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Studies of surface film medium on the sea surface are carried out in this paper for developing the technology to auto-
matically detect and classify sea surface films, and an effective dielectric constant model of electromagnetic backscattering
from a stratified air—ocean interface. Numerical results of the new model show the characteristics of effective dielectric con-
stants for the air—sea surface film—sea water medium as follows. The effective dielectric constants decrease with increasing
relative dielectric constants of the sea surface films. The effective dielectric constants decrease in horizontal polarization
(abbr. HH polarization) and increase in VV vertical polarization (abbr. VV polarization) with increasing radar incident an-
gle. Effective dielectric constants vary with relative sea surface film thickness as a cosinusoidal function of sea surface film
thickness. Effective dielectric constant of VV polarization is larger than that of HH polarization. Two potential applications
are found with our model, i.e., the retrieval of dielectric constants from the sea surface film, and the film thickness retrieval
with our model. Our model has a highly significant influence on improving the technology related to the remote sensing of

sea surface films.
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1. Introduction

To reduce or even avoid oil pollution of the ocean sur-
face especially in coastal waters, a real time, effective oil spill
surveillance capability is necessary. Nowadays, space-borne
radar is an efficient remote sensing tool to detect ocean surface
films, especially oil spills. One of the best methods for oil de-
tection is to use a synthetic aperture radar (SAR) for capturing
the SAR images of the sea surface.!!)

Because the dielectric constant of ocean surface film is
lower than that of sea water, the ocean surface film area ap-
pears darker than the clean water area in the SAR image.!?!
Many ocean surface films detecting algorithms have been de-
veloped based on the differences in reduction of the nor-
malized radar cross section (NRCS) and other features.3-10]
Wind wave tank measurements of wave damping and the
NRCS in the presence of monomolecular surface film show
that the measured polarization ratio between NRCS in verti-
cal polarization (abbr. VV polarization) and that in horizon-
tal polarization (abbr. HH polarization) is higher in magni-
tude than that predicted by simple Bragg (SB) scattering the-
ory at low wind. Gade er al.!®) explained this phenomenon
with a three-scale model,!”! i.e., besides short Bragg waves
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and long waves, short-scale and intermediate-scale waves are
separately regarded as a composite three-scale surface wave
model. The observed results of biogenic and anthropogenic
ocean surface films in SAR images show that the damping be-
havior of the NRCS for the same film is dependent on wind
speed. The damping ratio at high wind speed, i.e., the ratio
between NRCS from a slick-free water surface and that from a
slick-covered water surface is smaller than at low-to-moderate
wind speeds. Comparing the damping ratios among surface
films consisting of heavy fuel (IFO 180), oleyl alcohol (OLA),
oleic acid methyl ester (OLME), and triolein (TOLG) with
each other, the damping behaviors of these different ocean
surface films especially for L band SAR images, vary with
the biogenic surface film (OLA), exhibiting large damping
characteristics.!®! Recently, an automatic multi-polarization
method of discriminating the main types of thin crude oil films
from natural oil films by SAR images was presented.[”! The
thickness of ocean surface film is confined to be less than the
radar wave skin depth, which excludes the dependence of the
technique on the dielectric constant of oil.

Besides trying to discriminate among different ocean sur-
face films, other algorithms have focused on oil spill detec-
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tion by SAR. For example, the co-polarized phase difference
(CPD) was presented and used to characterize the scattering
return from oil spills and biogenic slicks.!!'>!!l The confor-
mity coefficient is used to map sea surface oil slicks with
using the Radarsat-2 quad-polarization SAR images.!'?! Po-
larimetric SAR decomposition parameters, average alpha an-
gle, and entropy are estimated for oil-slick contaminated sea
surfaces.!!3-13] A genetic algorithm is applied to the automatic
detection of oi spills.[!¢]

In brief, it is still difficult to automatically detect all ocean
surface films by remote sensing radar, although there are many
algorithms available that can automatically identify some oil
spills. Actually, there is no effective method to identify all
types of ocean surface slicks. The main reason is that the ex-
isting algorithms are based on the backscattering NRCS which
cannot physically explain all the mechanisms for the differ-
ences between ocean surface slicks and clean ocean water, nor
all the different types of ocean surface slicks.

