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Abstract—The possibilities of interferometric surveying using L-band PALSAR-1 and PALSAR-2 space
radars on the ALOS-1 and ALOS-2 satellites for studying landslide processes are analyzed using the exam-
ple of a catastrophic caving of ~18.5 million m? on the Bureya River in December 2018. The motions of the
landslide surface are revealed and their integral amplitude is estimated at time intervals of up to 2 years. It
is found that summer images are less informative due to a dramatic loss of coherence due to heavy rainfall;
almost all winter pairs of images taken at low negative temperatures have high coherence due to the stability
of the dielectric properties of wood vegetation and underlying soils. Based on the analysis of the dynamics
of the development of the landslide process over a 10-year time interval, it is shown that soil displacements
along the slope were small in 2006—2010 (1.6—1.9 cm/month); in 2015—2016, the displacements increased
significantly (4.7—4.9 cm/month), and the maximum measured velocity of displacements was reached in
the summer of 2016 (10.7 cm/month). It has been suggested that intensification of the landslide process
occurred at the time the filling of the reservoir basin was completed in 2006—2009; the process was trig-
gered by both the initial rise and seasonal fluctuations in water levels.
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INTRODUCTION

Recently, there has been an increase in the number
of natural disasters and the negative consequences
they cause (Bondur et al., 2009, 2012; Natural Haz-
ards, 2000). Hence, new methods and technologies for
monitoring and predicting hazardous natural pro-
cesses are being developed, including earthquakes
(Akopyan et al., 2017; Bondur and Zverev, 2005, 2007,
Bondur et al., 2007, 2010, 2016a, 2016b; Bondur and
Smirnov, 2005), typhoons (Bondur et al., 2008a,
2008b; 2009, 2012), landslides (Zakharova et al., 2019;
Kramareva et al., 2018, 2019; Bondur et al., 2019a,
2019b), mudflows, avalanches, etc. (Prirodnye opasno-
sti..., 2000; Bondur et al., 2009, 2012). Methods and
means of Earth remote sensing (ERS) and, first of all,
all-weather radar methods play an important role in
solving these problems (Verba et al., 2010; Bondur
et al., 2009, 2019a, 2019b, 2019c; Bondur, 2010; Bon-

dur and Chimitdorzhiev, 2008a, 2008b; Zakharova
et al., 2019; Zakharov and Zakharova, 2017; Zakharova
and Zakharov, 2019), as well as methods for processing
aerospace images (Bondur and Starchenkov, 2001).

SAR interferometry methods as a tool for detecting
small-scale displacements of the underlying surface
(Bamler and Hartl, 1998) have been used for a long time
in Earth remote sensing. Examples of the application of
SAR interferometry methods include monitoring land-
slide activity (Kimura et al., 2000; Colesanti et al.,
2006; Bondur et al., 2019a, 2019b; Zakharova, 2019;
Zakharova et al., 2019; Zakharova and Zakharov, 2019),
cryogenic soil deformations (Chimitdorzhiev etal.,
2011), and soil subsidence due to economic activities
(Strozzi et al., 2003; Epov et al., 2012).

In this paper, we consider the possibilities of using
interferometric methods for monitoring landslide pro-
cesses using the example of the collapse of the slope of
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the Bureya River, which occurred on December 11,
2018. We used the classical method of differential SAR
interferometry.

OBJECT OF RESEARCH AND THE DATA
AND PECULIARITIES OF DATA PROCESSING

The catastrophic landslide on the landslide slope of
the Bureya River, which occurred on December 11,
2018, attracted much attention from specialists and
researchers (Kramareva et al., 2018, 2019; Zakharova
et al., 2019; Bondur et al. 2019a, 2019b). The length of
the sliding surface of the landslide was about 800 m,
the width was about 400 m, and the volume of the
removed ground was 18.5—18.9 million m?® (Ostrou-
khov, 2019). The main unresolved issue is finding out
the causes of the landslide and the time ground
motions began.

