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Abstract—Results are presented from monitoring the current state of the area of the landslide on the Bureya
River in 2018–2019 using images from synthetic aperture radars and optical sensors of the Sentinel multisat-
ellite system. Differential radar interferometry shows the stability of the landslide’s surface in the first four
months after the landslide and since the end of July 2019. The small-scale dynamics of the surface are revealed
within the landslide circus. It is shown that interferometry cannot be used to observe large modifications of
the shoreline, in contrast to optical images, where the effects of the collapse of shoreline fragments and shore-
line f looding were clearly observed. Ongoing landslide activity within the landslide circus and area of shore-
line collapse is detected using satellite images. Continuous monitoring of this and other dangerous landslide
zones on the Bureya River is needed.
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INTRODUCTION
The growing number of natural disasters and the

damage they cause (Bondur et al., 2009; Prirodnye
opasnosti…, 2000) requires that we develop and use
new ways of predicting and monitoring such natural
phenomena as earthquakes (Akopyan et al., 2017;
Bondur and Zverev, 2005a, 2005b, 2007; Bondur
et al., 2007; Bondur and Smirnov, 2005), f loods
(Bondur et al., 2009; Prirodnye opasnosti…, 2000),
typhoons (Bondur et al., 2008a, 2008b; 2009), wild-
fires (Bondur, 2016; Bondur and Ginzburg, 2016;
Bondur et al., 2017), and landslides (Bondur et al.,
2019a, 2019b, 2019d; Zakharova et al., 2019; Zakharov
and Zakharova, 2019; Zakharova and Zakharov, 2019;
Kramareva et al., 2018, 2019).

These problems can be solved using satellite remote
sensing, particularly all-weather radar in combination
with optical means (Bondur, 2011; Bondur et al., 2009;
2019a, 2019b, 2019c, 2019d; Zakharov and Zakharova,
2019; Zakharova and Zakharov, 2019; Zakharova et al.,
2019; Bondur and Chimitdorzhiev, 2008a, 2008b; Bon-
dur et al., 2019c; Bondur and Starchenkov, 2001; Bam-
ler and Hartl, 1998; Colesanti and Wasowski, 2006).

In this work, we consider the use of remote sensing
to monitor landslide processes on the Bureya River in
2019 after a landslide in December 2018.

The catastrophic landslide on the bank of the
Bureya River on December 11, 2018, blocked the
channel of the Bureya River and required not only
immediate measures to remove the blockage, which
threatened the f looding and destruction of human set-
tlements and economic infrastructure, but the organi-
zation of landslide zone monitoring to determine the
history and current dynamics of this dangerous natural
phenomenon as well.

Ground-based field studies since the beginning of
2019 have provided insight into the extent of the land-
slide (Pererva et al., 2019). They were invaluable in
organizing and implementing efforts to scour a hole in
the river channel in late January–early February 2019.
However, qualitatively new and detailed data on the
state of the landslide zone, and on the history of the
landslide’s development and current dynamics, can be
obtained only through satellite optical and radar
observations.

The first data on the extent of the landslide event
on the Bureya River were obtained from an optical
image produced by the Sentinel-2B satellite on
December 12, 2018 at 02:22 UT (Kramareva et al.,
2018). This satellite image showed the zone of collapse
and the resulting embankment, which blocked the
river channel. Zones of the damage of the shoreline
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forest cover by a wave resulting from the soil collapsing
into the water were also identified. The dynamics of
creating the hole in the blockage by blasting in late
January–early February 2019 and its erosion by high
water until the end of April 2019 was observed using
optical survey data from the Sentinel-2 satellites and
the International Space Station (Kramareva et al.,
2019, Ostroukhov et al., 2019).

Radar images from Sentinel-1 satellites were first
used to monitor the winter landslide activity from 2017
to 2018 in (Zakharova and Zakharov, 2019). Zakharova
et al. (2019) analyzed the consequences of the land-
slide, giving an estimate of its size and the volume of
removed soil, along with the stability of the landslide
zone in winter 2019. Radar images obtained from the
ALOS-1 and ALOS-2 satellites allowed us to observe
the development of the landslide from 2006 to 2017 via
radar interferometry (Bondur et al., 2019a, 2019b).

In this work, we present results from monitoring
the state of the landslide area on the Bureya River
using optical and radar survey data from the Sentinel-
1A/B and Sentinel-2A/B satellites.

