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In the global climate system, the polar regions are sensitive indicators of climate change, in which sea ice plays an
important role. Satellite remote sensing is a significant tool for monitoring sea ice. The use of synthetic aperture radar
(SAR) images to distinguish sea ice from sea water is one of the current research hotspots in this topic. To distinguish
sea ice from the open sea, the polarization ratio characteristics of sea ice and sea water are studied for L-band and C-band
radars, based on an electromagnetic scattering model of sea ice derived from the integral equation method (IEM) and the
radiative transfer (RT) model. Numerical experiments are carried out based on the model and the results are given as
follows. For L-band, the polarization ratio for sea water depends only on the incident angle, while the polarization ratio for
sea ice is related to the incident angle and the ice thickness. For C-band, the sea water polarization ratio is influenced by the
incident angle and the root mean square (RMS) height of the sea surface. For C-band, for small to medium incident angles,
the polarization ratio for bare sea ice is mainly determined by the incident angle and ice thickness. When the incident
angle increases, the RMS height will also affect the polarization ratio for bare sea ice. If snow covers the sea ice, then the
polarization ratio for sea ice decreases and is affected by the RMS height of snow surface, snow thickness, volume fraction
and the radius of scatterers. The results show that the sea ice and the open sea can be distinguished by using either L-band
or C-band radar according to their polarization ratio difference. However, the ability of L-band to make this differentiation
is higher than that of C-band.

Keywords: sea ice, electromagnetic scattering, polarization ratio
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1. Introduction
Sea ice covers about 7% of the earth’s surface and 12%

of the world’s oceans. Much of the world’s sea ice is enclosed
within the polar ice packs. Although sea ice is mainly dis-
tributed in the cold regions far from human settlements, sea ice
has attracted close attention because it is an important part of
the climate system. Changes in sea ice have significant influ-
ences on weather and climate through complex feedback pro-
cesses, and thus have become an important indicator of global
climate change. Therefore, the use of space-based radar to de-
tect sea ice and change in sea ice in polar region is of great
scientific significance and application value.

Synthetic aperture radar (SAR) is an active earth observa-
tion system that can work day and night in almost all-weather,
without limitation due to clouds, but has limited capability
to penetrate the surface beneath. Since its initial launch on
Seasat in 1978, SAR has been used for earth observation, es-

pecially ocean observations, including sea surface wind field
retrieval,[1] oil spill monitoring,[2,3] target identification,[4]

sea ice monitoring,[5] ocean current inversion,[6–8] and other
fields. Among them, the sea ice monitoring by remote sensing
has attracted increasing attention, and focuses mainly on the
identification and classification of sea ice. At present, image
texture analysis,[9–12] neural network methods,[13,14] support
vector machine methodologies[15,16] are mainly used. These
methods usually rely on the remote sensing imagery itself; few
of them identify and classify sea ice based on the electromag-
netic scattering mechanism.

In this work, our study is based on the electromagnetic
scattering model for remote sensing parameter retrieval and
the scattering characteristics of sea ice. The traditional random
rough surface scattering models mainly include the small dis-
turbance model (SPM) and the Kirchhoff model (KA).[17–20]

The SPM is suitable for slightly rough surfaces, while the KA
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is mainly used for rough surfaces with large surface curvature.
Based on these models, a series of models has been developed,
including small slope approximation (SSA)[21–24] and integral
equation model (IEM).[25–27] For slightly rough surfaces, the
IEM can be simplified into SPM; under the Kirchhoff approxi-
mation, the IEM is equivalent to the KA. Compared with other
scattering models, IEM has high precision and wide applica-
tion range, and has received much attention.

According to the IEM and radiative transfer (RT) model,
some researchers have studied the electromagnetic scattering
properties of sea ice. Wakabayashi et al.[28] studied the po-
larimetric characteristics of sea ice in the Sea of Okhotsk ob-
served by airborne L-band SAR. They found that the backscat-
tering coefficients, and particularly the vertical (VV) to hori-
zontal (HH) backscattering ratio, are highly correlated with ice
thickness. A simple simulation using IEM was conducted to
study the relations among these variables, by using the phys-
ical parameters of typical sea ice. Liu et al.[29] developed a
sea-ice microwave scattering mechanism for thin sea ice with
slight roughness in the Bohai Sea as observed in the winter of
2012 according to the backscattering coefficients, which were
measured under the condition of the three bands (L, C, and
X), two polarizations (HH and VV), and incident angles of
20◦–60◦, by using a ground-based scatterometer. Theoreti-
cal results were obtained based on IEM and RT models and
compared with the measurements. Nakamura et al.[30] carried
out sea ice thickness retrieval in the Sea of Okhotsk by using
dual-polarization SAR data. They developed an algorithm for
retrieving the ice thickness, which is based on the backscatter-
ing ratio and IEM. In Syahali and Ewe’s work,[31] multiple-
surface scattering, based on IEM that calculates surface scat-
tering and additional second-order surface-volume scattering,
was added into the model (based on prior studies) for improve-
ment in the backscattering calculation.

