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Abstract: Drastic climate change has led to glacier retreat in southeastern Tibet, and the increased
frequency and magnitude of heavy rainfall and intense snow melting have intensified the risk of ice
avalanche-induced debris flows in this region. To prevent and mitigate such hazards, it is impor-
tant to derive the pre-disaster evolutionary characteristics of glacial debris flows and understand
their triggering mechanisms. However, ice avalanche-induced debris flows mostly occur in remote
alpine mountainous areas that are hard for humans to reach, which makes it extremely difficult to
conduct continuous ground surveys and optical remote sensing monitoring. To this end, synthetic
aperture radar (SAR) images were used in this study to detect and analyze the pre-disaster defor-
mation characteristics and spatial evolution in the Sedongpu Basin and to detect changes in the
snowmelt in the basin in order to improve our understanding of the triggering mechanism of the
ice avalanche-induced debris flows in this region. The results revealed that the maximum average
deformation rate in the basin reached 57.3 mm/year during the monitoring period from January 2016
to October 2018. The deformation displacement in the gully where the ice avalanche source area was
located was intimately correlated with the summer snowmelt and rainfall and was characterized by
seasonal accumulation. Clear acceleration of the deformation was detected after both the most recent
earthquake and the strong rainfall and snowmelt processes in the summer of 2018. This suggests that
earthquakes, snowmelt, and rainfall were significant triggers of the Sedongpu ice avalanche-induced
debris flows. The results of this study provide new insights into the genesis of the Sedongpu ice
avalanche-induced debris flows, which could assist in disaster warning and prevention in alpine
mountain regions.
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1. Introduction

Known as the third pole of the Earth and the water tower of Asia, the Tibetan Plateau
is an important ecosystem and provides vital resources for the survival of thousands of
humans. Unfortunately, it is also one of the most ecologically vulnerable regions on the
planet [1]. As one of the most sensitive regions to global climate change, the warming rate of
the Tibetan Plateau has reached 0.3-0.4 °C/10a in recent decades, which is twice the global
average during the same period [2]. In the context of drastic climate change, the glaciers
in southern Tibet have exhibited a significant negative mass balance and an accelerated
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trend of glacier retreat [3]. In addition, the steep terrain and active crustal movement in
some regions have greatly reduced the overall stability of the glaciers, thus increasing
the risk of glacial hazards [4]. New types of hazards such as glacial avalanches and their
resulting disaster chains have become more prominent [5-7]. During 20072010, there were
three periglacial debris flows in Tianmo Valley, all of which caused blockage of the Yarlung
Zangbo River [8]. Since 2014, there have been nine blockages of the Yarlung Zangbo River in
the Sedongpu Basin, five of which were caused by debris flows triggered by ice avalanches,
with the most serious one occurring on 17 October 2018 [9]. In fact, the snow in the basin
melted dramatically in the summer, providing hardly any areas for ice accumulation in rock
glaciers under the effects of climate warming [10]. Subsequent glacier thinning and retreat
have exposed the steep rock walls below the glacier, separating the glacier from the rock
and leading to the formation of fissures [11-13]. A powerful 6.9-magnitude earthquake
struck near the Sedongpu Basin on 18 November 2017, causing significant ground motion
within the basin, which affects the stability of the rock slopes and promotes the occurrence
of large ice avalanches [13]. In order to prevent the formation of such disaster chains,
disaster prevention measures should be implemented at the source [14]. The pre-disaster
surface deformation and seasonal snowmelt in the basin, as well as their correlation with
external factors, can hopefully reveal the triggering factors and failure mechanisms, helping
us to manage the threat of ice avalanche hazard chains from the source.

In fact, the application of traditional deformation observation tools for continuous in
situ measurements in glacial areas is very limited due to the difficulties of accessing alpine
mountains [15]. Optical remote sensing technology is widely used in geological disaster
investigation, monitoring, and prevention [16-18]. However, optical remote sensing is
often hindered by severe weather conditions, especially in high mountain valley areas [19].
With its advantages of high accuracy, dynamic continuity, and ability to overcome adverse
weather conditions, phase-based Interferometric Synthetic Aperture Radar (InSAR) can
measure the displacement in the satellite’s line-of-sight (LOS) direction [20-22] and has
become an essential tool for monitoring surface displacement [23-25]. Moreover, landslide
types and failure modes can be inferred by characterizing the changes in the surface de-
formation based on historical deformation recovery, which provides significant guidance
for debris flow and landslide risk reduction efforts. Dong et al. [26] and Intrieri et al. [27]
acquired the time series deformation before the collapse of the Xinmo landslide based
on Sentinel-1 data. Based on this, Kang et al. [28] found that the maximum deformation
occurred in the middle of the source area after analyzing the deformation characteristics
during the landslide’s development. Furthermore, Zhang et al. [29] addressed the de-
velopmental mode of the Suoertou earthflow using Advanced Land Observing Satellite
(ALOS) Phased Array L-band Synthetic Aperture Radar (PALSAR) dataset, revealing the
accelerating effects of precipitation and earthquakes on the deformation. Zhang, et al. [30]
used the small baseline subsets (SBAS) method to investigate the Bailong River Basin in
order to demonstrate the reliability of the SBAS method for detecting and monitoring
geohazards in basins with rugged terrain. Glacier retreat can seriously affect rock slope
stability, increasing the frequency of ice avalanches and the risk of rockfalls [31]. Therefore,
due to the advantages of INSAR technology in surface deformation detection in remote
mountainous areas, its application to deformation monitoring in glacial basins can assist in
the study of rock slope stability under glacial retreat.