USING SATELLITE IMAGES

The satellite images we used in this work were
obtained from the Sentinel-2A/B satellites, which share
the same sun-synchronous orbit  with a 180° orbital
phasing difference at the altitude of 798 km.

The Sentinel multisatellite system was created by
the European Space Agency as part of the Copernicus
Global Space Monitoring Project. Optical surveys are
performed in 13 spectral bands within the 443–2190 nm
band at a resolution of 10/20/60 m with coverage of
290 km (http://esamultimedia.esa.int/docs/S2-Data_
Sheet.pdf). The interval between repeated surveys is
2–3 days at the latitude of the landslide area.

The Sentinel-1A/B satellites provide radar images of
the Earth’s surface using synthetic aperture radars
(SARs) in the C-band (wavelength, 5.6 cm) from a sun-
synchronous orbit with an altitude of 693 km. The
southern part of Russia’s Far Eastern Federal District
with the Bureya River is surveyed on the descending part
of the orbit with repeat cycle of 12 days in the IW (inter-
ferometric wide) mode, which can be used for interfero-
metric topographic measurements or analyzing the
dynamics of the underlying surface. The survey is con-
ducted at right looking flight attitude in wide-swath
mode with 240 km swath width. The pixel spacing of
SLC SAR image is 2.3 m in slant range and 14.1 m in azi-
muth (https://sentinel.esa.int/web/sentinel/missions/
sentinel-1/overview).

In this work, we used a series of satellite radar
images obtained from relative orbits 61 and 134.

Optical images from the Sentinel-2A/B satellites
are preferred for observing large-scale changes in
relief, since they have a better spatial resolution, no
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speckle noise (which is characteristic of SARs), and
allow good visual perception.

RESULTS AND DISCUSSION

Figure 1 shows fragments of optical images
obtained from the Sentinel 2A/B satellites from Dece-
mber 12, 2018 to July 26, 2019.

Figure 1a shows a fragment of an optical satellite
image of the landslide area, obtained on December 12,
2018, by the Sentinel-2 satellite shortly after the col-
lapse. It is difficult to differentiate the river channel and
collapse zone in the shadow of the high southern bank,
due to the low winter sun. The main changes on the
Earth’s surface that were observed in satellite optical
images after the landslide were

(1) the formation of a hole from blasting in late
January–early February 2019 (indicated by the arrow
in Fig. 1b);

(2) the collapse/flooding of the walls of the hole in
April 2019 during the f lood;

(3) the large-scale collapse of the shoreline from
May 3 to May 11, 2019 (the arrow in Fig. 1c); and

(4) the f looding of part of the shoreline area of the
landslide zone, due to a rise in the level of the river’s
water from 21 to 26 July 2019 (the arrow in Fig. 1d).

Radio interferometric monitoring from repeated
orbits of the Sentinel-1 satellites allowed us to detect
small-scale (radar wavelength) deformations of the
underlying surface that appeared during the period
between the surveys. The coherence of the backscat-
tered signals of radar survey sessions that form an
interferometric pair is a key condition for detecting
and measuring displacements of the Earth’s surface
form the phase difference in the interferogram
(Zakharov and Zakharova, 2019).

A disadvantage of using Sentinel-1 SAR (C-band)
radio interferometric observations of the Earth’s sur-
face covered with dense forest vegetation is a high tem-
poral decorrelation between signals obtained in neigh-
boring surveys during the warm season (Bondur et al.,
2019c; Bondur and Chimitdorzhiev, 2008a, 2008b).
We can measure the elevation and observe displace-
ments of the forest cover in this frequency band only
under conditions of negative air temperature (i.e.,
under conditions of greater temporal stability of the
dielectric properties of frozen tree crowns) (Zakharova
and Zakharov, 2019).

A specialty of the observations of the landslide area
in 2019 is that the scattering surface was free of vegeta-
tion, as was shown in (Bondur et al., 2019a). This
results in higher coherence in the area as compared
with the surrounding forested surface.

Figure 2 shows the coherence plots of the land-
slide area and adjacent forest for the period from
November 16, 2018 to October 5, 2019. The interval
 Vol. 56  No. 12  2020



1522 BONDUR et al.

Fig. 1. Optical images from the Sentinel-2 satellite in the Bureya landslide zone.

(a) (b)

(c) (d)
between the surveys of radar image pairs was deter-
mined by the 12-day orbit repeat cycle. 

