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Abstract—Possibilities of using radar polarimetry methods for identifying landslide zones are analyzed. The
transformation of the dominant mechanism of signal scattering by the reflecting surface was used as a key fea-
ture of landslide zones. The polarimetric data from the PALSAR-2 radar of the ALOS-2 satellite are pro-
cessed using the Freeman—Durden and Cloude—Pottier decompositions at four test sites selected in the
region of the landslide caused by the collapse of the bank of the Bureya River. It is found that the results of
decompositions are consistent with each other; however, in some areas there are significant differences due
to the specific features of the basic model assumptions. It is shown that, before the descent of the landslide
masses, three main mechanisms of radar signal scattering existed in the analyzed region: single surface, vol-
umetric, and double scattering. After the collapse, this area was dominated by single scattering characteristic
of the reflective surface with large-scale irregularities free of vegetation, due to which the landslide descent
zone can be confidently recognized. The significant potential of using radar polarimetry for remote diagnos-
tics of the consequences of landslide phenomena has been demonstrated.

Keywords: remote sensing, radar polarimetry, landslide, radar scattering mechanisms, decomposition of

polarimetric signals
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INTRODUCTION

Space methods and instruments are widely used to
monitor various natural disasters such as earthquakes
(Akopyan et al., 2017; Bondur and Zverev, 2005, 2007,
Bondur and Smirnov, 2005; Bondur et al., 2007, 2010,
2016a, 2016b), landslides (Zakharov et al., 2018;
Zakharov and Zakharova, 2019; Zakharova et al.,
2019; Bondur etal., 2019; Mikhailov et al., 2014;
Shirzaei et al., 2017), typhoons (Bondur et al., 2008a,
2008b, 2009), and others (Bondur et al., 2009, 2010,
2012). Synthetic-aperture radars (SAR) are among the
most promising means of Earth remote sensing (ERS)
from space (Verba et al., 2010; Bondur and Chimit-
dorzhiev, 2008a, 2008b, 2019; Bondur and Starchen-
kov, 2001; Bondur, 2011; Dmitriev et al., 2014; Zakha-
rov et al., 2012; Chimitdorzhiev et al., 2016). The
advantage of radar sensing is independence of the
image acquisition process from the illumination of the
captured surface and the presence of clouds. This issue
makes it possible to carry out the radar monitoring of

emergency situations (Bondur et al., 2009, 2012),
including landslides (Zakharov et al., 2018; Mikhailov
et al., 2014; Shirzaei et al., 2017), floods (Dubina et al.,
2018), the consequences of tsunamis (Watanabe et al.,
2016), etc. Landslide monitoring is an important field
of applying polarimetric remote sensing methods
(Zakharov et al., 2019; Zakharova et al., 2019; Bondur
et al., 2019; Czuchlewski et al., 2003; Yonezawa et al.,
2012; Shimada et al., 2014; Li et al., 2014a, 2014b;
Luo et al., 2016; Shibayama et al., 2015; Watanabe
etal., 2016).

This paper analyzes the capabilities of radar pola-
rimetry methods for assessing changes in the reflective
properties of the Earth’s surface using the example of
a landslide that occurred in December 2018 on the
Bureya River. The first information about the large-
scale descent of landslide masses that occurred on
December 11, 2018, was obtained from the images of
the Sentinel-2B optical sensor and the Himawari-8
multispectral scanner (thermal imager) (Kramareva

916



APPLICATION OF RADAR POLARIMETRY TO MONITOR CHANGES

et al., 2018). It was found that the area of the landslide
zone, together with the ridge in the river bed, was
about 0.4 km?;, the approximate time of ground
descent into the river was 4:30 GMT on December 11,
2018. An analysis of the Bureya landslide by the
method of radar interferometry based on data from the
Sentinel-1 radar was carried out in (Zakharov et al.,
2019; Zakharova et al., 2019), while the analysis based
on the ALOS-2 PALSAR-2 data was performed in
(Bondur et al., 2019).

SELECTION OF THE RESEARCH METHOD

Properties of the interaction of radio waves with
complex surface structures resulting in multiple rere-
flections or having spatial anisotropy can be identified
using polarization measurements. Such measure-
ments are provided by polarimetric SAR, which radi-
ates, for example, linearly polarized waves with verti-
cal (V) and horizontal (H) polarizations and receives
the reflected signal at copolarized (VV and HH sig-
nals) and cross-polarized (VH and HV) channels. This
multichannel polarimetric operation of the radar sig-
nificantly increases the information content of mea-
surements (Cloude, 2010; Lee and Pottier, 2009).

