscript p denotes either H (horizontal) or V (vertical) polarization; k EM = 2π/λ EM is the electromagnetic (EM) wavenumber corresponding to the radar wavelength, λ EM ; Γ pp is the reflectivity; W(k B ) is the spectral density of the ocean surface roughness taken at the Bragg wavenumber, k B ; and θ i is the radar local incidence angle. The spectral density of the sea surface describes the components of the ocean wave spectrum that contribute to the scattering of the radar pulses [START_REF] Ulaby | Microwave Remote Sensing: Active and Passive[END_REF], while the reflectivity describes the total power scattered from the surface. θ i , the local incidence angle of the EM wave, is defined [START_REF] Valenzuela | Theories for the interaction of electromagnetic and oceanic waves -a review[END_REF] as
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where θ is the EM angle of incidence relative to the local, untilted surface vertical direction, and ψ and ξ are defined is the following paragraph.

The sea surface is modelled as a set of slightly rough tilted facets that contributes to the backscattering of the incident radiation. Each facet has superimposed small-scale surface roughness that creates a Bragg scattering when the roughness scale is commensurate with the radar wavelength. Small-scale roughness is randomly distributed on the scattering surface and responds to the strength of local wind, which generates capillary and short gravity waves whose wavelengths are of order centimeters to decimeters with periods less than one second [START_REF] Holt | SAR imaging of the ocean surface[END_REF]. The tilt of the facet is caused by larger scale gravity waves on the ocean surface that change the local orientation, or tilt, of the short waves [START_REF] Hasselmann | Theory of synthetic aperture radar ocean imaging: A MARSEN view[END_REF]. The orientation of the facet of the sea surface is defined by two angles: ψ, which is the angle between local up and the projection of the facet normal onto the radar scattering plane, and ξ, the angle between local up and the projection of the facet normal onto the vertically oriented plane perpendicular to the scattering plane.

The co-polarized reflectivity (Γ pp ) is a function of the local geometry and the electrical properties of the scattering surface (e.g., seawater, films) such that 
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where the subscript q ( ) q p ≠ denotes either H or V polarization. The co-polarized Bragg scattering coefficients, introduced in (Eq. 4), are defined [START_REF] Valenzuela | Theories for the interaction of electromagnetic and oceanic waves -a review[END_REF] as
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They depend only on the local incidence angle of the EM wave, θ i , and the complex-valued relative dielectric constant of the imaged surface, ε r .

The relative dielectric constant ε r , defined as the ratio between the material dielectric constant and the electric constant in a vacuum, is a complex number. Its value is material-dependent and varies with the radar frequency. It will characterize how deep an electromagnetic wave can penetrate into a conducting medium. The penetration depth, δ p , is defined as the depth where the power of the propagating EM wave is attenuated by a factor of 1/e such that ( )
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where Im(.) select the imaginary part of a complex number. Typical values of dielectric constant of sea water [START_REF] Meissner | The complex dielectric constant of pure and sea water from microwave satellite observations[END_REF] and mineral oil [START_REF] Folgerø | Bilinear calibration of coaxial transmission/reflection cells for permittivity measurement of low-loss liquids[END_REF][24] are given Table 1 below. Please note that the value of dielectric constant for mineral oil is constant on the range 1-10 GHz, with a loss factor (imaginary component) close to zero, suggesting a very high penetration of the EM wave through this medium. [START_REF] Meissner | The complex dielectric constant of pure and sea water from microwave satellite observations[END_REF] AND MINERAL OIL FROM [START_REF] Folgerø | Bilinear calibration of coaxial transmission/reflection cells for permittivity measurement of low-loss liquids[END_REF] 
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where υ, ranging from 0 to 1, is the water-content of the oil-water mixing and ɛ w and ɛ oil are the relative dielectric constant of seawater and oil, respectively. It follows from (Eq. 8) that the effective dielectric constant of a mixture of oil and seawater is lower than that of seawater alone [START_REF] Minchew | Polarimetric Analysis of Backscatter From the Deepwater Horizon Oil Spill Using L-Band Synthetic Aperture Radar[END_REF]. From values given Table 1 and from (Eqs. 7 and 8), the penetration depth decreases with increasing frequency and water content, with typical penetration depth of order millimeters for water contents greater than 50% (Fig. 1). When hydrocarbon is spilled into a marine environment, the oil can be mixed with seawater within the upper few centimeters of the water column or can behave like a viscoelastic film, with approximately homogenous properties, floating on the surface. In the first case (mixing), reduction of the relative dielectric constant over the contaminated sea surface compared to surrounding slickfree area will lead to a decrease in the total radar backscattered power. In the second case (film), radar backscattered power is mainly diminished through mechanical damping of Bragg-wavelength gravity-capillary waves. The capability of radar imagery to distinguish between substances that manifest as a thin film on the sea surface or that mixes with seawater near the surface has already been demonstrated in the case of mineral oil [START_REF] Minchew | Determining the mixing of oil and seawater using polarimetric synthetic aperture radar[END_REF] and chemicals [START_REF] Angelliaume | Multifrequency Radar Imagery and Characterization of Hazardous and Noxious Substances at Sea[END_REF]. If the thickness of the film on the top of the sea surface is small compare to the penetration depth, δ p , the EM wave will penetrate the film to scatter from the water below the film, so the effective dielectric constant will be that of seawater, and not that of the product which forms the film. When the film becomes thicker (relative to the penetration depth), the dielectric properties of the scattering medium will also impact the power of the backscattered signal.