The SAR-based sea ice classification and identification
are very important in the research of ocean and polar remote
sensing. Traditional classification methods concentrate on the
SAR images themselves, ignoring the physical mechanism. In
our work, we will investigate the polarization ratio character-
istics of sea water and sea ice (with or without snow-cover)
based on the electromagnetic scattering mechanism. The re-
sults will demonstrate that the difference between the polariza-
tion ratios of sea water and sea ice can be used to discriminate
sea ice from sea water.

In the second section of this paper, an electromagnetic
scattering model for a random rough surface is derived from
IEM and RT theory, based on a geometric electromagnetic
scattering model for a layered medium. In the third sec-
tion, based on the above model, the polarization ratios for
sea ice and water under different conditions are numerically
simulated. The polarization ratio characteristics of sea water
and sea ice (bare and snow-covered) for C-band and L-band

are studied. The last section draws the conclusions from the
present study.

2. Electromagnetic scattering model of sea ice
2.1. Sea ice physical model

The physical model for sea ice includes both internal
structure (such as salinity, brine and bubbles, including their
size, distribution, and concentration) and external characteris-
tics (such as surface roughness, thickness, and related charac-
teristics) that influence the microwave scattering characteris-
tics of sea ice as illustrated in Fig. 1. The incident angle and
transmitted angle of the electromagnetic wave are θ and θt , re-
spectively. The transmitted wave is scattered by the scatterers
embedded in the sea ice at the air–ice interface, and the cor-
responding incident and scattering angle are represented as θ0

and θs, respectively. The thickness of the sea ice is d.

X

Z
↼i↽

θ

θt θ0

Z

θs

↼ii↽

↼iii↽

d

↼iv↽

sea ice

sea water

air

Fig. 1. Physical and microwave scattering model of sea ice, showing (i) top
surface scattering, (ii) volume scattering, (iii) bottom surface scattering, and
(iv) scattering due to surface–volume interactions.

2.2. Sea ice electromagnetic scattering model

The sea ice electromagnetic scattering includes several
components: (i) top surface scattering from the air–ice inter-
face, (ii) volume scattering from the scatterers in the sea ice,
(iii) bottom surface scattering from the ice–water interface,
and (iv) scattering from the interaction of the surfaces and the
scatterers as shown in Fig. 1 clearly. Therefore, according to
these four components, the total bistatic scattering coefficients
of sea ice can be described as follows:[29]

σ
0 = σts +σvol +σbs +σin, (1)

where σ0 represents the total bistatic scattering coefficient, σts

the top surface scattering, σvol the volume scattering, and σin

the interaction term.
Here, σts is derived from IEM and has the following

form:[27]

σ
s
pp = S(θ ,θs)

k2

2
exp[−σ

2 (k2
z + k2

sz
)
]

×
∞

∑
n=1

σ
2n ∣∣In

pp
∣∣2 W n(ksx− kx,ksy− ky)

n!
, (2)

where k is the wave number, kx = k sinθ cosφ , ky =

k sinθ sinφ , kz = k cosθ ,ksx, ksy and ksz have similar defini-
tions by replacing θ and φ with θs and φs, pp represents VV
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or HH polarization, S(θ ,θs) is the shadowing function defined
by Sancer[31] (Appendix A), σ is the RMS height of the sur-
face, W n is the Fourier transform of the n-th power of the sur-
face correlation coefficient (Appendix B), and the expression
for In

pp is given in Appendix C.
Top surface scattering can be expressed as

σtspp = σ
s
pp, (3)

and bottom surface scattering has the following form:[27]

σbspp = µsT (θs,θ0)exp(−κed
µ0

)σ s
pp(θ0,θt ;φs−φ)

× exp
(
− κed

µt

)
T (θt ,θ)

µt
. (4)

