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Abstract: The study presents the results of interferometric processing and analysis of ALOS-1/2 and
Sentinel-1 SAR data acquired over the landslide territory of the Bureya river bank in 2006-2018. The
novelty of the study is that, for the first time, the joint analysis of interferometric measurements of
the landslide movement with meteorological information and time series of SRTM-X, ALOS-1, and
TanDEM-X digital elevation models were performed. The results allowed us to make a conclusion
that the Bureya landslide was evolving within the frame of the depression formed by a relict landslide
which was stable at least at the beginning of the 21st century. The Bureya reservoir filling in 2003-2009
with a 60 m rise of the water and subsequent seasonal water level oscillations supposedly triggered
the landslide activity. The landslide movement in the first decade may be characterized by a stable
rate of movement all year around. A steady increase in precipitation level in the second decade,
with heavy rainfalls in 2013, 2016, and 2018 led to a prominent acceleration of the landslide rate of
movement, especially in warm seasons, with a final landslide in December 2018.

Keywords: synthetic aperture radar (SAR); differential SAR interferometry; digital elevation model
(DEM); landslide; TanDEM-X; the Bureya river

1. Introduction

A giant landslide event on 12 December 2018, on the Bureya riverbank 80 km down-
stream from the Chekunda settlement, the Russian Far East (50.556°N, 131.476°E), attracted
widespread attention because of the catastrophic volume of rocks rushed into the river. It
happened in an inhabited hard-to-reach area; so far, the landslide was discovered unex-
pectedly two days after the event by local hunters riding on the river ice. Two weeks later,
the staff of the Khabarovsk Department of the Ministry of Emergency Situations carried
out a helicopter survey of the landslide area and confirmed the fact that the rock masses
blocked the river. In mid-January 2019, a joint team of people from the Khabarovsk regional
government, the Ministry of Emergency Situations, and the Far East branch of the Russian
academy of sciences conducted field trip estimations of the size of the landslide and its
consequences. According to their preliminary estimations, about 25 million cubic meters of
rock debris formed a dam 620 m long and 740 m high that blocked the river channel [1,2].
As can be seen on the satellite images, the landslide-generated tsunami wave cleared down
300 ha of forests on the opposite riverbank. The 55 m high wave entered the mouth of the
Srednii Sandar tributary on the opposite bank and traveled 3.3 km upstream. Judging by
the distribution of the broken ice cover of the Bureya river, the tsunami wave propagated
10-12 km upstream and downstream.

Because of the landslide, the river stream was completely blocked, and the subsequent
water level rise created a threat of flooding for nearby settlements, as well as damage to the
residential and industrial infrastructure of the hydropower plant downstream. On behalf
of the head of the Russian Federation, dated 28 December 2018, the Ministry of Defense
of the Russian Federation, on 10 January 2019, started the survey of the river channel and
preparatory work to remove the spontaneous dam. After a series of explosions carried out
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between 22 January and 3 February 2019, a narrow channel was formed, and the water
level above the dam was stabilized. Flood waters of the following spring eroded and
expanded the channel significantly, eliminating the flood danger in the future. One of the
main unresolved issues now is an understanding of the origin and temporal evolution of
this catastrophic landslide event.

InSAR processing applications for landslide studies have been known since the end of
the 1990s [3,4]. For surface movement detection, the differential interferometric methods
(DInSAR) use an auxiliary digital elevation model (DEM) obtained from independent
sources or built from an additional interferometric pair [5,6]. At this moment, DEM is a
critical component of interferometric processing, so one can improve its results by choosing
the most appropriate DEM [7].

One of the drawbacks of interferometric processing is the temporal signal decorrelation.
Changes in the scattering properties of the surface can decrease interferometric coherence
dramatically, and that results in phase information loss. The presence of vegetation within
the scene is an anticipated source of low interferometric coherence (i.e., decorrelation)
in the repeat-pass scheme because of the vegetation cycle, wind displacement of tree
branches and foliage, and variations in the moisture content. Alpine mountainous zones
(i.e., the altitudinal zones located above the tree line up to the upper limit of plant life) show
worse coherence than bare rocks but are still sufficient for C-band data interferometric
analysis for the landslides monitoring [8]. Densely vegetated areas usually demonstrate
lower coherence values in C- and X-band observations, so stable scatterers such as corner
reflectors would be useful for surface movement estimation using the SAR interferometry
technique [9,10]. Some authors use two or more observations of the same territory in
different frequency bands in order to extract more information about the landslide parame-
ters [11-13]. X-band is the most subjected to decorrelation processes, so the shortest time
intervals between observations are required in order to preserve coherence and obtain reli-
able phase information. C-band data also need rather short time intervals, whereas L-band
provides satisfactory interferometric results with a time interval of several months [14] and
even years [15]. P-band SAR signals with longer wavelengths can penetrate through the
vegetation layer; they demonstrate better correlation, and that could be a solution for the
monitoring of landslide hazards in forested areas [16].