Mineral oil films over the ocean surface can form multilayers, whose thickness can vary considerably within oil patches from less than 1 µm to more than 1 mm [28]- [START_REF] Leifer | State of the art satellite and airborne marine oil spill remote sensing: Application to the BP oil spill[END_REF]. When released at sea, mineral oil mixes quickly with seawater under the action of wind and waves and will result to a water-in-oil mixing with a water content generally comprised between 50 to 75% [START_REF] Fingas | Studies on water-in-oil products from crude oils and petroleum products[END_REF].

Results shown in Fig. 1 suggest that the backscattered signal from ocean surface covered by a mineral oil film will only be impacted by the dielectric properties of the medium in the case of very thick slick and preferably for high frequency imaging radar. Otherwise, damping of the sea surface roughness will be the primary mechanisms for decreasing radar backscatter power. Because the dielectric constants of biogenic films and mineral oil are similar [START_REF] Shah | Dielectric Properties of Vegetable Oils[END_REF][33] and because biogenic films can be observed on the ocean surface only in the form of monolayers [START_REF] Gade | Imaging of biogenic and anthropogenic ocean surface films by the multifrequency/multipolarization SIR-C/X-SAR[END_REF], i.e., they are only one thin molecular layer (typical thickness of 2.4 -2.7 nm), the same phenomena will be observed as in the case of mineral oil film, namely reduced backscatter power caused by mechanical damping of the Bragg-wavelength surface waves with little dependence on the effective dielectric constant.

Uncoherent Dual-Co-Polarized Radar Imaging System

For maritime slick-detection methods using a dual-co-polarized (HH and VV) radar remote sensing system, the two relevant parameters that use amplitude data only are the Polarization Ratio (PR) and the Polarization Difference (PD), respectively defined (in linear units) as

1 0 0 0 ≤ ≤ ≈ = PR PR VV HH VV HH α α σ σ (9) 0 0 0 ≥ - = PD PD HH VV σ σ (10)
As backscatter power over sea surface is stronger in VV polarization than in HH, it follows that PR varies between 0 and 1 and PD takes positive values (as reflectivity at VV and HH are always different when the SNR is greater than 0 dB, there are no realistic scenario in which backscattered power is nonzero and PD is equal to zero). It follows from (Eq. 9) that PR, commonly referred to as the Bragg ratio when written in this simplified form, is, in the limited presence of long waves, independent of the sea surface roughness (W) and dependent only on the local incidence angle and the relative dielectric constant [START_REF] Minchew | Determining the mixing of oil and seawater using polarimetric synthetic aperture radar[END_REF]. Since the relative dielectric constant is lower for slick-covered areas than for uncontaminated seawater, PR can detect sea surface slicks through the decrease in the relative dielectric constant. It is also considered as an attractive parameter to distinguish between slick-covered sea surface and oceanographic phenomena [START_REF] Hansen | Wave Breaking in Slicks: Impacts on C-Band Quad-Polarized SAR Measurements[END_REF]. However, at least two major issues occur when using the Polarization Ratio (PR) for slick detection at sea. First, the contrast, which is defined as the ratio of the values obtained over contaminated and uncontaminated areas, is low. This limitation is evident in Fig. 2 where, for example, there is little difference in PR between pure seawater (line labeled 100%) and a 50-50 mixture of oil and seawater. Furthermore, films that are thin relative to the radar wavelength (like biogenic or thin oil film) will not influence the relative dielectric constant and so will have, theoretically, no effect on PR. L-band (blue) for a water content of 50%. A linear mixing is assumed between mineral oil and seawater. Values of dielectric constants are from Table 1.

The PD parameter is of interest for slicks detection at sea because it is proportional to the spectral density of the ocean surface roughness [START_REF] Guerin | The weighted curvature approximation in scattering from sea surfaces[END_REF], which is altered even by thin films. As discussed in [START_REF] Kudryavtsev | On Dual Co-Polarized SAR Measurements of the Ocean Surface[END_REF], the non-polarized part of the backscattered signal is removed using PD. Therefore, PD mostly contains contribution due to short wind-driven waves around the Bragg wavenumber (Eq. 2), making PD an attractive parameter for slick detection at sea [START_REF] Kudryavtsev | On Dual Co-Polarized SAR Measurements of the Ocean Surface[END_REF].

Coherent Dual-Co-Polarized Radar Imaging System

The Polarization Difference and the Polarization Ratio, introduced above, use only the amplitude values of the complex dual-polarized signals. With a remote sensing system collecting coherent acquisition, the phase between the two co-polarized channels is measured. In this case, the following parameters are generally recommended in the literature for slick detection over the ocean surface [START_REF] Solberg | Remote Sensing of Ocean Oil-Spill Pollution[END_REF]: the modulus of the co-polarized complex coherence (ρ HHVV ) and the Bragg Likelihood Ratio (BLR). 

