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Oil slicks often show uncertain surface roughness and Fresnel reflection parameters. Consequently,
differentiating oil spilled on the seawater in these areas using optical sensors is a challenge. Therefore, the optical mechanism of the oil film has been studied by the Maxwell equation. It is found
that the polarization characteristics of the oil slicks can help us to overcome this problem. According to the Fresnel formula, the scattering coefficient and scattering rate of the homogeneous oil
film have been deduced, and the phase difference of the scattering electromagnetic wave has also
been calculated to verify the accuracy of the model. The parameter, a degree of scattering polarization, has been derived to identify the oil slicks on the sea wave. It depends on accurately knowing
the Stokes parameter for the reflected light, and varies with the refractive index of the surface layer
and viewing angles. The actual spilled oil has been measured by this model, and the oil film can
be accurately identified at various angles. These preliminary results suggest that the potential of
multi-angle polarization measurement of ocean surface needs further researches.
Keywords: optical mechanism, surface microstructure, degree of scattering polarization, Fresnel formulas, oil slicks.

1. Introduction
Marine oil spill accident could produce different impacts on marine ecological environment and social economy [1, 2]. Oil pollution usually occurs around major shipping
routes [3] and indicates close connection with offshore installations [4], such as Deepwater
Horizon oil spill accident in the Gulf of Mexico in 2010 [5]. As soon as the oil spill entered into seawater, the pollution of oil is very serious to the marine environment and
marine biological resources. The oil spill on the sea will greatly reduce the exchange
rate of oxygen between the seawater and atmosphere to destroy the ecological balance
of the oceans [6, 7].
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Therefore, how to detect the oil spill on sea quickly and take corresponding measures is always the research focus of marine environment ecological security [5, 8–10].
At present, the oil spill detection methods are mainly of visible light, synthetic aperture
radar, high spectrum, laser radar and so on [11–13]. These methods are based on the
information of scattering intensity from the material surface to identify the different
kinds of objects in the measurement area. However, the oil spill spreads by gravity,
wind and current to a bigger area and from the oil slick with different thickness on the
ocean surface [14]. The structure of the surface becomes rough, and the measured value
may exceed the threshold range of detectors [15–17]. The accuracy of traditional measurement techniques is affected by the observation angles.
For that reason, this paper has used the relationship between scattering angles and
degree of polarization to derive the physical model of polarization scattering, and the
degree of polarization of scattering has been extracted as the basis for detection of
spilled oil on the sea. It is found that this theory compensates for the shortcomings of
traditional measurement techniques, and it has been proved in the multi-angle measurements of spilled oil on the sea wave.

2. Surface optical path of oil film
Suppose that a plane wave is incident on a uniform oil film, the thickness of layered
medium is h, and the two faces of the oil film are connected to a homogeneous half
infinite medium, respectively. According to the Maxwell equation, we can get the following:
4π ꞏ
1
1
ꞏ
ꞏ
E  curl H – H  curl E = ----------- E  E + ------ j  D + ------ H  B
c
c
c

(1)

where the two vectors, E and B, are called the electric vector and the magnetic induction. And the second set of vectors are the electric current density j, the electric displacement D, and the magnetic vector H. The dot is denoting differentiation with
respect to time.
Also, by a well-known vector identity, the term on the left may be expressed as the
divergence of the vector product of H and E:
E  curl H – H  curl E = – div  E  H 

(2)

Then, multiply this equation by c/4π, integrate throughout an arbitrary volume and
apply Gauss’s theorem, this gives
1
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4π
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(3)

where the last integral is taken over the boundary of the volume, n being the unit outward normal. It represents the energy law of an electromagnetic field.
The boundary condition requires that the tangent component should be continuous
when E passes the two boundaries of the layered medium. Therefore, we assume that
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Fig. 1. The propagation of electromagnetic waves through a uniform oil film.