The result of measurements using polarimetric
SAR is the scattering matrix

[S] = |:SHH SHV:|‘

S VH S 44
Here, §;, are complex scattering coefficients for radi-
ation with j polarization and reception with i polariza-

tion.

The physical basis of radar polarimetry methods is
the dependence of the polarization state of the radar
signal on the backscattering mechanism of radio waves
by terrestrial objects. Various transformations of the
scattering matrix make it possible to reveal these
mechanisms and thereby identify various objects.
Note that condition Sp;, = Sy is satisfied for monostatic
sensing.

The authors of (Czuchlewski et al., 2003) used an
aircraft polarimetric SAR of the L band to determine
the changes in surface reflective properties caused by a
landslide after an earthquake in Taiwan. Decomposi-
tion of the surface scattering matrix using the Cloude—
Pottier method (Cloude and Pottier, 1997) made it
possible to determine the nature of changes in the
mechanisms of scattering of the Earth’s surface due to
alandslide. It was noted that the SAR images obtained
at one polarization are insufficient for identifying and
mapping landslides.

In the publication by (Yonezawa et al., 2012), the
authors used polarimetric data from the PALSAR L-band
satellite to detect landslides caused by the earthquake
in Japan in 2008. The contribution of various scatter-
ing mechanisms on the surface of landslide areas was
studied using the Freeman—Durden (1998) and

(1)
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Cloude—Pottier decomposition methods. According to
the Freeman—Durden decomposition data, the surface
scattering component prevails in the areas affected by
large-scale landslides. Cloude—Pottier decomposition
parameters such as entropy H, anisotropy 4, and angle
o were also calculated for landslide areas.

An automatic classification based on the segmenta-
tion of these parameters on the H-o, plane uniquely dis-
tinguishes landslide regions from other objects such as
forest, water, and snowy areas, but it is ineffective when
there is agricultural land within the radar image. The
landslide area is difficult to identify in a single-channel
image; at the same time, it is confidently recognized
when analyzing polarimetric images. It was found that,
when detecting landslide zones, polarimetric images
with a resolution of 30 m are more informative than sin-
gle-channel images with a resolution of 10 m.

The efficiency of using of polarimetric multifre-
quency SARs for detecting landslide zones in forested
mountains was assessed in (Shimada et al., 2014). The
results show that X-band SARs are less efficient in
detecting landslides, since the penetration of waves in
this band through the forest layer is worse than in the
L-band.

The X-band polarimetric response of landslide
zones has also been studied using a high-resolution
aircraft SAR system in China (Li et al., 2014a). Pola-
rimetric expansions including the Yamaguchi quater-
nary decomposition (Yamaguchi et al., 2005) and the
Cloude—Pottier decomposition were used to analyze
the dispersal mechanisms of several landslides in 2008
caused by the earthquake in southwestern China.
Experimental X-band data show that areas subjected
to large-scale landslides are characterized by a mixture
of surface, double, and volumetric scattering. The
results of the classification are also presented, which
are based on the controlled parameters of the Wishart
classifier (Ferro-Famil et al., 2001) and on the param-
eters of the similarity of polarimetric scattering, which
make it possible to clearly distinguish landslide areas
from other types of surfaces, such as forest and water.

The authors of (Li et al., 2014b) used sets of radar
images obtained using a fully polarimetric onboard
high-resolution synthetic aperture X-band radar sys-
tem. The Pauli decomposition elements resulting from
the scattering matrix transformation were combined
into an RGB pseudocolor and converted to the hue-
saturation-intensity color space (HSI). Then, a com-
bination of k-means clustering and HSI images from
different channels was used step by step to automati-
cally isolate landslide zones.