( ) { } 1 0 Re , 0 max ≤ ≤ = BLR BLR ρ (12)
In these equations, superscript * denotes the complex conjugate, . denotes spatial averaging, Re(.) denotes the real part of a complex number, and S pp represents the complex scattering coefficient. In the case of an EM signal backscattered by rough surface, the co-polar channels (HH and VV) are correlated and in phase [START_REF] Valenzuela | Theories for the interaction of electromagnetic and oceanic waves -a review[END_REF], [START_REF] Zebker | Imaging radar polarimetry from wave synthesis[END_REF]. It follows that the complex correlation of the co-polar channel is a real number (imaginary part close to zero) and the modulus (ρ HHVV ) takes values close to 1. Thus, these two parameters have the same behavior, namely the value is high (close to one) when the Bragg scattering mechanism is dominant and the value is low (close to zero) otherwise. However, when the backscattered signal is corrupted by noise, the phase between the co-polar channels becomes uniformly distributed between 0 and π and the modulus of the co-polarized coherence reaches 0.

The polarimetric coherence between the co-polarized channels can be written as the product of three terms:

SNR Temp Scattering HHVV ρ ρ ρ ρ = ( 13 
)
where ρ Scattering denotes the correlation between HH and VV due to scattering mechanism (close to 1 over ocean surface) and ρ Temp and ρ SNR denote temporal decorrelation and decorrelation due to noise, respectively. The decorrelation time of moving sea surface is of the order of 1.10 -2 s at Xband [START_REF] Plant | The dependence of microwave backscatter from the sea on illuminated area: Correlation times and lengths[END_REF] and 1.10 -1 s at L-band [START_REF] Milman | A theory of the synthetic aperture radar images of time-dependent scenes[END_REF]. For sensors operating at low pulse repetition interval (PRI), the decorrelation due to time lag between transmitted pulses (alternatively polarized H and V) can be neglected. For the two sensors investigated in the following (see paragraphs 3.1 and 3.2), the PRI are equal to 1.10 -7 s for SETHI (operated by ONERA) and 2.3.10 -6 s for UAVSAR (operated by NASA/JPL), which is orders of magnitude smaller than the surface decorrelation time and assures no temporal decorrelation between HH and VV (ρ Temp close to 1). Thus, the only remaining decorrelation term is that induced by noise defined as
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This equation exhibits the strong dependence of the modulus of the co-polarized complex coherence (ρ HHVV ) as well as the BLR, on the SNR. Following (Eq. 14), an SNR equal to 10 dB (respectively 5 dB) induces a decorrelation between the two co-polarized channels of 10% (respectively 25 %).

In 

Coherent Dual-Polarized Radar Imaging System

A way to represent polarimetric information collected by a coherent dual-polarized (HH and HV or VV and VH) remote sensing system is the Stokes formalism [START_REF] Born | Principles of Optics[END_REF]- [START_REF] Touzi | A review of polarimetry in the context of synthetic aperture radar: Concepts and information extraction[END_REF]. The Stokes parameters are a set of four values (S 0 , S 1 , S 2 , S 3 ) describing the polarization state of an EM wave:
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where Re(.) and Im(.) select the real or the imaginary value (respectively) of a complex number. E is the measured complex voltage in the subscripted polarization and is independent of polarization state of the transmitted wave. Using this formalism, authors have proposed to use the Degree of Polarization (DoP) for ship or maritime pollution detection [START_REF] Touzi | Ship detection and characterization using polarimetric SAR[END_REF]- [START_REF] Nunziata | On the degree of polarization for SAR sea oil slick observation[END_REF]. [START_REF] Holt | SAR imaging of the ocean surface[END_REF] Over ocean surface, the EM wave is well polarized [START_REF] Zebker | Imaging radar polarimetry from wave synthesis[END_REF] and the DoP is close to one. When the received signal is dominated by noise, as in the case for slicked surfaces imaged by most of spaceborne SARs available today, the measured signals appear depolarized and the DoP reaches values close to zero. These last four parameters (ρ HHVV , BLR, HP and DoP), derived from co-polarized coherent acquisitions, are recommended in the literature for oil slick detection and the proposed justification comes from their ability to distinguish Bragg scattering (over clean sea surface) to another scattering mechanism that may occurs over slick-covered area. However, the impact of noise on these parameters is often omitted whereas, as we have just seen, it may have a predominant effect.

1 0 0 2 3 2 2 2 1 ≤ ≤ + + = DoP S S S S DoP
An analysis of the impact of noise will be proposed in Section 4.4.

Quad-Polarized Synthetic Aperture Radar

Many methods using quad-polarized remote sensing data are proposed in the literature to detect ocean surface covered by a slick. For a review, the reader is referred to [START_REF] Solberg | Remote Sensing of Ocean Oil-Spill Pollution[END_REF] and [START_REF] Migliaccio | SAR polarimetry for sea oil slick observation[END_REF]. Here we consider a few parameters dependent on all polarizations, namely the Conformity Coefficient (µ), originally proposed by [START_REF] Truong-Loi | The conformity coefficient or how to explore the scattering behaviour from compact polarimetry mode[END_REF] for remote sensing application over land surfaces, the first eigenvalue (λ 1 ) and the Entropy (H) based on the eigenvalue decomposition of the covariance matrix, C [START_REF] Cloude | A review of target decomposition theorems in radar polarimetry[END_REF] [START_REF] Cloude | An entropy based classification scheme for land applications of polarimetric SAR[END_REF].