Monitoring alpine seasonal snowmelt, especially wet snow, is crucial for research on
mountain hydrology, ecosystems, and geohazard risk prediction [32]. Due to the difficulty
of acquiring optical data not obscured by clouds, most studies on geohazards in alpine
mountains have ignored the effect of mountain snowmelt on the hazard development
process. In fact, the melting of snow and ice, which is exacerbated by climate warming,
is permanently altering the magnitude and frequency of cryospheric hazards [33]. The
melting of snow may trigger translational sliding of the active layer of ice, which may
trigger landslides or provide loose deposits and liquid water for triggering debris flows [34].
Therefore, it is necessary to consider the effect of seasonal snowmelt when studying
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the triggering factors of alpine hazards. Airborne Ground Penetrating Radar has the
advantage of being less susceptible to terrain and quick survey to study glaciers and snow
cover [35,36], but it is still a challenge to apply it to alpine mountains for seasonal snowmelt
detection. The C-band radar datasets acquired by the Sentinel-1 satellite have facilitated
the study of this issue. Numerous studies have used SAR, which is highly sensitive to the
liquid water content of snow, is insensitive to clouds, and has a high spatial resolution,
to achieve detection of the extent of wet snow in alpine regions [37—40]. Incorporating
seasonal snowmelt detection into the monitoring of geological hazards in alpine regions
and conducting quantitative analysis of this factor will help identify the extent of snowmelt
accumulation in remote and hazardous glacier areas, thus improving the monitoring and
early warning of geological hazards in alpine regions.

Accordingly, in order to explore the ability of SAR to obtain disaster precursor infor-
mation in alpine mountains, we selected the Sedongpu Basin, which contains the Yarlung
Zangbo River, as the study area. INSAR was used to retrieve the pre-disaster deformation,
and the variations in the snowmelt were calculated using SAR image change detection,
which overcomes the limitations of traditional deformation observation methods and opti-
cal remote sensing. The time series of the INSAR deformation and snowmelt changes were
also analyzed in terms of the topography, seismic records, and historical rainfall records to
determine the genesis of the Sedongpu ice avalanche-induced debris flows.

2. Study Area and Data Sources
2.1. Study Area

On 17 October 2018, massive ice avalanche-induced debris flows occurred in the
Sedongpu Basin on the left bank of the Yarlung Zangbo River, 6 km downstream of Gala
Village, Pai Town, Milin County, Tibet (Figure 1). Eventually, a barrier dam was formed
and blocked the Yarlung Zangbo River. The Sedongpu Basin has an area of 66.61 km?. The
highest point in the basin is the main peak of Gyala Peri Peak (7294 m), and the lowest
point is 2746 m, with a large difference of 4548 m. The average elevation is 4540 m. The
upper and lower parts of the Sedongpu Basin are steep, while the central part of the basin is
relatively gentle. The average slope in the Sedongpu Basin is 33.84°, and more than 60% of
the basin has a slope of greater than 30°, which provides favorable topographic conditions
for the occurrence of debris flows. The study area is located at the eastern end of the
Himalayas, close to the Yarlung Zangbo suture zone. It is affected by the tectonic stresses
in the Himalayas and the frequent seismic activity in the vicinity, which results in poor
stability in this region. The stratigraphy of the basin consists of the Namjagbarwa Group,
and the bedrock exposed in the region is mainly Proterozoic gneiss and schist. Affected by
glaciation and strong physical weathering, the surface rocks and soil are loose and broken,
forming a large number of loose accumulation layers on the slopes and in the valley, which
constitute the main sources of the solid components of the debris flows. The rainfall
in the study area is mostly concentrated from June to September, during which heavy
and torrential rainfall occurs frequently in the Yarlung Zangbo River Basin, accounting
for more than 82% of the annual rainfall. The highest temperatures occur from May to
September [41]. During this period, the strong melting of snow and ice exposes a large
amount of moraine material beneath the glaciers at the surface, providing a rich source
of debris flow material. In addition, the melt water of the ice and snow provides a water
source for the occurrence of debris flows. A large number of marine glaciers are distributed
in the Yarlung Zangbo Bend area. Compared with continental glaciers, marine glaciers
have a fast movement rate and intense cumulative ablation. The glaciers developed in the
Sedongpu Basin are typical marine glaciers, which are more prone to ice avalanches under
the background of global warming [42].
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Figure 1. Geographic location and main surrounding tectonic features of the Sedongpu Basin in
southeastern Tibet. The geologic structure of the study area was derived from a 25 W geologic map
provided by the National Geological Archives of China (http://www.ngac.org.cn/, accessed on
5 May 2022). The circles represent earthquakes and aftershocks that occurred since 1950, and the
historical seismic data were obtained from the USGS (https://earthquake.usgs.gov/, accessed on
24 March 2022).

2.2. Data Sources

In this study, a total of 73 descending and 62 ascending Sentinel-1A /B SAR images
acquired by the European Space Agency (ESA) from October 2014 to October 2018 were
used to monitor the time series of the deformation and snow area changes in the Sedongpu
Basin. Among them, the SAR images from October 2016 to February 2017 were acquired
from Sentinel-1B (6 in total), and all of the remaining images were acquired by Sentinel-1A.
The Sentinel-1A /B satellite acquired data in the single-polarization (VV) mode covering
the study area between October 2014 and February 2017 and started to acquire data in
dual-polarization (VV+VH) mode in March 2017. Thus, for all of the selected SAR images,
all of the processing was performed using the VV polarization mode. In addition, precise
orbit ephemerides files (POEORBs) provided by the ESA were used to correct the orbital
information and to remove systematic errors due to orbital errors. Moreover, the Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) global digital elevation
model (GDEM) with a spatial resolution of approximately 30 m (1 arc-sec) was used for the
SAR image registration and the removal of the topographic phase from the interferograms.
The temperature and precipitation data were obtained from nearby meteorological stations.
The main parameters of the satellites used in this article are presented in Table 1.