The volume scattering term is derived from the RT
model:[27]

σvolpp = µsT (θs,θ0)a
{

1− exp
[
−τ (µ0 +µt)

µ0µt

]}
×

Ppp (µ0,−µt ;φs−φ)

µ0 +µt
µtT (θt ,θ), (5)

where µ = cosθ , µs = cosθs, µ0 = cosθ0, µt = cosθt , κs and
κa are volume scattering and absorption coefficients, respec-
tively. In terms of the above parameters, the extinction coeffi-
cient, κe, the albedo, a, and the optical depth, τ are found as
follows: κe = κa +κs, a = κs/κe, and τ = κed, respectively.
Detailed calculations of the Rayleigh parameters are given in
Appendix D. Here, T is the refraction coefficient and Ppp rep-
resents the Rayleigh phase term,[27]

Pvv = 0.75
{

2
(
1−µ

2
t
)(

1−µ
2
0
)
+µ

2
t µ

2
0 [1+ cos2(φs−φ)]

+4µ0µt

√(
1−µ2

t
)(

1−µ2
0

)
cos(φs−φ)

}
, (6)

Phh = 0.75[1+ cos2(φs−φ)]. (7)

The interaction term is also derived from the RT
model,[27]

σin = µsT (θs,θ0)a
e−κed/µ0 − e−κed/µt

µ0−µt

×T (θt ,θ) e−k2
l σ2

b (µ0+µt )
2

×
[
µ0R(θ0)P(−µ0,−µt ;φs−φ) e−κed/µ0

+µtR(θt)P(µ0,µt ;φs−φ)e−κed/µt
]
. (8)

For the backscattering case, θ = θs, φ = 0, and φs = π . Thus,
the backscattering coefficients of sea ice can be calculated
from Eq. (1) to Eq. (8).

The polarization ratio of sea ice is defined as follows:

PR i = σ
0
VV/σ

0
HH. (9)

The normalized form of the PR i is

PR = 10log10(PR) dB. (10)

From Eq. (1) to Eq. (10), the backscattering coefficients and
corresponding polarization ratio of sea ice can be calculated.
Next, numerical experiments are carried out to study the po-
larization ratio characteristics of seawater, bare and snow-
covered sea ice, for both L-band backscatter and C-band
backscatter.

3. Numerical results

3.1. Polarization ratio characteristics of seawater

The ability of microwave radar to penetrate sea water is
weak, and the penetration depths at C-band and L-band are
about 0.4 cm and 3 cm, respectively.[29] Therefore, microwave
electromagnetic scattering mainly acts on the sea surface, gen-
erating surface scattering, which can be calculated by the in-
tegral equation method (IEM). The electromagnetic scattering
of seawater is mainly related to incident angle, electromag-
netic wave frequency and wind speed. The wind speed affects
the sea surface roughness (characterized by the RMS height
and the correlation length), which in turn affects the radar
backscattering cross-section.
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Fig. 2. Variations of polarization ratio of seawater with RMS height of sea
surface for (a) L-band and (b) C-band. The correlation length is 5 cm, the
dielectric constant of seawater for L-band and C-band are 82.70+ j23.88
and 64.21+ j37.52, respectively.
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Fig. 3. Variations of polarization ratio of seawater with correlation length of sea surface for: (a) L-band and (b) C-band. RMS height
is 0.6 cm, dielectric constant of seawater for L-band and C-band are 82.70+ j23.88 and 64.21+ j37.52, respectively.

For L-band and C-band radars, the variations of the po-
larization ratio of seawater with the RMS height of the sea
surface are shown in Figs. 2(a) and 2(b), respectively. The C-
band and L-band polarization ratio of seawater increase with
incident angle and decrease with RMS height of the sea sur-
face. By comparison, the polarization ratio is more sensitive
to RMS height for C-band than that for L-band. At small-
to-medium incident angles, the L-band seawater polarization
ratio hardly varies with the RMS height. As shown in Fig. 3,
the seawater polarization ratio remains almost constant as the

correlation length of the sea surface increases, at both C and
L band. In addition, we also find that the L-band seawater po-
larization ratio is greater than the C-band sea ice polarization
ratio.

3.2. Polarization ratio characteristics of bare sea ice

In this subsection, the polarization ratios of bare sea ice
under different physical conditions are simulated. Simulation
parameters used in the model are given in Table 1.

Table 1. Simulation parameters for bare sea ice.