However, time series techniques may provide sustainable results even in the case of
low decorrelation. This group of methods uses dozens of scenes in order to reveal targets
with the most stable scattering properties and to exploit their phase for distinguishing
motion-associated phase components within the noisy environment. Whilst classical
DInSAR repeat-pass methods can estimate landslide motion for a certain time interval,
time series methods (e.g., permanent scatterers [17], short baseline set [18], and others) are
much more advanced; they can evaluate atmospheric phase screen and identify pure surface
dynamics for a long time interval. Point-target methods are very useful for human-made
structures monitoring [19], whereas mountainous slopes covered by vegetation (typical
landslide-risk areas) need methods that focus on distributed scatterers (DS). Multi-looking
processing is the simplest way to find stable distributed scatterers in the absence of stable
point targets at the cost of resolution loss. Among the methods that use DS there are short
baseline set (SBAS) [18], SqueeSAR [20], joint-scatterer INSAR (JS-InSAR) [21], temporarily
coherent point (TCP-InSAR) [22], and others [23-25]. In some cases, one can combine
distributed and point scatterers in one processing chain [25,26]. If seasonal conditions affect
the surface displacement pattern over the year significantly, the time series methods can
help distinguish periodical and linear parts of the phase trend [27]. One can find a detailed
review of the time series methods in [28].

One of the useful applications of the abovementioned methods is the mapping of
the landslides both in relatively isolated areas [29,30] and on a country-wide scale [31].
Numerous papers are devoted to the study of landslide evolution, landslide susceptibility,
and triggering effects [32-38]. As a rule, the study areas considered are the areas with
moderate vegetation. The specificity of our study is determined by the presence of dense
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forests on the Bureya riverbanks, including the landslide slope that leads to the strong
temporal decorrelation and precludes the exploitation of the advanced techniques based
on the analysis of statistics of the long time series SAR data.

2. Study Area

The Bureya river is one of the most water-rich inflow streams of the Amur river in
the Amur region, the Russian Far East. The river valley is stretched along the border of
two large tectonic structures, sharply different in formation—the Bureya mid-range granite
massif to the south and the Zeya-Bureya depression to the north. In the riverhead, it is a
mountain stream with a 3-4 m/s speed of the current. In the middle reach, it crosses spurs
of the Bureyinsky and Turana ranges and runs in the narrow canyon-shaped valley, and
in the lower course, it runs along the Zeya-Bureya plain. In the vicinity of the landslide,
the width of the valley is 1-1.5 km; it is deeply incised into the ancient leveling surface,
the edge of the Turana plateau. The valley profile is asymmetric, with a steep left bank
and a distinctly flatter right one. The height of mountain peaks on the left bank is about
400 m, and the steepness of coastal slopes reaches 35°. The right bank is a sloping terrace-
shaped surface of erosive nature. The entire territory is characterized by the presence
of island, intermittent, and perennial permafrost with a thickness of frozen rocks of an
order of 10-100 m. An orographic map of the landslide area (marked by an asterisk) with
the Bureya water reservoir and surrounding mountain ranges is presented in Figure 1.
This is a modified version of the map from https://maps.me/maps/country-rossiyskaya-
federaciya/resource, accessed on 16 October 2022.
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Figure 1. Orographic map of the landslide area (marked by an asterisk) with the Bureya water
reservoir and surrounding mountain ranges.

According to geological mapping data [39], predominantly intrusive and metamorphic
rocks of various ages are distributed in the basin of the middle reach of the Bureya river
from the early Proterozoic to the late Paleozoic. The geological description of the territory
near the landslide (marked with an asterisk) is presented on the adapted fragment of the
geological map (see Figure 2). A relatively narrow strip of a steep valley slope adjacent to
the river on the left (southern) bank of the river valley is composed of the Early Proterozoic
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rocks represented by solid crystalline schists, biotite schists, amphibolites, biotite, and
amphibole injection gneisses. The brown spot to the south is an area of Permian rocks
represented by Felsite, quartz-porphyry, lava-breccia, and tuff. The opposite, the right side
of the valley, is composed of late Paleozoic leucocratic granites and granite-porphyries [39].
Intrusions of the early-middle Paleozoic geological periods in the upper left and lower
right corners of Figure 2 are represented by Biotite and two-mica fine and medium-grained
granites. Significant differences in the geological structure of the sides of the Bureya river
valley in the vicinity of the landslide allow us to make an assumption about its confinement
to the zone of tectonic disturbance.

The climate is sharply continental, with temperatures +28 °C in summer and —25 °C in
winter. July is the most pluvious month of the year with 10 rainy days and a monthly rainfall
of up to 140 mm. River flash floods are of the monsoon type. Prior to the construction of
the Bureyskaya hydropower plant and Bureysky reservoir, floods occurred here almost
every year. The water reservoir produces a strong environmental impact, as about 640 km?
of land is flooded, including 465 km? of forested area.

