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Abstract: Catastrophic mass flows originating from the high mountain cryosphere often cause
hazard cascades. With increasing human activities in the alpine region and the sensitivity of glaciers,
snow and permafrost to climate warming, the cryospheric hazard risks tend to be more active in the
Tibetan Plateau(TP). The remoteness and inaccessibility of high mountain regions make the remote
sensing technology the most effective approach for monitoring and investigating the cryospheric
hazards. Exploring the evolution process and impact of ice avalanches and subsequent hazards are
crucial to understand drivers and nature of mass flow process chain in order to prevent and mitigate
potential hazard consequences. In this study, the glacier and ice-rock avalanches occurred in Arutso
and Sedongpu basins in Tibet were investigated on the basis of Sentinel-2 time-series images and
in-situ investigation, the evolution process of these events were reconstructed, and impacts and
driving factors were analyzed. The massive Chamoli rock-ice avalanche occurred in February 2021
in the western Himalayas was also reviewed using using same methods. The study shows that
Arutso glacier No. 53 (Arutso-53) avalanche completely melted away in July 2018 after two years
from occurrence to final disappearance, while Arutso glacier No. 50 (Arutso-50) avalanche
completely melted by the end of August 2023 after lasting for seven years. Four large-scale ice-rock
avalanche and debris flow events in the Sedongpu basin in 2017 and 2018 not only had significant
impacts on the river flow, landscape and geomorphologic shape in the basin, but also caused serious
disasters in the basin and downstream. In March 2021, a small-scale ice-rock avalanche and debris
flow event occurred again in the Sedongpu basin. The glacier and ice-rock avalanches occurred in
Tibet area were mainly induced by climate warming, heavy precipitation and seismic activity,
which acting on specific topographic and geomorphic structure of glacier properties in the high
mountain regions. Catastrophic hazard events originating from the high-elevation glacier and ice-
rock collapses in the mountain cryosphere and subsequent hazard cascades in the TP and Himalayas
highlight the importance of mountain hazard monitoring, early warning systems and sustainable
mountain development.

Keywords: Glacier avalanche; Cryospheric hazard; Sentinel-2; Field investigation; Tibet

1. Introduction

The increasing interaction between human activities and mountain cryosphere intensifies the
risk of cryospheric hazards, including glacier avalanche, ice-rock collapse, glacier surging, avalanche
and glacial lake outburst etc. The sensitivity of glaciers, snow and permafrost to climate warming is
enhancing these mass movements and hazard cascades [1]. The steep slopes, high topographical
setting and seismic activity make mountain regions prone to highly destructive mass movements [2-
4]. The Tibetan Plateau (TP) and surrounding areas have the largest glacier resources on the world
after two polar regions, which is often named “Third Pole of the World” [5,6]. The intense tectonic
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activities and high topographic relief have made the Tibetan Plateau highly vulnerable to mountain
hazards. As an important part of Asian water tower [7-10], the glaciers on the TP and surroundings
are of great significance for water resources, ecological security, and economic and social
development in Asia, especially in the western China and Himalayan regions [11,12]. With continuous
warming of global climate and increasing of human activities, glaciers in the TP are undergoing rapid
shrinking, which not only affects the water resources functioning of glaciers, but also enhance the
glacier instability and related hazard risk [12-16].

Under global climate warming, the glaciers in the TP that used to be relatively stable have
become unstable, and some of them are undergoing strong ablation and mass movement, which often
bring about various glacier-related geohazards [12]. In 2016 and 2018, the large-scale glacier and ice-
rock avalanches occurred in Ngari in the northwestern Tibet and Nyingchi in the southeastern Tibet
successively. The continuous collapses of two different types of glaciers in Tibet area likely indicates
that the glaciers in the TP are in an unstable state in general, and the potentials of related hazards
tend to be increasing [11,12]. Glacial hazards occurred in the high-altitude mountains often induce
secondary hazards, resulting in mountain hazard chain that starts from the cryosphere and then
subsequently affecting lithosphere, hydrosphere, biosphere and anthroposphere, which extends and
amplifies the consequences of hazard chains [15,17].

With rapid glacier melting and the increasing risk of cryospheric hazards in the high-mountain
environment, timely and effective monitoring and understanding of the location, scale and dynamic
changes of cryospheric hazards have become crucial for decision making on response measures in
disaster prevention and mitigation. However, cryospheric hazards often occur in cold, remote and
inaccessible mountain regions, where are generally underdeveloped, poor in infrastructure, weak in
capability to resist and cope with natural hazards, so that it is difficult to be carried monitoring and
investigating based on the conventional ground-based observations. For example, most of
cryospheric hazards in the TP occurs in high mountain regions above 4000 m, making the remote
sensing technology the most effective approach for monitoring and investigating cryospheric
hazards. In particular, observation methods based on satellite remote sensing have been widely used
in monitoring, emergency response and risk assessment of cryospheric hazards, such as glacier
collapse, ice-rock avalanche, glacier surge and avalanches.

The geohazards occurred in the Sedongpu basin in the southeastern Tibet were analyzed
through field investigation, multi-temporal remote sensing images and InSAR radar data, and results
showed that material source of two disaster events in 2018 originated from one high-position rockfall
and three high-position glacier collapses [18]. Chai et al. evaluated the risk of glacial lake outburst of
Jialong Tso, Nyalam County, Tibet, using GF satellite data, Google Earth images, and numerical
models, and results showed that glacier collapse and snow avalanche are important triggering factors
for glacial lake outburst in the high mountain regions and there is high possibility of glacier collapse
above Jialong Tso [19]. Tang et al. used Google Earth and high-resolution satellite images from GF-2
and ZY-3 to investigate the numbers, types, development and risks of potential glacier avalanches in
the TP to provide scientific support and guideline for the hazard prevention and mitigation [20].
QuickBird satelite images were used to avalanche mapping, analysis of flow dynamics, and hazard
assessment for Kolka glacier collapse in the Caucasus Mountains occurred in September 2002, as the
largest glacier collapse event so far, with a volume of 130x10°m? and more than 130 people deaths
[21]. K&ab et al. analyzed the Kolka glacier collapse and reconstructed its dynamic process using
ASTER satellite images and digital elevation model extracted from ASTER data [22]. Based on the
high-resolution satellite data freely accessible through Google Earth, the first comprehensive rock
glacier inventory of western Himalaya was presented and the inventory reported 516 rock glaciers
with 353 km?in area, of which 59% have glacier origin and 41% have talus origin [23]. More studies
focus on the analysis of glacier surging in Central Asia based on Landsat and other satellite images,
so as to provide important support for monitoring and prevention of glacier surging hazards [24-29].
Kaab et al. suggested that various remote sensing technologies and data source should be integrated
to evaluate the potential risks of cryospheric hazard processes, so as to minimize damage caused by
glacier hazards [30].
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Under global warming, there are increasing trends in cryospheric hazards in the TP and
surrounding areas and the affected areas are projected to spatially tend to expand [5,7,11,12]. The
studies showed that Tibet area has the largest number of potential ice and glacial avalanches in the
TP, accounting for about 60% of the entire TP, and most of them are in the Himalayan mountains in
the south and Nyaingentanglha mountain in the southeastern Tibet [20]. These regions also have the
highest risk level of glacial lake outburst flood in the Third Pole [31]. Therefore, it is important to
improve our capacity and response measures for hazard monitoring and mitigation. To prevent and
reduce hazard losses, it is crucial to implement targeted dynamic monitoring in the high risk areas of
ice and glacier avalanches, risk assessment and early warning system building based on the high-
resolution satellite images and ground observations. Compared with Landsat and other satellite data,
Sentinel-2 has made a revolutionary in terms of spatial resolution, revisiting cycle and imaging swath.
As a high-resolution satellite that is freely available for everyone, Sentinel-2 has short-wave infrared
band for snow and ice detection and cloud and snow discrimination, which makes Sentinel-2 has
unparalleled advantages in monitoring snow, ice and cryospheric hazards.