The high coherence of backscattered signals from
the forest area until the end of March 2019 is explained
by a high stability of its dielectric properties at negative
air temperatures (Bondur et al., 2019c; Bondur and
Chimitdorzhiev, 2008a, 2008b). It should be noted
that the large-scale displacements of surface fragments
with amplitudes of more than half the wavelength in
an image pixel leads to the decorrelation of the signals
from these image pixels of the interferometric pair
(Bondur et al., 2019c).

The poor coherence of the backscattered signals for
the landslide area until December 12, 2018 can there-
fore be explained by the sudden activation of relatively
large-scale displacements of the landslide surface
prior to the collapse. The coherence of the backscat-
tered signals from of the landslide surface was low in
April–early May 2019 due to snow melting and
changes in soil moisture on the southern shoreline
slope during this period. Unusually frequent and
heavy rains in May–June, the intensity of which fell
IZVESTIYA, ATMOSPHER
only at the beginning of July 2019 (Pererva et al.,
2019), could also have been responsible for the low
coherence and poor quality of interferometric observa-
tions in these months. The low coherence of the inter-
ferometric pair from August 7, 2019 to August 19, 2019
(see Fig. 2) is also explained by intense precipitation
(immediately prior to the first survey during this period)
(www.rp5.ru).

Figure 3 presents a set of some coherence maps of
radar signals within the landslide zone in the spring–
summer period of 2019. The light tones correspond to
better coherence. The high coherence of radar signals
characteristic of the northern bank of the Bureya
River, including areas along the banks of the Middle
Sandar River, is explained by higher stability of the
open surface of the shoreline zone, where vegetation
was swept away by a tsunami-like wave in December
2018. The gradual drying of the soil of the landslide cir-
cus resulted in a rise in the coherence of radar signals,
allowing us to search for signs of small surface displace-
ments since July 2019 using radar interferometry.
IC AND OCEANIC PHYSICS  Vol. 56  No. 12  2020
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Fig. 2. Coherence of reflected signals from the landslide zone and adjacent forest area for the period from November 16, 2018 to
October 5, 2019.
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Fig. 3. Coherence of radar signals for a part of the Earth’s surface in May, June, and July 2019. The arrow indicates the landslide zone.
The search for small-scale dynamics on the surface

of the Bureya landslide circus since the end of 2018

(immediately after the collapse) by means of differential

radar interferometry has been a subject of study

(Zakharova et al., 2019). As is known, the interferomet-

ric phase on a radar interferogram depends mainly on

variations in relief heights (the so-called topographic

phase), and on local displacements of the scattering sur-
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 
face during the period between surveys of the interfero-
metric pair (Bamler and Hartl, 1998). When there is a
digital elevation model (DEM), the influence of the
topographic phase can be compensated for with subse-
quent determining phase displacements on the interfer-
ograms caused by the dynamics of the scattering surface.

Our differential interferograms according to Senti-
nel-1 satellite data were based on an SRTM DEM that
 Vol. 56  No. 12  2020
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Fig. 4. Height profile according to SRTM data (solid line) and Sentinel-1 interferometric survey data (dashed line).
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SRTM Sentinel-1
represented the elevations of the entire scene of the
radar image fairly well, except for the landslide zone,
where the landscape changed.

Figure 4 shows the profile of the surface heights of
the landslide area along the slope, computed accord-
ing to the Sentinel-1 interferometric survey in January
2019 (dashed line), and one derived from the SRTM
DEM (solid line). The vertical axis is the height above
the sea level in meters, and the horizontal axis shows
the profile samples (pixels). The pixel spacing on the
surface is around 14 m.

The maximum difference between the true surface
height and the height according to the SRTM DEM is
as great as 150 m. Such errors in the relief heights can
be falsely interpreted as surface displacements with
fairly large amplitudes. This topographic phase, gen-
erated by the difference between the SRTM DEM and
true surface topography, was compensated for in a
phase measured by several means (Zakharov and
Zakharova, 2019).

Analysis of a series of eight 12-day differential
interferograms from the end of December 2018 to the
beginning of April 2019 revealed no dynamics of the
landslide area surface either within the circus or on the
adjacent slopes. Blasting operations from the third
decade of January to the first decade of February in
2019 produced no noticeable (more than 1–2 mm)
soil displacements on the landslide slope either.