131925’ 131°30°

|:| Quaternary:
pebble, sand, loam

- Paleozoic, Permian period:
elvan, lava-breccia, tuff
Paleoproterozoic, Uril

E formation: biotite schist,
gneiss, amphibole
i Neoproterozoic intrusion:
- granite, granite-porphyre
Mezo- and paleoproterozoic

[:] intrusion: biotite granite,

binary granite

Paleoproterozoic intrusion:
biotite granite, hornblende
granite

Landslide area

Figure 2. Geological description of the territory around the landslide area.

A narrow canyon-shaped riverbed in the vicinity of the landslide area is in the middle
of the 230 km long reservoir of the Bureya hydropower plant. The reservoir was filled from
2003-2009. The consequences of the reservoir filling here since April 2003 may be clearly
seen on the Google Earth historical images acquired in 2002 and 2006 in the form of the
river opening and flooding the watercourses of its tributaries (Figure 3). Because of the
rise of the water level, the river width increased here from 200 to 400 m, and the bed of
the Srednii Sandar stream, which flows into the Bureya river from the north, was flooded
1.6 km upstream.

According to SRTM-X and TanDEM-X elevation data, the water level at the stream
mouth has risen by at least 60 m. Since the river section in the vicinity of the landslide is
a part of the reservoir, the seasonal fluctuations of the water level with an amplitude of
1620 m near the dam also take place here; they cause deforestation in the narrow coastal
belt near the water edge (see Figure 4), and very likely they triggered the landslide process.
In this picture, taken from a helicopter by A. Makhinov in winter 2019 [40]), arrow 1 marks
the forest-free belt near the water edge, 2 marks the landslide circus, and 3 marks slump
soils in the river bed.
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Figure 3. Google Earth image of landslide area in 2002 (a) u 2006 (b) with the landslide area marked
by an arrow.

Figure 4. Picture of the landslide circus, view from the northeast (arrow 1—forest-free belt; arrow

2—sliding surface; arrow 3—slump debris).

3. Spaceborne SAR Data

The efficiency of the repeated orbits interferometry techniques in remote sensing
depends heavily on the meteorological conditions and type of underlying covers in the
observation area. An essential feature of the landslide area on the Bureya riverbank is the
presence of the thick vegetation layer, namely, larch forests. Dense forests, as well as heavy
rainfalls in summer, are the reason for the high level of SAR signals temporal decorrelation.
Temporal decorrelation is especially high in the short wavelength bands.

Unfortunately, almost all the publicly available archival SAR images covering the
Bureya landslide zone, which could be used in our long-term analysis of the development
of the landslide process, were acquired in short wavelength bands and, as a rule, with too
long time intervals between the repeated observations. For that reason, we did not find
promising image pairs in ERS-1/2 data archives (operated 1991-2011), ENVISAT (operated
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in 2002-2012), and TerraSAR-X (since 2007), which could have an appropriate temporal
coherence. The Sentinel-1 SAR mission is an exception, as archival data available for the
study of the Bureya landslide area were acquired every 12 days from 2016 till now.

L-band SAR data (24 cm wavelength) demonstrate higher temporal stability of the
backscatter; for that reason, they are preferable for the interferometric measurements on
long time intervals. Japanese L-band PALSAR-1 archival images of the Bureya landslide
available for analysis covered the period from the summer of 2006, when the reservoir
was still not filled up to the design level, till March 2011. PALSAR-2 has been conducting
SAR observations since the autumn of 2014 till now. ALOS-1 repeat orbit period is 46 days,
and ALOS-2 repeat orbit period is 14 days. Because of the orbit drift and infrequent but
intense ALOS-1 orbital corrections, the interferometric baseline varied within a 0-20 km
tube during the entire SAR mission. The feature of the ALOS-2 mission is precise, frequent
corrections of satellite orbit to keep the satellite trace within the 500 m tube.

4. Interferometric SAR Data Processing

SAR acquisitions from the ALOS1/2 and the Sentinel-1A satellites were used to gener-
ate time series of interferograms describing the history of the Bureya landslide displace-
ments. The quality of the interferometric phase measurements depends on the coherence of
the signals scattered by underlying covers. The complex correlation coefficient or coherence
Y between two complex SAR images U; and Uy is defined as:

_ E{th s}y
VE(WPYE{ (U}

where E{} denotes the expectation value operator over the array of nearby independent
image samples used in the estimation. The analytical expression for the phase as a function
of the coherence, according to Cramer-Rao lower bound [41], is:

)

2(Ag) = L=
v (Aq)) - ZNL 72 ’ (2)

where Np is the number of independent pixels on the interferogram used to derive the
phase and is usually referred to as the number of looks. As can be seen, the larger the
coherence, the lower the phase dispersion.