The authors of (Luo et al., 2015) discuss a method
for identifying landslides based on the methods of
polarimetric decomposition of C-band data obtained
before and after the landslide, followed by the use of
the Wishart classifier (Ferro-Famil et al., 2001). An
analysis of the polarimetric signatures of the three
landslides caused by the 2008 China earthquake shows
Vol. 56
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that the dominant signal scattering mechanism by
landslides is the surface scattering component with a
scattering entropy between 0.6 and 0.8. The territories
adjacent to the landslide are characterized by the dom-
inance of volumetric scattering, while the scattering
entropy is almost similar to the entropy in landslide
areas. By comparing the location of the surface scatter-
ing areas in the image after the event with the volumet-
ric scattering areas in the image before the event and
combining the scattering entropy maps, it is possible to
estimate the recognition errors of landslide zones.

The results in (Shibayama et al., 2015) are devoted to
the dependence of the polarimetric indices for land-
slides under forest cover on the local angle of incidence
of the radio wave. When studying the reflective proper-
ties of the landslide surface, the data from the PolSAR
sensor were used, which carried out surveys from differ-
ent directions. It turned out that the scattering power
and the polarimetric correlation coefficient of land-
slides significantly decrease with the local angle of inci-
dence, while these indicators do not change for the sur-
rounding forest. This fact leads to the development of a
method for the efficient detection of a landslide zone
using polarimetric information.

Polarimetric images of the Pi-SAR-L2 aircraft
radar (Watanabe et al., 2016) were analyzed to find out
the optimal parameters of the complete polarimetric
L-band survey and the viewing angle for detecting the
landslide zone. They were obtained from four different
directions of the landslide zone survey on Izu Oshima
Island triggered by the typhoon on October 16, 2013.
Multiple polarimetric parameters, including the back-
scatter coefficient, coherence between two polarimet-
ric states, quaternary decomposition parameters
(double reflection/bulk/surface/helical scattering),
and eigenvalue decomposition parameters (entropy/
alpha/anisotropy), were calculated to detect landslide
areas. Radar sensing of the forward (closest to the
radar) slope was more preferable for identifying a
landslide, while observations from the opposite side
were less informative, indicating that a smaller local
angle of incidence provides a better distinction
between landslide and forest areas.

The authors of (Wang et al., 2016) suggested a
method to assess the displacement of the landslide
that allows one to reveal the dynamics of backscatter-
ing. The differences between the two Pauli scatter vec-
tors on different dates were estimated, which made it
possible to estimate the displacement of the landslide
surface in the southwestern part of the state of Colo-
rado, United States.

Most of the SAR-based approaches to landslide
detection described in the literature use very high res-
olution (VHR) data, provided that the survey was car-
ried out shortly before the landslide event, which is
quite rare. Modern VHR SAR missions such as
Radarsat-2, TerraSAR-X, or COSMO-SkyMed do
not systematically cover the entire Earth’s surface due
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to various constraints. Therefore, a method for map-
ping landslides is presented in (Plank et al., 2016),
which is based on detecting changes between optical
images before the event and the polarimetric entropy
obtained from the polarimetric SAR data after the
event. As a rule, information about the state of the sur-
face before the event is available from high-resolution
optical images of Landsat-8 or Sentinel-2, which sys-
tematically survey all of the Earth’s land.

In this work, to analyze landslide processes using
the example of the collapse of the slope of the bank of
the Bureya River, we will use two of the most widely
used methods for analyzing polarization radar images
based on the decomposition of the scattering matrix:
the one based on the physical model, the Freeman—
Durden decomposition (Freeman and Durden, 1998),
and the mathematical model using the eigenvalues and
eigenvectors of the coherence matrix (Cloude—Pottier
decomposition) (Cloude and Pottier, 1997). These
methods were used not only to study landslide areas,
but also to study the surrounding area, including for-
est, river ice cover, etc. POISARpro software was used
to analyze polarimetric data (PolSARpro, 2019).

ANALYSIS OF DECOMPOSITIONS
OF POLARIMETRIC SIGNALS

The Freeman—Durden decomposition (Freeman,
Durden, 1998) is based on a three-component power
dissipation matrix model. In this case, the total back-
scattering power P is assumed to consist of the sum of
three independent terms: the power of single (surface)
scattering, the power of the echo signal that has under-
gone a double rereflection by structures similar to a
dihedral corner reflector, and the power of volumetric
(multiple) scattering

P =Syl +2|Su [ +|Sw[ =R +P+B, (2

where subscripts s, d, and v denote surface, double,
and volumetric scattering, respectively.