In this study, the occurrence and evolution process of glacier collapse and ice-rock avalanche in
Arutso basin in 2016 and Sedongpu basin in 2017 and 2018 in Tibet were investigated based on the
Sentinel-2 time-series images and in-situ investigation. Main drivers and triggering forces of these
hazard events were also discussed based on the field investigation, comprehensive data analysis and
existing literatures. The massive Chamoli rock-ice avalanche occurred in February 2021 in the
western Himalayas was also reviewed using using same methods. The study is of great significance
and references for cryospheric hazard monitoring and emergency response and services in the global
mountain environment.

2. Materials and Methods
2.1. Study Area

Tibet also refers to the Tibet Autonomous Region(TAR) administratively in China and is the
short name for TAR, located in the southwestern part of the TP, while the TP is a vast region that
covers most of high mountain regions in the western China, including whole TAR and Qinghai
province [14], as shown in Figure 1. Tibet is dominated by westerlies in winter and by Indian
monsoon in summer. Spring and autumn are transition seasons between winter and summer
atmospheric circulations [16]. Climate in Tibet is generally characterized by alpine climate with
pronounced regional differences. Annual mean temperature is —2.2-12.2°C and decreases from south
to north. Annual precipitation ranges from 70 to less than 900 mm with a decreasing pattern from
southeast to northwest.
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Figure 1. Study area and the locations of three ice-rock avalanche sites in Tibet and western
Himalayas.

As shown in Figure 1, Arutso glacier avalanche site is located in northwestern Tibet. Climate in
this region is cold and dry in most of the year, belonging to arid sub-frigid continental plateau climate
regime. Mean annual precipitation in the Arutso basin was 333 mm between October 2016 and
September 2019 [32], which is much higher than mean annual precipitation of 70mm at Shiquanhe
meteorological station located 270km to the southwest, and also higher than mean annual
precipitation of 184 mm at the Gaize meteorological station located approximately 290km away to
the southeast. Annual mean temperature was -4.1°C, with the lowest mean temperature of -13.7°C in
January and the highest mean temperature of 7.7°C in August. Mean temperature was above 0°C
from June to September, while it was below 0°C in other months. According to the second Chinese
glacier inventory [33], there are 105 glaciers in the basin and cover a total area of 184 km?. Glaciers in
the basin are extreme continental type glaciers and have been very stable over the last four decades,
and over recent decades the glaciers in this region have experienced less retreat than those in the
Himalayas [34,35].

Sedongpu basin is located in the southeastern Tibet and is in the left bank of Yarlung Zangbo
river and nearby the Mt. Gyala Peri in Nyingchi, Tibet, belonging to southeastern alpine-gorge area
in Tibet. The basin covers an area of 67 km? developing nearly from north to south directions, with
broad and steep terrain in the upstream and glacial development, and narrow terrain in the middle
and downstream. The basin forms a stepped V-shape and ranges from a maximum elevation of
7294m at Mt. Gyala Peri peak to a minimum of 2750m at the confluence of the Yarlung Zangbo river
[18,36]. The basin is around 7.6 km long and river is 230 m wide at the confluence. Climate in this
region presents temperate monsoon humid type and the data from nearby Miling meteorological
station shows that mean temperature is 8.8°C, with mean minmum temperature of 4.3°C and mean
maximum temperature of 15.7°C, and mean annual precipitation is 691 mm. There were 16 glaciers
distributed in the Sedongpu basin and glacial area shows significant retreat over the last 40 years,
with a retreat rate of 45.5% [37,38].

The Chamoli rock-ice avalanche site lies in Western Himalayas within a transitional zone
between the wetter Southern Himalayan ranges and the cold arid Tibetan Plateau in the north [39].
The main precipitation source is Indian summer monsoons during the warmer months,whearas the
region also receives considerable precipitation from mid-latitude westerlies in the form of winter
snowfall between December and March. Mean annual precipitation is around 1100 mm with sub-
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zero winter temperature and summer temperature ranging from 5°Cto 29°C. The rugged topography
of this region lies between 2000 and 7800 m asl [40]. The region is prone to high-velocity mass
movement events due to high peaks, narrow river valleys, and deep gorges. The Chamoli rock-ice
collapse site is situated in around 40km southwest from the border of Tsada County, Ngari
Prefecture, TAR,China(Figure 1).

2.2. Satellite Data

Global Monitoring for Environment and Security (GMES) is a joint initiative of European
Commission (EC) and European Space Agency (ESA), designed to establish a European capacity for
the provision and use of operational monitoring information for environment and security
applications [41]. The main goal of the programme is through coordinating management and
integration of European present and future planning satellites and the field observation data to
realize real-time monitoring of environment and security, provide data for decision makers in order
to support formulating environmental act, response to emergency such as natural hazards and
humanitarian crisis to ensure Europe’s sustainable development and enhance international
competitiveness. The programme is renamed Copernicus in 2012. Copernicus is the most ambitious
Earth observation programme to date. It provides accurate, timely and easily accessible information
to improve the management of environment, understand and mitigate the effects of climate change
and ensure civil security.