The phase difference Ag includes the topographic phase A¢;opo, the phase Ag,; gen-
erated by small-scale displacements of the underlying surface (surface dynamics), at-
mospheric phase fluctuations A, caused by variations of the signal path length in the
atmosphere, extra phase component Ags in snow cover, as well as random phase fluctua-
tions caused by thermal noise A¢y,, spatial Agspar and temporal decorrelation A@tenp, and,
finally, unknown initial phase Agy:

Ap = A(ptgpo +Ap;+Aps + Ags + A(Ps]mzt + A(Ptemp + Ay + Agy. 3)

The noise of spatial and temporal decorrelation and thermal noise affect the interpixel
accuracy of the phase measurements. Noise-like components may be suppressed via inter-
ferogram spatial filtering. Atmospheric phase variations caused by the spatial irregularities
in the refraction index as well as snow component are slow varying spatial patterns; they
may be estimated on the nearby knowingly stable test targets and subtracted.

SAR data processing was performed in the ENVI SARscape processing environment.
The topographic phase was estimated using SRTM-X data with 30 m surface sampling
and subtracted from the interferometric phase on the interferograms [42]. In order to
suppress the noises of various natures, the multi-looking procedure was applied with
subsequent interferogram filtering by Goldstein filter [43] having adequate spatial window
size 5 x 5 pixels. The total phase of a group of corrupting components from (3)—the
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atmosphere, snow, and signal initial phase—was estimated at the nearby stable forested
areas near the landslide circus border and subtracted from the phase of the landslide signal.

The remaining surface dynamics phase Ag; can be converted to the line-of-sight (LOS)
displacements of the scattering surface Ar; as:

A
Ary = —EA%- 4)

After that, the LOS displacements can be projected along the landslide slope according
to the angle between the satellite track and soil sliding direction, the surface slope angle,
and the signal incidence angle [44].

4.1. Sentinel-1 SAR Data Processing

First interferometric studies of the Bureya landslide area were carried out using the
data of the European Sentinel-1 C-band synthetic aperture radar [45]. The start of the
survey of this region with this satellite falls in the summer of 2016. Two data series acquired
from tracks 134 and 61 cover the area of interest and can be used for interferometric studies
of landslide dynamics. A total of 90 multitemporal interferograms with 12 days interval
between SAR observations were generated. Temporal decorrelation of C-band signals is
known to be especially high in vegetated areas. Wind-induced perturbation of vegetation
covers, as well as variations of scattering covers, humidity, and freeze-thaw processes, lead
to the decrease or even loss of coherence. In contrast, freezing of liquid water in soils and
vegetation in wintertime increases media scattering stability and improves coherence. In
order to compare the values of the coherence in summer and winter seasons, Figure 5 shows
the coherence values from 42 interferometric pairs of Sentinel-1B sessions from 9 November
2017, to 16 March 2019, for track 134. The dates of the first and second observations of the
image pair are shown along the horizontal axis in Figure 5. Coherence was calculated for
three test areas: landslide slope, forest, and the nonforest area nearby:.
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Observation dates of interferometric pairs with 12 day time interval
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Figure 5. Temporal variation of coherence for three areas of interest: open area, forest, and land-
slide slope.
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The coherence of the open area (thin line in Figure 5) is the highest. Forests (dotted line)
show generally lower temporal stability. The coherence of the landslide area (solid line)
covered with forest should be almost the same as that of the forest test area. That is true for
winter 2017-2018 (first quarter of the plot in Figure 5). However, at the end of 2018, the
coherence plots of the forest and landslide diverge. Coherence on a landslide slope is low
at the beginning of the cold season, in November 2018, in contrast to the coherence of the
forested and open areas (right side of the plot in Figure 5). All the coherences are high at the
end of December 2018 in the cold weather conditions, a week after the landslide. A probable
explanation is that the loss of coherence on the landslide slope at the end of November was
caused by a significant acceleration of the landslide in the summer of 2018, with surface
displacements larger than the signal wavelength during 12-day observational interval.

Low coherence of the backscatter from these highly vegetated areas in the warm
season (middle part of the plot in Figure 5) complicates the monitoring of the landslide
even with advanced techniques such as PS or SBAS. The inference on the applicability
of PS and PS-like techniques for the monitoring of the Bureya landslide area dynamics
can be made relying on results obtained in [46]. Authors of [46] use PSI and SBAS-InNSAR
methods to assess possible landslide reactivation using multitemporal Sentinel-1B C-band
data acquired after the landslide. To exclude corrupting effects of the snow layer on the
DInSAR measurements, they selected the SAR data acquired during warm seasons of
the years: 3 May—6 October 2019 (14 scenes), 9 May-12 October 2020 (13 scenes), and
4 May-25 September 2021 (12 scenes). As was shown, Sentinel-1 SAR data acquired in
warm seasons of the year did not reveal any PS-like points on the Bureya forested banks in
the landslide vicinity (see Figure 6). All the PS points detected in their study are located
on clear-cut surfaces, including landslide circus and slump soils in the riverbed. In our
study, we obtained reliable measurements of the rates of the landslide displacements with
accuracy better than 2mm /12 days [47] only in the wintertime of 2016-2017 and 2017-2018
thanks to the high coherence (above 0.5) of the frozen covers backscatter.