( ) ( ) Over ocean, as the cross-polarized signal is very low, the conformity coefficient can be interpreted in the same way as the co-polarized coherence (Eq. 11) or the Bragg Likelihood Ratio (Eq. 12). A very simple algorithm with a threshold equal to zero is proposed in [START_REF] Zhang | Mapping sea surface oil slicks using RADARSAT-2 quad-polarization SAR image[END_REF] for oil slick detection. The entropy has similar interpretation to that of the Degree of Polarization, but with values near zero corresponding to one dominant scattering mechanism and values close to one when multi-scattering occurs or when signal is corrupted by noise.
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The main issue which occurs when working with quad-polarized SAR data is the low power of backscatter signal in the cross-polarization channels (HV and VH). For most of spaceborne SAR sensors available today, the backscattered signal measured in cross-polarization over slick-covered area is low and close to the instrument noise floor, and sometimes even lower. This strongly impacts values of polarimetric settings computed from those data.

EXPERIMENTAL DATA

Two experimental campaigns of measurements are used in this paper: NOFO'2015 and POLLUPROOF'2015. POLLUPROOF'2015 was conducted in May 2015 over the Mediterranean Sea (off the French coasts, around 42°45' N, 5°45' E) and focused on the release and subsequent observation of several hazardous and noxious substances (HNS) that are meant to represent the majority of chemicals commonly transported by sea. The primary goal of this experiment is to establish a procedure for collecting evidence of illegal maritime pollution by HNS using airborne sensors [START_REF] Angelliaume | Multifrequency Radar Imagery and Characterization of Hazardous and Noxious Substances at Sea[END_REF]. SAR imageries over controlled releases of Fatty Acid Methyl Esters (FAME) and rapeseed oil, conducted during the POLLUPROOF'2015 experiment, are investigated in this study (Table 2). Vegetal oils (like plant oil or rapeseed oil) have already been imaged by SAR sensors as they are often used to simulate a natural monomolecular biogenic slick [START_REF] Gade | Imaging of biogenic and anthropogenic ocean surface films by the multifrequency/multipolarization SIR-C/X-SAR[END_REF] [START_REF] Skrunes | Characterization of Marine Surface Slicks by Radarsat-2 Multipolarization Features[END_REF]. NOFO'2015 was conducted from the 8 th to the 14 th of June 2015 during NOFO's oil-on-water exercise. This experiment aims at testing recovering systems of pollution at sea by hydrocarbons. During the exercise, airborne and spaceborne acquisitions were collected over the offshore spill areas (North Sea, around 59°59' N, 2° 27' E). In the following, we focus on SAR imageries collected by the French and American airborne sensors on the 9 th of June 2015. For the investigated experiment, the released product is an emulsion of mineral oil in water, with a water content of 60 % (Table 2). It consists of a mix of water, Oseberg crude oil and a small addition of IFO 380 (Intermediate Fuel Oil or marine diesel oil, with viscosity of 380 mm 2 .s -1 ). For the trial, 45m 3 of mineral oil emulsion were discharged at sea. Large swath remote sensing data collected by UAVSAR (see 3.2), allows to measure the full extent of the hydrocarbon-covered area, namely 5.4 km 2 . Assuming all the 45m 3 of mineral oil emulsion released at sea was on the surface, one can estimate the upper limit of the average slick thickness, namely 8.3 µm. The effective thickness is lower, modeling achieved the 10 th of June, during another spill exercise and for higher winds, indicates that only about 50 % of the released oil was on the surface a few hours after the released [START_REF] Jones | Measurement and modeling of oil slick transport[END_REF]. SETHI is the ONERA airborne remote sensing laboratory designed to explore the science applications of remote sensing [START_REF] Angelliaume | Hyperspectral and Radar Airborne Imagery over Controlled Release of Oil at Sea[END_REF]. It is a pod-based system operating onboard a Falcon 20 Dassault aircraft, flying at an altitude of 9 000 ft.

For both POLLUPROOF'2015 and NOFO'2015 campaigns, quad-polarized SAR data were acquired at L-band, with a range resolution of 1.0 m (bandwidth from 1.25 to 1.4 GHz). Images are processed with an azimuth (along-track) resolution equal to the range resolution. Imaged area is 9.5 km in azimuth and 1.5 km in range, with incidence angles from 34° to 52°. The instrument noise floor has been estimated using the method proposed in [START_REF] Hajnsek | Inversion of surface parameters from polarimetric SAR[END_REF] and the results are shown in Fig. 3 below The literature on remote sensing over maritime pollution is very prolific and we can find many illustrations of airborne or spaceborne SAR imagery over oil slicks but none have compared multiple low NESZ instruments operating in the same band with near simultaneous imaging the same slick, which is done herein.

