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Abstract— In this study we compare the retrieval results for 
the dielectric properties of verified oil slick, acquired using 
airborne multifrequency synthetic aperture radar. A 
polarimetric two-scale model was used to invert the radar 
imagery by first employing solely the co-polarization 
channels, and then by employing the co-polarization 
channels in conjunction with the cross- polarization 
channels, and thereby employing the full suite of 
polarization information available. The goal is to show that 
the inversion results obtained from both methods are 
consistent. Given that the ocean surface is a highly non-
depolarizing surface scatter, the signal return within the 
cross-polarization channels is usually negligible and of no 
practical use when trying to invert the returned backscatter 
into useful quantities such as the dielectric constant. In this 
paper, we employ F-SAR data, which was acquired in X-, S- 
and L-bands and has an extremely low noise floor, implying 
that the cross-polarization ratio can be employed. A signal-
to-noise analysis showed that only the L-band acquisitions 
were suitable for analysis in this paper.  The retrieval 
results are comparable for the two methods in the case of 
low dielectric values. 

Index Terms—dielectric properties, oil spill, surface slick 
characterization, synthetic aperture radar 

I. INTRODUCTION 

ineral oils may be introduced into the marine 
environment via two broad mechanisms. The first being 
natural seeps, where unprocessed gaseous or liquid 

hydrocarbons may escape through fractures and sediments on 
the ocean floor. The second mechanism alludes to activities 
associated with industrial petroleum extraction and ship 
transport which can introduce mineral oils into the marine 
environment via intentional acts of pollution or ship or oil rig 
accidents. According to [1] approximately one-half to two-
thirds of all oil discharged into the ocean comes from  
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anthropogenic sources. Carpenter [2] estimates that each year, 
between 2000 to 3000 instances of illegal dumping of oil take 
place in European waters. The effects of the presence of mineral 
oil can result in disastrous consequences for, e.g. ecologically 
sensitive wetlands, coral reefs, and fishing grounds [3]. 

Given the consequences oil spills can have on marine 
wildlife, as well as the impact they can take on local economies, 
continuous and efficient monitoring technology is required to 
provide synoptic surveillance on industrial activities as well as 
providing timely information to direct clean-up efforts. In this 
regard, both airborne and spaceborne synthetic aperture radar 
(SAR) have proven themselves to be the most effective 
technologies for oil spill remote sensing, due to their 
insensitivity to atmospheric and lighting conditions and the 
high level of resolution that can be achieved. Given the high 
cost associated with operating aircraft, and the vast distances 
that are required to be monitored, airborne SAR is not a good 
candidate for operational purposes and is generally regarded as 
an experimental instrument, which is also the case in this study. 
A compelling example of the application of spaceborne SAR 
for these purposes occurred during the destruction of the 
Deepwater Horizon platform in the Gulf of Mexico on 20 April 
2010. Throughout the incident, approximately 1400 spaceborne 
SAR scenes from more than 700 satellite passes were used to 
establish the extent and trajectory of the oil spill [3]. 

Mineral oils materialize within SAR imagery as dark areas in 
contrast to the surrounding ocean. The underlying physical 
mechanisms that cause this are two-fold. Firstly, surface slicks 
dampen short-scale capillary waves, which cause a reduction in 
the overall short-scale roughness of the ocean surface. A 
smoother ocean surface increases forward scattering which 
results in a reduction of backscatter to the sensor [4]. The 
second mechanism, is a result of the assortment of mechanisms 
that act upon oil when it is included into the marine 
environment, collectively referred to as weathering [1]. The 
most relevant of these processes is emulsification, whereby sea 
water can become entrained within the slick. This mixture of 
sea water and oil has the effect of altering the electrical 
permittivity of the scattering surface resulting in a reduction of 
backscatter to the SAR if the mineral oil is mixed in high 
enough concentrations within a thin layer below the ocean 
surface. A lower dielectric constant implies that less energy is 
reflected by the scattering surface. The capability of SAR to 
observe fluctuations in the dielectric properties of a marine 
scattering surface, due to the presence of oil-in-water mixtures,  
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is reliant on the thickness of the emulsion layer relative to the 
wavelength of the sensing radiation. As an example, [5] states 
that for L-band SAR (with wavelength of 24 cm), the thickness 
of the scattering surface would need to be a few millimeters in 
scale. This sensitivity of SAR to oil slick thickness was 
illustrated by [6] who showed that infra-red (IR) airborne data, 
which is believed to be sensitive to the thickness regimes within 
oil slick, showed a strong correlation with SAR data, indicating 
that SAR has the ability to discern the thickness information 
within slick and hence dielectric properties. 

With the use of theoretical scattering models that are 
dependent on key geophysical parameters, it should be possible 
to invert the returned backscatter to the SAR for the effective 
permittivity of oil-water emulsion mixtures that are present on 
the ocean surface. Retrieved values for the dielectric 
permittivity of the scattering material can then be utilized in a 
mixture model that relates the permittivity of pure crude oil, 
ocean water and the volumetric content of sea water within 
emulsion, in order to provide a pixel-by-pixel assessment of the 
oil-to-sea water ratio. This information can be used by first 
responders to possibly determine the amount of oil spilled, an 
important parameter that is evaluated in any oil spill event [7], 
or to provide a heuristic based assessment on where there are 
greater amounts of oil within slick compared to other areas, 
thereby allowing first responders to target areas of a slick that 
contain a higher concentration of oil. 

Some notable studies that attempt to determine the amount of 
oil mixed with water from the Normalized Radar Cross Section 
(NRCS) or polarimetric features, include [5, 8], who employ a 
procedure that aims to relate the measured backscatter to the 
Bonn Agreement Oil Appearance Codes (BAOAC) for aerial 
observers of oil spills [9]. The result is an index, varying 
between -1 to 1 and is called the oil/water mixing index (Mdex). 
The purpose of the Mdex was to promote a shared 
communication code for optical and SAR observations. 

Angelliaume et. al. [10] provided a methodology to 
determine the amount of oil pollutant contained within an oil 
emulsion via the use of the Universal Weighted Curvature 
Approximation (U-WCA) scattering model in L-band SAR 
imagery. The conclusions of the study state that by using SAR 
data with a high SNR, viable estimations for the volumetric 
content of oil within a pixel may be inferred. The authors also 
state that their methodology is robust to sea surface state. 