Table 1. Specific parameter information related to Sentinel-1A/B SAR images and ASTER
GDEM data.

Data Parameter Description
Orbit direction Descending/Ascending
Product type SLC
Polarization mode \A%
Sentinel-1A/B Radar wavelength 5.6 cm
Acquisition mode w

13.96m x 2.32m
29 October 2014-13 October 2018

Pixel spacing (azimuth x range)
Acquisition period

ASTER GDEM Resolution 30 m
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3. Methodology
3.1. Fundamental Principle of the SBAS Method

The SBAS-InSAR combines differential interferometric pairs by selecting appropriate
spatial baseline and temporal baseline thresholds, and then, it uses linear deformation
models to calculate the selected coherent target points, which can reduce the decorrelation
effects and elevation and atmospheric errors in differential INSAR (DInSAR) processing
while acquiring the surface deformation time series. In this section, the basic principle of
the SBAS-InSAR is briefly summarized.

Assuming that N 4- 1 SAR images covering the study area were acquired following
the time series (o, ..., t;, ..., tn), one of these images is selected as the master image, and
all the images are co-registered to the master image. Reasonable thresholds are set for the
spatial baseline and temporal baseline, and images below this threshold are divided into a
group. M interferometric pairs can be generated via differential interferometry processing
for each group of images. M satisfies the following inequality:

N+1 N(N+1)

<ML
2 = - 2

M

For the jth differential interferogram generated from the SAR acquisitions at times ¢ 4
and tg (t4 < tp), the phase of a generic pixel with azimuth and range coordinates of (x,r)
can be expressed as follows [22,43]:

(54>j(x, r) = ¢(tg,x,7) —P(ta,x, 1) o)
~ 477[ [d(tB’ X, }’) - d(tA/ X, 1’)} + A‘PtOPO + A]‘Porb + A‘Putm + A‘Pnoise

where j € (1,.., M), and A is the radar wavelength. d(t 4, x,7) and d(tp, x,r) are the line-
of-sight (LOS) cumulative deformations at times t 4 and tp relative to the initial time £,
respectively, and at ¢, d(to, x,7) = 0. Adyopo is the phase contributed by the topographic
error, which is proportional to the perpendicular baseline and inversely proportional to
the sine of the incidence angle. A¢,,;, is the SAR satellite orbit error, which can be reduced
using POEORBSs. A¢,y, is the phase contribution related to the atmosphere. This correction
is needed because when two interferometric SAR images are not simultaneously acquired,
the different atmospheric humidity, temperature, and pressure of the two acquisitions
have a significant effect on the interferometric phase. A¢,,;s. is the random noise phase,
including the thermal noise and spatial decorrelation.

In order to acquire the deformation of each pixel in the differential interferogram
in the time series, let ¢ = [p(t1),P(t2),- - ¢(tn)]” be the N x 1 vector of unknown
phase values associated with the deformation of the pixel under consideration, and let
b =1[0¢1,0¢2,..., (5<pM]T be the M x 1 vector of the unwrapped phase values related to
the differential interferograms. Then, a system of M equations with N unknowns can be
written as follows:

Ap = o ()

In order to ensure the solution has the correct physical significance, the unknowns in
Equation (3) are replaced by the mean phase velocity. Consequently, the new unknowns become

ol = [or = 525, on = B @
Then, Equation (3) can be rewritten as follows:
Bv = 6¢ (5)

where B is an M x N coefficient matrix. Finally, by applying the least-squares (LS) and
singular value decomposition (SVD) methods to matrix B, the LOS cumulative displacement
at the image acquisition time can be calculated.
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The Environment for Visualizing Images (ENVI) and its SARscape module were used
to process the SAR images of the study area. In order to generate interferometric pairs
with high coherence, the maximum normal baseline and the maximum temporal baseline
thresholds were set to 100 m and 72 days, respectively. As shown in Figure 2, the SAR image
acquired on 17 May 2018 was selected as the super master image. In the interferometric
process, the external ASTER GDEM was used to remove the topographic phase, and the
noise phase was removed using the Goldstein filter [44]. Furthermore, a multi-look with
1 x 4 in the azimuth and range directions was used to improve the signal-to-noise ratio
and coherence in the interferogram. In order to improve the quality of the unwrapping,
the unwrapping coherence threshold was set to 0.3, and the minimum-cost flow (MCF)
algorithm [45] was used for the phase unwrapping. After removing 38 interferometric
pairs with low coherence coefficients, we finally obtained 201 interferometric pairs for the
subsequent time series analysis. During the inversion of the surface deformation time series,
64 ground control points (GCPs) were selected in the non-deformation area and were used
to remove the atmospheric phase and eliminate the residual topographic phase. Since the
atmospheric component has a high spatial correlation and a low temporal correlation, the
effect of the atmospheric delay can be alleviated by applying a spatial-temporal filter with
an atmosphere high path size of 365 days and an atmosphere low path size of 1200 m [46,47].
After that, the final average modeled displacement was computed on the time series.
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Figure 2. Spatial and temporal baselines of the Sentinel-1A data used in this study. (a) The acquisition
date and relative position of each SAR image. (b) Temporal baseline of the interferometric pair. The
yellow point indicates the super master image, and the connecting line indicates that the two images
form an interferometric pair.