131°27'36" 131°28'48"

50°34'12"

50°33'36"

300 600

| —
Meters

Figure 6. Distribution of PS-like points in the landslide area (courtesy of [46]).

Unlike [46], our analysis of the Sentinel-1 SAR data set shows that the landslide circus
and surrounding areas seem to have become stable after the landslide, at least in 2019 [48].
We did not observe any displacements with an amplitude of more than 2 mm. However, in
two previous winters (2016-2017 and 2017-2018), the interferograms provide clear signs of
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surface displacements on the landslide slope [47]. Plots of maximal LOS displacements of
the landslide slope in 12-day intervals are in Figure 7.
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Figure 7. Twelve-day displacements of the landslide surface, cm: (a) winter 2016-2017; (b) winter
2017-2018.

According to the plot in Figure 7a, there was a monotonous 0.7 cm landslip per
12 days in winter 2016-2017. Significantly higher displacement rates were observed at the
beginning of the next cold period, 2017-2018 (Figure 7b). It was about 3 cm per 12 days in
the beginning, and it decreased to 0.7 cm at the end of the cold period. Taking into account
the 32° incidence angle, the 30° slope angle, and the 30° angle between the satellite path
and slip direction [44], we can find a correction coefficient of 2.35 to calculate along slope
displacements: 7 cm at the beginning and 1.6 cm at the end of the 2017-2018 wintertime.

So far, as a result of the Sentinel-1 data processing, soil slip on the Bureya riverbank
could be observed at least since the end of 2016. According to the coherence plots, sharp
activation of the landslide activity happened in the summertime of 2018, and it culminated
as a large-scale landslide in December 2018.

4.2. PALSAR-1/2 SAR Data Processing

ALOS PALSAR-1/2 L-band SAR data are known to be more applicable for year-
round observations of the surface dynamics in the vegetated areas by means of SAR
interferometry. However, because of infrequent SAR observations of the territory, there are
not too many SAR scenes good for the data stacking and application of persistent scatterer
interferometry techniques or similar ones. JAXA archive contains 32 PALSAR-1 images
and 16 PALSAR-2 SAR images, applicable for interferometric processing from a formal
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point of view. Tables 1-3 contain information about the coherence values of PALSAR-1
interferometric pairs from tracks 414, 415, and 419, with spatial baselines below 4 km and
coherence above 0.2. Empty cells mean the coherence here is below 0.2.

Table 1. Track 414, ALOS-1 PALSAR coherences.

Day 2 & ® £ =N D N =) =)
8 5 8§ § § 8 g g 8 § g &8 E g = &
N < = E\ [ 8 I E’ < = [ I [
P Q by B £ a Q B £ Q by B S Q o
sz £ § £ % O:F % o i ¥ £ § & & %
g 2 % & = & = 2 g £ 2 £ & S C
S 2 °© 2 & 4 g8 2 - & =2 ©° = a 9
® — — © — 2} © © © o) o
Dﬂy 1 Ll Al N Ll N i i Ll
8 January 2007 04 0.4
11 July 2007 0.2 0.2
11 October 2007 0.2 0.3
11 January 2008 0.6 0.3 0.4
26 February 2008 0.4
12 April 2008 0.3
28 May 2008
13 July 2008 0.2
13 January 2009
28 February 2009 0.4
16 July 2009 0.2 0.2
16 October 2009
16 January 2010 0.6
3 March 2010
19 July 2010 0.2
19 October 2010

Because of the longer wavelength, the PALSAR image pairs may have satisfactory
coherence even with 2-3 years between observations. It was also discovered that sum-
mer observations of the landslide territory are sometimes less informative because of the
strong influence of frequent heavy rainfalls and subsequent temporal decorrelation [49].
Meteorological data from Sektagli station, located 35 km to the west, were used in SAR
data analysis (www.rp5.ru, accessed on 16 October 2022) to identify observation dates with
heavy rainfall.

Archival images were divided into winter and summer groups, which were processed
separately, as strong variations of scattering surface dielectric properties during freezing
degraded the coherence.

Interferometric coherence values for 23 PALSAR-1 image pairs over the landslide
territory acquired from all three tracks are presented in Figure 8. The largest coherence is
typical for the image pairs acquired in cold seasons (diamonds). The coherence decreases
expectedly with the lengthening of the period between observations. The coherence
of the summer observations made in dry weather conditions is also reasonably high
(triangles). Rainfalls during the observation day, or a few days before, with a total amount of
rainwater above 40 mm, lead to a dramatic loss of coherence (circles). All the interferometric
measurements discussed in the next session below provided a coherence above 0.3.