Sentinel series is the core component of Copernicus programme, which implements continuous
monitoring for land and marine environmental changes and supports early warning for natural
disasters and post-disaster emergency response [42—44]. Sentinel-2 is a polar-orbit multispectral high-
resolution optical imaging mission. It is the only optical remote sensing satellite in the world with the
highest spatial and spectral resolution, shortest revisit cycle, and largest swath that can be obtained
for free so far. At present, Sentinel-2 consists of two near-polar orbiting satellites A and B, which were
launched on June 23, 2015 and March 7, 2017 respectively. Sentinel-2 A and B are located in the sun
synchronous orbit and 786 km above the ground, 180° apart from each other. Sentinel-2 A and B
satellites comprise a constellation for collaborative observation, which greatly improves the period
of satellite Earth observation. Sentinel-2 provides land surface imaging data from 56 ¢ S to 83 ° N
every 5 days. After satellites C and D are put into operation successively in the future, satellite revisit
period will be doubled, and its response time and timeliness in environmental and disaster
monitoring, emergency management will be doubled. Sentinel-2 has become the most widely used
satellites in the Copernicus satellite series, and 60% of data downloaded are from Sentinel-2. At
present, Sentinel-2 is one of the most important data sources for remote sensing monitoring and
application research, and has been widely used in monitoring natural disasters, such as floods, forest
fires, landslides, volcanic eruptions, and emergency response and humanitarian crises.

The spectral band configuration of Sentinel-2 arose as a result of extensive consultation with the
user community during the design phase and was developed based on the wavelengths of Landsat
and SPOT satellite sensors [45—47]. The satellite is equipped with a multispectral imager (MSI) with
push broom imaging mode, which is a new generation of multispectral optical imager. There are 13
bands in total, of which the ground resolution of band 4 (red), 3 (green), 2 (blue) and near-infrared
band 8 is 10m, the ground resolution of three vegetation red edge bands 5, 6, 7, two shortwave
infrared bands 11, 12 and narrow near-infrared band 8a is 20m, and the ground resolution of other
bands 1, 9 and 10 is 60m, as shown in Table 1 for details.
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Table 1. MSI sensors.

Central Bandwidt Spatial . -
Band number . Main applications
wavelength /nm h /nm resolution /m
Band 1-Coastal and 443 20 60 Atmospheric correction
aerosol
Sensitive to vegetation and
Band 2-Blue 490 65 10 aerosol
scattering
Band 3-Green 560 35 10 Green peak, 'sensmve Fo total
chlorophyll in vegetation
Band 4-Red 665 30 10 Max chlorophyll absorption
Band 5-Vegetation red 705 15 20 Vegetation detection
edge 1
Band 6-Vegetation red 740 15 20 Vegetation detection
edge 2
Band 7-Vegetati d
an egetation re 783 20 20 Vegetation detection
edge 3
Band 8-NIR 842 115 10 Leaf Area Index (LAI)
Used for water vapour
Band 8a-Narrow NIR 865 20 20 absorption
reference
Band 9-Water vapour 940 20 60 Water vap(.)ur absorPtlon
atmospheric correction
Band 10 SWIR-cirrus 1375 30 60 Detection of thin cirrus for
atmospheric correction
Band 11 SWIR1 1610 90 20 Snow and cloud detection
Band 12 SWIR2 2190 180 20 AOT(ae.ros9I optical thickness)
determination

The UTM projection is used in Sentinel-2 satellite images to be consistent with Landsat-8 images,
and there are L1C and L2A two products. L1C is the top of atmosphere (TOA) reflectance product
through radiometric calibration and geometric correction, and L2A is the standard surface reflectance
product through atmospheric correction and cloud detection. Users can download Sentinel-2
atmospheric correction plug-in software Sen2Cor from ESA official website to conduct atmospheric
correction for L1C products and generate L2A products. Sentinel-2 L1C products are segmented
according to U.S. Military Grid Reference System (MGRS) on the basis of UTM projection, and each
UTM projection belt is subdivided into 20 regions in the north-south direction, and then further
divided into 109.8kmx109.8km grid. Users can visit the official website of Copernicus
(https://dataspace.copernicus.eu/) and download L1C and L2A products for free. ESA also provided
SNAP, a satellite remote sensing data processing and analysis tool, to help users to display and
process satellite remote sensing data, such as Sentinel and Landsat series.

2.3. Methods

The NDSI (Normalized Difference Snow Index) is an effective way to distinguish snow and ice
from many other surface features and is useful for separating snow/ice and most cumulus clouds.
The NDSI is insensitive to a wide range of illumination conditions, is partially normalized for
atmospheric effects, and does not depend on reflectance in a single band [48]. As the main algorithm
for detecting ice and snow cover from satellite remote sensing, Sentinel-2 NDSI can be calculated
using following equation:

NDSI= [Band3-Band11] / [Band3+Band11] (1)
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when NDSI is greater than or equal to 0.40, snow cover on the surface can be well identified and most
of clouds also can be distinguished from snow [44,49]. Furthermore, based on the spectral signature
of low reflectance of water body in near-infrared band and high reflectance of snow in this band, the
reflectance of near-infrared band greater than 0.11 can be used to eliminate the influence of water
body on snow identification since snow and water body have similar NDSI values [50]. ESA Sen2Cor
software includes snow detection algorithm [44]. In this algorithm, the lower limit of NDSI threshold
is set to 0.2; at the same time, if the reflectance of near-infrared band 8a is greater than 0.15, the pixel
is identified as snow cover.

In addition to NDSI used for identifying Arutso glacier and ice avalanche debris in ENVI 5.6.1
software, the single band threshold setting for visible bands and visual interpretation were also used
to map the area of the glacier and ice avalanche in Arutso basin, whereas the visual interpretation is
main method to identify the affected area of glacier-related geohazard chains in the Sedongpu basin
in the southeastern Tibet.

The study workflow includes downloading L1C or L2A images for the study area from
Copernicus website first. For visual interpretation, it is enough to download 10m-resolution L1C
data. For quantitative analysis, such as computing NDSI, L2A products need to be downloaded, but
the image resolution will be reduced to 20m. Second, downloaded L1C products can be
atmospherically corrected and directly converted to L2A products using Sen2Cor tool. Third,
downloaded L1C images can be opened in ESA SNAP software, and MSI band4-3-2 true color
composite and image enhancement can be performed in order to achieve the optimal display effect.
Finally, the exported results or images can be directly visually interpreted and mapped in Arc GIS
10.0 software.