3.2. Extraction of Wet Snow Cover Area

The reduced backscattering coefficient (¢°) of surfaces covered by wet snow compared
to those covered by no snow or dry snow provides the basis for mapping the snowmelt
areas [37,40,48,49]. In this study, the ratio of the backscattering coefficient of the SAR
detection image with melting snow (¢3,,,,) to the reference image (O"E)e f) was used to detect
the snowmelt areas with reduced backscatter signals, and the snow-covered and non-snow-
covered surfaces were segmented based on the threshold. Selecting a suitable reference
image is crucial for image classification. The reference image used in this study was an
average of multiple SAR images from scenes covered by no snow or dry snow during
autumn and winter. Using multiple images to create a reference image can reduce speckles
and effectively suppress the effect of the backscattering variations in the reference scene on
different dates [39].

Several pre-processing steps are required for each SAR image involved in the calcula-
tion of the wet snow image. First, all of the SAR images after multi-look processing were
accurately co-registered to the pre-selected master image for the same orbit. Multi-temporal
radar image filters, which make the information complementary by constructing optimal
linear combinations of multiple time-series images, were used to reduce the inherent image
speckle noise. After the radiation calibration process was used to calculate the backscatter-
ing intensity, each pixel was converted from the slant range geometry to the map projection.
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In order to avoid the effect of the incidence angle, shadows, and the overlap phenomenon
on the backscattering coefficient, the shadows, layover areas, foreshortening areas, and the
areas with incidence angles of less than 18° or greater than 78° were masked. Then, we
calculated the binary snow map by combining the ratios of the ascending and descending
tracks according to the values of the local incidence angle using the algorithm described
below [37]:

if (L= TRUE or S = TRUE or 0;(18° or 6;)78°) — no information
elseif (Ugnow/afef < TR) — wet snow (6)
else — snow free

where L and S are the layover and shadow pixels, respectively, and 6; is the local incidence
angle. TR is the threshold for computing the ascending and descending wet snow maps. A
threshold of —3 dB often underestimates the wet snow extent, especially near the snow line,
so we used —2 dB as the threshold for detecting wet snow. Since C-band electromagnetic
waves can easily penetrate dry snow, the backscatter obtained by the SAR is mainly from
the rough surface scattering at the soil-snow interface covered by dry snow, so it is very
difficult to detect dry snow based on image changes [50]. The seasonal snowmelt variability
within the Sedongpu Basin is reflected well by the mapping of the wet snow time series.
Therefore, the dry snow was excluded in this study, and only the changes in the wet snow
were considered.

4. Results and Analysis
4.1. Precursory Movements of Ice Avalanche-Induced Debris Flows Measured via Time Series
InSAR Analysis

In order to obtain the surface deformation results for the Sedongpu Basin, the ascend-
ing and descending track data would ideally be used in combination. However, due to the
effect of the terrain factors, the SAR images acquired in the ascending orbit were severely
limited by layover and shadows, therefore, only the descending data could be used in this
study. Based on the SBAS-InSAR technique, the average surface deformation rate in the
Sedongpu Basin during the period from January 2016 to September 2018 was obtained. In
order to avoid the effect of the incidence angle of the satellite sensor on the LOS direction
measurements [51], we removed the shadows, layover areas, and foreshortening areas
during the data processing to ensure the reliability of the results [52]. The pre-disaster
displacement measurements in the Sedongpu Basin were superimposed on the topography
(Figure 3). The positive values indicate that the surface deformation movement was along
the LOS direction towards the satellite, and the negative values indicate that the movement
was along the LOS direction away from the satellite. Due to the dense vegetation cover,
only a limited number of coherent targets were detected. Most of the identified coherent
points were distributed in the source area at the top of the mountain, corresponding to
the exposed rocks and gravel. As can be seen from Figure 3, for most of the detected
points in the Sedongpu Basin, the absolute values of the displacement rates were less than
10 mm/year, but in the source area where the ice avalanches originated and in the gully
where they flowed, as well as the area where deposits accumulated, some of the detection
points were relatively active, with the absolute value of the displacement rate being greater
than 25 mm/year. Moreover, the spatial pattern of the deformation area was highly consis-
tent with the source area detected during the field survey and using optical remote sensing
images [7,53], which undoubtedly confirms that slow slope deformation occurred in the
Sedongpu Basin during the acquisition of the SAR data and the effectiveness of the InNSAR
analysis in the inversion of the precursory movement of the landslide.
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Figure 3. (a) Sentinel-2 image of Sedonpou Gully on 31 October 2018. The yellow dashed lines
denote the source area where the ice avalanche occurred and the accumulation area of the pre-disaster
deposits. (b) Map showing the annual average deformation rate in the LOS direction obtained by
analyzing 55 Sentinel-1A descending-track images using the InNSAR technique. Solid lines AA’, BB’,
CC’, and DD’ indicate the locations of the profiles, which will be discussed later.

To further analyze the evolution of the displacement with time, we uniformly selected
10 representative regions and plotted their time series displacements. The time-series
deformation curves illustrate the evolution of the deformation during the entire monitoring
period. They can highlight the potential changes in the displacement that occurred during
the monitoring period and can clearly illustrate whether the displacement motion was
in a slow deformation or accelerated state, which is crucial to determining and studying
the pre-disaster motion pattern in the Sedongpu Basin. In order to reduce the error and
improve the robustness of the results, we chose an area of 100 m x 100 m as the main
deformation area, which was centered on the point where the deformation rate was most
prominent. The mean value of the LOS displacement time series in each selected area was
estimated, and the standard deviation of all of the selected points in the deformation area
at each SAR observation was calculated to analyze the inhomogeneity of the motion.

