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 Abstract       Synthetic Aperture Radar (SAR) plays a major role in identifying oil spills on the sea 
surface. However, obtaining information of oil spill thickness (volume) is still a challenge. Emulsifi cation 
is an important process aff ecting the thickness and normalized radar cross section (NRCS) of oil fi lm. 
Experiments of crude oil emulsifi cation with C-band fully-polarized scatterometer were conducted 
combining airborne hyperspectral imaging spectrometer and 3D laser scanner observation data, to provide 
experimental parameters and method to support accurate remote sensing monitoring on marine oil spill. 
It is further proved that through quantitative homogeneous emulsifi ed oil spill experiments, to a certain 
extent, the NRCS of oil fi lm increased during the emulsifi cation process of crude oil. The backscattering 
mechanism of crude oil emulsifi cation was explored using a semi-empirical model (SEM); the change of oil 
fi lm NRCS was modulated by its dielectric constant and surface roughness, in which the dielectric constant 
showed a dominant eff ect. The relationship between thickness and NRCS of oil fi lm was studied under two 
experimental conditions. The diff erences of NRCS between oil fi lm and adjacent seawater (   σ  0 ) and the 
damping ratio (DR) were found to have a linear relationship with oil thickness, which were best in the vertical 
polarization mode (VV) at 45° incident angle during the quantitative crude oil homogeneous emulsifi cation 
process. In the natural emulsifi cation process of continuous oil spill in which oil fi lm was mixed with both 
crude oil and emulsifi ed oil, an empirical equation of oil fi lm thickness is preliminarily established. The    σ  0 , 
DR, and the empirical equation of oil fi lm thickness were applied to the marine continuous oil spill incident 
on a 19-3 oil platform with spaceborne SAR image and successfully explained the distribution of the relative 
thickness of the oil fi lm. 

  Keyword : crude oil emulsifi cation; normalized radar cross section (NRCS); moisture content; oil fi lm 
thickness; damping ratio  

 1 INTRODUCTION 

 Accidents of crude oil leakages often aff ect large 
areas of the marine ecological environment over long 
periods. Emulsifi cation occurs when seawater is 
mixed with crude oil, and produces a water-in-oil 
(W/O) emulsion, resulting in an increase in the 
tension, viscosity, and volume of oil, so that a liquid 
product can be changed to a heavy and semi-solid 
material (Fingas and Fieldhouse, 2003; Guo et al., 

2019). Emulsifi cation signifi cantly aff ects the cleanup 
response of oil spill. Oil fi lm thickness (volume) can 
help determine the key areas of serious impact caused 
by oil spills, and is conducive to the implementation 
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of oil spill fencing, recovery and clean-up work to 
minimize the damage (Leifer et al., 2012; Jones and 
Holt, 2018; Espeseth et al.,2020). 

Synthetic aperture radar  (SAR) plays a major role 
in the observation of oil spills and provides a unique 
opportunity for wide area surveillance, over day or 
night (Fingas and Brown, 2018). Single-polarization 
SAR use semi-automatic and automatic detection 
algorithms based on methods of multi-scale image 
classifi cation, fuzzy logic, and neural network to 
accomplish oil film detection (Del Frate et al., 2000; 
Solberg et al., 2007; Garcia-Pineda et al., 2009; Liu et 
al., 2010; Song et al., 2017). With the development of 
full-polarization sensors, polarimetric SAR 
decomposition parameters, average alpha angle, and 
entropy are estimated to identify oil slick (Migliaccio 
et al., 2007; Nunziata et al., 2008; Zhang et al., 2011; 
Skrunes et al., 2014; Zheng et al., 2017). Minchew et 
al. (2012) proposed SAR has the potential to identify 
thicker and emulsifi ed oil fi lms. Garcia-Pineda et al. 
(2013) proposed a detection method that identifi es the 
regions of increased radar backscattering within 
larger areas of oil-covered water to detect regions of 
thick and emulsifi ed oil. Minchew (2012) showed a 
method to characterize emulsifi cation by the 
volumetric fraction of oil using dual polarimetric 
imagery. The co-polarization ratio (CPR) is proposed 
as a useful quantity for estimating the volume 
percentage (Minchew, 2012; Angelliaume et al., 
2018; Li et al., 2019), because it is a function of the 
incident angles and dielectric constant with the tilted-
Bragg scattering model that is independent of sea 
surface roughness. Damping ratio (DR) is defi ned as 
the ratio of the radar-backscattered power from a 
clean and oil covered water surface. Relevant research 
has proposed that wave spectral damping increases 
with Bragg wavenumber, viscosity of the oil, and 
thickness of the oil layer (Wismann et al., 1998; 
Espeseth et al., 2017). Jones and Holt (2018) showed 
that the damping ratio attributed to the oil slicks and 
varied signifi cantly; and Ivonin et al. (2016) attribute 
this mainly to the thickness variations, but they do not 
give detailed information about thickness variations. 
Sergievskaya et al. (2019) found that the wave-
damping coeffi  cient of emulsifi ed crude oil fi lm has a 
maximum at thicknesses of about 1–2 mm, and the 
maximum is approximately twice that of crude oil, 
based on a laboratory experiment using oil emulsion 
and crude oil with diff erent oil fi lm thickness. Garcia-
Pineda et al. (2020) generated an oil/emulsion 
thickness classifi cation product based on 