Table 2. PALSAR coherences, track 419.

Day 1 Day2  16May2006  1July2006 16 August2006 1 October 2006
16 May 2006 0.3 04
1 July 2006
16 August 2006 0.4

1 October 2006
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Table 3. PALSAR coherences, track 415.

Day 1 Day2 13 December 2007 18 December 2009 2 February 2010 20 March 2010
13 December 2007 0.4 0.4
18 December 2009 0.6 0.4
2 February 2010
20 March 2010
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Figure 8. ALOS-1 interferometric coherence.

Tables 4 and 5 contain information about the coherence of PALSAR-2 interferomet-
ric pairs from tracks 127 and 128. In Figure 9, the interferometric coherence values for
19 PALSAR-2 image pairs over the landslide territory acquired from all two tracks are
presented. The largest coherence is typical for the image pairs acquired during cold sea-
sons (diamonds).

Table 4. ALOS-2 coherences, track 127.

Day 2 = =2
et 7o) © ) = D~ & ® E § )
=) — = — =) = - = I = =
3\ (=] < = 3\ (=] o =] b3} =
< N ° N < A S Y08 S <
g = c = S 2 = = B g =
$ 2 5 2 £ 2 § 3 % § 3
— = 9 2 I S 2 = ~ ) 4
L] (o] 0 ~ ~
Day 1 — —
11 March 2015 0.3 0.2
15 July 2015 0.4 0.2
15 June 2016 0.5 0.2
13 July 2016 0.2
22 March 2017 0.3
12 July 2017 0.2 0.3
15 November 2017
16 May 2018 0.3
22 August 2018
12 December 2018 0.2

15 May 2019
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Table 5. ALOS-2 coherences, track 128.

Day 2 E S . .
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g 2 g £ £ i B g
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8 § = 5 = S 3z 3
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Day 1 =
10 November 2014 0.2 0.3 0.2
22 June 2015 0.4
20 June 2016 0.2
7 November 2016 0.2
19 June 2017 0.2
23 October 2017
30 July 2018
22 April 2019
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0.35
[J]
2 0.3 * 9.
E 0.25 +— e @ winter
8 0.2 ¢ summer, rain
0.15
summer, dry
0.1
0.05
0 T T T T T 1
0 200 400 600 800 1000 1200
Time interval, days

Figure 9. ALOS-2 interferometric coherence.

ALOS-2 data pairs have similar coherences and their dependence on the corrupting
meteorological conditions. Only 3 summer pairs acquired in the dry weather conditions
have comparatively high (above 0.3) coherence among all the 19 data pairs processed. As a
result of processing the 42 pairs of ALOS-1 and ALOS-2 images, only 12 interferograms
have acceptable coherence on the landslide surface. The displacements measured on
PALSAR-1/2 interferograms with subcentimeter accuracy [50] were scaled to a 1-month
interval and presented in Figure 10. The triangles mark the displacements at the landslide
head and the cubes at the landslide central part.

Analysis of 2006-2010 ALOS-1 measurements (five data points in the left part of the
plot in Figure 10) shows that the average velocity of the displacements is approximately
the same in relatively short summer 2006 and winter 2009 intervals, as well as in the 2-year
long intervals with a very subtle increase in the rate from 2006 to 2010. The velocity was
almost the same at the head and in the center of the landslide in 2006-2010. That can be
explained by the early and slow stages of the development of the landslide process in
2006-2010. According to ALOS-2 data, velocity increased 2.5 times in 2015-2016 in the
1-year period, covering both summer and wintertime (points 6 and 7). When the measuring
period covered only one month in the summer of 2016, the average velocity was 5 times
higher (point 8). In addition, the rate of displacements in summertime starting in 2015 in
the head is twice higher than in the center. According to PALSAR-1/2 measurements, the
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rate of landslide slope displacements rose monotonously by 2017. Moreover, summertime
displacements in 2016 and 2017 were twice as high as the average annual ones.
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Figure 10. Slope displacements along the landslide slope surface derived from PALSAR (2006-2010)
and PALSAR-2 (2015-2016) interferograms.

5. Processing Results and Discussion

According to the analysis of the rockslides” genesis and their further development, the

following triggering mechanisms may be mentioned [51,52]:

The majority of landslides developing in the hard rocks are reactivated relict landslides;
Landslides on riverbank slopes usually arise and develop during the first 5-8 years of
the reservoir exploitation;

Significant drawdown of reservoirs (up to 40 m) provides powerful outflows of ground-
water from the body of the landslide and leads to the destruction of coastal sandbanks;
Intense and (or) lasting rainfall or rapid snowmelt can lead to the oversaturation of
the slopes and the rise of groundwater levels within the mass, the increase in pore
pressure, and reduction in shear resistance;

Rapid drops in river levels following floods and the rise of groundwater levels result
in filling reservoirs, which cause erosion at the base of the coastal slope;

The development of the landslide process is a function of many factors: the quality
of engineering and geological solutions, geological and tectonic structure of coastal
massifs, sharp variations in hydrogeological conditions (open filtration of reservoir
waters and the formation of groundwater backwater), and water level regime in
the reservoir.