It is mentioned in a recent study on methods of discrim-
inating the main types of thin oil films from natural ones by
SAR images,”! that the dependence of the technique on the
dielectric constant of oil should be excluded. However, the
dielectric constant of material is a property of the physical
characteristics and it should be an essential factor for discrim-
inating different types of ocean surface slicks. Previous re-
search results show that the predicted NRCS of ocean surface
film is underestimated by using simple Bragg scattering the-
ory. These two problems limit our ability to improve the dis-
crimination technology of ocean surface films by SAR.

Here, an effective dielectric constant model is presented
to solve the above two problems. Firstly, in contrast to the lim-
itations in Ref. [9], we hope that the model is dependent on the
dielectric constant of ocean surface film, thus our model is not
restrained by the thickness of ocean surface film. Secondly, a
multi-layer backscattering (ML) model is used to build an ef-
fective dielectric constant model which is ignored by previous
studies. Owing to the occurrence of film, the electromagnetic
(EM) backscattering problem becomes a problem related to
EM scattering from three-layer medium. One cannot simply
use the Bragg scattering model in two-layer medium. Finally,
an effective dielectric constant of ocean surface film is used to
correct the NRCS derived from the SB scattering model so that
it is equal to the NRCS predicted by a multiple-layer Bragg
scattering model. In our model, the NRCS distributed by sea
water is considered and compensates for the NRCS predicted
by the SB model.

The rest of this paper is arranged as follows. The
multiple-layer Bragg backscattering formulae for sea surface
films are derived in Section 2. An effective dielectric con-
stant model for a stratified air—ocean surface film—sea water
medium is presented in Section 3. Numerical results are given

in Section 4. The conclusions drawn from the present study
are given in Section 5.

2. Multiple layered Bragg backscattering from
ocean surface film

2.1. EM backscattering model for sea surface

Bragg scattering is a dominant mechanism of radar
backscattering from a rough surface. A composite surface
scattering model was presented by Wright!!7! as a formulation
of a composite surface scattering model for the ocean. Based
on this model, the backscattering cross section per unit area
(i.e., NRCS) has the following form:

60 = 4rmkcos*6y ||’ W (2ksin)) (1)

where p denotes the polarization mode HH or VV, k =27/ is
the radio wave number, A is the radio wavelength, W (-) is the
two-dimensional wave-number spectral density of the surface
roughness, 6; is the local incident angle which is a function of
radar incident angle 6;, a is the slope in the azimuth direction,
and b is the slope in the range direction. The relation for 6 is

6 = acos (cos (6; + atan(b)) cos (atan(a))) . 2)

Scattering coefficients of a flat scattering surface in VV and
HH polarization are

cos6; — (& —sin’6,) 1/2

cos6; + (& —sin’6,) 1/2?

Fau =

3

and

(& —1) [sin®6—¢&; (1 +sin’6,)]
2
{srcosei + (& — sin® 6;) 1/2}

) “

Fyy =

respectively. & is the relative dielectric constant of the ocean
surface.

2.2. EM backscattering from stratified air-sea surface
film—sea water media

At the ocean surface, an air—ocean surface film—sea wa-
ter medium is defined as the flat-boundaries layered medium
structure which is shown in Fig. 1(a). The z = 0 is the inter-
face between air and the ocean surface film. Let the thick-
ness of ocean surface film be /4, then the position of the in-
terface between the ocean surface film and the water will lie
at z = —h. The dielectric constants and magnetic conductiv-
ities of air, the film and sea water are &, Uo, €, U1, and &,
L, respectively. Generally speaking, except for ferromagnetic
bodies, the magnetic conductivities of other media may be ap-
proximately equal to that of free space. Thus, we have u; =
U = Uo=4mx10~7 H/m and & = 8.85419x10~'? F/m. The
angle between x and the projection of the incident wavenum-
ber vector k;j on the (x,y) plane is ¢; (not shown in Fig. 1).
One can obtain

k; = kko = k,xo+ kyy(] +k,zo
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= k(sin6cos@;xo+ sinf;sin@yo — cosbizg).  (5)