RADARSAT-2 polarimetric imagery using entropy 
and the damping ratio derivations, but it is not possible 
to quantify or to discern in a qualitative way the level 
of thickness or the emulsifi cation level. 

 In recent years, research on the characteristics and 
mechanism of the hyperspectral response of oil spills 
in visible, near-infrared, and short-wave infrared 
ranges (400–2 500 nm) has been greatly developed 
(Lu et al., 2013; Shi et al., 2018). Optical remote-
sensing estimation methods and models for oil fi lm 
thickness are gradually advancing, which can 
distinguish thickness of oil fi lm from micron to 
millimeter in scale (Wettle et al., 2009; Lu et al., 2011; 
Svejkovsky et al., 2016; Wen et al., 2018; Sun and 
Hu, 2019). However, marine oil spills mostly occur in 
bad weather conditions, which limits the use of optical 
data. 

 At present, there is still a “bottleneck” for SAR in 
quantitative inversion when studying oil fi lm 
thickness. Once crude oil leaks at the marine 
environment, it emulsifi es, thus, it is necessary to 
study the relationship between oil fi lm thickness and 
normalized radar cross section (NRCS) under 
emulsifi cation conditions. Guo et al. (2020) thought 
that moisture content was a good parameter to 
describe the emulsifi cation process of crude oil within 
the stable emulsifying range, as it increased with the 
emulsifi cation process; and they found that the NRCS 
of oil fi lm increased with a certain degree of 
emulsifi cation, although the infl uence of the oil 
emulsifi cation process on NRCS had not been 
quantitatively described. Shu et al. (2020) analyzed 
the diff erence in backscattering between diff erent oil 
types emulsifi ed oil fi lm and calm water in detail.  

 In this paper, the scattering mechanism of crude oil 
emulsifi cation is investigated based on a semi-
empirical model (SEM). The relationship between oil 
fi lm thickness and NRCS was investigated under two 
experimental conditions: an artifi cially controlled 
quantitative crude oil emulsifi cation process and a 
natural process of continuous oil spill, to advance the 
research of microwave remote sensing estimation of 
crude oil spill volume.  

 2 MATERIAL AND METHOD 

 2.1 Experimental setting 

 Stability of emulsions is related to the asphalt 
content of crude oil, and is defi ned as stable (asphalt 
content>7%), semi-stable (3%<asphalt content<7%), 
and unstable (asphalt content<3%) (Fingas et al., 
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1995, 1999). Crude oils with diff erent asphalt content 
were used (Table 1). Two kinds of oil, B and C, are 
extracted from oil platform wells, and A and D are 
dehydrated crude oil. Crude oil A was used in 
Experiment I to observe the natural emulsifi cation 
process of simulated continuous oil spill. In 
Experiment II, crude oil B, C, and D were used to 
observe the controlled quantitative crude oil 
emulsifi cation process, and oil samples of diff erent 
moisture contents were artifi cially formulated. All the 
samples of emulsifi ed crude oil were made using 1-kg 
crude oil as per Guo et al. (2020). The moisture 
content interval of emulsifi ed crude oil was set 
according to the maximum stable moisture content of 
diff erent oil types at 25 °C (A: 22%; B: 20%; C: 50%; 
D: 70%). The parameters of these crude oil and the oil 
samples are shown in Table 1.  

 Two experiments were conducted in an outdoor 
fiberglass pool (6-m long, 2.2-m wide, and 0.7-m 

depth) (Fig.1). 4 700-kg filtered seawater in density of 
1.02 g/mL was injected into the pool to a depth of 
0.35 m. A fully-polarimetric C-band microwave 
scatterometer (polarization (VV, HH, VH/HV)) was 
mounted on a platform at the short side of the pool. 
Measurements were taken every 5° from the incident 
angle of 25° to 60°. The diameter of the scanned 
footprint was 0.8 m, and the distance ( X ) between the 
scanning center and the short side of pool are shown 
in Fig.1. Information of the measurement by 
scatterometer helped match the joint observation data 
and observe the oil fi lm roughness of the corresponding 
position. In addition, Experiment I used a hyperspectral 
imaging spectrometer and a 3D laser scanner, to 
obtain hyperspectral images of oil fi lms for thickness 
retrieval, and to measure the oil fi lm roughness by 
vertical ranging on the oil fi lm surface (Yue et al., 
2017). Specifi c parameters of the instruments are 
shown in Table 2.  