As shown in Table 2, among the selected deformation regions, the cumulative defor-
mation in P8 was the largest, followed by that in P2. P8 was located in the lower part of the
deposit accumulation zone, and a large number of coherent points with an average defor-
mation rate of greater than —25 mm/year were distributed near this region, as well as the
most obviously deformed region in the Sedonpu gully, which had a maximum cumulative
deformation of —137.52 mm. By analyzing region P6, which was located in the upper part
of the deposit accumulation zone, it was found that the average deformation rate varied, i.e.,
it was in an unstable state. The average deformation rate exceeded —25 mm/year and was
clearly distinguishable from the boundary of the stable zone. However, after analyzing the
time series deformation curve (Figure 4), it was found that it had been in a stage of uniform
deformation. Region P2, which was located below the ice avalanche source area, underwent
strong displacement, with a maximum displacement rate of about —48.52 mm/year. We
found that all of the selected areas exhibited different levels of accelerated subsidence at
the beginning of March 2018, among which regions P1, P3, P5 and P7 had the most obvious
subsidence trends. The areas with obvious subsidence trends were all located at the tops of
the branch gullies bordering the snow area, and the strong melting of snow and the delayed
effect of the 2017 Nyingchi earthquake may have been responsible for this distribution.
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Table 2. Average deformation rate, maximum deformation rate, maximum cumulative deformation
in the LOS direction and whether sliding occurred in all of the selected deformation regions.

Average Deformation Maximum Maximum
Number v (‘o;n m/Year) Deformation Cumulative Slide
(mm/Year) Displacement (mm)

P1 —30.90 —32.52 —76.05 Yes
P2 —45.21 —48.52 —120.72 Yes
P3 —40.28 —44.39 —97.69 No
P4 —34.93 —37.05 —112.46 No
P5 —35.04 —40.46 —-101.32 No
P6 —34.64 —37.73 —93.86 No
P7 —28.76 —31.14 —79.79 No
P8 —48.44 —51.99 —137.52 Yes

= ol s = L e PL

E Ty eevg : | | E

e . e o <

c } ! ! ! %% | c 40

S : ; : i : o

s e G ‘

8 : ; : ! : g :

(] | | | ] I [0

Q 20 f--ooooo- bemneoee e S e Q 120 ! :

2015/12/11 201(;/6/1 2016‘/12/1 201;/6/1 2017‘/12/1 201é/6/1 2015/12/1 201(‘3/6/1 2016‘/12/1 201;/6/1 2017‘/12/1 201&/6/1

Date Date

o

1
I
IS)

409,%&&&4‘}@@%;

TRy

S

i

1

|

1

1

1

1

1

1
Shogin

i

1

1

|

1

1

|

1

1
ot

1

1

'

1

|

1

|

Deformation (mm)
T T
D
Deformation (mm)
g 5
FRPN
e
>
| E‘)
- :% o
M
0
o%

N
o

o
23
‘
;
.
‘
|
|
!
‘
‘
‘
‘
|
‘
‘
‘
‘
!
‘
!
‘
‘
|
!
:
|
‘
!
‘
‘
‘
|
!

120 f----o- - e L L s E L Loliloo
1 1 1 1 1 1 1 1 1
2015/12/1 2016/6/1 2016/12/1 2017/6/1 201711211 2018/6/1 2015/12/1 2016/6/1 2016/12/1 2017/6/1 201711211 2018/6/1
Date Date
= glee®e T L = olesstes . 5 : . L A
g PN %Owéwvﬁe ! g ‘ ¢°§¢§§§§§§§%§% : :
E ! ‘ E : ‘ ! |
E o booomoned L 8 B e E ©0 . boooone-d L te g boooooes
g . 5 . e
E @ e g e E oo P o o P Y1 -
K] : ! | S : : : : |
[ | | | [ i | | |
0O 120 --------- e e s 0120 f---------| oo oo e et e e e
1 1 1 1 1 1 1 1 1 1
2015/1211 2016/6/1 2016/12/1 2017/61 201711211 2018/6/1 2015/12/1 2016/6/1 2016/1211 2017/611 20171211 2018/6/1
Date Date
I e e g S
£ 1 AL,
£E ! | ‘
c 40 f--------- (B s s m (EsEnrr=spim=verap e
S | ! :
T : : !
E ar s e T
S : | :
[0) | | 1
O ol Lo . - . 5 ; | : ‘
a ] : i j : n ; 1 j
2015/1211 2016/6/1 2016/12/1 2017/61 201711211 2018/6/1 2015/12/1 2016/6/1 2016/12/1 2017/6/1 201711211 2018/6/1

Date Date

Figure 4. The time series of the cumulative deformation in regions P1-P8. The vertical error bars
indicate the standard deviation of the cumulative amount of deformation in each selected region.

The accumulation of the displacements in the time dimension can help us better
analyze the pre-disaster evolution from instability to failure in the Sedongpu Basin. We
plotted the cumulative displacement in the LOS direction of the branch gully where the
source area of the ice avalanche was located for 16 selected acquisitions that collapsed
first (Figure 5), including the last seven images acquired near the time of the collapse. A
total of 7109 points were detected in this source area. There were 708 points in this area
with mean deformation rates of greater than —20 mm/year in the LOS direction, and the
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maximum deformation rate reached —57.29 mm/year. The distribution of the surface
deformation clearly delineated the unstable areas in the source zone in the Sedongpu Basin.
The precursor deformation in the branch gully exhibited distinct spatial and temporal
deformation characteristics. The cumulative deformation increased significantly in 2018
compared to that in previous years, and an accelerating displacement trend along the LOS
direction away from the satellite was clearly observed.
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Figure 5. The cumulative deformation time series in the LOS direction for the source area where the
first ice avalanche occurred in 2018 superimposed on Google Earth™ images. The first image was
acquired in January 2016. The location of the ice avalanche source area was shown in Figure 3.