Single surface scattering is a typical scattering mech-
anism from land or water. Double reflections occur
when there are vertically oriented targets on a horizontal
surface; it is often found in built-up areas (reflections
from the ground and walls), as well as in forests (reflec-
tions from trunks and ground). Volumetric scattering
occurs when there is a layer of randomly oriented ele-
mentary reflectors, for example, tree branches.

The model uses the correlation between the ele-
ments of the scattering matrix (1), described by the
covariance matrix:

sl (2SSt} (Swisiv) |
(V2 Siu) (@IS
_ <SWS:H> <fzsws}’;y> <|SW|2> _
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The model assumes that the correlated and trans-
versal components of the scattering matrix (1) are not
statistically correlated:

% %
<SHHSHV> = <SVVSHV> =0,

and, moreover, it assumes symmetry of the matrix
Sy = Syy (therefore, the dimension of the covariance
matrix is 3 X 3, not 4 X 4).

A number of assumptions separately associated
with each of the scattering mechanisms are also used,
such as the uniform distribution of the orientation of
the elementary reflectors of the dipoles in the bulk
layer, the applicability of the Bragg model to the sur-
face component of scattering, and the diagonality of
the scattering matrix characterizing double rereflec-
tion. After parameterizing the elements of the scatter-
ing matrix for each of the three mechanisms using the
named constraints, a set of equations is obtained:

<|SHH|2> =[6f" £, +laf* fi + £is

sf) =7
(sul) =% “

(I l) = £+ fu+ £,
<SHHS;"V —bf, +af, + §>

where f;, f;, and f, are the contributions of the surface,
double (dihedral), and volumetric scattering, respec-
tively; a and b are the degree of correlation of the hor-
izontal and vertical components for double and sur-
face scattering, respectively.
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Thus, there are four equations with five unknowns.
The last assumption is introduced in order to obtain a
unique solution of the system: depending on the sign

of the real part of the <S HHS;V component, the dom-

inant scattering mechanism is either the surface (then,
a = —1) or double (then, b =1).

The model works best under the conditions when
the contribution of either surface or double reflections
is small. It should be noted that the latter is often the
case for natural covers in the L band.

After all the unknowns have been found, the final
decomposition of power P into three components P,
P,, and P, is performed from the formulas

P, = f,(1+]p]),

Py = fy(1+d),

_8f, _ 2
B == 8<|SHV| >

The Cloude—Pottier decomposition (Cloude and
Pottier, 1997) is based on the analysis of the eigenval-
ues of the coherence matrix, which is obtained for the
scattering vector written in the Pauli basis:

(%)

| Sun + Sy
k, =—=| Sy — S |- 6
p = | O T (6)

Here, as in the Freeman—Durden expansion, condi-
tion Sy, =S, is assumed to be satisfied. The ele-
ments of the coherence matrix [T] show the degree of
correlation between the elements of vector kp:

Sun +S) Sy +Sv)* Suu + S) Sy — Sy )* 2(Syy + SVV)S:V

(i) =

N =

284y (Syy + Sy )*

Since the matrix [7] is self-conjugated, it can be
reduced to the diagonal form

A 0 0
[r1=[vs][ 0 2, 0 [UF7],
0 0 A

where A, > A, > A, are the eigenvalues of matrix 7,
which are real numbers, and the unitary matrix [Us]
consists of its eigenvectors.

The dominant scattering mechanism in the model
is the mechanism corresponding to the eigenvector
with the maximum eigenvalue A,; the other two vec-
tors describe the second and third most frequent scat-
tering mechanisms.

)
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Sy =SSy +S)* Suw = Sv) Sy — S )™ 2(Syy — SVV)SZV
28y Sy — Sy )*

(7)
%k
4SHVSHV

The degree of randomness of scattering is
described by the entropy

3
H =) -P/log P,
j=1
where P, is the probability of each of the three mecha-
nisms:

(€))

A
P=—7 (10)
A+ A,

If only one of the eigenvalues of the coherence
matrix is nonzero, then, with a probability equal to
one, a single scattering mechanism (deterministic
case) is observed and H = 0.
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Table 1. Scheme of the interpretation of the results of classification of H-o
Zone number Entropy, H Alpha, o Scattering mechanism

1 0.9-1.0 55-90 High entropy, double scattering
2 0.9-1.0 40-55 High entropy, dipole scattering
3 0.9-1.0 0—40 High entropy, surface scattering
4 0.5-0.9 50—-90 Moderate entropy, double scattering
5 0.5—0.9 40—-50 Moderate entropy, volumetric scattering
6 0.5—-0.9 0—40 Moderate entropy, surface scattering
7 0-0.5 47.5-90 Low entropy, double scattering
8 0-0.5 42.5—-47.5 Low entropy, dipole scattering
9 0-0.5 0—42.5 Low entropy, surface scattering

If, on the other hand, there is no distinguished
scattering mechanism and A, = A, = A5, then H= 1.