 2.2 Experimental data acquisition 

 Oil spill Experiments I and II were conducted at 
the Muping Coastal Environment Research Station of 
the Chinese Academy of Sciences which is located at 
Yantai. The specifi c experimental procedure and 
information of oil spillage included in two experiments 
are given in Fig.2. Experiment I was performed from 
August 23 to 27, 2017, and observed one type of oil A 
using scatterometer, hyperspectral imaging 

 Table 1 Parameters of crude oil used in experiments 

 Experiment  Oil 
type 

 Asphalt 
content (%) 

 Moisture content of 
oil samples (%) 

 Stability of 
emulsion 

  I  A  1.35  –  Unstable 

 II 

 B  3.00–7 .00  0, 5, 10, 15  Semi-stable 

 C  7.50  0, 10, 20, 30, 40  Stable 

 D  >7 .00  0, 20, 40, 50  Stable 

 –: type A oil was used to observe natural emulsifi cation and no emulsifi ed 
oil samples was prepared. 

Unit: cm

Scatterometer

Meteorological station

Imaging spectrometer

Incident angle 25° 30° 35° 40° 45° 50° 55° 60°

Experiment I X (cm)

Experiment II X (cm)

86 107 131 159 192 232 283 349

93 115 140 169 204 246 299 368

 Fig.1 Experimental settings 
 AB is the height of the scatterometer shaft; AC is the height of the scatterometer; and  X  is the distance from the center of the footprint to the short side of 
pool at diff erent incident angles. 
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spectrometer, and 3D laser scanner. Crude oil was 
poured into the water pool in several increments, and 
oil fi lm removal was not performed throughout the 
experiment, to simulate the process of continuous oil 
spill and its natural emulsifi cation process. The oil 
fi lm was scanned by scatterometer 10 min after 
diff usion, and was then manually stirred to ensure 
even distribution of the oil fi lm and to accelerate the 
emulsifi cation process. After that, another NRCS 
measurement of the oil fi lm was performed. Once a 
measurement by scatterometer was accomplished, the 
imaging spectrometer started to work to obtain the 
hyperspectral data of oil fi lm, then the 3D laser 
scanner. Synchronous sampling was carried out in the 
experiment process, and the moisture content of oil 
fi lm was measured with a trace moisture meter 
(SCKF105). The observation by all the instruments 
was completed within half an hour. 

 Experiment II was performed from September 15 
to 18, 2018, and observed oil samples (oil types: B, C, 
and D) with diff erent moisture content which were all 
made using 1-kg crude oil, to quantitatively observe 
homogeneous emulsifi ed crude oil and research its 
microwave scattering characteristics. The 
scatterometer was the main instrument. Clean 
seawater was fi rst scanned by the scatterometer, and 
then the NRCS of crude oil and emulsifi ed oil samples. 
After each oil sample was observed, the NRCS of the 
water surface after oil removal was measured. Then 
the next oil sample was poured and the above process 
repeated for scattering observation. The measurement 
time interval between oil sample and its corresponding 

water surface was around 30 min.  
 Wind speeds (30 min on average) were measured 

by a small meteorological station 200 m away from 
the water pool, and oil fi lm temperatures were 
collected by thermometers (Fig.3). The surface wave 
height was measured by wave gauge before the oil 
fi lm was poured, and was within 3 mm.  

 Table 2 C-band scatterometer and imaging spectrometer 
specifi cations 

 Scatterometer 

 RF output frequency  5.25–5.75 GHz  

 Transmit power  +7 dBm 

 Transmit bandwidth  500 MHz 

 Range resolution  0.3 m 

 Antenna 6-dB two-way beam width  10.1° 

 Cross-polarization isolation  >30 dB 

 Transmit/receive polarizations  Linear, vertical, and horizontal 

 Noise fl oor  -45 dB 

 Hyperspectral imaging spectrometer (nano-hyperspec) 

 Spectral range  400–1 000 nm 

 Space channels  640 

 Spectral channels  270 

 Imaging mode  Linear push-broom 

 Spectral sampling interval  2.2 nm 

 Spatial resolution  2 cm (when fl ight height is 30 m) 

 Dynamic Range  12 bit 

 3D laser scanner (Leica ScanStation C10) 

 Ranging  300 m 

 Scanning resolution  User-defi ned, minimum <1 mm 

 Field-of-view  360°  270° 

Numerical code of  scatterometer measurements
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

O
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 m
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C
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C
-4

0
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B
-0
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B
-5
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B
-1

0
%

  
  

B
-1

5
%

  
  1054 1107

1545

1849

610
770

955

1225

1797

960 1024 980
1050

62
135.7

225.7
445.7

3821.7

 1. 8/23/17:21    
 2. 8/24/10:20
 3. 8/24/11:02
 4. 8/25/08:02
 5. 8/25/08:58
 6. 8/25/10:30
 7. 8/25/13:35
 

  8. 8/25/15:48
  9. 8/25/16:57
10. 8/26/10:06
11. 8/26/11:12
12. 8/26/13:48
13. 8/26/16:33
14. 8/27/07:50

Scatterometer measurements’ time

(2017/8/23–27)
Code 1–14  Experiment  Ⅰ

* Independently observed each oil sample, measurement time interval 
  with the corresponding water surface is around 30 min.