This paper is a continuation of the work presented in Quigley 
et. al. [11]. In that study, the authors applied the Polarimetric 
Two-Scale Model (PTSM), that was developed by [12] for the 
purposes of estimating soil moisture content via the use of fully 
polarimetric SAR, to invert the co- polarization ratio to obtain 
estimates for the absolute value of the complex permittivity |e| 
of verified oil slick. The model in its original form was 
depended upon the complex quantity e and not the absolute 
value of |e|. The PTSM is a theoretical scattering model that 
improves upon other well-established models such as the X-
Bragg model which was proposed by [13]. A discussion on this 
point can be found in [11]. However, [11] showed that using the 
model with the absolute value for the electrical permittivity 
instead of the complex value, did not lead to significant errors 
in retrieval results, with errors ranging from approximately 0 to 
1.2 for values of |e| ranging from 0 to 20, with a value of |e| 

equal to 20 being the value at which the slick and the 
surrounding ocean were found to become indistinguishable. For 
the sake of computational simplicity |e| will be substituted into 
the PTSM in this study. 

In [11], the authors are only able to utilize the co- 
polarization channels, as the cross- polarization channels were 
redundant due to noise corruption of the C-band space borne 
sensor (Radarsat-2) used in that study. As the use of the co- 
polarization ratio results in an equation with two unknowns, i.e. 
s (a parameter related to the large-scale roughness of the 
scattering surface which will be explained in section II.A) and 
|e|, [11] employed a procedure to estimate s, by employing 
square regions,100 ´ 100 pixels in size adjacent to the slick, to 
act as estimators for the values of s within slick. However, if 
there is information in the cross- polarization channels, in the 
form of a high signal-to-noise ratio (SNR), a series of look-up 
charts can be created by plotting the co- polarization ratio 
against the cross- polarization ratio and simultaneous values for 
s and |e| can be determined. The implicit assumption, is that 
this will yield more accurate estimations for |e| since 
assumptions about s don’t have to be made a priori. This 
procedure is investigated in this paper. 

In this study, the PTSM was applied to quad- polarization 
data sets acquired by Deutsches Zentrum für Luft- und 
Raumfahrt (DLR) F-SAR instrument in X-, S- and L-bands 
acquired simultaneously during the NOrwegian Radar oil Spill 
Experiment in 2019 (NORSE 2019) led by the Centre for 
Integrated Remote Sensing and Forecasting for Arctic 
Operations (CIRFA) as an embedded part of the Norwegian 
Clean Seas Association for Operating Companies (NOFO) 
annual oil-on-water campaign. This campaign took place in the 
North Sea in June 2019. F-SAR, being an airborne instrument, 
has the capability to acquire data with a low level of noise 
corruption, resulting in data sets with a high SNR in all 
polarimetric channels. 

The PTSM was applied to the selected data sets in two ways. 
Firstly, the methodology outlined in [11] where only the co- 
polarization channels were utilized, and which is outlined in 
Appendix B, was employed (hereinafter referred to as method 
1). Secondly, the method outlined in [11] was implemented 
where the cross-polarization channels are utilized in 
conjunction with the co- polarization channels (hereinafter 
referred to as method 2). This will be outlined in section II.B. 
As already stated, since no assumptions about s need to be made 
when the full suite of polarimetric information is available, the 
retrieval results obtained from the latter method can act as a 
reference for the former method employed. The results indicate 
that for low dielectric values (below 8 approximately), retrieved 
|e| values are consistent across both methods.  

This paper is organized as follows. Section II will introduce 
the PTSM as well as the two inversion procedures for |e| that 
are reliant on either the co-polarization ratio or the co- 
polarization ratio and cross- polarization ratio. Section III will 
introduce the data set as well as a noise analysis that was 
undertaken to assess the viability of using the full set of 
polarimetric information provided by the F-SAR instrument. 
Section IV introduces a sensitivity analysis of the PTSM model. 
Section V shows the results of the inversion procedures. Section 
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Fig.1 PTSM plot of co-polarization ratio against cross-
polarization ratio for angle of incidence, 𝑣 = 	40°, radiation 
frequency of 5.4 GHz, and Hurst coefficient 𝐻( = 0.9. The 
reader is referred to Appendix A for a discussion on this 
parameter. 

VI will attempt to link the results obtained for |e| to 
photographs of the discharged mineral oil slick. Section VII 
concludes the paper. 

II. PTSM AND INVERSION PROCEDURES  
The following subsections will provide a brief overview of 

the PTSM, as well as outlining the methodology in which it is 
inverted in order to determine values for |e|, i.e. method 1 and 
method 2. As will be highlighted in Section III.C, the cross-
polarization ratio is only viable for use when there is a high 
signal-to-noise ratio in the cross-polarization channels. It 
should be noted that the inversion procedure that was 
implemented using only the co-polarization channels (method 
1) was developed by [11] and is outlined in that paper. For ease 
of reference for the reader that same procedure is reproduced in 
Appendix B. 
 

A. PTSM 
The PTSM was derived by [12]. The model considers the 

ocean surface to be a collection of randomly assorted tilted 
facets. The facet slopes, along the range and azimuth directions, 
a and b, are assumed to be identically distributed zero-mean s2- 
variance Gaussian random variables, i.e. a, b ~ N(0, s2). Under 
the condition of no facet tilt, the Small Perturbation Model 
(SPM) is assumed to be valid. The parameter s here is the large-
scale roughness indicator.   

Given the models dependence on the small-scale roughness 
parameter, h (see Appendix A), the polarization ratios are 
employed. This insures that the small-scale roughness spectrum 
of the scattering surface cancels out, and the resulting ratios 
only depend on three primary unknown parameters,	|e|, s and, 
𝐻(, the Hurst coefficient, a quantity that is related to the fractal 
dimension of the scattering surface (see Appendix A for a more 
thorough treatment). It should be noted that the resulting ratios 
also depend on the incidence angle of the radiation which can 
be obtained from the SAR data).  

The polarization ratios are defined as  
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(1) 
 

 
The notation 〈… 〉½8,: refers to ensemble averaging with 

respect to the facet slopes a and b, indicating that the return 
from within a single resolution cell is averaged over the facet 
slopes a and b from multiple facets. Note, the VV NRCS 
channel was chosen as the denominator in the cross-
polarization channel for the sake of this study as the return in 
the VV channel is greater than the HH channel over ocean areas. 
The choice of the HV channel is arbitrary as it is generally 
accepted that it is numerically similar to the VH channel for 
backscatter from natural media. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

B. Estimating |e| utilizing co- and cross-
polarization ratios (Method 2) 

When utilizing the co- and cross-polarization ratios for the 
estimation of |e|, we are left with two equations that are 
dependent on |e| and s. This provides the opportunity to create 
a series of look-up charts, evaluated for each incidence angle 
value, 𝑣, across the SAR image in range direction, by plotting 
the PTSM co- and cross-polarization ratios against each other. 

Fig. 1 shows the PTSM polarization ratios plotted for a 
frequency of radiation equal to 5.4 GHz, a look angle of 40° and 
𝐻( equal to 0.9. By simultaneously plotting the scatter of co- 
and cross-polarization values taken from the SAR imagery, 
simultaneous values for |e| and s can be determined.  