3. Results
3.1. Arutso Glacier Avalanche
3.1.1. Satellite Observation

On July 17, 2016, a massive volume of glacier ice suddenly detached from the lower part of
Arutso glacier No. 53 (Arutso-53) in Arutso lake basin, Rutok County, Ngari Prefecture, TAR. The
glacier detachments with a large amount of debris flow slid around 7km to the eastward and rushed
into Arutso lake, which generated 20m high tsunami-like waves and caused lake level to increase by
9m [51]. Lake shoreline was pushed offshore by around 240m in opposite bank. This ice collapse
buried 9 local herdsmen and hundreds of livestock, and destroyed a large area of grasslands [51]. On
September 21, in the same glacier group, Arutso glacier No. 50 (Arutso-50) also unexpectedly
collapsed [11,12,52]. It is very rare that such large-scale glacier collapse events occurred continuously
in the interior region of the TP, where the glacier activities have been rather stable in the past four
decades before the two ice avalanches [51,53]. Arutso and Meima Tso are located in inland basin in
the western TP and are two lakes downstream of glacier collapses. After two glacier collapses, the
melting of ice avalanches made the terminal lake Meima Tso in the downstream expanded more
rapidly. From 2016 to 2019, lake level and water volume of Meima Tso increased by 3m and 0.52 Gt,
respectively, while the total melting of ice avalanches contributed to about 23.3% of the increase in
lake storage [32].

Two glacier collapses in Arutso basin were well documented by Sentinel-2 satellite images in
terms of areal change and melting process of ice avalanches, downstream lake expansion and lake
morphology, as shown in Figure 2. The most recent Sentinel-2 image was acquired on July 21, 2016
in the fourth day after Arutso-53 collapsed, which is shown in Figure 2a. According to measurements
from this image, avalanche deposit of Arutso-53 is 6.80km long, 2.45km wide, and covers an area of
9.67 km2. Average thickness of Arutso-53 deposit is 7.5m and total volume is estimated to be at least
70x10°m3 [51]. The longest distance of intruding ice into Arutso lake reached 675m and the area of
intruding ice was 0.75km?. Affected by lake water, the intruding ice in the lake melted out in 3 months
as observed from Sentinel-2 image on 9 October 20(Figure 2b).
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Tuly 21,2016

Figure 2. Melting process and area change of ice avalanches of Arutso twin glaciers observed from
Sentinel-2 images.

From July 21, 2016 to next year’s spring, the melting speed of Arutso-53 deposit was slow due
to cold seasons and low temperature in the study area (Figure 3). On May 14, 2017, the total area of
ice avalanche deposit was 7.01 km? and decreased by 27.5% from initial area. Some fluctuations of ice
avalanche area during this period were attributed to snow cover on the surface after spring snowfall.
The study found that melting process of collapsed ice volume is not gradually shrinking and melting
process from outside to inside like glacier retreating, but it is a fragmented process in different parts
of ice avalanche deposits (Figure 2d). From May 14 to September 26, 2017, ice avalanches underwent
rapid melting due to warm seasons in the study area. In detail, from May 14 to July 8, 2017, the melted
area reached 2.98km? (Figure 2d), with 0.54km?/10 days. From July 8 to August 15, the avalanche area
decreased by 2.10km?, with melting area reaching 0.55km?%/10 days. From August to September, the
melting rate decreased significantly, which was 0.21km?/10days, less than half of melting rate from
July to August. On September 26, 2017, the area of deposited ice volume was smallest since glacier
collapsed, with only 1.06 km? left. Sentinel-2 image shows that the remaining ice always existed and
its area fluctuated slightly due to snow cover after snowfall (Figure 3). On June 8, 2018, the area of
collapsed ice volume fell below 1.0 km?, which was 0.95 km?, while only 0.14 km? remained on July
8, 2018 (Figure 2e). As indicated by Sentinel-2 images, it is clear that the remaining ice of Arutso-53
completely melted out in July 2018 after lasting for two years from the glacier collapses to final
complete melting.
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Figure 3. Area change of avalanche deposit of Arutso twin glaciers observed from Sentinel-2
images.

Likewise, the neighboring Arutso-50 also unexpectedly collapsed on September 21, 2016, and
the most recent cloud-free Sentinel-2 image in Arutso basin was acquired on October 9, 2016 (Figure
2b). This image shows that ice avalanche of Arutso-50 is 5.80 km long, 1.90km wide, and covers 6.75
km?, with an average thickness of around 30mand estimated ice volume of around 83x106m? [52].
Most of ice avalanche slid towards Arutso lake in the east, but didn’t arrive at lake shore. The shortest
distance to the lake shore is around 1km. A small part of ice volume slid to the northeast, with an
area of 0.84 km?, accounting for 12% of total area of ice avalanche.

After Arutso-50 collapses, its deposit had experienced melting process and decreasing in area
and volume (Figure 3). By April 24, 2017, total area of ice avalanches decreased to 5.78 km?2. During
this period, the decrease in area of ice avalanches was slow due to cold seasons and low temperature
in the basin, which is not favorable for ice ablation (Figure 2c). On 2 images of May 2017, there was a
slight increase in area of ice deposit due to snow cover. As shown in Figure 3, the melting speed of
ice deposit obviously accelerated from mid-May to mid-August, but melting speed was slow
compared to Arutso-53. The main reason is that detached ice volume of Arutso-50 was much thicker
than that of Arutso-53 and it takes longer time to melt away. If ice volume is thin, temperature rising
makes the ice avalanches fragmented and accelerates its ablation. After November, the ablation rate
decreased significantly until the next spring, and the area of collapsed ice volume did not reduce
much during this period. On November 8, 2017, the ice volume had an area of 4.13 km?2. On July 31,
2018, it had an area of 1.74 km?. Since then, the ice ablation was very slow. On July 3, 2019 and July
25, 2020, the area of remaining ice was 1.18 km? and 0.76 km?, respectively. The remaining ice volume
primarily was in the upper part of the ice avalanches, where the fragmented ice was much thicker.
By June 22, 2021, the total area of ice remains of Arutso-50 was 0.58 km2. On August 31, 2022, the area
of ice avalanche was 0.01 km?. The entire collapsed ice mass of Arutso-50 melted away by the end of
August 2023 after lasting for 7 years, as shown in Figure 2f and Figure 3.