(2019/9/15–18)
Code 15–40  Experiment Ⅱ

* B-5%  represent the oil sample type “B” with 5% moisture content 

0

1000

2000

Cleaned water

C-Oil

Rest over night
Stirred
Sea water

B-Oil 

D-Oil

A-Oil

3000

4000

 Fig.2 Experimental process and oil mass 
 Legend “sea water” and “cleaned water” denotes initial water and the water after oil fi lm removal, respectively; “stirred” indicates the oil sample was 
artifi cially stirred; “rest over night” indicates that the oil fi lm was left overnight. 
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 2.3 Matching of observation data scatterometer 
and hyperspectral imaging spectrometer  

 To study the relationship between oil fi lm 
thickness and NRCS, thicknesses were retrieved by 
hyperspectral images in the footprint of the 
scatterometer. The oil fi lm thickness retrieval model 
was proposed by Ren et al. (2019), and was based on 
the hyperspectral data from the same oil spill 
experiment. For a certain pixel ( i ), the model of its 
thickness ( T ) was assumed as Eq.1, and the known 
total pixels number ( N ), area ( S ) of water surface 
and oil volume ( V ) in each image can establish the 
relationship with the oil fi lm thickness as shown in 
Eq.2: 

 
-675 -699

,i
i i

a bT
R R

      (1) 

 1 1 1
-675 -699

,N N N
ii i i

i i

a b NT V
R R S  

      (2) 

 where  R  i  -675  and  R  i  -699  are characteristic bands with 
675 nm and 699 nm, and  a  and  b  are undetermined 
coeffi  cients. 

 The retrieval model obtained by solving the 
undetermined coeffi  cients could eff ectively retrieve 
the oil fi lm thickness of any pixel in the images. The 
relative error (RE) of the estimated oil volume 
compared with the actual oil volume was 12% on 
average. As shown in Fig.4, based on the hyperspectral 
data of oil fi lm (Fig.4a), oil fi lm thickness images 
(Fig.4b) were calculated using the retrieval model. 
The pixels covered by the footprint of scatterometer 
in the thickness image were extracted. Then, the 
average oil fi lm thickness in each scatterometer 
footprints at diff erent incident angles were calculated, 
which will be used to study the response relationship 
with NRCS. 

 3 RESULT 

 3.1 Analysis on NRCS of seawater and oil fi lm 

 The NRCS change of seawater with the incident 
angle was tested. As shown in Fig.5, the overall trend 
of NRCS in VV ( σ  0  VV ), HH ( σ  0  HH ), and HV/VH 
( σ  0  HV/VH ) polarization of water gradually decreases 
with the increase of incident angles which is consistent 
with the scattering theory. Although the incidence 
Angle >50° (at VV) is abnormal due to the infl uence 
of the environment, it does not aff ect our subsequent 
analysis. Our analysis is based on the data measured 
at a 45° incident angle because the oil samples were 
poured on to the scanning area at this angle, and the 
position is at the center of the pool which was 
relatively less aff ected by the surrounding. 

 We found that the diff erence between the NRCS 
(   σ  0 ) of oil fi lm and water could refl ect how the 
emulsifi cation degree might aff ect the NRCS (Guo 
et al., 2020). The damping ratio (DR) and the co-
polarization ratio (CPR) are characteristic parameters 
of scattering widely used in marine oil spill 
identifi cation (Wismann et al., 1998; Minchew, 
2012; Espeseth et al., 2017; Angelliaume et al., 
2018). We selected    σ  0 , DR, and CPR to analyze 
these changes with the thickness of oil fi lm in the 
process of emulsifi cation in Experiment II and select 
the diff erence (  ′ σ  0 ) between adjacent observation 
results of oil fi lm for analysis in Experiment I as 
follows: 

    σ  0    (dB)= σ  0,oil    σ  0,water ,     (3) 
 DR= σ  0,water / σ  0,oil ,           (4) 
 CPR=( σ  0  HH / σ  0  VV)  water /( σ  0  HH / σ  0  VV)  oil ,      (5) 
    ′σ  0  (dB)= σ  0,oil2    σ  0,oil1 ,       (6) 

 where  σ  0,oil  and  σ  0,water  are the NRCS from oil slick and 
water, respectively. 
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 3.2 The eff ect of emulsifi cation on NRCS of oil fi lm 