III. EXPERIMENTAL SETUP AND DATA ACQUISITION 
The following subsections provide a brief overview of the 

technical aspects of the F-SAR instrument, followed by a brief 
outline of the NORSE 2019 oil-on-water campaign. It should 
be noted that this section is designed to illustrate the 
information relevant to this study with a more comprehensive 
account of the NORSE 2019 oil-on-water experiment in the 
process of being published [14]. 
 

A. F-SAR   
The F-SAR platform is a Dornier DO228-212 aircraft 

mounted with X-, C-, S-, L- and P-band polarimetric SAR that 
operates with bandwidths of 760, 400, 300, 150 and 100/50 
MHz, respectively. The total frequency range of the instrument 
is 0.35-9.6 GHz [15]. The instrument is capable of transmitting 
and receiving in both horizontal (H) and vertical (V) 
configurations resulting in imagery in HH, HV, VV and VH 
polarization channels, and is capable of acquiring simultaneous 
imagery in different frequency bands. For regular Earth 
observation purposes, the radar is capable of acquiring imagery 
at off-nadir look angles ranging between 25° to 60° at altitudes   
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Fig. 2 (a) Intensity images (s655	[𝑑𝐵]) for the A1 L acquisition, 
multi-looked by 9 ´ 9 window. The region-of-interest of the slick 
of emulsion is outlined with a red box while the region of interest 
of open ocean is outlined with a yellow box. (b) Same as in (a) 
but for the A2 L acquisition. DLR Data and Products (2019) - All 
Rights Reserved. 
 

(a) L-band F-SAR scene 12 June 2019, 11:03 UTC. 

(b) L-band F-SAR scene 12 June 2019, 11:49 UTC. 

up to 6000m above sea level, the maximum operating altitude 
of the DO228 aircraft [15].  
 

B. NORSE 2019 
NOFO conducts annual oil-on-water exercises for the 

purposes of verifying clean-up procedures and testing new 
equipment. In 2019, the oil-on-water campaign was conducted 
in the North Sea (N 59° 59’, E 2° 27’). In this paper, we test the 
PTSM on data acquired during the NORSE 2019 experiment, 
led by UiT and MET Norway, that took place as an integrated 
part of NOFO’s 2019 campaign. 

During the exercise, two flights with the F-SAR mounted 
Dornier DO228-212 aircraft were conducted, acquiring 
imagery in X-, S- and L-bands, on 12 June 2019. Flight 1 was 
conducted between 05:12 - 06:33 UTC and acquired 12 
acquisitions while flight 2 was conducted between 10:50 – 
12:17 UTC and acquired 14 acquisitions. Fight 1 acquired data 
while the mineral oil emulsion and soybean oil were being 
discharged at times of 05:30 – 05:54 UTC and 06:20 – 06:37 
UTC, respectively. As a result, the mineral oil emulsion and 
soybean oil are confined to a small area on the ocean surface. 
As a consequence, scenes from flight 1 were not considered for 
analysis in this study.   

Two scenes, out of the 14 that were acquired in flight 2, were 
chosen for this study based on appropriate noise characteristics 
of the imagery, which will be discussed in section III.C, and 
where the head of the mineral oil slick, i.e. the portion of the 
slick where there was a greater concentration of oil, had 
incidence angles greater than 35°. Incidence angles less than  
35° approximately are not applicable, as the sensitivity of the 
radar to small-scale roughness undulations is low under this 
threshold, which violates the small perturbation assumption that 
is used to derive the PTSM [4, 16].            

Fig. 2 shows the two L-band F-SAR acquisitions of the 
verified slick of mineral oil emulsion that was discharged 
during the campaign. In total 2 m3 of mineral oil emulsion was 
discharged onto the ocean surface. The discharged emulsion 
was composed of 45% oil (10 parts evaporated Oseberg Blend 
and 1 part IF0 380) and 55% sea water. The viscosity was 
between 1500 – 1600 mPa×s. IFO 380 refers to Intermediate 
Fuel Oil with viscosity £ 380 cSt (<3.5% Sulphur). 

 
Table 1: Properties of SAR acquisitions and in-situ information 

*Nominal values for F-SAR taken from [15]. 

 
 

 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 1 summarizes the relevant information pertinent to the 
acquisitions as well as outlining the wind conditions that were 
present. In subsequent sections, the following notation will be 
adopted. The slick shown in Fig. 2 (a) will be referred to as A1 
and the slick shown in Fig. 2 (b) will be referred to as A2. 
Specific frequency acquisitions will be delineated with the 
suffix -X, -S or -L. This indicates that A1X refers to the slick in 
the X-band acquisition of A1 and A1S refers to the slick in the 
S-band acquisition of A1 etc. 
 The mineral oil was discharged between 05:30 and 05:54 
UTC. Between the times of 11:17 to 11:30 the mineral oil 
emulsion slick was estimated to have a surface area between 1.5 
to 1.7 km2. 
 

Scene ID A1 A2 
Date 12 June 2019 12 June 2019 
Time (UTC) 11:03 11:49 
Incidence angle (at 
emulsion slick) 

51.2° - 56.9° 44.5° - 52.0° 

Sensor velocity [m/s] 90.6 89.8 
Sensor altitude [m] 2497.4 2498.8 
Age of emulsion at time 
of acquisition [hours] 

~ 5 – 5.5 ~ 6 - 6.3  

Resolution (Rg ´ Az) 
[m](X-, S-, L-Band) 

(0.2 ´ 0.2), (0.5 ´ 0.35), (1 ´ 0.4)* 

Pixel spacing (Rg ´ Az) 
[m](X-, S-, L-Band) 

(0.60 ´ 0.18), (0.60 ´ 0.18), (0.60 ´ 0.36)* 

Frequency of radiation 
[GHz](X-, S-, L-Band) 

9.6, 3.25, 1.325 

Wind speed [m/s] 12  
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C. Noise Analysis 
The utility of SAR for the purpose of marine surface slick 

characterization is greatly hindered by the presence of internal 
system noise of the sensor [17]. This background noise (or noise  
floor) of the sensor is referred to as the noise equivalent sigma 
zero (NESZ). In order to develop methodologies to correctly 
characterize the internal state of surface slicks, the NESZ must 
be lower than the measured NRCS of the scattering surface. 

Current space-borne SARs have relatively high noise floors, 
rendering them impractical for applications where the cross-
polarization information is required. As an example, Radarsat-
2s quad-polarization modes have NESZ values that lie between 
-27.5 and -43 dB [18]. Given the highly non-depolarizing nature 
of the ocean surface, sensors with low noise floors are required 
in order to utilize information that can be gained from the cross-
polarization channels. 