3.1.2. Field Investigation

On February 16, 2022, the field investigation was conducted in two glacier collapsed sites in the
Arutso basin. It shows that ice remains of Arutso-53 had completely melted out and the site was rock
debris covered. The size of some boulders was more than 1m in diameter (Figure 4a). The field
investigation also shows that Arutso-53 collapsed after lower part of glacier detached on the
mountain slope under the force of gravity. Due to higher mountain slope, the glacier broke off and
rushed down eastward to Arutso lake, sliding into the lake after running out about 7km. It was found
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that upper part of Arutso-53 remained in the mountain valley and potentials to collapse again in the
future with glacier mass accumulation cannot be ruled out(Figure 4b).

(d)

Figure 4. Field photos taken on February 16, 2022 in glacier avalanche sites (a: photo point 1 towards
Arutso-53; b: photo point 2 towards Arutso-53; c: photo point 3 towards Arutso-50; d: photo point 3
towards Arutso lake; the location of photo points is shown in Figure 2b).

The collapsed site of Arutso-50 is similar to Arutso-53. The ice deposit has almost melted away
and site surface is composed of gravel, sand, finer soil, clasts, and some large boulders with more
than 1m in diameter. The remaining ice mass was in the upper part of ice avalanches.

The field campaign shows that Arutso-50 collapsed after its lower part detached from the
mountain slope, which is a typical low-angle glacier detachments in the mountain region (Figure
4c).Because the mountain slope of Arutso-50 is less than that of Arutso-53, Arutso-50 broke down
and rushed out eastward, but moving speed is less than that of Arutso-53, so that ice avalanches did
not reach the lakeshore finally. It was calculated that area of Arutso-50 avalanche is smaller 2.92 km?
than that of Arutso-53, while estimated ice volume is 13x106m3 larger than that of Arutso-53,
indicating that its thickness is much higher than that of Arutso-53, so that there was still ice mass
remained in the upper part of the ice avalanches.

3.1.3. Analysis on Driving Factors

Arutso glacier collapse events occurred in 2016 attracted many well-known scientists in the
world to study the drivers and mechanisms behind twin glacier collapses [11,52]. The study shows
that glacier avalanche is a form of glacier instability and driving forces include climate, topography,
thermal conditions of ice body, bedrock instability and seismic activity etc [12]. In recent years, global
warming has been found to be main underlying cause of glacier collapses [12]. Through satellite
remote sensing, numerical simulation and field investigation, Kadab et al. conducted a systematic
study on the driving factors of Arutso glacier avalanches, and results showed that there was no single
triggering factor for two Arutso glacier collapses, which were caused by climate-and weather-driven
external forcing, acting on specific polythermal and soft-bed glacier properties and was large
catastrophic instabilities of low-angle glaciers rarely seen in the history [52].
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3.2. Sedongpu Ice-Rock Avalanches
3.2.1. Satellite Observation

Sedongpu basin lies in alpine-gorge regions in the southeastern Tibet and is seismically active.
The basin is prone to geohazards due to heavy precipitation, snow and ice cover, temperature raising,
earthquake, special terrain and geomorphologic conditions. Many high-position geohazards have
frequently occurred in the history, making the Yarlung Zangbo was temporally blocked for many
times. As the first high-resolution satellite that are available to the public for free so far, since its
launch, Sentinel-2 has well recorded the occurrence and evolution of geohazards and risk cascades
in the basin in terms of landscape change, land surface modification, river diversion,
geomorphological reworking etc.

The first cloud-free Sentinel-2 image for the Sedongpu basin was acquired on December 6, 2015
(Figure 5a). This image shows that the vegetation grew well in the basin except valley bottom, flow
path, moraine deposit, and snow and ice covered area. It is also clear that the vegetation grew on the
highland of the terrace in the middle of the basin and river flew through both sides of the highland.
It indicates that Sedongpu basin had been relatively stable for a long time in the past and no large
debris flow events occurred. Due to river blocking in the past, the debris deposit was in the Yarlung
Zangbo river as residual dam, which has an area of 39.3x10*m? with around 1.7 km long and 439 m
wide and is covered by vegetation. At the confluence, river channel is 646m wide and 68.0% of river
channel was blocked. The river mainly flows on the left side of deposition fan. According to previous
records and satellite image interpretation, it showed that a large-scale debris flow and river blocking
events occurred in 1974 and waterflow naturally overflowed from the left side of deposition fan
[36,54]. Sedongpu basin was relatively stable from 1975 to 2013 and no large-scale river blocking
event occurred. In 2014, an ice-rock avalanche in the basin caused a large-scale river blocking event
and partially destroyed vegetation on the deposition fan, while waterflow still naturally overflowed
from the left side of the deposition fan.
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Figure 5. Sentinel-2 images of ice-rock avalanches in the Sedongpu basin.

Sentinel-2 image on March 5, 2016 in Figure 6a showed that overall shape and flow conditions
of river channel were largely same as on December 6, 2015, but the area of debris deposit at the
confluence slightly increased due to water level lowering (Figure 5a). On May 24, 2016, overall river
status, area of debris deposit and waterflow conditions were largely in accord with those on
December 6, 2015, as shown in Figure 5b, showing that Sedongppu basin was relatively stable from
2015 to 2016, and there was no large-scale debris flow and river blocking events occurred.
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Figure 6. Sentinel-2 images of basin outlet and river confluence.

Sentinel-2 image on November 5, 2017 showed that previous debris deposit in the river was
largely inundated, exposing two smaller deposits in the river with total area of only 3.9x10* m2.
Meanwhile, there was fresh deposit fan of 5.2x10*m? appeared at the basin outlet, indicating a large
debris flow event occurred in the basin (Figure 6b). According to literature records, on October 22,
2017, an ice-rock avalanche and subsequent debris flow occurred in Sedongpu basin and blocked
Yarlung Zangbo at the confluence. The impact of debris flow caused strong ground vibration. The
dam body outbroke naturally after water level rose about 30m. It was a typical hazard cascades
originating from ice-rock avalanche, through debris flow, river blockage to outburst flood finally
[36,38,54].