 The NRCS of oil fi lm can be aff ected by surface 
roughness and dielectric constant (Richards, 2009). 
Emulsifi cation changes the oil fi lm roughness, 
moisture content, and increases its thickness which 
will aff ect the NRCS of oil fi lm. As the photos of oil 
fi lm with diff erent moisture content show (Fig.6), the 
emulsifi ed oil fi lm with higher moisture content is 
closer to tan in color. The higher the degree of 
emulsifi cation of the oil fi lm, the denser the smaller 
droplets in the oil layer, resulting in a change of oil 
fi lm surface roughness. Of the three types of oil (B, C, 
and D) in Experiment II, as shown in Fig.7, the overall 
trend of oil fi lm NRCS in all polarization modes 
increased following an increase in the moisture 
content, and the eff ect of wind speed was not dominant.  

 Because the experiments were conducted in a pool, 
the infl uence of wind and waves was too small to 
consider. The infl uence of wind does not play a 
dominant role in the 30-min emulsifi cation process 

from the above analysis (Fig.7). To explore the 
scattering mechanism of the crude oil emulsifi cation, 
the semi-empirical model (SEM) (Richards, 2009) 
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 Fig.4 Hyperspectral image of oil fi lm (a) and inversion of oil fi lm thickness image (b) 
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was used to simulate the NRCS based on the measured 
roughness and moisture content of oil fi lm. NRCS of 
VV polarization can be expressed as follows: 

    
3
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 where    is the incidence angle,  k  is the wave number 
of the radar,  s  is the root mean square (RMS) variation 
in the surface height,  ε  r  is the relative dielectric 
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C-0% C-20% C-40%

 Fig.6 Photos of quantitative simulated crude oil emulsifi cation process 
B, C, and D represent the oil sample types B, C, and D; 0%, 5%, 10%, and 20% represent the moisture content.
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constant, and  ρ (0) is the Fresnel refl ection coeffi  cient 
at vertical incidence.  ρ  H  and  ρ  V  are polarization 
dependent refl ection coeffi  cients. The equivalent 
dielectric constant of emulsifi ed crude oil can be 
calculated from the moisture content and the dielectric 
constant of crude oil and seawater (Han, 2019) as 
follows: 

  ε  r = K [ W  c  ε  2 +(1– W  c ) ε  1 ]+(1– K ) ε  1  ε  2 [ W  c  ε  1 +(1– W  c ) ε  2 ] -1 ,  

  K =2 W  c [5–3 W  c ] -1 ,                      (12) 
 where  W  c  is the moisture content of oil,  ε  1  and  ε  2  are 
the dielectric constants of crude oil and sea water, 
respectively, here we set them to 2.2 and 60. Equations 
7–12 were used to simulate the NRCS of oil fi lm 
based on the measured roughness and moisture 
content in Experiment I. Observation of moisture 
content was limited by oil fi lm thickness, and we 
measured the moisture content when the oil mass 
reached 3 821.7 g which are ranged in the sequence 
10–14, and the simulation results are shown in Fig.8. 
The simulated oil fi lm NRCS is basically consistent 
with the measured results, the root mean square error 
(RMSE) is 0.93 dB, and it can be seen that oil fi lm 
NRCS increases with the increase in the degree of 
emulsifi cation. 

 In order to explore the scattering mechanism of 
crude oil emulsifi cation under experimental 
conditions, the eff ects of dielectric constant and 
roughness on oil fi lm NRCS were studied. According 
to our pre-test, when the emulsifi ed oil reaches the 

maximum steady moisture content, the dielectric 
constant changes up to 8, and the oil fi lm roughness 
usually varies by several millimeters. NRCS with a 
fi xed roughness of 0.002 m and a dielectric constant 
changing from 2.2 to 8 and NRCS with a fi xed 
dielectric constant of 2.2 and a roughness changing 
from 0.002 m to 0.005 m were simulated. The 
simulation results are shown in Fig.9. The NRCS of 
emulsifi ed crude oil increase with the increase of the 
dielectric constant and roughness, and it is more 
aff ected by changes in the dielectric constantg, 
indicating that the emulsifi cation process plays a 
leading role in the infl uence of NRCS under 
experimental conditions. Therefore, the variation of 
NRCS of emulsifi ed oil fi lm is modulated by the 
dielectric constant of oil fi lm and the surface 
roughness, and the infl uence of dielectric constant is 
dominant. 

 3.3 The relationship between emulsifi ed oil fi lm 
thickness and NRCS  

 Crude oil emulsifi es when it leaks into the sea. It is 
necessary to research the relationship between oil 
fi lm thickness and NRCS in emulsifi cation conditions. 