However, neither of these extreme cases occur in
reality; an intermediate variant is usually observed.
The case when A, > A, = A; can be considered to
some extent an approximation to H = 0. A typical
example is the Bragg scattering from a rough surface.
Approximation to H = 1 is scattering by a cloud of cha-
otically oriented dipoles, which simulates crowns of
dense forests. High entropy values usually indicate the
presence of vegetation.

Parameter o in the Cloude—Pottier decomposition
is calculated as the weighted average

0 = Ra, + Ao, + B0, (11)

where oy, is one of the angles parameterizing the eigen-
vector e;:
[e;]

o . i3;
=e [cosocj sino; cos e

o (1)
sino; sin 3 e ] .

Angle a ranges from 0° (which corresponds to the
surface scattering mechanism) to 90° (which corre-
sponds to double rereflection from an ideally conduct-
ing surface of a dihedral angle).

An intermediate value of 45° corresponds to dipole
scattering.

Table 1 and Fig. 1 show the segmentation results
with nine zones corresponding to different scattering
mechanisms, as well as a diagram with different scat-
tering mechanisms in the H-o plane (Cloude and
Pottier, 1997).

RESULTS OF DECOMPOSITION
APPLICATION AND DISCUSSION

Application of the Freeman—Durden decomposition.
Figure 2 shows orthorectified images of the Freeman—
Durden decomposition parameters based on the
ALOS-2 PALSAR-2 polarimetric data on Novem-
ber 28, 2018, before the event associated with the
landslide and images on December 12, 2018, after the

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

collapse of the hill slope. The contributions of the
scattering mechanisms correspond to the brightness of
the RGB channels of the pseudocolor synthetic image:
double reflection is transmitted in red, volumetric
scattering is shown in green, and surface scattering is
in blue.

The predominance of red hues indicates the pres-
ence of double reflection; this is typical for a rare for-
est with trunks, the thickness of which is comparable
with the wavelength, as well as for steep shores and
structures with vertical edges. Volumetric scattering
dominates in the reflection from a set of tree crown
branches in the forest cover; however, the forest also
contains structures with a double (surface—tree trunk)
scattering mechanism. Surface scattering (blue) and
specular reflection from a smooth surface (dark tone)
are observed on the water surface of the Bureya River
in the period before freezing and landslide. Different
shades of blue are found in relatively flat areas, the
small-scale roughness of which is generally smaller
than the wavelength. White indicates the equal contri-
bution of all three components.

Let us consider the dynamics of the components of
the Freeman—Durden decomposition for the follow-
ing regions shown in Fig. 3:

(1) Region 1, an elevation of landslide masses in the
riverbed like on December 12, 2018;

(2) Region 2, an impact zone of the water—ice
“tsunami”;

(3) Region 3, the surface of the Bureya River (water
on November 28, 2018; ice cover on December 12,
2018);

(4) Region 4, the zone of collapse of the slope of
the hill.

One peculiar feature of this landslide was that
about 18 million m? of landslide masses (Zakharova
et al., 2019) ended up in the riverbed and formed an
elevation that blocked the river (Region 1).

Table 2 presents the percentage ratios of the contri-
bution of each component to the radar backscatter
before and after the collapse of the hill slope for a
Vol. 56
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Fig. 2. Freeman—Durden decomposition: data on November 28, 2018 (before the event) (a), data on December 12, 2018 (after

the event) (b).

quantitative assessment of the change in reflective
characteristics. Hence, a change in the dominant
physical mechanism of radar backscattering is charac-
teristic of contour 1, which covers part of the coastal
zone before collapse.