Sentinel-2 image on December 30, 2017 showed a large deposit fan of 56.4x10* m? appeared at
the basin outlet and water flows from the right side of the dam instead of previous left side (Figure
5c). It indicated that a large-scale debris flow event occurred in the Sedongpu basin previously.
According to the literatures, an ice avalanche event occurred in the Sedongpu basin on December 21,
2017, which led to ice-rock avalanche, debris flow, blocking Yarlung Zangbo river again and forming
a barrier lake. After 72 hours of river blocking, the barrier outburst naturally, and the river passed
through the right side of the river channel. Comparison of Sentinel-2 images before and after the
event showed that a high-position glacier collapse was the main triggering factor for this event, which
also was a typical cascading hazard. This ice-rock collapse and its aftermath were closely related to a
6.5-magnitude Nyingchi earthquake on November 18, 2017. The earthquake caused serious
disturbance in the basin, such as destroying the integrity and stability of glaciers, rocks and moraine
deposits in the basin and making land surface looser, providing favorable environmental conditions
and rich materials for the subsequent ice-rock collapse and debris flow [38]. Sentinel-2 image on June
8, 2018 in summer provided a clearer picture of the panorama of Sedongpu basin and river blockage
after multiple glacial and rock avalanches, debris flows and two river blocking events in late 2017
(Figure 5d). The whole valley from snow and ice covered origin to basin outlet was tremendously
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eroded by ice-rock avalanche and debris flow, and deep scraped imprint and water erosion in the
flow path can be seen clearly. All vegetation on the previous deposits disappeared and became bare
surface. The bare-land area on both sides of the river in the basin increased significantly after land
surface was scraped and scoured two times by the highly mobile debris flows. Compared with the
end of 2017, the area of deposit fan at the basin outlet reduced to 43.6x10* m?, and river channel has
obviously widened and water flows more smoothly in June of 2018.

On October 17, 2018, a high-position ice-rock avalanche occurred in the Sedongpu basin and the
avalanche transformed into a highly mobile mass flow to rush out of the basin outlet and blocked the
Yarlung Zangbo River, forming the barrier lake in the river. After 56 hours, the barrier dam outburst
and water flowed from the right side of barrier body. It caused serious damages to roads, bridges,
cultivated land, and power and communication facilities. The study on evolution process of this event
showed that the ice-rock avalanche originated from near the mountain ridge with an altitude of
around 6000m in the western flank of Mt. Gyala Peri. The detached ice-rock avalanche slid along
steep slopes to the southwest direction under the force of gravity. Through further collapse and
disintegration under the way, the ice-rock avalanche transformed into highly mobile debris flows
and scoured valley. It disintegrated further, moved fast and scraped bottom and both sides of valley
along the flow path, and finally broke out of basin outlet and blocked Yarlung Zangbo river, forming
the barrier lake [36]. The length from the highest point of ice-rock fall to basin outlet is 10.2 km. On
October 29, another ice-rock avalanche and debris flow occurred in the Sedongpu basin again, which
broke out of basin outlet and covered the previous deposit, resulting in blocking Yarlung Zangbo
river again. After 24 hours, the river naturally overflowed the barrier body [18,38]. In view of the fact
that the hazard affected area is in high mountains and deep valleys, along with sparse population
and difficult access, the countermeasures of adaption to nature, full avoidance and appropriate
guidance were proposed for disaster prevention and mitigation [36]. Two massive ice-rock
avalanches and river blockages caused over 20 villages flooded and nearly 6, 000 people affected. The
rapid rise in upstream water level damaged and threatened roads, power lines, hydropower stations,
and other riverside infrastructure [55]. The events were well recorded in Sentinel-2 satellite images
acquired on 31 October 2018 in terms of changes in land surface, river flow and basin condition. The
previous deposit fan at basin outlet was covered by fresh debris and Yarlung Zangbo river was
completely blocked, and total area of deposit fan was 72.4x10* m?. The waterbody area at the
confluence increased significantly due to river blockage. The glacial-rock detached area and scar were
very obvious on the western flank of mountain ridge in the west of Mt. Gyala Peri (Figure 5e).

Sentinel-2 image on 30 November 2018 presented a clear picture at the confluence a month after
barrier lake outburst (not shown). After water level lowered considerably, a large area of deposit fan
appeared, with an area of 95.2x10* m?, and the river flows through the right side of large deposit fan.
The river channel was badly blocked and is less than 50m wide at narrowest point. By comparing
two satellite images acquired on December 6, 2015 and June 8, 2018 (Figure 5a and Figure 5d), it was
found that vegetation in the middle and upper parts of Sedongpu basin almost disappeared, the
scraped and scoured area on both sides of valley considerably increased, and a large area of deposit
fans appeared at basin outlet. The remaining deposit fan in 2015 on the opposite side of basin outlet
was completely submerged and disappeared, and waterflow changed from the previous left side to
the right side of river channel. The two large-scale ice-rock avalanche and subsequent massive debris
flows on October 17 and 29, 2018 further enhanced the deep-cutting erosions in the basin and debris
deposits at basin outlet, which intensified river blockage at confluence and narrowed waterflow
channel.

Four ice-rock avalanche and debris flow events in 2017 and 2018 not only caused hazard chains
in the region, but also had a significant impact on the river flow regime and geomorphological
features in the Sedongpu basin. Particularly, the ice-rock avalanche and follow-up debris flow on
December 21, 2017 that occurred after 6.5 Nyingchi earthquake on November 18, 2017 brought about
the most devastating disasters in the basin. The massive volume of debris flow deposited at the
confluence made the Yarlung Zangbo river dammed for 72 hours and changed waterflow from the
left side of the channel where river had flowed for a long time to the right side, while the Yarlung
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Zangbo river channel was badly blocked, with the narrowest point being less than 50m. After four
events in 2017 and 2018, Sentinel-2 images showed that no large ice-rock avalanches happened for
the period from 2019 to 2020. On 22 March 2021, it was reported that around 50x10¢ m? ice-rock
avalanche originated from the western flank of Mt. Gyala Peri occurred in the Sedongpu basin and
subsequent huge debris flow temporarily blocked the Yarlung Zangbo river [56]. More recent
Sentinel-2 image acquired on November 19, 2023 for this study is shown in Figure 5f. The basin outlet
and river condition at the confluence did not change much due to ice-rock avalanche and debris flow
on March 22, 2021, generally consistent with status at the end of 2018, except that the area of deposit
fan at basin outlet reduced obviously. The river still flows through the right side of the channel. As
shown in Figure 5f, in five years from the end of 2018 to 2023, vegetation did not regrow on the land
surface in the basin. After four large-scale ice avalanche and debris flow events in 2017 and 2018, land
surface in the basin became loose and was frequently eroded and scoured by small-scale debris flow,
which further reduced the surface stability in the basin and made it difficult for the surface vegetation
to recover in time.