METHODOLOGY AND PERFORMANCE ASSESSMENT

We use Receiver Operating Characteristic (ROC) curves to characterize the detection capabilities of the polarimetric parameters discussed in Section 2 [START_REF] Egan | Signal detection theory and ROC analysis, Series in Cognition and Perception[END_REF]. This is an extension of the methodology published in [START_REF] Salberg | Oil Spill Detection in Hybrid-Polarimetric SAR Images[END_REF] using a much larger dataset and a more comprehensive set of parameters. ROC curves are obtained by plotting the probability of detection (Pd) against the probability of false alarm (Pfa), and they quantify the performance of a detector as its discrimination threshold is varied. In other words, ROC graphs depict the trade-off between hit rates and false alarm rates of detectors [START_REF] Egan | Signal detection theory and ROC analysis, Series in Cognition and Perception[END_REF]. The procedure is as follows (Fig. 5): we manually select areas of clean sea surface (i.e. the background) and slick (i.e. the area of interest) and compute for each investigated polarimetric parameters the histograms of values within the two regions. Then, for all possible values of the detection threshold, we calculate Pd as the fraction of samples in within the area of interest that exceed the threshold and Pfa as the fraction of samples in the background that are below the threshold. We will use these results to develop an instrument-independent ranking of the detection capabilities of each polarimetric parameter. 

Sea Surface Slicks Observation

We begin by evaluating the quad-pol SAR data acquired by SETHI (Fig. 6) over a controlled release of mineral oil (NOFO'2015 experiment). For these images, the wind direction is from the top right. Wind information was obtained from the Norwegian Meteorological Institute and is given in Table 2. The oil slick is observable as a dark area, with a ship's wake running through the slick.

Within the lower part of the slick, the passage of a mechanical recovery boom (MOS Sweeper [START_REF] Mos | [END_REF])

appears to have left a relatively clean sea surface. Images show a feathered structure along the top of the slick, due to the effect of the wind. Interestingly, while the upper limit of the slick thickness (8.3 µm) has been estimated to be at least one-hundredth of the penetration depth at L-band (typically of order millimeters for water content greater than 50% -see. Fig. 1), the mineral oil slick is observable in the PR images (Fig. 6 -(d)). 4) is at least equal to 10dB. ROC curves (Fig. 9) shows that PD and VV are the most efficient parameters for mineral oil slicks detection (i.e. for a given value of Pfa, they exhibit the greater value of Pd). HV has good performance of detection and is better than HH for low values of Pfa. This result for HV, which is consistent with results obtained with UAVSAR data in stronger wind conditions [START_REF] Espeseth | Analysis of Evolving Oil Spills in Full-Polarimetric and Hybrid-Polarity SAR[END_REF], is possible because of high SNR over the entire image. Then, we found that most of the quad-polarimetric parameters have low Pd values for all Pfa values. These results seem to indicate that the same main scattering mechanism occurs over both contaminated and uncontaminated sea surface, namely surface reflection and Bragg scattering [START_REF] Minchew | Polarimetric Analysis of Backscatter From the Deepwater Horizon Oil Spill Using L-Band Synthetic Aperture Radar[END_REF]. To confirm this, we note that the polarimetric Entropy, computed with a high SNR even over polluted area, is low both over clean sea surface and area covered by oil: mean entropy values are respectively equal to 0.18 and 0.17 (mineral oil). As for SETHI, the UAVSAR instrument is characterized by a very low noise floor, which suggests a good complementarity of the results obtained with the two airborne sensors. The imaged ocean surface is the same as for the previous SETHI analysis (Fig. 8) and the time lag between the two acquisitions is only equal to 5 minutes. For UAVSAR ROC graphs analysis, contaminated and clean sea surface are close to those selected for SETHI (Fig. 8 and Fig. 10). The NESZ is optimal (areas choosen close to the middle of the swath) and Signal to Noise Ratio corresponding to the selected regions are given Table 5. As for SETHI, the levels are very high (at least 7 dB), which ensures a relevant analysis over both slick-free and oil-covered sea surfaces. We investigate now Fatty Acid Methyl Esters (FAME) and rapeseed oil releases imaged by SETHI during the POLLUPROOF'2015 experiment (Fig. 12). Because of their physico-chemical properties, these two substances have different behaviors once released into the ocean. FAME forms a cloud in the water column composed by micro-droplets while rapeseed oil remains above the surface and produce a film [START_REF] Angelliaume | Multifrequency Radar Imagery and Characterization of Hazardous and Noxious Substances at Sea[END_REF]. These two behaviors have been highlighted in [START_REF] Angelliaume | Multifrequency Radar Imagery and Characterization of Hazardous and Noxious Substances at Sea[END_REF], using the oilwater mixing index introduced in [START_REF] Minchew | Determining the mixing of oil and seawater using polarimetric synthetic aperture radar[END_REF]. The slick contains both substances. FAME appears on the left part of the spill and covers a surface of 0.29 km 2 (see red box in Fig. 12). Rapeseed oil corresponds to the right part of the spill (green box in Fig. 12) and covers a surface of 1.26 km 2 . In between, there is a mixture of the two products (blue box in Fig. 12). From the amount released product (1 m 3 ) and the area covered by the spill, the average thickness of the rapeseed oil spill is estimated to be equal to 0.8 µm. This is approximately three orders of magnitude thinner than the penetration depth at L-band. Thus, the relative dielectric constant measured by the radar should be unaffected by the oil slick, and as expect, no signature of the rapeseed oil is observed in the PR image (Fig. 12 -(d)).