o1 2€1ky

Tyy= ——7"7—, ©))
Vv &1 kzO + 80kzl
The incident field may be decomposed into TE and TM com- andatz = —h
ponents. The corresponding reflected and transmitted field o —k
components can be computed through the reflection and trans- F}IHZ{ = ﬁ, (10)
mission coefficients. We obtain the Fresnel reflection coeffi- ezlk 1281 k
1~ €1k
cients (F) and transmission coefficients (T') at z = 0 for HH N ma an
and V'V polarization as follows: 2;{ | )
T = (12)
e —k ko +ka
Ry =2—% (6) 12 2€2k
) Tvo = 13
ko 4k YW ek, +e1ky (13)
o1 €1k, — eokyy )
VWS L o
e1kzo + €okz1 where k0 ;1,22 = k/H0€,1,2c086;1 2, 6 = asin (\/80/81 SinGi) ,
2k ' ' '
7Ol _ 4 8 — ol ind:
HH ko + ko @) and 6, = asin ( 1/ &/ &sinb; ).
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Fig. 1. Geometries for the air—ocean surface film—sea water media represented as a flat boundaries layered structure: (a)
three-layer structure of air, film, and water; (b) effective two-layer structure of air and the effective medium corresponding to

the scenario in panel (a).

According to Refs. [18] and [19], taking into account the
multiple reflection in the film layer, one can obtain the reflec-
tion coefficients of the air—sea surface film—sea water medium
in HH polarization and VV polarization at z =0

01 12 0 j(2k;1h
_ FO'+F) el (2kz1h)
p 1+F[91Fplzej(2kzlh)’

(14)

where R, is the generalized reflection coefficient of the air—sea
surface film—sea water medium.

According to the SB model (Eq. (1)), the NRCS of the
air—sea surface film—sea water medium becomes

00 = dmk*cos* 6 |Ry| W (2ksing). (15)
3. Effective dielectric constant model for strati-
fied air—sea surface film—sea water medium

For classifying the films on the ocean surface, the dielec-
tric constant of a substance is the best discrimination factor to
be retrieved from any given multiple-layer medium.

The effective dielectric constant of a multiple-layer
medium is presented here. The geometry for the stratified air—
sea surface film—sea water medium is shown in Fig. 1(a). Fig-
ure 1(b) shows the effective two-layer structure of air and the
effective medium corresponding to Fig. 1(a). The sea surface
film—sea water medium is regarded as an effective medium

with an effective dielectric constant and magnetic conductivity
of & and L., respectively, where ye = t; = Up = o and 6
is the effective transmission angle. Thus, the scattering prob-
lem of stratified air—sea surface film—sea water medium is sim-
plified into being a scattering problem of two-layer medium,
i.e., air-effective medium (Fig. 1(b)). Following the Bragg
backscattering theory, the NRCS of the air-effective medium
has a similar form to Eq. (1) as shown below.

0y = 4mk*cos* 6 |FE | W (2ksing)) (16)
where F in HH and VV polarizations are respectively
. cos6 — (g —sin’6;) 1/2
Fyp = 12 17
cos; + (& — sin’6;)
. 1/2
£.c0s6; — (€& — sin’6;
Foy = ——— (& ‘)1/2. (18)

€.c080; + (Ee —sin? 61)
According to the concept of the equivalence hypothesis of ef-
fective dielectric constant, the NRCS of air—sea surface film—
sea water medium should be equivalent to that of the air-
effective medium, i.e., Gg = Gg. Then we have

Fy (&) = Ry (€0, €1,&) (19)

Equation (19) is our effective dielectric constant model for
stratified air-sea surface film—sea water medium. The value
of €& can be calculated with the model.
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4. Results and discussion

4.1. Case study to retrieve effective dielectric constants in
HH and VYV polarization

A case analysis is given to show the detailed process of
calculating the effective dielectric constant for air—sea surface
film-sea water medium.

Radarsat-2 SAR is employed to capture the backscat-
tering NRSC images of the air—sea surface film—sea water
medium. Its frequency is 5.04 x 10° Hz. The EM-wave prop-

agation velocity is 3 x 108 m-s~!.