3.2.2. Field Investigation

On April 11, 2023, the field investigation was conducted at Pai, Zhibai and Gyala villages in the
Yarlung Zangbo Grand Canyon region (Figure 7). Gyala is the closest village to Setonpu basin and
the farthest place to the Grand Canyon region from Miling County town by vehicle. The investigation
found that Yarlung Zangbo river bridge in Gyala village has become dangerous and was marked as
a sign of “No Passing”. The water level of Yarlung Zangbo river during the field survey was low, and
a large area of flood land appeared on the south side of the river. The flood imprint left by water level
surging after the Yarlung Zangbo river was blocked by ice-rock avalanche debris flow in the
Sedongpu basin were clearly visible, including floating branches, trees and some shrubs remaining
on the flood land and near the bridge, and some branches were still hung on the ropes of suspension
bridge. The cement road to suspension bridge also exhibited uneven and fractured surfaces after
being soaked in water.

Figure 7. Field investigation in Gyala village: (left) Yarlung Zangbo river, (right) looking at Yarlung
Zangbo river bridge from Gyala village.

According to measurements, elevation difference between Gyala village and water surface of
river is 60m, so that the impact of water level increasing of Yarlung Zangbo River on the village is
limited. The distance between Gyala village to Sedongpu outlet is around 6.8km and it will take at
least two days to visit Sedongpu basin. It was found the road of middle section between Zhibai and
Gyala villages is not much higher than the river surface, so that road to Gyala village will be largely
interrupted due to the inundation of these roads after river blockage.

3.2.3. Analysis on Possible Drivers

Glaciers in the Sedongpu basin are maritime type glaciers. Their mass accumulation and ablation
are more drastic than that of continental type glaciers. Ice and snow melting under warming climate,
along with local heavy precipitation, temperature anomaly and seismic activity often result in ice
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avalanche and related hazard chains in the Sedongpu basin under the favorable terrain and
geomorphologic conditions of mountain region [57]. The high-elevation ice-rock avalanche and
follow-up large scale debris flow often occurs in the Sedongpu basin, causing related geohazard
chains in the basin. On the other hand, Sedongpu basin is located in alpine-gorge area in the TP. High
diurnal temperature range in the region makes strong freeze-thaw erosion in snow and ice-covered
high mountains, and the fragmented and loose rock mass is widely distributed, and rockfalls often
occur in the basin [55]. Particularly, the funnel-shaped valley amplifies the mass flow and rainfall
concentration on the deposition in the valley, which intensifies the formation, development,
movement and late evolution of debris flows in the basin [58]. Therefore, under the combined effect
of temperature rising, heavy precipitation, seismic activity, freeze-thaw effect in the high mountain
cryosphere, in combination with favorable terrain and geomorphic conditions of Sedongpu basin, the
ice-rock avalanche and debris flow in the basin shows increasing trends and still will continue to
occur in the future [56].

3.3. Chamoli Rock-Ice Avalanche

In addition to the ice-rock avalanche events above in the eastern Himalayas, on February 7, 2021,
a catastrophic large rock-ice avalanche occurred in the Chamori region of the western Himalayas,
which caused more than 200 people death or missing and the destruction of two hydropower plants
[1,39]. Figure 8 shows the Sentinel-2 images before and after occurrence of this massive rock-ice
avalanche in the western Himalayas. On two pre-event satellite images, there were obvious cracks in
the upper part of the mountain, with a width of about 580m and a height of 50-60m. It was found that
there had been cracks in this mountain in previous Sentinel-2 images and can be detected as early as
2016. The image of February 5th, two days before the collapse, was covered with snow, indicating
that there was a heavy snowfall in the region prior to the ice-rockfall. On February 7, 2021, a massive
rock and ice detached from the steep north face of Ronti Peak at an altitude of about 5551m and
impacted the Ronti Gad valley floor about 1800 m below. Figure 8c shows the first Sentinel-2 satellite
image acquired on February 10th after the disaster occurred. The collapsed area is very obvious in
this image, forming an inverted triangular shape, with a maximum depth of 180m, average depth of
80m [1]. The total volume of detached rock and ice is 27x10m3, with rock and ice accounting for
approximately 80% and 20% of whole volume, respectively [1].

ATHE

Figure 8. Sentinel-2 images of rock-ice collapse event in Chamoli area in the western Himalayas: (a-
b) before and (c) after hazard chain event.

As mentioned above, it is clear that whether in the TP interior or in the Himalayan region, the
high-elevation ice and rock collapses in the mountain cryosphere are direct origin of these disaster
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events. In the southern Himalayas, the population density is high and many hydropower plants were
constructed, resulting in more serious damage to infrastructure and human lives and property at the
end of hazard chains [59-64]. Comparatively, damage and losses in the Sedongpu basin are quite
limited since there is no large infrastructure nearby, such as hydropower plants, along with less
human habitation and activities. Therefore, cascading hazards initially caused by the high-elevation
rock-ice collapse in the mountain cryosphere highlight the importance of adequate monitoring and
early warning systems as well as sustainable mountain development in the Tibetan Plateau,
Himalaya and other high-mountain environment in the world.

4. Discussions

Glacier avalanche refers to the glacier mass rapidly moving down the slope of mountain or
glacier collapse after detaching from the mountain bedrock and is the expression of instability of
mountain glacier. Climate warming and glacier retreat promote the occurrence of glacier-related
slope failures in the mountain region. Glacier thinning and changes in thermal conditions can
destabilize glaciers, while the surrounding rock slopes can become more prone to collapse due to
reducing stress and permafrost degradation.Tibet’s glacier is important part of glaciers in the TP and
High Mountain Asia [11,12]. Arutso twin glacier collapses are highly concerned by international
scientific community [51,52,67]. Glacier detachment events seem very rare in the mountain region,
especially in the interior of the TP. However, there were many records about glacier avalanche or
detachments in Tibet in the history. In 1940, the glacier in upper Kangbu region in Yatung county in
the southern Tibet collapsed; in 1954, the glacier above Sangwang Tso in the upper reaches of
Niangchu River collapsed, causing over 400 people death as by far deadliest known cryospheric
disaster in in Tibetan history; in July 1963, September 1975 and August 1978, massive ice mass fell
from Karuola hanging glacier due to heavy rainfall and large amount of ice slid onto the road [65].
Zelongnong glacier lies in Zelongnong valley on the west slope of Mount Namjagbarwa. The glacier
head is at the summit of Mount Namjagbarwa. In August 1950, massive ice collapses occurred in
Zelongnong glacier in Mount Namchabarwa triggered by the earthquake in southeastern Tibet,
making the Yarlung Zangbo was blocked temporarily [65]. The glacier avalanche inundated Zhibai
village, resulting 97 people death and only one survivor left in the village [66]. These glacier collapses
had caused glacier floods, debris flow, road blockage, and damage to infrastructure, and great loss
of life and property. However, the tongue of these glaciers was located in a very steep terrain, and
catastrophic glacier collapses occurred almost in the case of hanging glaciers.