Examples of interferograms with surface subsid-
ence are shown in Fig. 5, along with the respective
fragments of the radar and optical images. According
to the interferometric processing chain used in this
work, the lighter tones within the landslide correspond
to the sliding of the reflecting surface from the satellite
down the landslide slope.

The first interferograms after the three-month
period of low coherence, formed from the data acquired
in July (Fig. 5a), did not allow us to assess the pattern
IZVESTIYA, ATMOSPHER
of displacements caused by the noisy phase image
clearly, especially in the upper part of the landslide cir-
cus (its southern edge).

Reliably measured signs of rockslide displacements
on the circus surface with the maximum line-of-sight
displacement of 0.7 cm were revealed in the middle east-
ern part of the landslide in late August 2019 (Fig. 5b).
Figure 5c shows the soil displacement throughout the
eastern edge of the landslide and near the main scarp.
Figure 5d shows a wide light band that marks a dis-
placement in the middle part of the landslide (corre-
sponded to pixels 26–31 of the profile given in Fig. 4).
This band crosses the zone of the landslide circus from
its western to its eastern edge.

Table 1 provides a detailed description of the results
of observations of the small-scale dynamics of the sur-
face within the landslide circus on the Bureya River
from July to mid-October 2019.

Analysis of Table 1 indicates both the temporal and
spatial irregularity of circus surface displacement. In
July–August 2019, displacements were most often
recorded at the eastern edge of the landslide circus at
an amplitude of up to 1.5 cm along the line of sight.
The dynamics grew in the upper part of the circus after
mid-September 2019 (pixels 6–16 of the height profile
in Fig. 4).

CONCLUSIONS

The results of monitoring the landslide area on the
Bureya River bank in 2018-2019 by means of space-
borne radar and optical observations demonstrated the
high information content of satellite remote sensing,
which allowed us to reveal small-scale dynamics of the
Earth’s surface in the landslide area. SAR interferom-
etry was used to study the stability of the landslide cir-
cus’s surface and adjacent shoreline slopes at the
IC AND OCEANIC PHYSICS  Vol. 56  No. 12  2020
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Fig. 5. Examples of (a–d) interferograms and (e–f) satellite images for the landslide zone, according to the Sentinel-1 SAR survey
data in the third quarter of 2019 with the contour of the landslide zone: (a) July 9, 2019–July 21, 2019; (b) August 26, 2019–Sep-
tember 7, 2019; (c) September 7, 2019–September 19, 2019; (d) September 19, 2019–October 1, 2019; (e) radar image obtained
on September 19, 2019; and (f) optical image obtained on September 25, 2019.

(a) (b) (c)

(d) (e) (f)
beginning of 2019, including the period of blasting to
scour the hole.

The radar interferometric data from the Sentinel-1
satellites proved to be of no use for observing local
shoreline collapses, unlike the optical images from Sen-
tinel-2 satellites with clearly visible effects of the col-
lapse of shoreline fragments and shoreline flooding.
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 

Table 1. Surface displacements observed within the landslide

Dates
Maximum line-o

over

July 9, 2019–July 21, 2019 0.

July 21, 2019–August 2, 2019 1.

August 2, 2019–August 14, 2019 0.

August 14, 2019–August 26, 2019 0.

August 26, 2019–September 7, 2019 0.

September 7, 2019–September 19, 2019 1.

September 19, 2019–October 1, 2019 1.

October 1, 2019–October 13, 2019 1.
The first signs of the displacements of rock debris

fragments on the sliding surface in different parts of

the landslide circus were detected in late July 2019.

The displacements continued to be detected until the

end of the observation period (mid-October 2019).

Large-scale displacements/collapses that would

result in loss of the interferometric coherence and be
 Vol. 56  No. 12  2020

 circus on the Bureya River in July–October 2019

f-sight displacement

 12 days
Position of maximum displacement

5 cm Eastern edge, middle–bottom

4 cm Eastern edge, middle–bottom

7 cm Eastern edge, middle–bottom

4 cm Eastern edge

5 cm Eastern edge, middle

9 cm Eastern edge and main scarp 

4 cm Band in middle part

5 cm Upper part of the landslide
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visible on optical images were not detected within
the circus.

The identified zone of the ongoing landslide activ-
ity within the landslide circus and shoreline collapse
requires continuous monitoring of this and other dan-
gerous landslide zones on the Bureya River.
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