For further analysis of the spatiotemporal evolution of the deformation in the channel,
we extracted the cumulative deformation along profiles AA’, BB’, and CC’. Figure 6a—c
show the deformation time series of sections AA’, BB’, and CC’ in the LOS direction,
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respectively. The topography is shown below as a reference, and the positions of the
profiles are marked in Figure 3. During the monitoring period, all three cross-sections
underwent obvious deformation, and the maximum cumulative deformation exceeded
100 mm; however, their deformation characteristics were different. The deformation of
section AA’ gradually increased from the slope on both sides to the bottom of the slope,
and the largest deformation occurred in the branch gully where region P2 was located. In
contrast, the obvious deformation in both section BB” and CC’ mainly occurred on the slope.
At the beginning of 2018, the entirety of section BB’ exhibited prominent deformation, and
there was a large increase in the deformation of section AA’. The Nyingchi earthquake may
have been the main cause of these changes, and they are sufficient to demonstrate that the
base of the slope in the ice avalanche’s source area was in an extremely unstable state.
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Figure 6. The cumulative time series of the deformation along profiles (a) AA’, (b) BB” and (c) CC".

4.2. Spatiotemporal Changes in the Wet Snow Area during the Snowmelt Season

The Sedongpu ice avalanche-induced debris flows did not arouse widespread con-
cern before the disaster because of its hard-to-access location and distance from human
settlements. According to research speculation, glacier retreat and seasonal snowmelt may
have been the main driving factors of this disaster [53]. The facilitation of the Sedongpu ice
avalanche-induced debris flows by glacier retreat was demonstrated [13], but the effects of
seasonal snowmelt have not been clearly interpreted. In order to explore the relationship
between the seasonal snowmelt and surface deformation, we need to clearly understand
the changes in the snow cover during the snowmelt season. Based on the method described
in Section 3.2, we used a threshold of —2 dB to extract the snow area within the Sedongpu
Basin to avoid underestimating the area of wet snow. To reduce the effects of the terrain
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factors and the loss of backscattered information from the SAR images of the mountainous
areas, the shadow and layover pixels of the ascending and descending images were masked,
and we used a combination of ascending and descending images to reduce the loss of image
information such as that due to layover and shadows. Ascending and descending images
acquired at adjacent times can effectively reveal the state of the snowpack. However, due
to the limitation of SAR data acquisition, in this study, ascending and descending images
acquired at the nearest times with an interval of seven days were used for the mapping of
the wet snow area.

As shown in Figure 7, we mapped the monthly dynamics of the wet snow in the
Sedongpu Basin during the snowmelt season from 2015 to 2018, with dark blue representing
the areas covered by wet snow, orange representing an increase in wet snow, and light blue
representing a decrease in wet snow. In addition, we calculated the wet snow area in each
period (Table 3). During this period, the observed largest area of wet snow was 13.57 km?
in early May 2016, and the smallest area was 3.67 km? at the end of July 2015.

20150514-0521 20150607-0614 20150725-0801 20150818-0825 20150911-0918

20160414-0421 20160508-0515 20160601-0608 20160719-0726 20160812-0819

20170409-0416 20170522-0527 20170721-0726 20170831-0907

20180416-0423 20180510-0517 20180603-0610 20180709-0716 20180802-0809

[ Il wet snow area [ increase of wet snow area [l decrease of wet snow area
AQ . 9
17 Elevation(m) 1

Figure 7. Maps of snowmelt area variations in the Sedongpu Basin. The SAR image dates used
to detect the wet snow changes are marked on each map. Dark blue: the area of snowmelt on the
marked date; light blue: the extent of the decrease in the snowmelt relative to the previous date; and
orange: the extent of the increase in the snowmelt relative to the previous date.
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Table 3. Acquisition dates of the SAR ascending and descending images used for the wet snow
area detection and the results of the detected wet snow area. The reference image is the average of
multiple SAR images of snow-free or dry snow-covered scenes in the fall and winter, which are not

listed here.
Date Wet Snow Area (km?) Date Wet Snow Area (km?)

14 May 2015-21 May 2015 8.9572 9 July 2017-14 July 2017 7.1532
7 June 2015-14 June 2015 5.2452 21 July 2017-26 July 2017 6.7004
25 July 2015-1 August 2015 3.672 31 August 2017-7 September2017 4.8912
18 August 2015-25 August 2015 4.4884 12 September 2017-19 September 2017 5.0164
11 September 2015-18 September 2015 4.7032 16 April 2018-23 April 2018 5.728
14 April 2016-21 April 2016 9.6672 10 May 2018-17 May 2018 7.4168
8 May 2016-15 May 2016 13.5672 3 June 2018-10 June 2018 9.852
1 June 2016-8 June 2016 10.988 9 July 2018-16 July 2018 5.0184
19 July 201626 July 2016 6.3444 21 July 2018-28 July 2018 5.4304
12 August 2016-19 August 2016 5.9448 2 August 2018-9 August 2018 5.1408
5 September 2016-12 September 2016 6.5332 26 August 2018-2 September 2018 5.1996
9 April 2017-16 ?\Eril 2017 7.09 19 September 2018-26 September 2018 6.3752

22 May 2017-27 May 2017 12.4956

We observed the regular dynamics of the snowmelt between 2015 and 2018. Due to
gaps in the SAR data collection, the state of the wet snow at the beginning of the 2015
snowmelt season could not be obtained. Although the wet snow in the entire area of Gyala
Peri Peak could not be effectively detected due to the effect of shadows and layover, the
overall variations in the wet snow within the basin could still be clearly illustrated. After
the accumulation of snow in the basin during the winter, the state of the snow cover began
to change in April, with the area of wet snow gradually increasing and the snow at lower
elevations gradually melting. In the middle of May, the wet snow pixels covered most of
the area of snow accumulated during the winter in the basin. The wet snow area reached
its maximum extent around the middle of May, and after that, the area gradually decreased
and remained stable for about two months, from late July to the end of September. In the
later part of the ablation season, there were almost no wet snow pixels below 5000 m, and
the wet snow was mainly distributed in the glaciated area of the Sedongpu Basin. Only a
small number of wet snow pixels were located above 6000 m.