The Bureya is one of the most abundant tributaries
of the Amur River. In the upper reaches, the velocity
of this mountain river is 3—4 m/s. In the middle part,
the river crosses the spurs of the Bureinsky and Turana
ridges and flows along a narrow canyonlike valley. In
the lower part it flows out onto the Zeya-Bureinsky
Plain. The river is fed with mixed monsoon floods.
Before the creation of the Bureya Reservoir, floods
occurred here almost every year, and catastrophic
floods occurred once every 10 years (Korenyuk,
2009). The narrow canyon river bed in the landslide
area is the middle part of the 230-km reservoir. As a
result of the rise in water level as the reservoir was
filled, the width of the river here increased from 200 to
400 m, and the channel of the Sredniy Sandar stream,
which flows into the Bureya opposite to the place of
the landslide, was flooded 1.6 km upstream. Based on
the SRTM and TanDEM-X digital elevation models,
the water level at the mouth of the stream increased by
at least 60 m. Since the river section in the landslide
area is part of the reservoir, seasonal fluctuations in
the water level near the dam with a height of about 16—
19 m are observed here. They are the cause of defor-
estation in a narrow coastal strip on the coastal slopes
and, probably, the cause of the development of land-
slide processes (Ostroukhov et al., 2019). The climate
in this region is sharply continental, with temperatures
of 28°C in summer and —25°C in winter. The wettest
month of the year is July, with 10 rainy days and a
monthly rainfall reaching 140 mm.

The efficiency of the use of interferometric obser-
vations of the Earth’s surface from repeated satellite
orbits depends on the type of underlying surface and
weather conditions in the survey areas. One essential
feature of the surrounding area in the middle canyon
part of the Bureya River bed with the landslide area is
the presence of a developed vegetation layer, larch for-
ests. On the northern slopes, the forest floor is covered
with green moss and, on the southern slopes, they
have a herb layer. Since the landslide slope was cov-
ered with forest vegetation, this made it difficult to
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find permanent scatterers (Bondur et al., 2019; Bon-
dur and Chimitdorzhiev, 2008a, 2008b). At the same
time, under certain weather conditions, the forest
aggregate with the underlying surface can be used for
interferometric analysis as an extended target.

It is noteworthy that the temporal decorrelation of
the backscattered signals obtained in two different
observations often leads to strong noise in the phase
difference in the interferogram, which makes the mea-
surements unreliable. The permanent scatterers method
solves the problem of temporal decorrelation by iden-
tifying natural scatterers (Ferretti et al., 2000). Perma-
nent scatterers, the pointlike bright radar targets, give
stable reflection in both amplitude and phase. They
are identified by the statistical analysis of data gener-
ated using a long series of repeated radar observations
of a selected surface region. As a result, it is possible to
carry out phase measurements even in the case of the
complete loss of correlation of the signals of the sur-
rounding natural landcovers.

Promising versions of the permanent scatterers
method include the StaMPS method (Stanford
Method for Persistent Scatterers) (Hooper et al., 2007),
the SqueeSAR method (Ferretti et al., 2011), and the
small baseline method (Bernardino et al., 2002). In
addition to the natural scatterers, artificial stable tar-
gets are often used to reveal the dynamics of the under-
lying surface, for example, corner reflectors (Strozzi
etal., 2013; Fu et al., 2010; Xia et al., 2004).

The first studies of the Bureya landslide by the
interferometric method were carried out using the
data from the European C-band synthetic aperture
radar installed on the Sentinel-1 satellite. The begin-
ning of surveys of this region from this satellite falls on
the summer of 2016 (Zakharova and Zakharov, 2019).
Such surveys showed that, in the winter of 2016—2017,
vertical displacements of soils on the coastal slope of
about 3.5 cm per month were observed in the direction
downslope. The observation of soil motions on a slope
covered with woody vegetation on radar images from
the Sentinel-1 satellite in the autumn and spring
period, as well as in summer, turned out to be impos-
sible due to the high temporal decorrelation of echoes
of this radar, which has a wavelength of 5.6 cm.

L-band radars are more suitable tools whose data
are more robust to temporal decorrelation. The images
used in this work obtained using the Japanese
PALSAR-1 radar (wavelength 24 cm) of the ALOS-1
satellite have been available for analysis since the sum-
mer of 2006, when the reservoir was still being filled
with water until March 2011. Radar images from the
PALSAR-2 radar (wavelength also 24 cm) installed on
board the ALOS-2 satellite have been used since
autumn 2014 at the time of preparation of this paper.