all the oil film media are nonmagnetic (μ = 1). A schematic diagram of the single propagation of electromagnetic waves in a homogeneous oil film is shown in Fig. 1.
The empirical refractive index n and extinction index k of soil are 1.53 and 0.1280,
and the values of water are 1.33 and 0.0028. Therefore, when the polarized light has
irradiated to the surface of oil film by the incident angle of θi (0°  θi < 90°), the range
of the refractive angle θt is from 0° to 40.81°, and 0  tan θt < 0.8636, then
lim  tan θ t  2h /d = 0

(4)

h/d  

Research shows that the first order reflected polarized light (R12, R12 | |, δ12) and
refractive polarized light (T12, T12 | |, δ12t) will emerge when the polarized light (A12,
A12 | |, δ12) illuminates the surface of oil spill. If the thickness of the oil film is greater
than the diameter of molecular group, the collect signal of the second order refractive
polarized light (S121, S121 | |, δ121) is more weak, and the signal mainly comes from the
first order reflected polarized light (R12, R12 | |, δ12). This is a strong basis for the optimization of a light path theory model.

3. The polarization characteristics of oil film
The characteristic matrix of a single homogeneous medium film can be expressed as
[18, 19]:
Mz =

cos  k 0 n z cos θ 

i
– ------- sin  k 0 n z cos θ 
p

– i p sin  k 0 n z cos θ 

cos  k 0 n z cos θ 

(5)
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Denoting by subscripts 1, 2 and 3 quantities which refer to the three media (air, oil
film and sea water). And
 m 11 = m 22 = cos β

i

- sin β
 m 12 = – --------p2


 m 21 = – ip 2 sin β

(6)

where, β = (2π/λ) n2 h cos θ2 and pj = nj cos θj ( j = 1, 2, 3).
According to the Fresnel formulae, the resulting formulae may be expressed in
terms of the reflection coefficients (r12, r23) and transmission coefficients (t12, t23) at
the first and the second surface, respectively. And
n 1 cos θ 1 – n 2 cos θ 2

 r 12 = ---------------------------------------------------n
cos
θ
+
n
cos
θ
1
1
2
2


2n 1 cos θ 1

 t 12 = --------------------------------------------------n 1 cos θ 1 + n 2 cos θ 2


(7)

n 2 cos θ 2 – n 3 cos θ 3

 r 23 = ---------------------------------------------------n 2 cos θ 2 + n 3 cos θ 3


2n 2 cos θ 2

 t 23 = --------------------------------------------------n 2 cos θ 2 + n 3 cos θ 3


(8)

Therefore, the expression of the scattering coefficient s121 of the second scattering can
be expressed as
s 121 = t 12 r 23 t 21
2n 1 cos θ 1
n 2 cos θ 2 – n 3 cos θ 3
2n 2 cos θ 2
= ---------------------------------------------------- ----------------------------------------------------- ---------------------------------------------------n 1 cos θ 1 + n 2 cos θ 2 n 2 cos θ 2 + n 3 cos θ 3 n 2 cos θ 2 + n 1 cos θ 1

(9)

And the scattering coefficient and scattering rate of the homogeneous oil film medium
can be expressed as follows:
r 12 + r 23 exp  2iβ 
r 12 + s 121
= ----------------------------------------------------s = ------------------------------1 + r 12 s 121
1 + r 12 r 23 exp  2iβ 

(10)

2
2
r 12
+ r 23
+ 2r 12 r 23 cos  2β 
= ---------------------------------------------------------------------------2 2
1 + r 12
r 23 + 2r 12 r 23 cos  2β 

(11)

S = s
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According to the Eqs. (10) and (11), the phase difference of the scattering electromagnetic wave can be calculated as:
2
r 23  1 – r 12
 sin  2β 
δ s = arg  s  = ----------------------------------------------------------------------------------------2
2
r 12  1 + r 23
 + r 23  1 + r 12
 cos  2β 

(12)

Therefore, under proper adjustment, the homogeneous oil film medium has the
characteristics of filtering, which only lets through the spectrum in the specific range.
And it can also change the phase of the incident light and have the polarization characteristic. These properties are related not only to the physical parameters of the medium itself, such as electrical conductivity, permeability, complex refractive index, but
also to the angle of incident angle and the angle of observation. This conclusion has
great significance for research and can be used for the detection of oil spill under the
support of satellite remote sensing technology [20–22].