Fig. 3 (a) and (b) shows the NESZ curves for the X-, S- and 
L-band acquisitions in red, green and blue, respectively, for A1  
and A2. This NESZ information was provided by DLR. 

The solid lines represent a high-order polynomial fit to the 
average NESZ values, computed for all azimuth values, across 
range direction. The areas subtended by the dashed lines, show 
one standard deviation of these average NESZ values. The X-
band NESZ curves show an anomalous ‘hump’ in the very near 
range. This is due to invalid samples in the extreme near range 
for that frequency band [personal communication DLR]. 

 As can be seen, in both cases the L-band acquisition have 
significantly lower NESZ values ranging between -45 to -60 dB 
approximately while both the X- and S-bands have NESZ 
values ranging between -30 to -45 dB approximately. Note, the 
NESZ curves are shown for the entire length, in range direction, 
of the acquisition. The solid, vertical, black lines indicate the 
regions of interest that correspond to the oil slick regions shown 
in Fig. 2, i.e. the red box in Fig. 2 (a) and the entire image in 
Fig. 2 (b). As can be seen, these regions of interest correspond 
closely to the NESZ minimum for both the S- and L- band 
acquisitions but not for the X-band acquisitions. 

It should be noted that there is a high degree of 
correspondence for the NESZ curves shown for the X- and S-
band acquisitions between Fig. 3 (a) and (b). However, when 
comparing the L-band NESZ curves, there appears to be a 3 – 4 
dB difference between them. The reason for this difference is 
not fully known, but may either be due to a low level of radio 
frequency interference (RFI) or a small change in the internal 
instrument delay on the receive paths, causing a small 
additional differential delay between the HV and VH channels. 
Any mis-registration of the cross polar channels will degrade 
the NESZ [DLR, personal communication]. 

In order to determine the feasibility of using these 6 
acquisitions (i.e. the X-, S- and L-band imagery in both A1 and 
A2), the following operations were carried out. The pixels that 
correspond to the surrounding ocean areas were masked out by 
hand, and then, following [19] and [4], a 6 dB threshold was 
imposed where by pixels (in the VV, HH and HV polarization 
channels of each acquisition) that were greater than 6 dB above 
the noise floor were kept for further analysis, and pixels that 
were less than 6 dB above the noise floor were discarded. This 

6 dB threshold was imposed so as to ensure that only pixels that 
primarily contain signal are included in the analysis. 

Fig. 3 (c) and (d) shows the pixels that correspond to 6 dB 
above and below the noise floor, highlighted in green and red, 
respectively for the A1L and A2L. As can be seen, a significant 
proportion of the pixels are above the threshold in the A1L 
acquisition, while all the pixels are above the threshold in the 
A2L acquisition. This is most likely due to the fact that A1 was 
acquired at a larger look angle than A2. 

Fig. 3 (e) and (f) shows the pixels that are 6dB above the 
noise floor for the two S-band acquisitions. As can be seen, a 
significant proportion of the pixels, internal to the oil slick, lie 
below the 6 dB threshold. For this reason, only the L-band 
acquisitions, A1L and A2L will be considered in the preceding 
sections. 

 The result of the noise analysis for the two X-band 
acquisitions are not shown, but yield similar results to the two 
S-band acquisitions. 

Note, to make it easier for the reader, the specific acquisition 
that each individual image refers to in Fig. 3 is indicated in the 
bottom right. This convention is adopted throughout the paper. 

IV. SENSITIVITY TO SURFACE ROUGHNESS 
Appendix B outlines an estimation procedure for the large-

scale surface roughness parameter s by using method 1. In 
section II.B, it was also shown that by using method 2 a series 
of look-up charts can be constructed whereby the parameter s 
and |e| can be determined simultaneously. The underlying 
assumption is that by utilizing the information contained within 
the co- polarization and cross- polarization channels, more 
accurate estimations for |e| can be performed since no 
assumptions about s have to be made.  

In this section, the differences in s values that are obtained, 
when both methods are applied, are investigated. It is also 
investigated whether the box size for the estimation procedure 
in method 1 effects the estimation of s. It should be noted that 
[11] attempted to determine the effect of the dimensions of 
averaging window on the estimation of s, and found that 
average values were not affected but the variance of the scatter 
within each box was altered. For that reason, in this study an 
averaging box size of 9 ´ 9 pixels was chosen.  The effects of 
these differences on the retrieval results of |e| are then 
demonstrated in a sensitivity analysis in the final subsection. 

It should be noted that it is not expected to see large 
deviations in the large-scale surface roughness parameter s 
within and without the sick filled areas as the presence of oil 
acts to primarily dampen the short-scale capillary waves [20]. 

 

A. Difference in large scale roughness parameter s 
obtained from both methods 

The values of s that will be analyzed in this section, 
corresponding to the area of open ocean bounded by that yellow 
box in Fig. 2 (a), can be seen in Fig.4. 

In order to determine the difference in retrieval results for the 
roughness parameter s using the two methods, first A1S and 
A1L were divided into square regions of size 100 ´ 100 pixels  
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Fig. 3 (a)-(b) X-, S- and L-band NESZ curves for the entire A1 and A2 acquisitions. Vertical black bars denote the region 
of interest of the oil slick (see Fig. 2). The areas subtended by the dashed lines, show one standard deviation of the average 
NESZ values. (c)-(d) Pixels that have values greater than 6dB above the NESZ for A1L and A2L are highlighted in green. 
Pixels that have values less than 6dB above the NESZ are marked in red (e)-(f) Pixels that have values greater than 6dB 
above the NESZ for A1S and A2S are highlighted in green and red for pixels less than 6dB above the NESZ. 
 

(a)  

 

(b)  

 

(c)  

 

(d)  

 

(e)  

 

(f)  
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(a)  

 

(b)  

 

(c)  

 

(d)  

 

(e)  

 

(f)  

 
Fig. 4 (a)-(b) values for s calculated within box regions of size 50 ´ 50 pixels for the acquisitions A1S and A1L, 
respectively using method 1. (c)-(d) values for s calculated within box regions of size 100 ´ 100 pixels for the acquisitions 
A1S and A1L, respectively, using method 1. (e)-(f) values for s calculated by using method 2 for A1S and A1L, 
respectively. As can be seen, pixel-by-pixel values are obtained. The yellow box in all images outlines a region of interest 
of open ocean that will be used in future analysis. 
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Fig. 5 (a)-(b) Histograms of difference values of s for the pixels 
subtended by the yellow region of interest in Fig. 4. Values were 
calculated by determining an s value for each box region, 
determined by using just the co-polarization ratios, and 
subtracting from it an expectation value for the distribution of s 
values corresponding to each square region that are determined 
by using both polarizations ratios. Note, the overlap between the 
two has a slightly purple appearance. 
 