ALOS-1 satellite’s orbit repetition cycle is equal to
46 days; thus, it is possible to obtain interferometric
pairs, the interval between which is a multiple of
46 days. Due to the drift of orbital parameters and rare
Vol. 56
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Fig. 1. Fragment of the interferometric phase difference of the radar echo signals of the TerraSAR-X/TanDEM-X satellites (a)
and three-dimensional visualization of the digital model of the landslide slope topography (b).

but significant orbital corrections, the interferometric
base changed within 0—20 km over 2 years of opera-
tion of this satellite.

The interval of repeated (interferometric) imagery
from the ALOS-2 satellite is a multiple of 14 days. Due
to frequent small corrections of the orbit of the ALOS-2
satellite, the interferometric baseline stayed within in
a tube with a diameter of 500 m.

Radar data processing was carried out using the
ENVI SARScape software package with differential
radar interferometry technique. It consists in the
estimation of the phase component on the interfero-
gram due to the displacement of the target.
TerraSAR-X/TanDEM-X digital elevation model
(DEM) with 5 m resolution acquired in April 2012
was used for subtraction of topographic phase.

Figure la shows a fragment of the TerraSAR-X/
TanDEM-X interferogram, which characterizes the
terrain. This and some other results are duplicated on
the web page (Opolzen..., 2019). Repeating color cycles
in the interferogram (interferometric fringes in the
Fig. 1a) correspond to phase values registered by radar
modulo 27t.

A change in the signal phase difference by 2w (one
color cycle in Fig. 1a) in the geometry of the imagery
from the TerraSAR-X satellite corresponds to a
change in the terrain topography height by 16.7 m.
The contour of the collapse zone in December 2018
(closed red line) is indicated by an arrow in Fig. la.
The 3D representation of the digital elevation model
before the collapse is shown in Fig. 1b, where the
arrow also indicates the contour of the collapse zone.

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

Archives of the Japan Aerospace Exploration
Agency (JAXA) contain 32 radar images of the land-
slide area made by the PALSAR-1 radar of the
ALOS-1 satellite from tracks 414, 415, 418, and 419, as
well as 16 images from the PALSAR-2 radar of the
ALOS-2 satellite from tracks 127 and 128, which are
suitable for interferometric processing.

The coherence of signals from an interferometric
pair is an important indicator of the quality of interfer-
ometric measurements. The coherence depends pri-
marily on the length of the perpendicular component
of the interferometric baseline, the time interval
between the acquisition of a pair of images, and the
weather conditions on the days of imaging and the day
before. Temporal decorrelation of the backscattered
signals indicates changes in scattering properties of the
target as an effect of nonsimultaneous observations.

Due to the relatively long wavelength of the
PALSAR-1 and PALSAR-2 radars, the temporal sta-
bility of backscatter is higher than that of the C-band
radars. As a result, it is possible, for example, to obtain
quite informative interferometric pairs with an interval
between surveys of up to 2 years using the radar images
in the winter season. However, summer radar images
are less suitable for measurements due to the signifi-
cant temporal decorrelation of radar echoes caused by
heavy rains shortly before or during the survey.

The source of information on air temperature and
precipitation was the data from the Sektagli meteoro-
logical station located 35 km west of the landslide site
(www.rpS.ru).

Archive radar images have been carefully analyzed
for selecting the interferometric pairs. First, they were
Vol. 56
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Fig. 2. Coherence of the ALOS-1 PALSAR-1 signals (vertical axis) depending on the interval between surveys of the interfero-

metric pair (horizontal axis, days).

divided into winter and summer ones. Winter images
were radar images at negative average air temperatures
for 3 days, including the day of imaging. Winter and
summer radar images were not combined into interfer-
ometric pairs due to the strongly changing dielectric
properties of the scattering surface during freezing,
which leads to a severe decrease in coherence. In addi-
tion, pairs of images with interferometric baseline
greater than 4 km were excluded from consideration.