The Bureya landslide is very likely a giant reactivated relict landslide. The landslide

is located on a very steep (~35°) slope; it extends over a length of 800 m and a width of
400 m. The integration of the phase on the Sentinel-1 29 December 2018-10 January 2019
interferogram within the landslide circus shows that the volume of rocks rushed is about
18.5-18.9 million m? [45]. According to SRTM and Tandem-X DEMS, this is a combined
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rotational-translational landslide. In Figure 11, two plots describing height profiles along
the landslide area in 2000 (SRTM DEM) and 2019 (Sentinel-1 29 December 2018-10 January
2019 interferogram) are presented. The horizontal axis is the distance in meters from the
landslide head. The profiles cross the middle part of the landslide, and they go from the
landslide head to its toe. Maximal depth of the sliding rock layer in the vertical direction is
about 100 m.

550

500

450

400
@ SRTM DEM

Elevation, m

Sentinel-1 DEM
350

300

250
0 200 400 600 800

Distance from the main scarp, m

Figure 11. Height profiles before (blue line) and after (orange line) the landslide.

A remarkable feature on the SRTM profile at a distance of 50 m is probably the
depression or the valley in the head of the landslide. The valley seems to serve as a collector
of rain precipitations that moisten the landslide’s sliding surface. On the Sentinel-2 optical
image, the valley looks like an elongated dark feature in the main scarp area (marked by a
red arrow in Figure 12b). The valley is practically unseen on the DEM maps in gray-scale
representation because of large-scale variations of the southern bank topography.

Modern high-resolution DEM data from SRTM-X, ALOS-1, and TanDEM-X missions
can help improve our understanding of the Bureya landslide history. In Figure 12, left,
TanDEM-X shaded DEM of the landslide slope before the landslide is presented. An
azimuth of the artificial illumination point here is 245°, and the elevation angle is 50°. Such
illumination conditions of the 35° slope of the landslide surface improve the visibility of
the landslide surface roughness. Thanks to the exceptionally high surface resolution of
TanDEM-X CoSSC DEM data (the acquisition year 2012) being used for the generation of
the shadowed relief image, we can see, for the first time there, many topographic features
never seen before. In Figure 12¢, the Sentinel-2 image, acquired after the landslide, is
presented. The walls of the relict landslide depression are clearly highlighted; they look
like intermittent black lines in Figure 12a, which underline the location of the main scarp
and lateral flanks with a 10-30 m height drop. The red arrow marks the location of the
main scarp in the area of the crown, poorly seen on the Sentinel-2 optical image because of
the too-low Sun elevation angle in this observation. The rock fall of the year 2018 occurred
just within the borders of the topographic depression emphasized in Figure 12a.
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(b)

Figure 12. Landslide area: (a) TanDEM-X shaded DEM; (b) Optical Google Earth image before the
event; (c) Optical Google Earth image after the event. Arrows mark the main scarp location.

The time series of DEMs acquired in SRTM-X, ALOS-1, and TanDEM-X missions (see
Figure 13) can shed light, to some extent, on the timeframe of this depression formation.
SRTM-X DEM from interferometric SRTM mission (DEM fragment in Figure 13a) was
acquired in the year 2000; it is available with a 30 m surface resolution. World 3D DEM data
from the ALOS-1 mission (Figure 13b) were collected by PRISM stereoscopic instrument
in 2006-2009; they are also available with 30 m resolution. TanDEM-X GDEM data with a
similar resolution are in Figure 13c. For better visibility of subtle topography variations
in the landslide head, all the maps are given modulo 256 m in elevation. The depression
border pointed at with a white arrow, is clearly seen in all the images. Obviously, there was
the depression as a footprint of the relict landslide in the year 2000, long before the start
of the reservoir filling. In addition, among other morphological features confirming the
presence of the relict landslide are an increased roughness of the slope surface within the
depression, the presence of the wet (likely) valley on the terrace near the main scarp, and
erosive smoothness of the terrace edges. The latter may explain the fact that depression
was never identified visually before.

(a)

(b) (c)

Figure 13. Fragments of DEM for the landslide area: (a) SRTM (black rectangle marks the borders
of images from Figure 12); (b) World3D DEM; (c) TanDEM-X. Arrows mark the main scarp. The
framework shows the location of the image fragments from Figure 12.