 

and 50 ´ 50 pixels each. Fig. 4 (a) and (b) show the s values 
for A1S and A1L, respectively, computed using boxes with 
dimensions of 50 ´ 50 pixels. Fig. 4 (c) and (d) show the same, 
but computed using boxes with dimensions of 100 ´ 100 pixels. 

As can be seen, the areas that correspond to the oil slick in 
A1S show higher values for s than the A1L with both cases 
showing higher values for s within slick than the surrounding 
open ocean. The reason why the values for s are higher within 
slick when compared to outside, is that when estimating values 
for s within slick, the expectation for the co-polarization scatter 
from individual square regions are still calculated at a nominal 
value for the |e| of open water. Given that the co-polarization 
ratio will have lower values within slick, this naturally leads to  
higher values for s. This can be seen from Fig. 13 (a) in 
Appendix B.  For this reason, it is necessary to estimate s within 
slick from the surrounding ocean areas, when only the co- 
polarization data is available, or when employing X- or S-
bands. It should be noted that the lower s values within slick in 
A1L, for both the 50 ´ 50 pixel and 100 ´ 100 pixel case, are 
most likely due to larger contributions from the surface 
roughness, than alterations to the dielectric constant of the 
scattering surface, due to the longer wavelength of the incoming 
radiation in L-band when compared to S-band, i.e. in this case 
the slick is behaving more like a thin film and is not decreasing 
the effective dielectric constant of the ocean surface because of 
the longer wavelength at L-band. 

Fig. 4 (e) and (f) show the s values as they are retrieved by 
using method 2 for A1S and A1L, respectively. As can be seen, 
pixel-by-pixel values are obtained. In the A1S case, in Fig. 4 
(e), values within slick are higher than outside slick. In this case, 
this is due to the high noise corruption in the HV channel. This 
was shown in the noise analysis in Section V. For the A1L case, 
a homogenous field of s values is obtained. This is because by 
running the full model we are able to retrieve independent 
estimations of the surface roughness and the dielectric constant 
of the scattering surface due to the high signal-to-noise ratio of 
all polarimetric channels for the A1L case. 

Each 50 ´ 50 pixel or 100 ´ 100 pixel box within the yellow 
region of interest in Fig. 4 (a)-(d) represents a single local 
estimate for s. The histogram for the collection s values that 
corresponds to each one of these box areas in Fig. 4 (e) and (f) 
was computed and the expectation value was determined from 
each histogram. The distribution of s values resembled a 
gamma shaped distribution with a very light tail. For this 
reason, the numerical average was used as an estimation for the 
expectation. The difference between the expectation for the s 
values determined from the histogram of values in Fig. 4 (e) and 
(f) and the box regions in Fig. 4 (a)-(d) was determined. The 
histograms of these difference values are shown in Fig. 5.  

Fig. 5 (a) shows the case for A1S and Fig. 5 (b) shows the 
case for A1L. As can be seen typical values are around 0.03-
0.04. Note for the 50 ´ 50 box case, there is a higher degree of 
variance. This is to be expected as the 50 ´ 50 box case resulted 
in a smaller number of samples, which results in greater 
variability. However, in both cases for A1S and A1L the 
expectations remain the same. 

These results show that by employing method 1 the s values 
are overestimated, with typical values ranging from 0.02 to  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.06. In the next subsection, a sensitivity analysis that is 

designed to determine what the effects on the retrieval results 
of |e|, when s is perturbed by a small amount, which is meant 
to simulate the uncertainty in s, is presented. 

B. Sensitivity Analysis 
Fig. 6 shows the PTSM co-polarization ratio plotted against 

|e| for a value of s equal to 0.2 (solid line). A Ds value, 
hereinafter referred to as a perturbation, equal to 0.02, was 
added to the original value for s. The PTSM co-polarization 
ratio was then again plotted again against |e|, with a value for s 
equal to 0.22 (the original s value plus the perturbation value) 
and can be seen in Fig. 6 (dashed line). 

 

(a)  A1S difference values 

 

(b) A1L difference values 
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Fig. 6 Method for assessing the sensitivity of the co- polarization PTSM values to small 
perturbations in values of s. A PTSM curve is plotted with a specific value for s equal 
to 0.2. A small perturbation of 0.02 is added to the original s value. The difference in 
|e| i.e. D|e| is recorded for successively higher values of  |e|. The curves shown above 
were computed for 𝐻( = 0.9, 𝑣 = 	40° and radiation frequency of 3.25 GHz. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
The difference in |e| values retrieved from the two curves is 

illustrated, and as can be seen, grows with increasing |e|. This 
difference is delineated by the value D|e|. A central |e| value, 
for the quantity D|e| is marked by the vertical black line. 

In order to illustrate the effect of these perturbations on the 
retrieval results for |e|, the PTSM co-polarization ratio was 
computed for s values equal to 0.1 and 0.22. These values were 
chosen as they represent typical lower and upper limits for the 
surface facet slopes on the ocean surface, respectively. A set of 
four perturbation values were chosen equal to 0.01, 0.02, 0.03  
and 0.04. These perturbation values were then added to the 
original s values of 0.1 and 0.22, and the PTSM co-polarization 
curves were then calculated again  

The D|e| values along with the central |e| values (as 
illustrated in Fig. 6) were determined. Fig. 7 show scatter plots 
of the retrieved D|e| values plotted against the central |e| values, 
computed with inputs for wavelength in the model, equal to the 
sensing wavelength of the F-SAR instrument in X-, S-, and L-
bands. In order to generalize the results, the incidence angle 
parameter was chosen randomly from a uniform distribution 
ranging between 35° and 55°. The scatter for each perturbation 
is plotted and color coded as either red, green, blue or black. As 
can be seen, the value for the inputted perturbation value (Ds) 
results in the most variation in D|e| as opposed to other input 
parameters such as sensor wavelength or incidence angle. 

It can also be seen however that for low values of |e|, Ds 
values result in small values for D|e|. This implies that the 
PTSM co-polarization ratio, is robust to uncertainty in s for low 
dielectric values but this uncertainty grows with increasing |e|. 

The implication of this, is that we should expect to see similar  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
results for |e| when the PTSM is applied using both methods 

at lower dielectric values within oil slick, with a divergence 
occurring at higher dielectric values. 

V. RESULTS 
Fig. 8 (a) and (b) show the inversion results, i.e. |e| values, 

acquired from using method 1 and method 2, for the A1L 
acquisition, respectively. Fig. 8 (c) and (d) show the same, but 
for the A2L acquisition. 