Figure 2 shows the interferometric coherence for
23 pairs of radar images of the landslide zone from the
PALSAR-1 radar of the ALOS-1 satellite. One can see
that the highest coherence is observed in the pairs of
images taken in the cold season (diamond-shaped
markers). In this case, as the interval between the
acquisition of a pair of radar images increases, the
coherence is expected to decrease. Quite a high coher-
ence was observed between several pairs of images in
dry weather in summer (triangles). Rainy weather on
the days of the survey or on the days preceding the sur-
vey, with a total amount of precipitation for 4 days
prior to the survey exceeding 20 mm, led to a strong
drop in coherence (round markers) and loss of infor-
mation content of phase measurements. The results of
measurements of the Earth’s surface displacements
described below were obtained by analyzing pairs of
images with coherence above 0.3.

Figure 3 illustrates similar measurements of the
PALSAR-2 radar from ALOS-2. Only three pairs of
summer images (triangles in Fig. 3) out of 19 pairs of
radar images from this satellite have a sufficiently high
coherence (exceeding 0.3). The coherence from most
summer pairs of radar images (circles in Fig. 3) is
below 0.3 due to rainy weather; the total amount of
precipitation exceeds 25 mm during the 4 days preced-
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ing the survey; they are not informative. All pairs of
winter radar images from the ALOS-2 satellite (dia-
monds in Fig. 3) are characterized by low coherence
due to the absence of frost on the days of the survey
(the temperature was about 0°C), which may have
caused repeated thawing—freezing of the upper layer
of the scattering surface.

PROCESSING RESULTS
AND THEIR ANALYSIS

After processing the selected 42 pairs of radar
images and analyzing the results, only 12 interfero-
grams were recognized as informative in accordance
with the levels of coherence mentioned above.

Figure 4a shows the summer differential interfero-
gram based on the data from the ALOS-2 satellite,
with an interval between surveys of 28 days (June 15,
2016— July 13, 2016). A noisy strip of the river with
three large northern tributaries and one southern trib-
utary stands out brightly over the dark background of
the land. The landslide zone located on the opposite
bank of the mouth of the Sredny Sandar stream is
clearly visible as an elongated light spot in comparison
with the surrounding darker background (highlighted
by enclosing it in a white ring). In the accepted pro-
cessing scheme, the displacement of the reflecting
surface away from the radar during the time between
surveys leads to an increase in the phase difference,
which is displayed in light tones on the interferogram.
The uneven brightness of the spot indicates a higher
speed of motion in the upper part of the landslide near
the future separation wall. In this interferogram, the
radial velocity of surface displacement changes within
the landslide zone from 2 to 4 cm in 28 days, which, in
Vol. 56
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Fig. 4. Fragments of interferograms: ALOS-2 PALSAR-2 on June 15, 2016—July 13, 2016 (a); ALOS-1 PALSAR-1 on January 13,
2009—February 28, 2009 (b); ALOS-1 PALSAR-1 on May 16, 2006—October 1, 2006 (c).

terms of the displacement along the slope, gives up to
10.7 cm/month. This is vastly greater than 6 months
later in winter from the Sentinel-1 data: 0.6 cm in
12 days, i.e., 3.4 cm/month on the slope (Zakharova
and Zakharov, 2019).

An analysis of radar images from the ALOS-1 sat-
ellite in 2006—2010 shows that the phase drift due to
shifts in the winter interferograms is not as large even
with a greater interval between surveys than in summer
2016. This can be explained both by the earlier and
slower stage of the development of the landslide pro-
cess and by the greater stability of the frozen soil in the
cold season. Figure 4b shows an interferogram Janu-
ary 13, 2009—February 28, 2009, in which the maxi-
mum phase difference on the landslide body with the
average surrounding background is 0.6 radians, which
corresponds to a radial displacement of less than
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1.2 cm in 46 days (1.8 cm/month along the slope). On
the summer interferogram May 16, 2006—October 1,
2006, based on the PALSAR-1 data (Fig. 4b), there is
radial displacement with an amplitude of up to 2 cm in
92 days (1.6 cm/month along the slope), which is seen
slightly better; it is six times smaller than the maxi-
mum displacement rate in the summer of 2016.