4. The experimental device and method
Model experiments were carried out in a dark room, and the measurement model of
bidirectional reflectance distribution function was used to collect polarization data in
this experiment. We used nine different incident angles (35°, 40°, 45°, 50°, 55°, 60°,
65°, 70° and 75°) to measure the samples, and the measured angle was 90°. The light
source was a helium–neon gas laser, and the wavelength was 632.8 nm. The detector
was a CCD camera (image size: 800 × 600 pixels for 4096 gray levels, and the physical
size of detector is 5.27 × 3.96 mm). The CCD camera was used as a photometer [23].
It was a kind of CCD aperture photometry, and algorithms for CCD photometry were
shown in Ref. [24]. The experimental apparatus was shown in Fig. 2.
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Fig. 2. The sketch map of polarization measurement.
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The experiment device is composed of a light source, optical lens, diaphragm, deviation device, polarizer, quarter-wave plate and CCD camera. The laser light is focused
for a parallel beam by lens, and through a diaphragm with 1.88 mm circular aperture
to be the controllable linear polarized light. Then the polarizer and quarter-wave plate
are controlled to simulate different polarized lights with unique polarization states. According to the scattering principle, the signal of scattering light can be acquired by
CCD camera which is through the quarter-wave plate and polarizer of receiving terminal. Finally, the Matlab software has been used to analyze the measurement data,
the polarization parameters and Mueller matrixes of the samples. And the Ningxi oil,
Yiyang oil and GII oil were used as the research samples with API values of 50, 31
and 22, respectively.

5. Experimental procedures
5.1. Decomposition of Mueller matrix
Jones matrix or Mueller matrix can be used as the polarized state transformation matrix
[25, 26]. Optical equations are usually described by Jones matrix, such as Fresnel equations [27, 28]. Therefore, Jones matrix and Mueller matrix are the good choices in material identification. However, Jones matrix can only detect the pure material and have
no way to model rough surfaces samples whose polarized state transformations are
mixed. Relatively, Mueller matrix can do it, but it is difficult to establish the physical
model. In a real world application, the study on the mixed state is more valuable. From
this idea, the Mueller matrix M of this paper can then be decomposed as [29]

M =

S |2| + S 2

S |2| – S 2

0

0

S |2| – S 2

S |2| + S 2

0

0

0

0

2S | | S  cos δ s

2S | | S  sin δ s

0

0

– 2S | | S  sin δ s

2S | | S  cos δ s

+ dM dp

(13)

where d is the coefficient of depolarization.
5.2. Polarization parameters
The simulation equation is derived by Fresnel equations:
2 sin θ tan θ
P exp  iδ s  = ------------------------------------------------------------------------------------------------ – 1
sin θ tan θ – n 2 – k 2 – sin 2 θ + 2nk i

(14)

where n is the complex refractive index, k is extinction index, and θ is incident angle.
While P can be calculated from absolute value of P exp(iδs), and δs can be calculated
from phase angles of P exp(iδs).
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T a b l e. The refractive index ni and refraction angle θt of water and oil film’s surface.
Incident
angles θi
35°
40°
45°
50°
55°
60°
65°
70°
75°

Refractive
index of
water n3
1.3130
1.3257
1.3156
1.3449
1.3398
1.3562
1.3237
1.3366
1.3351

Refractive
index of
Ningxi oil
1.5070
1.5258
1.4958
1.4908
1.5031
1.5302
1.5741
1.5874
1.5949

Refraction
angle of
Ningxi oil
23.9132°
27.2292°
31.6729°
35.8289°
39.6901°
43.1848°
46.1128°
50.3218°
55.1589°

Refractive
index of
Yiyang oil
1.4715
1.4599
1.4731
1.5008
1.5213
1.5375
1.6061
1.6141
1.5750