Clean sea surface and surface covered by rapeseed oil have been chosen and ROC curves computed for the selected areas. As for mineral oil analysis, the SNR is again very high (see Table 6), at least 14 dB, over both covered and free sea surfaces. Similarly to that obtained over mineral oil slicks, we observe that over rapeseed oil release most of quad-polarimetric parameters (Bragg Likelihood Ratio, Entropy, co-polarized coherence ...) give very poor performance of detection while amplitude channels are very powerful: HV gives the best performance of detection, followed closely by HH, λ 1 , VV, HP and PD. We note finally that an identical ordering of the investigated parameters is obtained when selected sea surface contaminated by FAME instead of rapeseed oil (ROC curves not shown here). When the SNR over slick-covered area is not as high as with the airborne acquisitions analyzed here, as for the spaceborne SARs available today, the instrument noise level could impact the performance of detection of polarimetric parameters. The paragraph below is then focused on this particular and fundamental aspect.

Instrument Noise Effect

To study how the NESZ impacts the ROC curves obtained for the investigated features, we added increasing levels of white Gaussian noise, from 5 to 30 dB, to the raw SAR data collected by SETHI during the NOFO'2015 experiment. We then processed the noisier data using the standard processing software (Fig. 14). We note that when noise is increased by 15 dB (Fig. 14 -(d)), its effect in the VV image is seen. When 30 dB of noise is added, the slick is no longer observable in the VV image (Fig. 14 -(f)).

We now assess the detection performance for all simulated instrument noise levels. ROC curves are computed over the areas shown in Fig. 8. Results for some selected radar quantities are given Fig. 15 and conclusions are as follows:

• For a given Pfa, Pd for HH, VV, and HV decrease as SNR decreases. When the additive noise is less than 10 dB, the ROC curves are largely unchanged.

• For a given Pfa, Pd increases for the polarimetric parameters for additive noise values less than 20 dB. Then, performance of detection decreases with greater levels of additive noise.

Thus, in contrast to the amplitude values, the probability of detection for the polarimetric parameters increases with the instrument noise so long as the SNR is sufficiently high over clean sea surface, and decreases when the SNR over slick-free area becomes low. As SNR decreases, the received signal is increasingly corrupted by noise and the EM wave becomes randomly polarized (DoP goes to 0 and Entropy goes to 1). With sufficiently high noise levels, both contaminated and uncontaminated sea surfaces will be randomly polarized and no further separation between the two regions is possible. SNR values as well as mean value of DoP and Entropy over clean sea and oil slick are given Table 7 and Table 8 below. 

DISCUSSION

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

• Group 1: VV, HV, PD and λ 1

• Group 2: HH and HP

• Group 3: Entropy, PR, DoP, ρ HHVV , BLR, µ

The parameters in the first group all provide high performance of detection based on the ROC curve results. The presence of each parameter in group one can be understood through the Braggscattering model. In this framework, VV always has the highest amplitude and HH and VV always have different reflectivities, ensuring that PD takes positive values. In the tilted-Bragg-scattering model, HV has a nonzero amplitude that is always less than both HH and VV. As a result, the first eigenvalue of the covariance matrix is dominated by VV and, to a lesser extent, HH. The control of VV on the value of the first eigenvalue explains why the first eigenvalue is a high performing parameter. As previously reported in [START_REF] Espeseth | Analysis of Evolving Oil Spills in Full-Polarimetric and Hybrid-Polarity SAR[END_REF], HV performs well where the instrument noise floor is low because, to a good approximation in the tilted-Bragg model, HV amplitude is proportional to PD.

The second group of parameters, composed of HH and the Hermitian Product (HP) between HH and VV channels, gives good performance of detection, although slightly lower than the performance of group 1. We show that HH channel is slightly less effective than VV for slick detection, owing to the lower amplitude of HH relative to VV in the Bragg-scattering model.

However, we emphasize that HH is effective for distinguishing slicks from relatively clean sea surfaces. HP suffers from the decrease in detection performance of HH compared to VV.

We place all remaining parameters in group 3, which has the worst capabilities of detection. The parameters in group 3 are the co-polarized coherence (ρ HHVV ), Bragg Likelihood Ratio (BLR), Entropy (H), Degree of Polarization (DoP) and Conformity Coefficient (µ). For these parameters, detection performance seems to be very strongly correlated with the instrumental noise and their interest in a sea pollution detection scheme is instrument-dependent. For a sufficiently high SNR, the EM wave backscattered by the slick-free sea surface remains well polarized (DoP close to 1 and Entropy close to 0) while it becomes less and less polarized over the contaminated area (DoP decreases, Entropy increases) and then performances of detection increase. When the instrumental noise become highly-depredated (low value of SNR), the EM wave becomes likely randomly polarized over contaminated and uncontaminated sea surfaces and no further separation between the two regions is possible.