Sudden mass failures of glaciers on the mountain slope have been observed over a wide range
of magnitudes, from ice falls at steep glacier fronts to large ice avalanches when hanging glaciers,
typically steeper than 30° [52,67]. On the contrary, Arutso glacier collapses were rare and are large-
scale catastrophic collapse events of low-angle mountain glacier, with a total volume of 153x10¢ m3.
Previously, Kolka ice collapse in the Caucasus Mountains, combining the large volume of surges and
mobility of ice avalanches, was considered to be the only catastrophic glacier collapse event in the
world, with a volume of 130x10¢ m? [67]. Whether it is low-angle mountain glacier or hanging glacier,
glacier collapses usually occur in the hot and rainy seasons, especially in mid-summer season. Kaab
suggested that once the Arutso avalanche deposits have melted, their geomorphic and lithologic
imprint should be investigated and the wider region be searched for signs of potential previous
glacier collapses [52]. Our field investigation and remote sensing interpretation in the study largely
answered these scientific questions. Arutso twin avalanche remains have melted away after
surviving 2 and 7 years, respectively. The sites were composed of gravel, sand, finer soil, clasts, and
some large boulders with more than 1m in diameter. Searching for the signs of potential previous
glacier collapses is also under way.

The southeastern Tibet contains high topographic relief conducive for the development of
hazard cascades, and the region has experienced a series of high-altitude ice-rock avalanches, glacier
detachments, and glacial lake outburst floods in recent decades [8,38,67]. Massive rock-ice avalanches
and debris fows frequently occurred and triggered secondary geohazard chains in the Yarlung
Zangbo river downstream, which significantly prolong and amplify the impacts of the hazard and
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pose a serious threat to local residents and infrastructure [37,68]. In the TP area, Himalayan
mountains in the south and Nyaingentanglha mountain in the southeastern Tibet have the highest
risk level of glacial mass movement related geohazards [19,31]. The main cause of these hazard events
in southeastern Tibet can be linked to combined effect of the glacier dynamics, climate warming,
heavy precipitation, seismic activity, and high topographic relief. With accelerating climate warming
in the TP, such hazard chains will continue in the future.

A catastrophic rock-ice avalanche in Chamoli in western Himalayas on February 2021 damaged
two hydropower plants, and more than 200 people were killed or are missing. Shugar et al. analysed
causes and process of this disaster event [1]. A massive rock and ice avalanche collapsed down a
Himalayan valley, turning into a deadly debris flow upstream from the first hydropower plant. The
sequence of events highlights the increasing risk in the Himalayas caused by increased warming and
development [1,39]. Shugar et al. also pointed out that considering the repeated slope failures in the
same place in the past two decades in the Himalayas the public education and raising people’s
awareness and preparedness of hazard prevention would be very beneficial [1]. Making a holistic
assessment of hazards in Tibet and Himalayas is also particularly important. The study highlights
the importance of adequate monitoring, early warning systems and sustainable development in the
Himalaya and other high-mountain environment.

5. Conclusions and Recommendations

In this study, the evolution process of glacier and ice-rock avalanches in Tibet and Himalayan
region was reconstructed using Sentinel-2 remote sensing data, its potentials in monitoring of ice-
rock avalanche and cascading hazard in the TP and surroundings were demonstrated, which has
great significance and implications for cryospheric hazard monitoring in the global mountain
regions. The main conclusions and recommendations are briefly summarized as follows:

(1) Arutso-53 and Arutso-50 glacier avalanches occurred after the lower part of glaciers detached
on the slope of mountain,which are typical low-angle glacier detachments in the high mountain
region. With mass accumulation and development, Arutso-53 is likely to occur again in the future.

(2) Sentinel-2 images showed that Arutso-53 avalanche completely melted away in July 2018,
while on June 22, 2021, there was still 0.58 km? of ice deposit left for Arutso-50. It melted out by the
end of August 2023 after lasting for seven years. In 2017 and 2018, four large-scale ice-rock avalanches
and debris flow in the Sedongpu basin have caused disaster chains in the basin and downstream,
resulting in a significant impact on the terrain and geomorphological structure for the basin and
watercourse.

(3) The occurrence of cryospheric hazard events in the high mountain environment in Tibet and
Himalayan ranges provides us an excellent opportunity to understand the evolution process and
mechanism of glacier mass movement related hazard cascades in order to cope with disasters and
enhance regional disaster prevention and mitigation.

(4) Under global climate warming, in association with overall warming and wetting
environment of the TP and Himalayas, the cryospheric hazards tend to be active. Timely monitoring
and understanding the nature and evolution process of these hazard chains and related mass flow
are crucial to hazard prevention and mitigation. Catastrophic hazard events caused by the high-
elevation glacier and ice-rock collapses in the interior of TP and Himalayan range highlight the
importance of mountain hazard monitoring, early warning systems and sustainable mountain
development, which would benefit the most remote and vulnerable communities through advances
in science and technology.

(5) It is recommended to carry out comprehensive hazard risk surveys in the high mountain
regions in the TP and Himalayas, strengthen transboundary cooperation and enhance remote sensing
and ground-based observations, and build adequate monitoring and early warning systems. In the
future, the high mountain regions in the southeastern Tibet and southern Himalayas remain the
primary focus for cryospheric hazards, such as ice-rock avalanches, avalanches and glacial lake
outburst, which should be a priority for the research community. Monitoring, investigating, early
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warning and prediction for cryospheric hazards in these regions should be particularly emphasized,
so as to reduce hazard risks and enhance our capability for sustainable mountain development.

(5) In the global environmental and hazard monitoring and emergency response, in addition to
Sentinel-2 high-resolution data, the application of commercial satellite data is an important option.
Among these, U.S. Planet Company has the world’s largest commercial fleet of Earth observation
satellites, providing users with rapidly updated, customized high-resolution commercial satellite
imagery. Planet Company came up with “using space to help life on Earth” and its mission is to
“image the entire Earth every day, and make global change visible, accessible, and actionable”. Planet
Company first successfully developed microsatellite swarm technology in the world, and has more
than 200 satellites in the orbit, with only satellite system at globally high resolution, high frequency,
and full coverage capability. They form constellation of satellites to ensure imaging land area of the
world with a resolution of 3-5m once a day. This has unparalleled advantages in hazard monitoring
and assessment, emergency relief management and so on.
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