Thus, the incident radio
wavelength is 5.95 cm. Let the incident angle be 30°. The
thickness of the film is 0.01 m. Relative dielectric constants
of film and sea water are 2 and 80, respectively. To retrieve
the effective dielectric constant &, let the effective dielectric
constant & vary from 0 to 100 (which covers all substance di-
electric constants). The values of reflection coefficient R}, of
the air—sea surface film—sea water medium in HH polarization
and VV polarization at z = 0 can be calculated from Eq. (14).
The reflection coefficients F; (&) of the air-effective medium
can be obtained from Egs. (17) and (18). Following our model

(Eq. (19)), one can obtain 8; from the following equation:

F; (&) = Ry(e0,€1,). (20)

1.0

0.8}

0.6 |-

0.4

Reflection coefficients

é—'- —— R-HH polarization
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0 20 40 60 80 100

Relative dielectric constant

Fig. 2. Plots of reflection coeeficient versus relative dielectric constant
for the cases of HH polarization and V'V polarization.

The numerical results for determining the reflection coef-
ficients in HH and V'V polarization, each as a function of cor-
responding relative dielectric constants, are shown in Fig. 2.
Let us denote the point where Ry cuts Fyy as E, and where
Ryv cuts Fyy as G, with Rgg = 0.59 and Ryy = 0.57. Com-
bining the effective coefficient functions F; and gjof relative
dielectric constants, varying from 0 to 100 with R, in E and G,
one can retrieve the effective dielectric constants &= 11.72
and &3y = 17.28 at points E and G, respectively. This im-
plies that the air—sea surface film—sea water medium with a di-
electric constant of film 2, can be regarded as an air-effective
medium with effective dielectric constants gf;= 11.72 and
&gy = 17.28 in HH polarization and VV polarization, respec-
tively.

4.2. Characteristics of effective dielectric constants for
air-sea surface film—sea water media

Based on our effective dielectric constant model for the
stratified air—sea surface film—sea water medium, the charac-
teristics of an effective dielectric constant for the stratified air—
sea surface film—sea water medium are studied here.

Firstly, according to our model, the relative dielectric con-
stant of the film has an effect on the effective dielectric con-
stant. Let the thickness of the sea surface film be 0.01 m.
Figure 3 shows that the effective dielectric constants decrease
with increasing values of the relative dielectric constants of the
film. Effective dielectric constant in VV polarization is larger
than that of HH polarization. The discrepancy in effective di-
electric constant between VV polarization and HH polariza-
tion increases with the increase of relative dielectric constant

of the sea surface film.
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Fig. 3. Effective dielectric constants varying with relative dielectric
constant of the sea surface film for the cases of HH polarization and VV
polarization.
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Fig. 4. Effective dielectric constants varying with radar incident angle
for the cases of HH polarization and V'V polarization.

Secondly, the effect of radar incident angle on effective

dielectric constant is shown in Fig. 4. Comparing the results
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in Fig. 4 with those in Fig. 3, one can find that the radar in-
cident angle has less effect than the effect of the relative di-
electric constant of film on the effective dielectric constant.
Figure 4 shows the effects of radar incident angle on effective
dielectric constants for HH polarization and VV polarization
are quite different from each other. As the radar incident an-
gle increases from 0° to 60°, the effective dielectric constant
decreases in HH polarization but increasaes in VV polariza-
tion. Furthermore, the changing rate of the effective dielectric
constant with radar incident angle in VV polarization is larger
than that corresponding to HH polarization.
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Fig. 5. Effective dielectric constants varying with relative sea surface
film thickness.
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Fig. 6. Relationships between reflection coefficients and phase term E = el

Finally, sea surface film thickness can affect the effective
dielectric constant. From Fig. 5, it is clearly seen that the ef-
fective dielectric constant varies with relative sea surface film
thickness as a cosinusoidal function of sea surface film thick-
ness. Like the results shown in Figs. 3 and 4, the effective
dielectric constant of HH polarization is less than that of VV
polarization, which holds true for all film thickness values (0—
0.2 m here).

To sum up, there exist mainly three parameters of the sea
surface film, i.e., thickness, relative dielectric constant of the
film and the radar incident angle, and these parameters are sen-
sitive to effective dielectric constant. Among them, thickness
is the most significant factor influencing retrieval results of ef-
fective dielectric constant, whereas the radar incident angle
has the least effect on the effective dielectric constant.