The hierarchy that we propose here is obtained from L-band airborne SAR data collected over vegetable and mineral oil slick released during moderate wind conditions. A similar study is proposed in [START_REF] Skrunes | A Multisensor Comparison of Experimental Oil Spills in Polarimetric SAR for High Wind Conditions[END_REF] and [START_REF] Espeseth | Analysis of Evolving Oil Spills in Full-Polarimetric and Hybrid-Polarity SAR[END_REF], with [START_REF] Espeseth | Analysis of Evolving Oil Spills in Full-Polarimetric and Hybrid-Polarity SAR[END_REF] evaluating the parameters during transport and evolution of mineral and plant slicks. The major differences between all these studies being the proposed method of measuring the capabilities of detection of the different quantities investigated and the fact that the slicks studied in [START_REF] Skrunes | A Multisensor Comparison of Experimental Oil Spills in Polarimetric SAR for High Wind Conditions[END_REF] and [START_REF] Espeseth | Analysis of Evolving Oil Spills in Full-Polarimetric and Hybrid-Polarity SAR[END_REF] were thinner, formed from the release of 0.2-0.5 m 3 of material rather than 45 m 3 as the slick in our study. In [START_REF] Skrunes | A Multisensor Comparison of Experimental Oil Spills in Polarimetric SAR for High Wind Conditions[END_REF], SAR data acquired by UAVSAR, TerraSAR-X and RADARSAT2 at nearly the same time over mineral oil spills under high wind conditions are investigated using many of the same parameters as herein. They found likewise that VV intensity is the most efficient parameter for slick-sea detection. The HV channel was not investigated in [START_REF] Skrunes | A Multisensor Comparison of Experimental Oil Spills in Polarimetric SAR for High Wind Conditions[END_REF] because of the low SNR of the satellite data. The UAVSAR image investigated in [START_REF] Skrunes | A Multisensor Comparison of Experimental Oil Spills in Polarimetric SAR for High Wind Conditions[END_REF] are also studied in [START_REF] Espeseth | Analysis of Evolving Oil Spills in Full-Polarimetric and Hybrid-Polarity SAR[END_REF], combined with 17 other images covering the evolving slicks over an 8-hour period.

In the latter, the proposed methodology to order the polarimetric parameters is slightly different than in [START_REF] Skrunes | A Multisensor Comparison of Experimental Oil Spills in Polarimetric SAR for High Wind Conditions[END_REF], and the authors also found that VV intensity is very efficient for slick-sea discrimination. The HV channel was studied in [START_REF] Espeseth | Analysis of Evolving Oil Spills in Full-Polarimetric and Hybrid-Polarity SAR[END_REF] and, similarly to results obtained herein, they found that the cross-polarized channel is very attractive for slick detection over ocean surface when employed SAR data are acquired with a very low instrumental noise floor. Comparing [START_REF] Skrunes | A Multisensor Comparison of Experimental Oil Spills in Polarimetric SAR for High Wind Conditions[END_REF], [START_REF] Espeseth | Analysis of Evolving Oil Spills in Full-Polarimetric and Hybrid-Polarity SAR[END_REF] and the results that we report here, there is a clear consensus on the use of VV or HV channels for slick detection at sea. The main difference between results obtained in this paper and those reported in [START_REF] Skrunes | A Multisensor Comparison of Experimental Oil Spills in Polarimetric SAR for High Wind Conditions[END_REF] and [START_REF] Espeseth | Analysis of Evolving Oil Spills in Full-Polarimetric and Hybrid-Polarity SAR[END_REF] concerns the performances of detection given by the Polarization Difference.

Indeed, we found here, and as already reported in [START_REF] Ivonin | Interpreting sea surface slicks on the basis of the normalized radar cross-section model using RADARSAT-2 copolarization dualchannel SAR images[END_REF], [START_REF] Hansen | Wave Breaking in Slicks: Impacts on C-Band Quad-Polarized SAR Measurements[END_REF] and [START_REF] Kudryavtsev | On Dual Co-Polarized SAR Measurements of the Ocean Surface[END_REF], that the Polarization Difference is one of the most efficient parameter for slick-sea discrimination. This difference could be due to the different wind conditions, sea state, or slick thicknesses, and highlights the complexity of slick detection across the range of variables under which they can occur.

CONCLUSIONS

To guide the selection of the most appropriate SAR imaging mode for marine pollution detection, a methodology based on ROC curves analysis has been reported in this paper. The ROC analysis accounts for the non-Gaussian tails of the probability distribution of parameter values, which are particularly important for the slick-covered areas. We compare the probabilities of detecting a slick to the probabilities of a false alarm for a range of detection thresholds, to rank the various polarimetric parameters in order of slick-detection performance, from best to worst. The originality of the results reported in this paper lies, firstly, in the quantitative evaluation of a dozen of common polarimetric parameters for detecting maritime slicks, and secondly, in the uniqueness of the studied dataset collected by two airborne sensors operating at L-band, both of which are characterized by a very low instrument noise floor, not currently available from spaceborne SARs.