Refraction
angle of
Yiyang oil
24.5276°
28.5682°
32.2192°
35.5537°
39.1235°
42.9300°
44.9385°
49.1927°
56.2128°

Refractive
index of
GII oil
1.5046
1.5041
1.5002
1.4999
1.5080
1.5229
1.5420
1.5607
1.6148

Refraction
angle of
GII oil
23.9537°
27.6554°
31.5693°
35.5783°
39.5357°
43.4431°
47.3672°
51.5185°
54.1570°

With the aid of a photometer (THORLABS-PM100D), the vertical and horizontal
light intensity value of incident polarized light were measured: A12 = 0.348 mW,
A12 | | = 0.399 mW. Then the polarizer and quarter-wave plate were used to simulate different polarized lights with unique polarization parameters. The refractive indexes of
water and oil film were calculated in different measuring angles by the Fresnel formula,
and the results are shown in the Table.
According to the Eq. (14), we could calculate the amplitude ratio P and phase retardation δs, and the results can be seen in Fig. 3. In order to make the parameters of
polarized light signal more precise, this experiment had collected 36 groups of measurement data. And the 16 unknown variables (Mueller matrix) would be solved by using
36 equations.
The amplitude ratio and phase retardation are almost unchanged. The pink inverted
triangles are the polarization parameters of the seawater, and the others are the measured
value of the three kinds of oil slicks. With the increase of measured angles, the amplitude
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Fig. 3. The amplitude ratio (a) and phase retardation (b) of incident polarized light and scattered polarized
light with different incident angles.
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Fig. 3. Continued.

ratio and phase retardation change at Brewster angles (θB, water = 53.06°, θB, oil = 56.83°).
In the small measured angles, the amplitude ratios of the four kinds of polarized light
are similar, the phase retardations of scattering polarized light of water and oil film
differ by π. But the two polarized parameters have a sudden change at Brewster angles,
the amplitude ration reaches a maximum, and the phase retardation drops to 0°. These
results show that the parameters of incident polarized light have been changed by the
samples, and this feature could be used as the basis to identify different objects.

6. The degree of polarization of scattering wave
The Stokes vector is a 4 × 1 matrix which can be used to describe the polarization effect
of electromagnetic wave and the samples [30]. Therefore, in this study we used the
polarization information of the Stokes vector to analyze the change rules of polarization state of the incident polarized light.
Since the four Stokes parameters describe the radiance of light, the ratio of the
intensity of the polarized portion to the total intensity is called the degree of polarization (DOP) of the wave, and
I pol
S |2| – S 2
Q2 + U2 + V 2
DOP = ------------ = --------------------------------------------- = ------------------------I tot
I
S |2| + S 2

(15)

where I, Q, U and V are the four parameters of Stokes vector; S| |, S are the horizontal
and vertical components of the Stokes vector, respectively. According to the Eqs. (9)–(11),
we find that the DOP is also related to the incident angle of the plane wave. Therefore,
in the process of measuring the oil spill on the real sea, we must consider the effect of
the rough sea surface on the measurement of DOP.
The surface of a rough oil slick (or of rough oil-free seawater) can be considered
to a combination of tilted wave facets that also satisfy the law of Snell, which can be
seen in Fig. 4. Real-world rough oil slicks and oil-free seawater surfaces can be ap-
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Fig. 4. Schematic of the Fresnel reflection of incident light on rough oil slicks and seawater surfaces (for
polarizations orthogonal and parallel to the incident plane).

proximated as containing a number of tilted wave facets that satisfy both the laws of
Fresnel and Snell. The Cox–Munk model quantitatively describes the size, shape, and
intensity of the sun-glint pattern of these facets’ combination through a probability distribution function (PDF) [31–33], which can be expressed as follows:
 – tan 2 η 
1
- exp ---------------------
P  ψ φ  σ 2  = ------------πσ 2
 σ2 

(16)

Where tan2η is given by
sin 2 ψ + sin 2 φ + 2 sin ψ sin φ cos 
tan 2 η = ------------------------------------------------------------------------------------- cos ψ + cos φ  2