Variable Parameter Simulation value

f frequency 1.25 GHz for L-band, 5.3 GHz for C-band
σ1 RMS height of air–ice interface 0.4 cm
σ2 RMS height of ice–water interface 0.2 cm
L1 correlation length of air–ice interface 5 cm
L2 correlation length of ice–water interface 3 cm
εr dielectric constant of scatterers in the sea ice 82.70+ j23.88 for L-band, 64.21+ j37.52 for C-band
εri dielectric constant of sea ice 3.4+ j0.22
εrw dielectric constant of seawater 82.70+ j23.88 for L-band, 64.21+ j37.52 for C-band
d sea ice thickness 20 cm
f v volume fraction of scatterers 10%
r scatterer radius 0.25 mm
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Fig. 4. Variations in bare sea ice polarization ratio with RMS height of ice surface for: (a) L-band and (b) C-band.
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Fig. 6. Variations in bare sea ice polarization ratio with ice thickness at three typical incident angles for (a) L-band and (b) C-band,
and corresponding variations of backscattering coefficients for (c) L-band and (d) C-band.

As shown in Fig. 4(a), the L-band bare sea ice polar-
ization ratio increases with incident angle increasing and de-
creases with RMS height of the ice surface increasing. When
incident angles are smaller than about 45◦, the C-band bare sea
ice polarization ratio hardly changes with RMS height increas-
ing; when incident angles are greater than 45◦, the polarization
ratio decreases with the RMS height increasing (Fig. 4(b)). For

both C and L-bands, the bare sea ice polarization ratio hardly
changes with correlation length (Fig. 5).

The variations in bare sea ice polarization ratio with
ice thickness at three typical incident angles are shown in
Figs. 6(a) and 6(b). The former decreases as ice thickness
increases and remains constant after the ice thickness has
reached a critical value, which is mainly related to the penetra-
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tion depth of electromagnetic wave. Because the penetration
depth of L-band for sea ice is greater than that of C-band, the
L-band sea ice polarization ratio is more sensitive to change
in sea ice thickness than the C-band sea ice polarization ratio.
At small incident angles, electromagnetic scattering is domi-
nated by surface scattering, and the polarization ratio hardly
changes with ice thickness. As the incident angle increases,
the sea ice polarization ratio also increases; that is, the differ-
ence between VV polarization and HH polarization increases,
which is mainly caused by bottom surface scattering and vol-
ume scattering. The corresponding variations in backscatter-
ing coefficient with ice thickness are shown in Figs. 6(c) and
6(d), which have similar trends to the variation of the polariza-
tion ratio with ice thickness. The backscattering coefficients
of bare ice decrease with the incident angle for both L- and
C-bands, due to the dominant specular scattering mechanism,
over the large angular domain.
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Fig. 7. Variations of the bare sea ice polarization ratio with brine volume
fraction at three typical incident angles for: (a) L-band and (b) C-band.

The scatterers in the sea ice (mainly brines and bubbles)
are the source of the volume scattering and bottom-volume
scattering interaction. Since the interaction is weak, only
‘single-bounce’ interaction is considered. In the experiment,

we only consider brines. Figures 7 and 8 show the polariza-
tion ratios as a function of the volume fraction and radius of
scatterer, for different incident angles and radar bands. In both
bands, the polarization ratio decreases slightly with volume
fraction and radius of the scatterer. The influences of these
two parameters on the bare sea ice polarization ratio are negli-
gible. This indicates that the volume scattering has little effect
on bare sea ice polarization ratio for both L-band and C-band.
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Fig. 8. Variations of the bare sea ice polarization ratio with scatterer
radius at three typical incident angles for (a) L-band and (b) C-band.

3.3. Polarization ratio characteristics of snow-covered sea
ice

Snow may have a significant influence on the polarization
ratio characteristics of sea ice. Similarly, the total backscatter-
ing now consists of the top surface scattering from the air-
snow interface, volume scattering in the snow, bottom sur-
face scattering from the snow-ice interface and bottom-volume
scattering interaction. To study the effect of snow on the sea
ice polarization ratio, numerical experiments were carried out
based on the above scattering model. The parameters set in the
model are shown in Table 2.
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Table 2. Simulation parameters for snow-covered sea ice.