This makes the parameters more sensitive to the surface properties and less influenced by the sensor. The third originality of this paper lies in the analysis of the instrument noise effect on the performance of detection offered by the studied parameters. This is done by progressively adding white Gaussian noise directly to the raw SAR data, and then processing the noisier data using the standard processing software.

We find that HV amplitude can outperform all other investigated amplitudes and polarimetric settings whenever the instrument noise is sufficiently low. However, as instrument noise increases,

HV amplitude and all polarimetric parameters that rely on HV become corrupted by noise and their slick-detection performance diminishes. HV is closely followed by the investigated co-polarized settings (ordered in the following: VV, PD, HH and HP), while being more robust to a lower SNR than the cross-polarized channel.

We note that this relative ordering is determined from a single combined set of sea state, meteorological conditions and slick properties, and further work is needed to expand to other conditions, in particular lower wind speeds and different slick thickness.

For detecting slicks on the sea surface, we think that VV parameter offers the best tradeoff between the benefit of detection performance and the cost instrument and data requirements.

We find that the co-pol amplitudes (HH and VV) and two polarimetric parameters, the Polarization Difference and the first eigenvalue of the quad-pol covariance matrix, are more robust in the presence of instrument noise than the cross-pol (HV) amplitude and quad-polarimetric parameters.

This disparity in robustness is due to higher co-pol amplitudes relative to the cross-pol amplitude and the strong impact of instrument noise on PolSAR parameters. This implies that polarimetric quantities which combine the four polarimetric channels have performances of detection mainly driven by the NESZ.
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 1 Fig. 1: Penetration depth (in millimeter) as a function of water content (linear mixing model) at L-
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  addition to their strong dependence on the SNR, being normalized by the amplitude of the copolarized backscattering coefficient, ρ HHVV and BLR are both more strongly affected by noise (low SNR) than the intensities alone. To overcome this limitation while exploiting the potential of these parameters, we propose to use the Hermitian Product (HP) between the two co-polarized channels,

  . The estimated NESZ is very low, ranging from around -51 to -53 dB, allowing a sufficiently high SNR over slick-covered areas for valid analysis of surface characteristics. Examples of high resolution PolSAR images acquired by SETHI at L-band are shown in Section 4.
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TABLE I DIELECTRIC

 I CONSTANT OF SEA WATER FROM

TABLE II ENVIRONMENTAL

 II CONDITIONS AND PROPERTIES OF RELEASED SUBSTANCES.

	Date of release	Time of release (UTC)	Amount of release	Released substance	Time of imaging (UTC)	Wind speed (m/s)	Wind direction (from-deg)	Wave height (m) at time of imaging
	22 May, 2015	15:00-15:30	1 m 3	Rapeseed oil	16:07	7	315	2
	22 May, 2015	15:25-15:40	1 m 3	FAME	16:07	7	315	2
	09 June, 2015	06:30-08:00	45 m 3	Mineral oil	09:56	5	270	1
	09 June, 2015	06:30-08:00	45 m 3	Mineral oil	10:01	5	270	1

The methodologies and the results presented in the following are based on SAR data collected by SETHI, the remote sensing imaging system developed by ONERA, as well as experimental data acquired by UAVSAR, the airborne sensor of JPL/NASA. Sections 3.1 and 3.2 below briefly present the two SAR systems used here. Table

3

summarizes all SAR scenes investigated in this paper.

TABLE III PROPERTIES

 III OF SAR SCENES INVESTIGATED IN THIS STUDY. INCIDENCE ANGLE AND NESZ VALUES ARE THE MINIMUM AND MAXIMUM ACROSS THE IMAGING SWATH.

	Sensor	Frequency band	Polarization mode	Experiment	Date	Time (UTC)	Incidence angle (deg)	NESZ (dBm 2 / m 2 )
	SETHI	L	Quad-Pol	POLLUPROOF	22 May, 2015	16:07	34 / 52	-51 / -53
	SETHI	L	Quad-Pol	NOFO	09 June, 2015	10:01	34 / 52	-51 / -53
	UAVSAR	L	Quad-Pol	NOFO	09 June, 2015	09:56	19 / 51	-45 / -51
		3.1. SETHI: Airborne Quad-Polarized SAR Sensor		

TABLE VII SIGNAL

 VII TO NOISE RATIO -SETHI, NOFO'2015 EXPERIMENT, 09 JUNE 2015 10:01 UTC

	Region	Noise added	HH	HV	VV
		0 dB	26.5 dB	16.4 dB	34.1 dB
		5 dB	21.5 dB	11.4 dB	29.1 dB
	Clean sea	10 dB 15 dB	16.5 dB 11.5 dB	6.4dB 1.4 dB	24.1 dB 19.1 dB
		20 dB	6.5 dB	-3.6 dB	14.1 dB
		30 dB	-3.5 dB	-13.6 dB	4.1 dB
		0 dB	21.5 dB	10.2 dB	28.0 dB
		5 dB	16.5 dB	5.2 dB	23.0 dB
	Oil slick	10 dB 15 dB	11.5 dB 6.5 dB	0.2 dB -4.8 dB	18.0 dB 13.0 dB
		20 dB	1.5 dB	-9.8 dB	8.0 dB
		30 dB	-8.5 dB	-19.8 dB	-2.0 dB
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