 Relationship between oil fi lm thickness and NRCS 
with Experiment II data measured under the conditions 
of the artifi cially controlled quantitative crude oil 
homogeneous emulsifi cation process was fi rst 
investigated. Both the average oil thickness ( M / ρ · S , 
where  M  is oil mass,  ρ  is measured density, and  S  is 
the area of water pool) and    σ  0  were found positively 
correlated with the moisture content (Fig.10), except 
for    σ  0  of oil sample B-0%, which was abnormally 
high because of its uneven distribution as shown in 
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Fig.6. Therefore, a certain relationship exists between 
the thickness of oil fi lm and its NRCS during 
emulsifi cation and can be established by moisture 
content. The measurement of oil sample B-0% will be 
removed in the subsequent analysis.  

 The    σ  0 , DR, and CPR were used to build a 
relationship with average thickness of oil fi lm. As 
shown in Fig.11, the    σ  0  at VV has the strongest 
correlation with the thickness of oil fi lm among the 
three polarization modes during the quantitative crude 
oil emulsifi cation process, and the    σ  0  at VV for oil 
types B, C, and D, all show a linear positive 
correlation, and the fi tting determination coeffi  cients 
( R  2 ) are 0.63, 0.89, and 0.99, respectively   (Fig.11a). 
The    σ  0  at HH has no correlation with oil fi lm 
thickness for oil type B and the  R  2  of oil types C and 
D are 0.73 and 0.62, respectively (Fig.11b). For the 
HV/VH polarization, there is no signifi cant correlation 
between    σ  0  and oil fi lm thickness, fi tting  R  2  are 0.00, 
0.52, 0.07, respectively (Fig.11c).  

 The fi tting results of DR and oil fi lm thickness 
during the quantitative crude oil emulsifi cation 
process are shown in Fig.12. It can be seen that DR at 
VV for oil types B, C, D increases with an increase in 
the thickness of oil fi lm (Fig.12a). The  R  2  are 0.58, 
0.90, and 0.76, respectively. The  R  2  of DR at HH for 
three oil types is 0.00, 0.73, and 0.63, respectively 
(Fig.12b). For the HV polarization, there is no 
signifi cant correlation between the DR and oil fi lm 
thickness, and the  R  2  are 0.00, 0.49, and 0.07, 
respectively (Fig.12c). 

 The correlation between the CPR and the thickness 
of oil fi lm during quantitative crude oil emulsifi cation 
process is shown in Fig.13. It can be seen that the 
CPR of oil types C and D increase to a certain extent 
with the oil fi lm thickness. The  R  2  are only 0.21 and 
0.23. There is a high linear negative correlation for 
type B oil. However, the observed thickness of type B 

is small in range, and this result is not representative. 
The experiment results showed that CPR is not 
sensitive to a change in oil fi lm thickness in the 
emulsifi cation of crude oil. 

 Therefore, the parameters    σ  0  and DR can refl ect 
the change of oil fi lm thickness during the quantitative 
crude oil homogeneous emulsifi cation process and 
the thickness of crude oil emulsion ranges between 
0.04 and 0.15 mm. Also,    σ  0  and DR show an increase 
with the degree of emulsifi cation in the quantitative 
crude oil homogeneous emulsifi cation process. 

 Experimental data obtained by both the 
hyperspectral imaging spectrometer and scatterometer 
in Experiment I were used to study the eff ect on 
NRCS of oil fi lm thickness in a natural emulsifi cation 
process. Since diff erent amounts of crude oil A were 
added throughout the whole experiment, it is 
equivalent to simulating the process of continuous oil 
spill, and the observed oil fi lm was mixed with both 
crude oil and emulsifi ed crude oil. Oil fi lm thickness 
was retrieved based on the hyperspectral data and the 
match method with NRCS is introduced in Section 
2.3. The hyperspectral images of diff erent volume of 
oil spill are shown in Fig.14. Oil fi lm covers almost 
the entire water surface, from a sheen to a thicker oil 
fi lm, where oil fi lms in the circle footprints of 
scatterometer at incident angles 40°, 45°, 50°, and 55° 
showed a relatively uniform diff usion (visually 
consistent in appearance), thus the NRCS measured at 
the above incident angles and the average thickness of 
the oil fi lm in these circle footprints have a good 
matching relationship. The fi tting curves of VV-
polarized   ́ σ  0  and the thicknesses of oil fi lm are 
shown in Fig.15, which also shows a linear correlation. 
The  R  2  are 0.61, 0.95, 0.67, and 0.56 at the above 
incident angles, of which the incident angle at 45° is 
the best. The oil fi lm thickness empirical equation 
fi tted by oil fi lm thickness retrieved by hyperspectral 
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data at the range of 5–45 μm and 45°   ́ σ  0  is as follows, 
which refl ects that under the mixed condition of crude 
oil and emulsifi ed crude oil, the smaller the   ́ σ  0 , the 
greater the thickness of the oil fi lm: 

  y =-0.0205  ́ σ  0 +0.0175.                (13) 
 We used the   ́ σ  0  at other incident angles of 40°, 