Variable Parameter Simulation value

f frequency 1.25 GHz for L-band, 5.3 GHz for C-band
σ1 RMS height of air-snow interface 0.4 cm
σ2 RMS height of snow-ice interface 0.2 cm
L1 correlation length of air-snow interface 5 cm
L2 correlation length of snow-ice interface 3 cm
εr dielectric constant of scatterers in the snow 4.13+ j0.38
εri dielectric constant of sea ice 4.13+ j0.38
εrs dielectric constant of snow 1.6+ j0.55
d snow thickness 20 cm
f v volume fraction of scatterers 20%
r scatterer radius 0.5 mm
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Fig. 9. Variations of snow-covered sea ice polarization ratio with RMS
height of snow surface for (a) L-band and (b) C-band.

As shown in Fig. 9(a), when there is snow cover on the
sea ice, the polarization ratio of the L-band radar for sea ice in-
creases with the incident angle increasing, and decreases with
the RMS height of the snow surface increasing. When the inci-
dent angle is less than 60◦, the decrease can be neglected (less
than 1 dB); that is, the L-band sea ice polarization ratio does
not vary with the RMS height of snow surface. In Fig. 9(b),
when the incident angle is smaller than 50◦, the polarization
ratio of the C-band radar scattering on the sea ice increases
as the incident angle increases; and when the incident angle

is larger than 50◦, it decreases as the incident angle increases.
When the incident angle is less than 60◦, the sea ice polar-
ization ratio increases with the RMS height of snow surface
increasing. When the incident angle is greater than 60◦, the
sea ice polarization ratio decreases with the RMS heightening.
Comparing with C-band radar, the effect of the snow surface
RMS height on the L-band sea ice polarization ratio is neg-
ligible. It can be seen from Fig. 10 that the influence of the
correlation length variation on the polarization ratio of the sea
ice for C-band and L-band are negligible.
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Fig. 10. Variations of snow-covered sea ice polarization ratio with cor-
relation length of snow surface for (a) L-band and (b) C-band.
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Fig. 11. Variations of snow-covered sea ice polarization ratio with snow thickness at three typical incident angles for (a) L-band and
(b) C-band, and corresponding variations of backscattering coefficients for (c) L-band and (d) C-band.
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Fig. 12. Variations of snow-covered sea ice polarization ratio with scatterer volume fraction at three typical incident angles for: (a)
L-band and (b) C-band.

The variations of sea ice polarization ratio with snow
thickness at three typical incident angles are shown in Fig. 11.
The L-band sea ice polarization ratio does not vary with snow
thickness while the C-band sea ice polarization ratio decreases
with snow thickness increasing. At small-to-medium incident
angles, the influence of snow thickness on C-band sea ice po-
larization ratio is negligible due to the relevant mechanism for

the dominant surface scattering in this angular region. For L-
band, the backscattering coefficient of snow-covered sea ice
shown in Fig. 11(c) does not change with snow thickness ei-
ther. For C-band, in Fig. 11(d), with the increasing of snow
thickness, the backscattering coefficient of sea ice remains
constant at small-to-medium incident angle and increases at
large incident angle. The backscattering coefficient of snow-
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covered sea ice decreases with incident angle increasing. The
reasons for these results have been described earlier.
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Fig. 13. Variations of snow-covered sea ice polarization ratio with scat-
terer radius at three typical incident angles for (a) L-band and (b) C-
band.

As shown in Fig. 12(a), at three typical incident angles,
the L-band sea ice polarization ratio does not change with
scatterer volume fraction. At a small incident angle (20◦) and
medium incident angle (40◦), the C-band sea ice polarization
ratio hardly changes with the scatterer volume fraction; at a
large incident angle (60◦), the C-band sea ice polarization ra-
tio decreases with scatterer volume fraction. The variation of
the sea ice polarization ratio with scatterer radius is shown in
Fig. 13. The L-band sea ice polarization ratios do not change
with the scatterer radius in three cases, while the C-band sea
ice polarization ratios do not change with the radius of scat-
terer at a small incident angle (20◦) and decreases with the
scatterer radius at a medium incident angle (40◦) and large in-
cident angle (60◦).