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

An analysis of Table 2 shows that, before the event
associated with the landslide on November 28, 2018,
backscatter contained 49.7% of single scattering from
the “rough” water surface in the river and 45.1% of vol-
umetric scattering. After the collapse on December 12,
Vol. 56
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Fig. 3. Scheme of the slope collapse zone.

2018, the volumetric scattering by the surface of the
landslide topside began to amount to 62.1% while sin-
gle scattering was 36.3%. Such a ratio indicates signif-
icant depolarization, which may be due to the rere-
flection of the radar echo signal from a pile of ran-
domly oriented large and small stones, along with
patches of surviving tree vegetation.

Horizontally shaded Region 2 corresponds to a
fragment of the Earth’s surface which was covered
with forest vegetation before the landslide; this is con-
sistent with the fact of volumetric scattering (58.5%)
in this area according to the radar polarimetry data on
November 28, 2018. After a large-scale collapse of part
of the coastal hill and ice tsunami, the previously
dominating mechanism of volumetric scattering gave
way to single scattering (60.5%). Such a change in the

dominant scattering mechanism indicates a change in
the type of surface of the Earth: the forest vegetation
was completely washed away by the tsunami wave.

Region 3 corresponds to the water—ice cover on the
river, for which the percentage of the components of
the three-component transformation was also calcu-
lated. In this region, an insignificant change in the
surface diffuse scattering (from 59.4 to 59.6%) is
observed with an increase by 7% in the volumetric
scattering mechanism (from 31.7 to 38.5%) and a
decrease by the same amount of double scattering
(from 8.9 to 1.9%). The latter may mean a transition
from the inhomogeneities of the wind waves on the
river water surface on November 28, 2018, which are to
some extent characterized by double reflection, to

Table 2. Distribution of the components of the Freeman—Durden decomposition before (November 28, 2018) and after

the landslide (December 12, 2018)

November 28, 2018 December 12, 2018
Number of region
P, % P, % P, % P, % P, % P, %
Region 1 5.2 45.1 49.7 1.6 62.1 36.3
Region 2 2.8 58.5 38.7 1.7 37.8 60.5
Region 3 8.9 31.7 59.4 1.9 38.5 59.6
Region 4 2.6 84.1 13.3 2.1 71.2 26.7
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS Vol. 56 No. 9 2020
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Fig. 4. Results of H-o. decomposition: before the descent of the landslide in red and after the event in blue.

randomly oriented linear reflectors (tree fragments,
cracked ice) on the surface of the ice cover.

Before the landslide event, Region 4 was represented
by forest cover with a corresponding dominance of the
volumetric scattering component (84.1%). After the
descent of the landslide, despite the absence of trees,
the volumetric scattering becomes smaller by 13%, but
remains dominant. Similarly to Region 1, this effect
can be interpreted by the presence of chaotically ori-
ented scatterers (as well as randomly located in space
small-scale inhomogeneities of the relief and piles of
trees), acting like volumetric inhomogeneities. An
increase in surface scattering by more than 13% means
the appearance of rough surfaces after the landslide
with irregularities of the order of the radio wave length.

Note that more visual additional information in the
form of color images can be found on the web page
(Landslide on the Bureya River, 2019) in the “Polari-
metric composite” layer.
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Decomposition H-a. Figure 4 shows the results of
the decomposition of scattering mechanisms on the
H-o plane constructed using the Cloude—Pottier
method in different test sites before and after the
landslide.

The Cloude—Pottier method allows one to reveal
the main scattering mechanism, which can be one of
nine types (see Table 1). The types are distinguished
according to the values of parametric angle o from 0°
to 40°—42°, which correspond to the surface type of
scattering; those from 40°—42° to 50°—55° are related
to dipole scattering and those exceeding 55° are related
to double reflection. Surface scattering is classified
into two types with high and moderate entropy. On the
terrain, this usually reflects the level of fine-scale
roughness of the reflective surface. Dipole scattering
corresponding to the volumetric type of scattering in
the Freeman—Durden expansion is subdivided into
three types (with low, moderate, and high entropy).
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The double scattering mechanism is similarly subdi-
vided into three types according to the level of entropy.

The results shown in Fig. 4 indicate that the
descent of the landslide changed the values of entropy
H and angle o to one degree or another; however, in
different regions these changes were of different
nature. In Regions 1 and 3, after the descent of the
landslide, the values of H and o began to occupy a
noticeably more compact area. In all regions, either
entropy H or the values of o decreased after the
descent of the landslide, which indicates a tendency to
smooth the reflecting surface. Let us analyze the
changes in each region separately.