50°, and 55° to retrieve the oil fi lm thickness by Eq.13 
and the results were compared with the corresponding 
hyperspectral retrieval results. The correlation 
coeffi  cient ( R ) is 0.76, mean absolute error (MAE) is 
0.006 6 mm, RE is 43% and RMSE is 0.008 1 mm as 
shown in Fig.16. It is considered that a certain error is 
caused by the certain incident angle eff ect since 

verifi ed data were observed at diff erent incident 
angles of the scatterometer, and the experimental data 
was limited. The empirical equation can refl ect that 
microwave scattering has a certain potential to 
estimate the thickness of oil fi lm when mixed with 
emulsions and crude oil under the current experimental 
conditions.  

 4 DISCUSSION 

 Emulsifi cation can enlarge the volume of crude oil, 
increase the surface tension and viscosity of oil spill, 
and thus increase the thickness of oil fi lm. On the 
other hand, emulsifi cation increases the dielectric 
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polarization (a), HH polarization (b), and HV/VH polarization (c) 

0.97 0.98 0.99 1.00 1.01 1.02 1.03
0.08

0.09

0.10

0.11

0.12

0.13

0.14

0.15

0.96 0.98 1.00 1.02
0.04

0.06

0.08

0.10

0.12

0.14

0.16

CPR at 45° CPR at 45° CPR at 45° 
1.000 1.004 1.008 1.012 1.016 1.020

0.0804

0.0806

0.0808

0.0810

0.0812

0.0814

0.0816

0.0818

5%

10%

15%

0%
20%

40%

50%

0%

10%

20%

30%

40%

b c a

A
v
er

ag
e 

th
ic

k
n
es

s 
(m

m
)

A
v
er

ag
e 

th
ic

k
n
es

s 
(m

m
)

A
v
er

ag
e 

th
ic

k
n
es

s 
(m

m
)

y=-0.0855x+0.1674

R2=1

y=0.7301x–0.6358

R2=0.21

y=0.4819x–0.3693

R2=0.23

 Fig.13 The relationship between thickness of oil fi lm and CPR during the quantitative crude oil emulsifi cation process for 
oil type A (a), oil type B (b), and oil type B (c) 



Vol. 401372 J. OCEANOL. LIMNOL., 40(4), 2022

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

-1.0 -0.5 0.0 0.5
0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

3

5

6

7

8

3

5

6

7

8

9

3

5
6

7

8

9

3

5
6

7

8
9

T
h
e 

th
ic

k
n
es

s 
o
f 

o
il

 fi
lm

 r
et

ri
ev

ed
 b

y
 

  
  
  
  
  
h
y
p
er

sp
ec

tr
al

 d
at

a 
(m

m
)

T
h
e 

th
ic

k
n
es

s 
o
f 

o
il

 fi
lm

 r
et

ri
ev

ed
 b

y
 

  
  
  
  
  
h
y
p
er

sp
ec

tr
al

 d
at

a 
(m

m
)

T
h
e 

th
ic

k
n
es

s 
o
f 

o
il

 fi
lm

 r
et

ri
ev

ed
 b

y
 

  
  
  
  
  
h
y
p
er

sp
ec

tr
al

 d
at

a 
(m

m
)

T
h
e 

th
ic

k
n
es

s 
o
f 

o
il

 fi
lm

 r
et

ri
ev

ed
 b

y
 

  
  
  
  
  
h
y
p
er

sp
ec

tr
al

 d
at

a 
(m

m
)

9

a b

c d

y=-0.0327x+0.0132

R2=0.61

y=-0.0205x+0.0175

R2=0.95

y=-0.0318x+0.019

R2=0.67

y=-0.0258x+0.0185

R2=0.56

∆σ0

VV
 (dB) at 40° ∆σ0

VV
 (dB) at 45°

∆σ0

VV
 (dB) at 50° ∆σ0

VV
 (dB) at 55°

 Fig.15 Fitting results of   ́ σ  0  and thickness of the oil fi lm at incident angles of 40°(a), 45°(b), 50°(c), and 55° (d) in natural 
emulsifi cation process 
 Label numbers represent the experimental observation sequence. Sequence 4 is the fi rst observation data on a day where the diff erence of NRCS 
between two adjacent oil fi lm observations could not be calculated, thus it was not included in the fi tting data. 