As shown in Figure 7, the variation patterns of the snowmelt within the Sedongpu
Basin in 2016 and 2017 were almost the same as in 2015, with the maximum area of wet
snow within the basin occurring in mid-May. Nonetheless, compared to 2015, the maximum
wet snow areas in 2016 and 2017 were both significantly large. The maximum wet snow
areas in 2016 and 2017 were 13.57 km? and 12.5 km?, respectively, while that in 2015 was
only 8.96 km?.

Compared to the previous three years, the variation in the wet snow within the
Sedongpu Basin changed significantly in 2018. The differences mainly included a slower
increase in the wet snow early in the melt season and a delay in achieving the maximum
wet snow area. However, more intense ablation occurred in the middle and later parts of
the melt season, which caused the minimum wet snow area to be reached earlier than in
the previous three years. There was an unusual increase in wet snow pixels in the later part
of the melt season, with a significant increase in the wet snow pixels on Gyala Peri Peak,
and more obvious melting signals were detected.

In addition, in order to analyze the variability of the wet snow changes in the snowmelt
season of each year, we considered the detected wet snow pixels with their corresponding
elevation values on the DEM (Figure 8). Due to the lack of a SAR dataset, the wet snow dis-
tribution in the basin during April 2015 and June and August 2017 could not be determined
using SAR images, but the difference in the wet snow distribution in 2018 compared to the
past three years is still distinctly illustrated in Figure 8. As the snow gradually melted, the
histogram gradually centered at higher elevations. The median values in May 2018 were
lower than in the previous three years, and the wet snow was mainly centered at lower
elevations. In July the wet snow line rose and was higher than during the previous three
years, indicating a more intense snow melting process during this period. After this, the
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melting rate slowed down and returned to the same level as in the other years in August.
Figure 8 also shows that there were significantly more wet snow pixels above 6500 m in
2018, and the frequency of wet snow pixels was always at a relatively high level.
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Figure 8. The wet snow frequency at different elevations during the snowmelt season from 2015 to
2018 based on Sentinel-1 ascending/descending images.

5. Discussion
5.1. Deformation Measured Using InSAR and Snowmelt Changes

During the period when the temperature was higher than 0° after the snowfall period,
in alpine mountains, snow melt water entering the ice gap may trigger the translation of the
active layer of the glacier with the bedrock, increasing the possibility of ice avalanches [34].
With increased rainfall in summer, the slope stability was greatly reduced by the mixture of
the liquid water provided by the rain and snowmelt with the loose deposits. In order to
further understand the triggering factors of the Sedongpu ice avalanche-induced debris
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flows, the correlations between the surface deformation in the source area and the precipi-
tation and snowmelt variations in the basin before the disaster occurred were analyzed.
In order to mitigate the effect of the SAR technique in underestimating the extent of wet
snow near the snow line, we calculated the average wet snow elevation to show the overall
changes in the snowmelt in the basin [54]. We selected region P2 in the branch gully
where ice avalanche-induced debris flows occurred and synchronized the time series of
the surface deformation measured using INSAR with the daily precipitation recorded at
Lulang Meteorological Station and the average elevation of the wet snow calculated in this
study. It can be seen that the rainfall in the basin was mainly concentrated from June to
September, with less rainfall from October to May. The total annual precipitation decreased
year by year from 2015 to 2018, but it should be noted that the proportion of rainfall in the
rainy season to the total annual precipitation increased, reaching 56.39% in 2018. As shown
in Figure 9, we found that the increase in the cumulative deformation in region P2 was
affected by both the rainfall and snowmelt, and the cumulative deformation in region P2
was significantly positively correlated with the position of the average wet snow elevation
during the rainy season. After the precipitation increased in early June, the deformation in
region P2 accelerated, and the snow line rose, accompanied by the gradual melting of the
top layer of snow. This pattern of deformation was particularly pronounced in 2018. From
early June to July 2018, persistent rainfall occurred in this area (the maximum daily rainfall
during this period did not exceed 15 mm), and the rate of snow melting accelerated, with
the average wet snow elevation increasing. However, the deformation rate in region P2
remained constant. Nevertheless, after a heavy rainfall event on July 9, 2018 (36.3 mm, and
the maximum daily precipitation in 2018), the slope deformation accelerated significantly.
During this period, as the cumulative precipitation increased, the cumulative deformation
also increased. This lasted until the end of the rainy season, during which the average
elevation of the wet snow area remained above 5200 m.