When comparing the inversion results obtained from the two 
methods, it is easy to see that similarities exist. This is in 
relation to the presence of internal zones of low |e| values 
(approximately ranging between 2 - 8) that exist within both 
sets of imagery. 

Where the two sets of imagery diverge, is in relation to 
intermediate values for |e| (approximately 8 – 15). In the results 
obtained from just using method 1 a higher proportion of pixels 
with |e| values in this range are observed within slick, whereas 
in the results obtained using method 2, corresponding pixels 
have lower values.  

This can be explained in the context of the sensitivity 
analysis from section IV.B. As illustrated, lower values for |e|  
will be robust to uncertainties in values for s, with larger errors 
in the estimation of |e| occurring at higher dielectric values. 

Given that values of s tend to be overestimated when using 
method 1 (this is shown in Fig. 5) and that higher values of s 
will result in higher estimates for |e| (this is illustrated in Fig. 
13 (a)), the higher proportion of high |e| values present in the 
inversion results in Fig. 8 (a) and (c) are explained. 
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Fig. 9 (a) and (b) show binned scatter plots with |e| values 
retrieved from using method 1 on the x-axis and |e| values 
retrieved from using method 2 on the y-axis for A1L and A2L, 
respectively. As can be seen for values of |e| ranging between 
2 to 8 approximately, a high degree of correspondence can be 
seen between the two sets of results, with the method 1 results 
being over estimated for higher |e| values in comparison to the 
results obtained when using both the co- and cross- polarization 
information. 

In order to test the method of determining |e|	by using just 
the co-polarization ratio i.e. method 1, the s values that were 
obtained from applying method 2 (shown in Fig. 4 (f) for the 
case of A1L) were inserted into the PTSM co- polarization ratio 
and estimations for |e| were found. The expectation is that the 
|e| values obtained would be equivalent for both methods. The 
scatter plots shown in Fig. 9 (c) and (d), which again show 
binned scatter plots with |e| values retrieved form utilizing the 
method 1 on the x-axis and |e| values retrieved from utilizing  
method 2 on the y-axis for A1L and A2L, respectively are 
shown. As can be seen, the values obtained are similar with 
the majority laying on the red, diagonal line. This indicates 
that both methods are equivalent with alterations in s being the 
main driver for errors occurred. 

Given that F-SAR has a low noise floor, but that a high 
degree of noise corruption may occur in the cross-polarization 
channels for certain frequency bands over oil slick, e.g. X- and  
S-bands in this study, as illustrated in section III.C, the 
possibility of obtaining very accurate estimations for s from the 
surrounding ocean is investigated.     

The s values that were derived from utilizing the entire 
model, an example is shown in Fig. 4 (f) for the case of A1L, 
were derived. The area that corresponds to the oil slick was 
masked out, and then inwards interpolation (the same procedure  
applied to the estimations of the s values that are derived from 
just using the co-polarization ratio as outlined in Appendix B) 
was performed. Note, the interpolation procedure employed 
here smoothly interpolates inwards from pixel values at the 
outer boundary areas of a masked out region of interest by 
computing the discrete Laplacian over the region, and then 
solving the Dirichlet boundary value problem. 

Estimates for |e| were then determined and compared to the 
|e| inversions results obtained from using both the co- and 
cross-polarization information. Scatter plots for the A1L and 
A2L acquisitions can be seen in Fig. 9 (e) and (f). As can be 
seen, for low values of |e|, there is still a high degree of 
correspondence between the inversion results. Interestingly, for 
higher values of |e|, greater than 8, the correspondence is 
retained somewhat with less divergence than in the case of Fig. 
9 (a) and (b). 

In order to determine the degree of correspondence between 
each of the cases displayed in Fig. 9, first the correlation 
coefficient was calculated over the entire range of values, i.e. 
ranging between values of |e| of 2 – 20 and then between the 
ranges of 2 – 8, 8 – 15 and finally 15 – 20. The results are 
displayed below in Tables 2 and 3. For ease of reference, the 
values are cited in terms of the panel in Fig. 9 for which they 
correspond. 

With the exception of the results displayed in Fig.9 (c) and 
(d), strong moderate correlation values are observed for values 

of |e| between 2 – 8 with the degree of correlation dropping for 
the intervals of |e| between 8 – 15 and 15 – 20. 

 
Table 2: Values for the correlation coefficient calculated for 
the results displayed in Fig. 9 for the A1L acquisition 

 2 - 20 2 - 8 8 - 15 15 - 20 
Fig. 9 (a) 0.51 0.58 0.20 0.02 
Fig. 9 (c) 0.99 0.98 0.98 0.92 
Fig. 9 (e) 0.58 0.59 0.35 0.07 

 
 
Table 3: Values for the correlation coefficient calculated for 
the results displayed in Fig. 9 for the A3L acquisition 

 2 - 20 2 - 8 8 - 15 15 - 20 
Fig. 9 (b) 0.45 0.53 0.18 0.04 
Fig. 9 (d) 0.99 0.78 0.95 0.92 
Fig. 9 (f) 0.54 0.50 0.34 0.06 

VI. COMPARISON TO IN-SITU DATA 
In this section we will attempt to link the values for |e|, 

obtained via the PTSM, with the method outlined in section II.B 
for the A1L and A2L acquisitions, to aerial photography of the 
mineral oil emulsion slick. Fig.10 shows a photograph taken 
from the Dornier DO228-212 aircraft. The mineral oil emulsion 
slick can be seen as well as the soybean oil slick. The 
corresponding S-band SAR image is shown as well for 
reference. As can be seen, the “tail” of the mineral oil emulsion 
slick is visible in both sets of images emanating from the “head” 
of the slick in the middle background of both images to the right 
background. The photograph was taken at 10:46 UTC while the 
SAR acquisition was taken at 11:09 UTC. Note, aspects of this 
image may appear slightly blurry due to the fact that it was 
taken from the inside of the aircraft through glass. 

Despite the fact that the “tail” of the slick is visible in the 
aerial photograph of Fig, 10. It is not observed from a less 
oblique viewing angle. Fig. 12 (a) shows the mineral oil 
emulsion slick as photographed from the Dornier DO228-212 
aircraft. As can be seen, the “tail” of the slick is less apparent. 
Again, this image may appear slightly blurry due to the fact that 
it was taken from the inside of the aircraft through glass. Fig. 
12 (b) shows Fig. 12 (a) after processing for the purposes of 
aiding interpretation. Specifically, the bottom 1% and top 1% 
of each color band was saturated, thus increasing the contrast of 
the image. In this image, the red zones indicate thicker regions 
within the slick in contrast to the yellow zones. In both Fig. 12 
(a) and Fig. 12 (b) the three individual patches of oil are labeled 
as 1, 2 and 3. Fig.  12 (c) and (d) show the SAR acquisitions 
A1L and A2L. As can be seen, the three patches that are 
apparent in Fig. 12 (a) and (b) can be made out and are also 
numbered. A1L was acquired 27 minutes before the photograph 
of Fig. 12 (a) and F2L was acquired 19 minutes after the 
photograph of Fig. 12 (a). 