3.4. Comparison between polarization ratios of seawater
and sea ice

For the L-Band, according to this analysis, we find that
the seawater polarization ratio only depends on incident an-
gle, while the sea ice polarization ratio is mainly affected by

incident angle and ice thickness. The influence of other fac-
tors on it is negligible. Figure 14(a) shows the variations of L-
band polarization ratio with incident angle for sea water, bare
sea ice with different thickness and snow-covered sea ice. It
can be seen that there is obvious difference between the sea
water polarization ratio and the sea ice polarization ratio in
Fig. 14(b). The larger the incident angle and the ice thickness,
the greater the difference between them will be. When the in-
cident angle exceeds 40◦, the polarization ratio can be used to
distinguish between sea water and sea ice. When snow covers
the sea ice, the difference between the polarization ratios of
sea ice and sea water increases, making it easier to distinguish
between sea water and sea ice.
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Fig. 14. For L-band, (a) variations of the polarization ratio with inci-
dent angle for seawater, bare and snow-covered sea ice and (b) their
difference varying with incident angle.

For the C-band, the polarization ratio for radar scattering
on bare sea ice is mainly related to the incident angle, RMS
height and ice thickness, and decreases with the ice thickness.
When the ice thickness reaches 10 cm, the sea ice polarization
ratio no longer changes because the ice thickness is generally
more than 10 cm in polar areas, and the effect of ice thickness
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is negligible. Therefore, it is only necessary to compare the
sea ice polarization ratios under different incident angles and
RMS heights. As shown in Fig. 15, the solid line indicates
the sea ice polarization ratio, and the dashed line refers to the
seawater polarization ratio. Figure 15(b) shows the mean PR
difference between sea water and sea ice for C-band. When
the incident angle is less than 40◦, the mean PR difference is
quite small; when the incident angle exceeds 40◦, the mean PR
difference for C-band increases with the incident angle. There-
fore, for C-band, sea ice and sea water can be discriminated by
the polarization ratio at medium-to-large incident angles.
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Fig. 15. For C-band: (a) Variations of polarization ratio for seawater,
and sea ice with incident angle and (b) their difference varying with
incident angle.

4. Conclusions and perspectives
The influence of polar sea ice on the climate has increas-

ingly received attention. The wide-area monitoring of sea ice
in the polar region has become the key to studying sea ice.
Although the relevant research on sea ice monitoring by SAR
has made some progress in recent years, there is still a tech-

nical bottleneck in distinguishing the automatic images of sea
ice and seawater. Therefore, it is necessary to study the elec-
tromagnetic scattering mechanism for each of sea ice and sea
water. Based on the electromagnetic scattering model derived
from IEM and RT, the polarization ratios of seawater, bare sea
ice and snow-covered sea ice are numerically simulated under
different physical conditions. Their polarization ratio charac-
teristics are analyzed.

Our numerical results indicate that the L-band seawater
polarization ratio is only related to the incident angle and in-
creases with incident angle increasing. The L-band sea ice
polarization ratio is mainly affected by the incident angle and
ice thickness, and decreases as ice thickness increases. After
the ice thickness reaches a certain critical value, it no longer
changes. This is mainly related to the L-band penetration
depth for sea ice. Moreover, the sea ice penetration depth at
L-band is larger than that of C-band. At C-band, the seawa-
ter polarization ratio is affected by incident angle and RMS
height of sea surface, and increases with these two variables
increasing; the bare sea ice polarization ratio is mainly related
to incident angle, RMS height and ice thickness. When the
incident angle exceeds 45◦, the effect of RMS height on bare
sea ice polarization ratio is negligible. When there is snow on
the sea ice, the sea ice polarization ratio decreases, and the L-
band sea ice polarization ratio is only related to the incident
angle. By comparison, the C-band sea ice polarization ratio is
affected by incident angle, RMS height of snow surface, snow
thickness, volume fraction and radius of scatterers.

For the L-band radar, the difference between the polar-
ization ratios of sea water and sea ice is obvious and increases
with incident angle increasing. For the C-band radar, when the
incident angle exceeds 40◦, the difference between the polar-
ization ratios of seawater and sea ice is also obvious and in-
creases with incident angle increasing. Therefore, the sea ice
and sea water can be distinguished using this property, which
means that the recognition and classification algorithm for sea
ice and open water does not rely on the remote sensing image
itself. This provides theoretical support and technical means
for further exploring the sea ice classification mechanism.