Region 1 before the landslide was the water surface
of the river with a small area of the wooded bank, and
after the landslide it became the surface of the landslide
soil that blocked the river bed. It is seen from Fig. 4 that,
after the event associated with the descent of the land-
slide, there was a decrease in the values of entropy H
with a simultaneous decrease in o, in this region. Thus,
the values of H before the landslide were in the range
0.2—0.95 and, after its descent, they appeared in the
range 0.4—0.95; the values of o, respectively, were in
the range 15°—60°, and after the landslide they took
the value 12°—50°.

According to the segmentation of the H-o. plane
into nine zones (see Fig. 1), we find that, before the
landslide, parameters H and o were located mainly in
zones 6 and 9, which are characteristic of surface scat-
tering, as would be expected for the water surface.
However, some of the points are located in zones 2, 4,
and 5, which are typical for multiple (volumetric)
scattering characteristic of vegetation. Apparently, this
can be explained by the strong wind waves at the water
surface at the time of the survey, as well as by a frag-
ment of the shore opposite to the landslide, which fell
into the boundaries of section 1 due to the fact that it
was covered with descended ground. After the event,
Region 1 became a landslide surface formed by ground
and rock debris of various sizes interspersed with fallen
trees. The decomposition results show that in this case
the Bragg scattering practically disappears, and most
of the echo signal comes from large-scale irregulari-
ties, which also form multiple scattering characteristic
of segmentation zones 2 and 5.

Region 2 corresponds to the initially sloping almost
flat coast with forest cover, which was washed away by
a water—ice wave of the tsunami type. It follows from
the results of the H-o classification that scattering by
the surface of Region 2 is surface scattering (zones 6
and 9) and scattering from vegetation (zones 5 and 2)
before the landslide; after the landslide the scattering
is mainly surface with an increase in the proportion of
the Bragg scattering.

Region 3 on the surface of the river is free from
landslide effects. The difference in the conditions of
radar surveys before and after the landslide is that, on
the day of the first survey, the river was not frozen yet
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and the ice cover appeared on the second day. It fol-
lows from the data shown in Fig. 4 that the ranges of H
and o on the water surface and ice cover almost do not
intersect. In the case of the water surface, multiple
scattering in zones 2, 4, and 5 indicates that the water
surface of the river was likely rough during the survey
period, as well as in Region 1. The backscatter of the
ice cover after freezing is single surface scattering.

Region 4 is actually a landslide slope of a wooded
river bank before the descent of landslide masses, as
well as a landslide circus that was formed later. It
should be noted that the upper (right) part of the point
cloud falling into zones 2 and 5, which characterizes
volume scattering, almost did not change. This indi-
cates that after the landslide there were many fallen
trees, and there is a large amount of soil and fragments
of rock, which determine the nature of multiple scat-
tering, similar to the crowns of trees in a forest. It fol-
lows from Fig. 4 that, as expected, after the descent of
the landslide, the proportion of surface scattering
increased.

CONCLUSIONS

A comparison of the results of the Freeman—
Durden and Cloude—Pottier decompositions demon-
strated their general agreement, but some differences
are also observed. They appear, for example, when
comparing scattering mechanisms on the surface of a
river (Region 3). Thus, the values characterizing the
scattering mechanisms based on the Freeman—
Durden transformation before the landslide (water
surface of the river) and after (ice cover) are quite
close: the surface scattering component remained
almost unchanged. It was 59.4% and became 59.6%.
The volume scattering was 51.7%, and it changed to
58.5%. The contribution of double angular scattering
changed most strongly: it decreased from 8.9 to 1.9%.

An analysis of the results based on the Cloude—
Pottier classification method shows more significant
changes in the scattering mechanisms: after the
descent of the landslide, both entropy H and the values
of angle o decreased notably. Before the landslide
there was a notable fraction of volumetric (multiple)
scattering, but after the landslide the scattering
became purely of the surface type.

In general, the analysis shows that the methods of
polarimetric decomposition are efficient and make it
possible to reliably identify the changes in the scatter-
ing mechanisms that occur as a result of landslides
and thereby determine various zones formed during
landslides.
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