Fig. 12 (e) and (f) show the inversion results for |e| 
reproduced from Fig. 8 (b) and (d). The results shown in Fig. 
12 (e) show a greater concentration of lower |e| values 
concentrated in the “head” of the slick. The greatest 
concentration of low |e| values can be seen around the patches 
labeled 1 and 3 in Fig. 12 (c). When comparing the |e| values 
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Fig. 7 (a)-(c) Results of sensitivity analysis of X-, 
S- and L-band, respectively.  
 
 

for A2L, as seen in Fig. 12 (f), with the aerial photograph shown 
in Fig. 12 (a) and (b), again concentrated areas of |e| values that 
correspond to the slick patches labeled 1 and 3, can be 
distinguished. 

As can be seen from Fig. 12 (a) the three patches of slick 
appear to belong to code 5 of the BAOAC. This is due to the 
fact that the slick appears to have a true color, reddish 
appearance surrounded by metallic, gray areas. According to 
BAOAC the reddish areas will have thickness greater than 200 
µm while the grayish areas will have thicknesses between 5 µm 
– 50 µm.  

Fig 11 (a) and (c) show two photographs that were taken from 
the research vessel R/V Helmer Hanssen of the mineral oil 
emulsion slick. The green square in both images indicates a 
portion of the photograph that is displayed in Fig. 11 (b) and 
(d). In both Fig. 11 (a) and (c) the oil surface primarily shows a 
discontinuous true color appearance which corresponds to a 
Bonn code of 4. According to [21], this implies that the slick  
contains thickness regimes between 50 to 200 µm. Fig. 11 (b) 
shows a dark patch of oil slick from Fig. 11 (a). As can be seen 
this oil patch has a primarily continuous, dark color. This 
corresponds to a Bonn code of 5 which indicates that the slick 
contains thickness regimes greater than 200 µm. Fig 11 (d) 
shows a portion of Fig 11 (c) bounded by the green box. As can 
be seen the slick surface here appears to be highly textured with 
evidence of tar ball formation. Given that the textured surface 
can be seen on a photograph, areas of the slick are expected to 
have thickness reaching roughly 1 mm. It should be noted that 
the BAOAC code 5 does not describe an upper limit to the oil 
slick thickness within this category. Only the lower limit of 200 
µm. 

At two points of the day of 12 June 2019, six thickness 
measurements were made of the mineral oil emulsion slick, 4 at 
13:30 UTC approximately and 2 at 17:15 UTC approximately. 
This was done by collecting oil samples by lowering a glass 
tube into the slick. The oil thickness of the samples was 
determined later in a laboratory by comparing them to reference 
samples. The three thickest samples, had thickness 
measurements of 200 – 320 µm and were all measured around 
13:30 UTC. The fourth sample measured around 13:30 UTC 
had a thickness of 160 µm. The thinnest thickness 
measurements were 180 and 20 µm and were measured around 
17:15 UTC.  This confirms the observations made from the 
photos in Fig. 12 (a) and Fig. 11 that the slick was of a BAOAC 
code 5 and suggests that there may have been regions within the 
slick that had thickness of up to 1 mm. 
 

VII. CONCLUSION 
In the first part of this paper we presented the PTSM as well 

as two methodologies for determining |e|, based on the amount 
of polarimetric information available. We have also introduced 
an experimental data set that was acquired during the NORSE 
2019 oil-on-water campaign conducted in the North Sea, which 
contains multi-temporal F-SAR backscatter measurements of 
controlled discharges of mineral oil emulsion obtained in X-, S- 
and L-band. A signal-to-noise analysis of the data concluded  
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Fig. 8 (a) Values for |e| found after inversion for the slick of emulsion contained in A1L obtained by using method 1. (b) 
Inversion results for the slick of emulsion contained in A1L obtained by using method 2. (c) Inversion results for the slick of 
emulsion contained in A2L obtained by using method 1 (d) Inversion results for the slick of emulsion contained in A2L 
obtained by using method 2.   
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
that only the L-band data over the oil slick was suitable for 

use in this study. 
 In the second part of this paper, we explored the effect small 
errors in the estimation of the roughness parameter s has on the 
inversion results for |e|. First, we demonstrated that values for 
s obtained from using method 1 are consistently overestimated 
when compared to the values of s obtained from using method 
2. A sensitivity analysis revealed that for low values of |e|, 
uncertainties in s do not lead to significant errors in the 
estimation for |e|, but that errors increase for higher dielectric 
values. 
This was demonstrated by examining the inversion results from 
A1L and A2L. Both these acquisitions were inverted for |e| 
using both methods outlined in section II.B and Appendix B.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The results, as seen in Fig. 8, show that the lowest values for |e| 
were preserved across both methods employed. The underlying 
assumption made in this study is that values obtained from 
employing method 2 will yield more accurate results, since it is 
not required to make assumptions in regards to the roughness 
parameter s. 
 A brief comparison to in-situ data, collected in the form of 
IR aerial imagery, suggests that retrieval of |e| values, is able to 
accurately indicate areas of slick, where more oil is present. 
However, comparison between only one scene of an IR 
acquisition and one inversion result, both acquired one hour 
apart from each other, was made, indicating that more work is 
needed to verify if the PTSM is able to accurately characterize 
the dielectric properties of oil slick. In addition, the period in 

(a)  

 

(b)  

 

(c)  

 

(d)  
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(d)  

 

(e)  

 

(f)  

 Fig. 9 (a)-(b) Scatter plots of |e| inversion values obtained from using method 1 on the x-axis vs. using method 2 on the y-axis 
for the slicks found in A1L and A2L, respectively. (c)-(d) show the same as the respective plots in (a)-(b) but with s values 
obtained from using the co- and cross-polarization ratios (method 2) used in the method that just relies on the co- polarization 
ratio (method 1). (e)-(f) show again the same as the respective plots in (c)-(d) but the s values that were obtained from method 
2 were masked out over the slick areas, and then inwards interpolation was performed to estimate the s values from the 
surrounding areas outside the slick. The resulting s values were then fed into the PTSM using only the co-polarization ratio 
(method 1). The red line in all the 6 plots indicates the pixels which have a same |e| values obtained using both methods. 
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Fig. 10 Photograph taken from within the Dornier DO228-212 aircraft showing the two marine surface slicks, one of mineral oil 
emulsion and one of soybean oil, discharged during the NORSE 2019 oil-on-water campaign. In the image, the head of the slick of 
mineral oil emulsion is clearly visible with the tail of the slick also visible. Three ships can be seen in the left foreground, middle 
ground and background. Time of photograph: 10:46 UTC. The S-band SAR image to the right was acquired close to the time the 
photograph was taken. Both slicks are visible in this acquisition as well as the head and tail of the mineral oil emulsion slick. The three 
ships seen in the photograph are also visible are 3 bright points. Time of SAR acquisition 11:09 UTC. The wind direction is indicated 
in both images with the yellow arrow. Photograph: Ralph Horn. Images published with permission from NOFO. 
 