A high integral level of precipitation is considered to be one of the most important
triggering factors, along with the moisture ingress into the landslide body from the wetland
on the upper terrace and suffosion processes at the base of the landslide caused by annual
fluctuations on the water level in the river. There is an obvious correlation between plots
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of the annual precipitation level in Figure 14 and the landslide movements in Figure 10.
All the average monthly movements observed in the second decade on the PALSAR-2
interferograms are ~3 times larger than those on PALSAR interferograms from the first
one. Annual precipitation in the second decade is ~1.3 times larger on average than in the
first decade, and the numbers for the year 2016 are almost twice higher. Such a correlation
of yearly precipitations with surface deformation rates allows us to make an assumption
that the increased level of precipitations played a decisive role in the development of the
landslide dynamics in the second decade.
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Figure 14. Annual precipitation level (in mm) according to Sektagli meteorological data.

A connection between the intra-annual displacement rates and the level of precipita-
tions is illustrated in Figure 15.
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Figure 15. Monthly precipitation level (in mm) in 20162018 (1—time interval 15 June 2016—
13 July 2016, 2—time interval 22 March 2017-15 November 2017, 3 and 4—beginnings of the Sentinel-1
SAR winter observations).

Increased movement rates measured on the interferograms -15 June 201613 July 2016
and 22 March 2017-15 November 2017 (last two points in Figure 10) may be explained
by the fact that the respective periods between acquisitions of the images, constituting
interferometric pairs, explicitly cover summer seasons with intensive rainfalls (red lines
with numbers 1 and 2, respectively, in Figure 15). Short rainy interval 1 in the summer
of 2016 is an interval between ALOS-2 observations on 15 June 2016 and 13 July 2016.
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Additionally, a long and rainy summer interval in the summer of 2017 is an interval
between ALOS-2 observations on 22 March 2017 and 15 November 2017.

An arrow number 3 in Figure 15 marks the start of the Sentinel-1 SAR observations
in winter 2016-2017 (left plot in Figure 7). An absence of any significant rainfall for about
two months before the start of the data collection is probably the reason for the uniform
rates of soil movement throughout the winter. At the same time, the following winter
measurements started on 9 November 2017, very close to the end of summer rainfalls
(arrow number 4 in Figure 15). Water-rich soils that time demonstrate increased velocity
here, up to 17 cm per month; the velocity gradually decreased during the next two months
to the average typical values of 4-5 cm per month at the end of winter because of the
depletion of the excess soil moisture (right plot in Figure 7).

The general picture of the landslide evolution is that in the first decade, the rate of soil
movements was approximately the same throughout the year, and in the second decade, it
became noticeably higher, especially in summer. The lowest measured rate was noted at the
beginning of the interferometric observations in 2006. The likely reasons for the landslide
triggering are the filling of the reservoir in 2003-2009 and seasonal fluctuations of water
levels because of hydropower plant operation. Growth of the annual precipitation in the
second decade, as well as abnormally strong rainfalls in 2013, 2016, and 2018, caused an
acceleration of the landslide movement in warm seasons of the year and resulted in the
catastrophic landslide finally.

6. Conclusions

The presence of the dense forest cover on the Bureya riverbanks restricts the appli-
cability of the radar interferometry techniques significantly. In contrast to the landslide
studies in the areas with almost constantly positive temperatures and sparse vegetation,
where L-band SAR interferometric studies are applicable all year round [53], and X-band
only in summer [54], our results with C-band data were obtained only in the cold season.
L-band —data demonstrate high temporal coherence on the long interval, provided the
data were acquired in wintertime. In the case of summertime observations, only the short
interferometric intervals are admissible. Because of the strong temporal decorrelation of
the forests backscatter in the C-band and the unavailability of large time series of L-band
SAR data, all the measurements of the landslide movements were made using the classical
D-INSAR technique when each differential interferogram was analyzed separately. The
measurements of the landslide movements obtained using PALSAR-1/2 and Sentinel-1
convincingly demonstrate the presence of the Bureya landslide process and its evolution
from 2006-2018. The results obtained confirm the unique potential of radar interferometry
in the long-term monitoring of landslide activity in comparison with ground-based field
studies conducted in the summer of 2019 [55], which suggested that the active phase of the
landslide process started only a few days before the slope failure.

As itis known, about 80% of large landslides are reactivated on the territory of the relict
landslides. The steepness of slopes is an important factor for landslide activation, but slope
saturation with water is a primary cause of landslide triggering. The triggering effect may
have the form of intense rainfall, snowmelt, changes in the groundwater levels, variations of
water level along coastlines, earth dams, reservoirs, canals and rivers, permafrost thawing
in the landslide body, etc. The novelty of this study is the conclusion that the Bureya
landslide was very likely evolving as reactivated relict landslide, which was stable up to
the beginning of the 21st century. The reservoir filling in 20032009 with a 60 m rise of
the water level and subsequent seasonal water level oscillations triggered the landslide
activity. The landslide movement in the first decade was characterized by a stable rate
all year around. The steady increase in annual precipitation level in the second decade,
with heavy rainfalls in 2013, 2016, and 2018 led to a prominent acceleration of the landslide
movement, especially in warm seasons, with final slope failure in December 2018.
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