Oil mass 61 g Oil mass 225.7 g Oil mass 445.7 gOil mass 225.7 g Oil mass 225.7 g

60°

55°

50°

45°

40°

35°

60°

55°

50°

45°

40°

35°

60°

55°

50°

45°

40°

35°

60°

55°

50°

45°

40°

35°

60°

55°

50°

45°

40°

35°
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constant and surface roughness of oil fi lm, and 
increases NRCS to a certain extent. The relationship 
between oil fi lm thickness and NRCS under diff erent 
conditions of crude oil emulsifi cation was investigated. 
The    σ  0  and DR were found to be sensitive to the 
variation of oil fi lm thickness during the emulsifi cation 
process of quantitative crude oil. An empirical 
equation is fi tted under a natural emulsifi cation 
process, which can provide reference for monitoring 
of continuous oil spill. To perform application 
experiments on the empirical Eq.13 of oil fi lm 
thickness,    σ  0  and DR were applied to SAR data 
(ASAR on June 11, 2011, C band, VV polarization) of 
Penglai 19-3 oil spill accident, which was a continuous 
spill of heavy crude oil (including asphalt). Empirical 
Eq.13 shows that the smaller the sensitive parameter 
value, the greater the oil fi lm thickness. The    σ  0  and 

DR values of No. 1 oil spot are relatively small 
compared with other oil spots as shown in Fig.17. 
Number 1 oil fi lm is located near the source of the 
continuous oil spill. A large amount of oil spilled 
continuously collects here, and the oil fi lm is relatively 
thick, while the    σ  0  and DR values of Nos. 2–6 oil 
spots are relatively high. These oil spots were at a 
certain distance from the oil platform and were broken 
and dispersed by wind and waves, and the oil fi lm is 
relatively thin. The application results show that    σ  0  
and DR can also refl ect the change of oil fi lm thickness 
under the mixed condition of crude oil and emulsifi ed 
crude oil, and they are related to the distribution of the 
relative oil fi lm thickness. The smaller the value of 
   σ  0  and DR, the greater the oil fi lm thickness, which 
is consistent with the empirical equation of oil fi lm 
thickness constructed under continuous natural oil 
spill conditions. Crude oil emulsifi cation often starts 
from the edge of the oil fi lm, the    σ  0  and DR values of 
the edge of each oil spot are higher than the center of 
the oil spot, which is consistent with the increase of 
   σ  0  and   DR with the degree of emulsifi cation in the 
quantitative crude oil homogeneous emulsifi cation 
process. 

 An empirical equation for estimating oil fi lm 
thickness was preliminarily constructed under the 
condition of mixing crude oil and emulsifi ed crude oil 
in an outdoor experiment, which showed the changing 
trend of oil fi lm thickness with NRCS at a certain 
range. It preliminarily explains the relative distribution 
of oil fi lm thickness in the SAR oil spill monitoring 
case. However, the amount of experimental data 
involved is limited, oil products are relatively simple, 
and the limit for estimating emulsifi ed oil fi lm 
thickness by full polarization scatterometer is 
unknown. More observational data from diff erent oil 
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types should be obtained, and the empirical equation 
should be revised and optimized, to be applied to the 
quantitative remote sensing inversion of oil fi lm 
thickness in oil spill accidents. 

 5 CONCLUSION 

 In this study, the eff ect of emulsifi cation on NRCS 
and the relationship between the thickness of oil fi lm 
and NRCS were studied. It is found that the formation 
of emulsion will change the microwave scattering 
characteristics of crude oil, increasing the NRCS of 
crude oil to a certain extent. A scattering theoretical 
model was used for exploring the backscattering 
mechanism of crude oil emulsifi cation under existing 
experimental conditions. The simulation results show 
that the NRCS change of emulsifi ed oil fi lm is 
modulated by its dielectric constant and the surface 
roughness, where the infl uence of the dielectric 
constant is dominant. The    σ  0  and DR are found to 
have a linear relationship with oil thickness during the 
artifi cial controlled quantitative crude oil homogeneous 
emulsifi cation process, which were best at the VV 
polarization mode. An empirical equation of oil fi lm 
thickness is initially established in the natural 
emulsifi cation process of continuous oil spill when oil 
fi lm was mixed with both crude oil and emulsifi ed oil. 
The equation shows that the thickness of oil fi lm 
increases with the decrease of   ́ σ  0 . The    σ  0 , DR, and 
the empirical equation of oil fi lm thickness were 
applied to the marine oil spill case by spaceborne SAR 
image data and successfully explained the distribution 
of the relative thickness of the oil fi lm (heavy oil) in a 
continuous oil spill condition. It provided experimental 
parameters and method to support accurate marine oil 
spill remote sensing monitoring. 

 In a further study, it is necessary to observe a large 
number of experimental data under diff erent 
conditions and combination with scatterometer, 
hyperspectral imaging spectrometer and airborne 
SAR, to explore commonality to improve the oil fi lm 
thickness inversion method. The experimental 
conditions should be further optimized under 
conditions closer to the natural sea state to better 
provide data references for spaceborne SAR to 
estimate the thickness of oil fi lms. 
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