(17)

and, ψ is the solar zenith angle, φ is the sensor zenith angle,  is the relative azimuth
angle, σ 2 is the surface roughness variance (the sea surface roughness variance can be
2
written as a function of the surface wind speed (w, m/s), σ water
= 0.003 + 0.00512w [31]),
and η is the tilt angle relative to the horizontal plane of a facet on the surface.
For a tilted wave facet, the local angle of the incident sunlight ω or the local reflection angle (ω) of the sun-glint specular reflection can be obtained from the spherical
law of cosines: cos 2ω = cos ψ cos φ + sin ψ sin φ cos. The local refraction angle γ of
the tilted wave facets (for an oil slick or oil-free seawater) can then be derived from
the refractive indices of the oil slick or oil-free seawater. The radiance that results from
a reflection of the sea surface varies with the surface roughness. The surface roughness
Stokes parameter must be taken into consideration when simulating this real sea surface.
The Stokes parameters of the sun-glint reflected from the oil slick or the oil-free
seawater surface are given by the following equation:
T
P  ψ φ  σ 2   1 + tan 2 η 
= ------------------------------------------------------------------- R  ψ 1  M R  ψ 2  I i Q i U i V i
4 cos φ
(18)
where R is the rotation matrix, ψ1 and ψ2 are the two rotation angles.

Io Qo Uo Vo

T
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Fig. 5. Degree of polarization (DOP) of scattered polarized light with different incident angles.

We performed experiments using oil spilled on the sea to analyze DOP. The conclusion was shown in Fig. 5.
By analyzing the measured values of different incidence angles, we could find the
following rules: 1) the DOPs of the three kinds of oil film are almost identical, and
there is a significant difference from that of sea water; 2) the Brewster angle as the
dividing line, when the incident angle is small, the optical propagation in the oil film
becomes deeper, the weak scattering energy is collected by the detector, and the DOPs
are lower than that of water; 3) when the incident angle is large, the optical path in the
oil film becomes longer, and the multiple scattering between oil particles becomes very
active, the DOPs are greater than that of sea water.
These features provide a very favorable basis for our identification of the oil spilled
on the sea. The diameters of water and oil’s molecules are only dozens of nanometers,
and less than one-tenth of the wavelength of incident light, thus it is easy to produce
the Rayleigh scattering. However, the wavelength of experimental incident light was
632.8 nm, so the Rayleigh scattering would not be obvious in our experiment [34]. At
the micro-level, we have found that the inter-atomic forces of the oil film were stronger
than that of water, which made the surface of oil film more akin to a mirror, and the
scattering effect was poorer. Therefore, in the range of large angles, the DOP of oil
film would be greater than that of water.

7. Conclusion
We have established an analytical model of polarizing optical detection technology to
identify the oil spill on the sea, and the polarization characteristics of measured samples
have been proven by different polarized states of incident light and scattering light.
Firstly, the optical path in the oil film has been analyzed, and the optical information
of the single scattering and multiple scattering has been obtained. The polarization
characteristics of the oil film has been verified by the Maxwell equation. Secondly,
the characteristic matrix of a single homogeneous dielectric film has been studied. Ac-
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cording to the Fresnel formula, the scattering coefficient and scattering rate of the homogeneous oil film have been deduced, and the phase difference of the scattering
electromagnetic wave has also been calculated. Then, we measured four kinds of samples and observed the polarization information of scattered light from nine different
angles. The validity of the experimental data have been verified by the Fresnel formula.
Finally, the degree of polarization of scattering has been studied, the relationship between the roughness of oil slicks and the degree of polarization of scattering have been
analyzed, and these rules have been explained in detail by the experimental data. The results demonstrate that the proposed method is correct and more accurate and efficient
performance can be achieved, thus it is more suitable for the identification and evaluation of oil spill on the sea.
Acknowledgments – This work was supported by the National Natural Science Foundation of China,
Nos. 61675099, 61701233; the Fundamental Research Funds for the Central Universities, No. 30917011321.
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