As for the application, there are two potential applications
for our model results in Figs. 3-5. One is to retrieve the dielec-
tric constant from sea surface film because the effective dielec-
tric constant monotonically decreases with relative dielectric
constant of the sea surface film (Fig. 3). The other is likely
to retrieve the film thickness with using our model, although
the problem of thickness ambiguity remains to be solved (sug-
gested by Fig. 5).
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2:1h) for the cases of HH polarization and VV polarization,

showing the plots of (a) the real part of reflection coefficient versus the real part of phase E, (b) the imaginary part of reflection coefficient
versus the real part of phase E, (c) the real part of reflection coefficient versus the imaginary part of phase E, and (d) the imaginary part of

reflection coefficient versus the imaginary part of phase E.
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Here, we discuss how to find the monotonic relationship
between the effective dielectric constant and possible relevant
parameters. Starting from the relationship between reflection
coefficient and phase term E = el (2k1/)
relationships are determined in Fig. 6. Here, relationships be-
tween the real part of the reflection coefficients and the real
part of phase E, the imaginary part of the reflection coeffi-
cient and the real part of phase E, the real part of the reflection

in our model, four

coefficient and the imaginary part of phase £, and the imagi-
nary part of the reflection coefficient and the imaginary part of
phase E are shown in Figs. 6(a)-6(d), respectively. One can
find that the only monotonic relationship in Fig. 6 is shown
in Fig. 6(a), i.e., the real part of the reflection coefficient is a
monotonic function of the real component of the phase term
E.

According to results shown in Fig. 6, the monotonic rela-
tionships between the effective constant and the real parts of
the cases of HH polarization and VV polarization are shown
in Fig. 7. The results show that the effective constant increases
with increasing value of the real component of E in the cases
of HH polarization and VV polarization. Moreover, the ef-
fective constant in VV polarization is larger than that in HH
polarization. Based on the results shown in Fig. 7, our model
may be a potential tool for the retrieval of film thickness.

©
=]
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60|
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20}

Effective dielectric constants €§

10 p
—-1.0 —-0.5 0 0.5 1.0

Real part of E

Fig. 7. Effective dielectric constants varying with the real part of the
phase term E = e (k1h) for the cases of HH polarizayion and VV po-
larization.

5. Conclusions

It is a difficult task to automatically detect and classify
sea surface films by remote sensors such as SAR, needless
to say, the retrieval of film thickness values. For finding the
potential of developing this technology to solve these prob-
lems, an effective dielectric constant model of electromagnetic
backscattering from a stratified air—ocean surface film—sea wa-
ter medium is presented in this paper.

Starting from the EM backscattering theory of multiple-
layer medium and the Bragg backscattering model of EM
backscattering from a rough surface, the concept of the ef-
fective dielectric constant of the air—ice—sea water medium is
presented to study the characteristics of the effective dielectric
constant for air—sea surface film—sea water medium.

Numerical results of our model show characteristics of
the effective dielectric constant for air-sea surface film—sea
water medium. This is regarded as an effective medium as fol-
lows: (i) Effective dielectric constant decreases with increas-
ing the value of the relative dielectric constant of a sea surface
film; (ii) effective dielectric constant decreases in HH polar-
ization while increases in VV polarization, with increasing the
value of the radar incident angle; (iii) effective dielectric con-
stant varies with relative sea surface film thickness as a cosinu-
soidal function of sea surface film thickness; and (iv) effective
dielectric constant in VV polarization is larger than that in HH
polarization.

There are two potential applications suggested for our
model. One is to retrieve the dielectric constant from sea sur-
face film, because the effective dielectric constant monotoni-
cally decreases with increasing the relative dielectric constant
of sea surface film. The other is to likely retrieve the film thick-
ness with using our model, although there exists the problem
of thickness ambiguity that needs to be solved.

In brief, in this paper, the concept of an effective dielectric
constant is presented to develop an effective dielectric constant
model. With our model, the potential to retrieve the dielectric
constant and thickness from a sea surface film is presented.
Our model has highly significant potential for improving sea
surface film remote sensing technology.
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