The start of snow melting in the year the debris flows occurred was delayed compared
with that in other years. In addition, the average elevation of the wet snow in May in
the other years was above 4700 m, while the average elevation of the wet snow in 2018
remained at about 4550 m. Based on the variations in the wet snow, we found that the
average elevation of the wet snow increased sharply in the summer of 2018 due to an
increase in temperature, therefore, it is inferred that stronger melting of snow occurred
during this period than in previous years. It should be noted that in the two wet snow
images acquired in September, the increase in the wet snow area from early September
to late September was abnormally high, and this increase was mainly concentrated in the
range of 5000-5500 m on the eastern slope. We suggest that the intense snowmelt altered the
hydrological and thermal regime of the bedrock at the bottom of the ice bed and loosen the
bedrock, and the loose bedrock then froze together with the glacier when the temperature
decreased in October, and the bedrock was pulled up and carried away when the glacier
collapsed. There were a large number of ice crevasses in the Sedongpu Basin, and the snow
water generated by the rapid snow melting and the heavy precipitation in summer could
easily penetrate into the glacier bed, increasing the hydrostatic pressure and reducing the
friction at the bottom of the glacier, which could easily lead to glacier collapse.
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Figure 9. The precipitation, cumulative deformation, and average wet snow elevation before the
Sedongpu ice avalanche-induced debris flows occurred. The location of P2 is shown in Figure 3. The
gray shading indicates the duration of the rainy season in the basin, and the red line indicates the
date of the occurrence of the ice avalanche-induced debris flows.

5.2. Seismic and Topographic Characteristics

The Sedongpu Basin is close to the eastern Himalayan syntaxis, which is an area
of intense crustal activity and is affected by the compression and uplift of the Indian
Plate and the Eurasian Plate [55]. Earthquakes occur frequently in this region due to
the active tectonic movement, which reduces the stability of the surface [7]. Since 1950,
a total of 294 Ms >3 earthquakes have occurred in the eastern end of the Himalayas,
including 26 Ms 3—4 earthquakes, 229 Ms 4-5 earthquakes, 55 Ms 5-6 earthquakes, and 6
Ms > 6 earthquakes. The most severe earthquake in this region was the Ms 6.9 Nyingchi
Earthquake on 18 November 2017, the epicenter of which was located 2.7 km from the
NE axis of the Sedongpu Basin, with a focal depth of 8 & 1.7 km. More than a dozen
aftershocks with magnitudes of about Ms 4 occurred in the following month, and the
successive earthquakes greatly loosened the glacial till and the material in the central part
of the valley, severely reducing the stability of the glaciers with crevasses in the valley,
especially those in the upper steep-slope areas of the basin.

As shown in Figure 10, the terrain of the Sedongpu Basin is a three-level stepped
terrain with a steep upper terrain, flat middle terrain, and relatively steep lower terrain. A
large number of glaciers have developed in the high-altitude area, and the extremely steep
terrain is conducive to the development of ice crevasses on the glacier surfaces, which easily
leads to the collapse of snow and ice, providing favorable conditions for the formation of
large-scale mass movement events. A large amount of loose material such as glacial debris
and gravel accumulates in the gently sloping middle area, which provides an abundant
source of material once a movement event is initiated. The lower steep-sloped area provides
the topographic conditions for the high-speed movement of debris flows, allowing the
accumulation to be more conveniently transported from the source area out of the gully
and to invade and subsequently cause blockage of the river channel.
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Figure 10. Schematic diagram of the Sedongpu Basin. DD’ see Figure 3.

In summary, the occurrence of the Sedongpu ice avalanche-induced debris flows was
the result of a combination of factors, including temperature, precipitation, earthquakes,
and steep topography. The shaking caused by the earthquake destroyed the original state of
the source and loose deposits, especially in the source area of the ice avalanche located at a
high position. The increase in temperature led to intense melting of snow within the basin,
and the snowmelt and rainfall penetrate through the ice crevices into the glacier-bedrock
contact zone, generating significant water pressure at the glacier-bedrock contact, which
simultaneously exerted a softening effect and promoted glacier and bedrock sliding. This
eventually triggered an ice avalanche, in which the high-speed avalanche impacted and
scraped the glacial till, disintegrated and mixed with the glacial till to form a high-speed
debris flow. The debris flow moved downward and scraped up the glacial debris at the
bottom and on both sides of the gully to form a new debris flow, which transported loose
deposits mixed with ice debris into the river, leading to river blockage [7].

6. Conclusions

In this study, SAR images were used to retrieve the spatiotemporal changes in the
pre-disaster deformation and snowmelt in the Sedongpu Basin. New insights into the
causes of the ice avalanche-induced debris flows in the Sedongpu Basin were obtained
through the comprehensive analysis of the time series of the variations in the deformation
and snow melting before the disaster and the triggering factors. Based on the results of
the InSAR analysis, the deformation in the first two years was mainly centered in the
deposit accumulation area where the topography was relatively gentle. Nevertheless,
the deformation characteristics of the source area changed after the Nyingchi earthquake,
and the effects of the earthquake on the surface deformation were overall and large scale,
especially in the steep areas. The variations in the snowmelt in the Sedongpu Basin revealed
that the snow melting process in the summer of 2018 was relatively intense, which led to
instability in the ice—rock zone in the Sedongpu Basin. Additionally, we found that the
cumulative deformation before the ice avalanche occurred exhibited seasonal characteristics
based on the relationships between the time series of the deformation and the snowmelt
and precipitation data, it was found that the snowmelt and precipitation jointly affected
the pre-disaster deformation. We suggest that a combination of snowmelt, rainfall, and
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earthquakes, as well as climate change, ultimately triggered the Sedongpu ice avalanche-
induced debris flows.

The study of INSAR deformation monitoring and wet snow monitoring based on
radar remote sensing are greatly limited in temporal resolution due to the fixed revisit
period of the current SAR satellites. However, precursor information such as deformation
accumulation and strong snow melting obtained using SAR is crucial for monitoring
mountainous areas where in situ measurements are lacking. The results of this study
provide new insights into the mechanism of the ice avalanche-induced debris flows in the
Sedongpu Basin, and similar events will continue to occur frequently in the future under
the context of climate warming on the Tibetan Plateau. In addition, analysis based on
InSAR observations and snowmelt changes can assist in disaster warning and prevention
and can be applied in similar areas.
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