Appendix A: Shadowing function
The shadowing function proposed by Sancer[31] is a func-

tion of incident angle, θ , scattering angle, θs, and surface root
mean square slope, σs, which can be written in the following
form:

S (θ ,θs) = [1+ f (θ ,σs)+ f (θs,σs)]
−1, (A1)

f (θ ,σs) =
1
2

{√
2
π

σs

cotθ
exp
(
−cot2θ

2σ2
s

)
− erfc

(
cotθ√

2σs

)}
,

(A2)

124102-10



Chin. Phys. B Vol. 27, No. 12 (2018) 124102

where erfc is the error-function complement related to the er-
ror function erf by

erfc(x) = 1− erf(x) =
2√
π

∫
∞

x
e−t2

dt. (A3)

Appendix B: Correlation function
The following exponential correlation function is used in

our work:

ρ = exp(−|ξ |/L) , (B1)

where ξ and L are the surface height and correlation length,
respectively. The corresponding roughness spectrum is

W (K) = L2[1+(KL)2]
−1.5

, (B2)

and the Fourier transform of the n-th power of the correlation
function is

W (n) (K) =
∫

∞

0
ρ

n (ξ )J0 (Kξ )ξ dξ

=

(
L
n

)2[
1+
(

KL
n

)2 ]−1.5

. (B3)

Appendix C: Expression for In
ppIn
ppIn
pp

In
pp has the following form:[26]

In
pp = (ksz + kz)

n fpp exp
(
−σ

2kzksz
)

+
(ksz)

n Fpp (−kx,−ky)+(kz)
n Fpp (−ksx,−ksy)

2
, (C1)

fvv =
2Rv

cosθ + cosθs
[sinθ sinθs

− (1+ cosθ cosθs)cos(φs−φ)], (C2)

fhh =−
2Rh

cosθ + cosθs
[sinθ sinθs

− (1+ cosθ cosθs)cos(φs−φ)], (C3)

where Rv and Rh are Fresnel reflection coefficients, and

Rv =
εr cosθ −

√
µrεr− sin2

θ

εr cosθ +
√

µrεr− sin2
θ

, (C4)

Rh =
µr cosθ −

√
µrεr− sin2

θ

µr cosθ +
√

µrεr− sin2
θ

. (C5)

The relative permeability and permittivity of the rough surface
are µr and εr, respectively,

Fvv (−kx,−ky)

=

(
µrεr− sin2

θ − εrcos2θ
)
(1+Rv)

2

(εr cosθ)2 cosθs

× sinθ [sinθs− sinθ cos(φs−φ)], (C6)

Fhh (−kx,−ky)

=−
(
µrεr− sin2

θ −µrcos2θ
)
(1+Rh)

2

(µr cosθ)2 cosθs

× sinθ [sinθs− sinθ cos(φs−φ)] , (C7)

Fvvs (−ksx,−ksy)

=
(
1−R2

v
){( 1

rcs
−1
)

cosθs cos(φs−φ)

+
(1− rcs) [cos(φs−φ)− sinθ sinθs]

cosθ

+
(εr− rcs)sinθs[sinθ − sinθs cos(φs−φ)]

sq

}
, (C8)

Fhhs (−ksx,−ksy)

=−
(
1−R2

h
){( 1

rcs
−1
)

cosθs cos(φs−φ)

+
(1− rcs) [cos(φs−φ)− sinθ sinθs]

cosθ

+
(µr− rcs)sinθs[sinθ − sinθs cos(φs−φ)]

sq

}
, (C9)

where rcs = (cosθs/cosθ)(sq/sqs) and sq =
√

µrεr− sin2
θ ,

and sqs =
√

µrεr− sin2
θs.

Appendix D: Rayleigh parameters
Suppose that the scatterer is a Rayleigh scatterer. Its ra-

dius is rs, its relative dielectric constant is εs = εsr− jεsi and
its volume fraction is fv. The relative dielectric constant of the
ambient medium is εb = εbr− jεbi. The absorption coefficient
κa, and volume scattering coefficient are related by[27]

κa = 2kbi (1− f v)+ f vkbr
εsi

εbr

∣∣∣∣ 3εb

εs +2εb

∣∣∣∣2 , (D1)

where kbr and kbi are the real and imaginary part of the host
medium wave number k

√
εb, and k is the wave number in free

space.

κs =
8
3

πNk4
brr

6
s

∣∣∣∣ εs− εb

εs +2εb

∣∣∣∣2 , (D2)

where N is the number density related to the volume fraction
f v by

N =
3 f v
4πr3

s
. (D3)

The extinction coefficient κe, the albedo a, and the optical
depth τ of the Rayleigh layer are defined as follows:

κe = κa +κs, (D4)

a = κs/κe, (D5)

τ = κed, (D6)

where d is the depth of layer.
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