The effect accumulated over an interval of about a
year or more is much more noticeable. Figure Sa
shows an interferogram for a pair of radar images Janu-
ary 8, 2007—February 28, 2009. Here, the displace-
ments of the Earth’s surface in the upper part of the
landslide are such that a phase wrapping takes place; in
the interferogram in the landslide area, unlike in Fig. 4,
a line of transition over 21 appears: a sharp border
between black and white. In the lower part of the land-
slide, the radial displacement is about 8 cm; in the
Vol. 56
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Fig. 5. Fragments of interferograms: on January 8, 2007—February 28, 2009 (a); on January 11, 2008—January 16, 2010 (b); on
February 26, 2008—March 3, 2010 (c); and with a 1-year interval from June 22, 2015—June 20, 2016 (d).

upper part it is 14 cm in 2 years. The maximum veloc-
ity along the slope is 1.3 cm/month.

Surface displacement rates close to the last-men-
tioned ones were found in 2-year pairs January 11,
2008—January 16, 2010, and February 26, 2008—
March 3, 2010; their interferograms are shown in
Figs. 5b and 5¢ (1.5 and 1.9 cm/month down the
slope). One peculiarity of these two interferograms is
the presence of a significant snow cover of varying
thickness on different observation days. According to
the Sektagli meteorological station, the increase in the
thickness of the snow cover between observations of
the first pair was 8 cm; the difference in the second
pair was 17 cm. It is known that the presence of a layer
of fresh snow (about 6-cm-thick) that fell during the
time between surveys leads to an increase in the signal
path length by 1 cm (Zakharov and Zakharova, 2017).
In this case, a homogeneous snow layer on the surface
of a riverbank slope about 30—40 cm, as well as its
increment during the time between surveys, almost
did not affect the phase pattern in the interferograms,
adding an unknown component to the phase differ-
ence, which is almost constant over the image.

According to the results of processing the interfer-
ometric pair June 22, 2015—June 20, 2016, of the
PALSAR-2 radar (Fig. 5d), the maximum radial
velocity of the Earth’s surface displacement in 2016
reached 23 cm per year in the upper part of the land-
slide (4.7 cm/month down the slope). The pair in

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

which each image was taken a month later, July 15,
2015—July 13, 2016, gives a close value of the displace-
ment rate: 4.9 cm/month.

Figure 6 shows the maximum displacements for all
mentioned pairs of the SAR data measured by sub-
tracting the phase difference in the landslide area from
the phase of the surrounding stationary regions on the
corresponding interferograms, in terms of the dis-
placement along the landslide slope for 30 days. The
differences between displacement velocities in pairs
from the PALSAR-1 radar in 2006—2010 over the
intervals from 46 to 782 days are low and almost con-
stant. The values estimated from the PALSAR-2 data
in 2015—2016 are noticeably higher. The maximum
velocity was observed in the summer of 2016; it
exceeded 10 cm/month and approached those from
the Sentinel-1 data at the beginning of winter 2017—
2018: 7 cm in 12 days, or 17 cm/month down the slope
(Zakharova and Zakharov, 2019).

The results indicate that the velocity of landslide
motion in summer is usually higher than in winter.
The lowest measured velocity of motion was noted in
the beginning of the observation period in 2006.

The likely cause of the landslide process is filling of
the reservoir (whose operating water level was reached
in 2009) and the subsequent seasonal fluctuations in
the water level. The maximum radial displacement
(23 cm per year) was revealed at the end of the obser-
Vol. 56
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reduced to cm/month down the slope.

vation period using the PALSAR-2 data taken not long
before the landslide event.

CONCLUSIONS

Long-term monitoring of the landslide on the
Bureya River over a 10-year time interval became pos-
sible due to the use of archived radar images from
comparatively longwave L-band radars in 2006—2016.
The scattering surface demonstrates high scattering
stability in this frequency band, which allows obtain-
ing integral estimates of surface motions over an inter-
val of up to 2 years.

At the same time, summer radar images were often
less informative due to a dramatic loss of coherence
due to the heavy rainfall on the day of imaging or
immediately before it. Almost all winter pairs of radar
images taken at low negative temperatures had high
coherence due to the high stability of the dielectric
properties of woody vegetation and underlying soils.

The results of the research indicate the high effi-
ciency of SAR interferometric methods of remote
sensing for researching and monitoring dangerous
natural processes such as landslides.
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