Fig. 11 (a) Photograph taken from the R/V Helmer Hanssen on 12 June 2019 at 10:30 UTC. A zone of thicker black oil can be seen in the 
middle foreground. (b) Area of image (a) shown in green square. Thicker zone of black oil is apparent. (c) Image of mineral oil emulsion 
slick taken from R/V Helmer Hanssen on 12 June 2019 at 10:30 UTC. (d) Area of image (c) bounded by green square. As can be seen the 
slick surface has a textured appearance. 
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Fig. 12 (a) Photograph taken from the Dornier DO228-212 aircraft showing the mineral oil emulsion slick taken on 12 June 2019 at 11:30 
UTC. (b) Same as in (a) but with processing performed on each color band for enhancement. (c), (d) L-band acquisition from A1 (A1L) 
and A2 (A2L) shown for reference. The tail of the slick is visible in both SAR acquisitions. SAR acquisitions taken on 12 June 2019 11:03 
and 11:49 UTC, respectively. (e), (f) Inverted |e| values for A1L and A2L obtained from using method 2. Images reproduced from Fig. 8. 
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the lifetime of a slick in which the PTSM is able to accurately 
determine dielectric values, interior to the slick, still needs to be 
determined. This is due to the effects of weathering i.e. 
emulsification and spreading, on the physical state of the slick, 
specifically water content and thickness, which can have direct 
impacts on the backscatter to the sensor. 

This study provides an important contribution to the field as 
it indicates that in the absence of cross-polarization 
information, which leads to a system of equations that is 
underdetermined, accurate estimations for the dielectric 
properties of oil slick can still be derived. 
 Future work will explore the capability of the F-SAR 
instrument to determine accurate values for the dielectric 
properties of oil slick when some cross-polarization 
information from the surrounding ocean is available, but not 
from oil slick area. This would extend the viability of the PTSM 
to cases when satellite data with relatively low noise 
characteristics is available, or when the use of airborne SAR 
data is feasible.  
 

Appendix A 
 The PTSM is given as  
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where s2 is a measure of the large-scale roughness. The angle 
of incidence of the incoming radiation is indicated by 𝑣. The 
terms 𝐶P,QRP

ST 	are the series expansion coefficients of the 
function (𝑘	𝑐𝑜𝑠	𝑣X)Z𝑊𝐹S𝐹T∗	and has the form 
 
 

𝐶P,QRP
ST =

1
𝑛! `

𝑛
𝑘a

¶Qb(𝑘	𝑐𝑜𝑠	𝑣X)Z𝑊𝐹S𝐹T∗	c
¶𝑎P¶𝑏QRP

f
8g:g6

 
 
   (3) 

 
The full expressions for 𝐶6,6

ST, 𝐶E,6
ST and 𝐶6,E

ST were derived 
numerically. The subscripts and superscripts p and q indicate 
send and receive polarizations, respectively. The quantity W is 
the power spectral density (PSD) of the small-scale roughness, 
with a roughness variance of ℎE.The	reader	is	again	referred	
to	[12] (and references therein) for an explicit treatment on this 
model. The Bragg coefficients, 𝐹;	and 𝐹5, are dependant on |e| 
and whose full expressions can be found in [12]. 

It should be noted however that implicit to the quantity W, 
there is another quantity, 𝐻(, referred to as the Hurst coefficient. 
It was explicitly shown in [12] that the model is very weakly 
dependent on this quantity. Following [11], a value of 0.9 was 
chosen. An explanation for this choice can be found in that 
reference. 

 
 

 

Appendix B 
When using only the co- polarization ratio, we are left with 

one equation with two unknows, Quigley et. al. [11] proposed 
a method to estimate the s parameter, from the surrounding 
ocean area, adjacent to oil slick before inversion is performed. 
The following provides a brief outline of the method proposed 
in that paper. 

Fig. 13 (a) shows the PTSM co-polarization ratio plotted 
against |e| for a frequency of radiation equal to 5.4 GHz, a look 
angle of 40° and 𝐻( equal to 0.9 with various values for s 
indicated. This graph shows that the PTSM co-polarization ratio 
is highly sensitive to values of the roughness parameter s with 
the PTSM being largely insensitive to |e| values over 30, 
approximately. 

The high degree of sensitivity the model has to the values of 
s suggests that this quantity needs to be estimated from 
localized patches of the ocean surface. 

For this reason, the co-polarization ratio image was divided 
into square regions of size 100 ´ 100 pixels (in section IV.A 
we will also presented an analysis for the case when it is 
divided into square regions of size 50 ´ 50 pixels). The 𝑠 
value for which the model curve approximates the mean of the 
co-polarization ratio scatter at a value of |e| equal to the value 
of sea water in that frequency band is taken as an estimate for 
s in the 100 ´ 100 pixel sized area. The mean value is chosen 
as it was observed that the co-polarization ratio scatter has a 
Gaussian-like distribution over open ocean.  

An example of the scatter of co-polarization ratio values 
within a single 100 pixel ´ 100 pixel sized image portion of the 
ocean surface is shown in Fig. 13 (b) and is represented as the 
red, vertical scatter, and is plotted at a value of |e| equal to 75.43 
(e	 = 65.54 − 37.33𝑗) and where the blue X indicates the 
average of the scatter. This value was calculated using nominal 
inputs for the salinity and sea surface temperature of the North 
Sea in C-band. This value for e	 is consistent with [22] who 
determined the complex permittivity of sea water at 0° C and a 
salinity of 35 ppt to be 64 – 40j. The images shown in Fig. 13 
were reproduced from [11] who used C-band Radarsat-2 data 
in their analysis and were included here as a reference for the 
methodology employed in this study.  

Section IV illustrated that only S- and L-band acquisitions 
were suitable for analysis in this study. In order to determine 
the |e| value for open water during the NORSE 2019 exercise 
in those frequency bands, a nominal value for the salinity of the 
North Sea and in-situ measurements of sea surface temperature 
were used to calculate the dielectric properties of open water. 
The |e| for S-band was found to be 80.77 (e	 = 71.42 −
37.74𝑗). and in L-band 95.8336 (e	 = 74.59 − 60.17𝑗). These 
values are also consistent with [22]. 
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