remote sensing

Article

Remote Sensing Monitoring and Analysis of Jinwuco Lateral
Moraine Landslide-Glacial Lake Outburst in Southeast Tibet

Yaping Gao 7, Wenguang Yang 1’2, Rui Guo %3*

check for
updates

Citation: Gao, Y,; Yang, W.; Guo, R.;
Jiang, L. Remote Sensing Monitoring
and Analysis of Jinwuco Lateral
Moraine Landslide-Glacial Lake
Outburst in Southeast Tibet. Remote
Sens. 2023, 15, 1475. https://
doi.org/10.3390/rs15061475

Academic Editors: Stuart Dunning

and Peter V Gorsevski

Received: 10 January 2023
Revised: 2 March 2023
Accepted: 5 March 2023
Published: 7 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Liming Jiang 23

1 College of Earth Science, Chengdu University of Technology, Chengdu 610059, China

State Key Laboratory of Geodesy and Earth’s Dynamics, Innovation Academy for Precision Measurement
Science and Technology, Chinese Academy of Sciences, Wuhan 430077, China

University of Chinese Academy of Sciences, Beijing 100049, China

Correspondence: guorui@apm.ac.cn

Abstract: On 25 June 2020, a glacial lake outburst flood (GLOF) occurred in Jinwuco, Nidou Zangbo,
and southeast Tibet, causing catastrophic damage to multiple infrastructures such as roads, bridges,
and farmlands in the surrounding and downstream areas. Due to the lack of long-term monitoring of
glacial lake and glacier changes in the region and the surrounding surface, the spatial and temporal
evolutionary characteristics and triggering factors of the disaster still need to be determined. Here, we
combine multi-temporal optical remote sensing image interpretation, surface deformation monitoring
with synthetic aperture radar (SAR)/InSAR, meteorological observation data, and corresponding
soil moisture change information to systematically analyze the spatial and temporal evolution
characteristics and triggering factors of this GLOF disaster. Optical images taken between 1987 and
2020 indicate that the glacial lake’s initial area of 0.39 km? quickly grew to 0.56 km?, then plummeted
to 0.26 km? after the catastrophe. Meanwhile, we found obvious signs of slippage beside the lateral
moraine at the junction of the glacier’s terminus and the glacial lake. The pixel offset tracking
(POT) results based on SAR images acquired before and after the disaster reveal that the western
lateral moraine underwent a 40 m line of sight (LOS) deformation. The small baseline subset INSAR
(SBAS-InSAR) results from 2017 to 2021 show that the cumulative deformation of the slope around
the lateral moraine increased in the rainy season before the disaster, with a maximum cumulative
deformation of —52 mm in 120 days and gradually stabilized after the disaster. However, there
are three long-term deformation areas on the slope above it, showing an increasing trend after the
disaster, with cumulative deformation exceeding —30 mm during the monitoring period. The lateral
moraine collapse occurred in a warm climate with continuous and intense precipitation, and the low
backscatter intensity prior to the slide suggests that the soil was very moist. Intense rainfall is thought
to be the catalyst for lateral moraine collapse, whereas the lateral moraine falling into the glacier
lake is the direct cause of the GLOF. This study shows that the joint active-passive remote sensing
technique can accurately obtain the spatial and temporal evolution characteristics and triggering
factors of GLOF. It is helpful to understand the GLOF event caused by the slide of lateral moraine
more comprehensively, which is essential for further work related to glacial lake hazard assessment.

Keywords: GLOF; active-passive remote sensing; INSAR; spatio-temporal evolutionary characteristics

1. Introduction

Glaciers in alpine regions exhibit a general trend of retreat and thinning due to global
warming [1-6]. The glacial lakes have expanded rapidly [7], which raises the likelihood of
glacial lake outburst floods (GLOF) events [8,9]. Southeast Tibet has the most severe glacier
loss on the Tibetan Plateau [10,11]. In recent years, the quantity and size of glacial lakes in
the region have increased significantly, and several GLOF incidents have occurred, severely
damaging local infrastructure and compromising the lives and property of residents [12-14].
Detailed analysis and discussion of GLOF events and an in-depth understanding of the
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spatial and temporal evolution characteristics and triggers of GLOFs will help improve the
ability to assess and manage GLOF risks, establish a scientific and practical early warning
and forecasting system, and mitigate and avoid the impact of GLOFs [15,16]. Currently,
the study of GLOFs in southeastern Tibet primarily focuses on identifying potentially
dangerous glacial lakes in the region and assessing the risk of glacial lakes [17,18]. There
needs to be more comprehensive research on the spatial and temporal evolution charac-
teristics and triggering factors of glacial lake outburst disasters [19]. According to the 6th
IPCC Special Report on Oceans and Cryosphere in a Changing Climate [20], glacier retreat
can expose mountain slopes that were initially covered/supported by the glacier, which
can significantly increase the potential for slope instability. The expanding glacial lake is
surrounded by steep slopes and lateral moraines [21]. Recent GLOF studies have gradually
begun to analyze and discuss the impact of lateral moraine collapse on disasters [22,23].

Since GLOFs often occur in mountainous areas with complex and remote topography,
it is difficult to carry out relevant monitoring using traditional measurements. Thanks to
the rapid development of remote sensing technology, it provides adequate data support
and technical support for our study of GLOF [24]. Optical images are now widely used in
GLOF and related glacier disasters [25,26]. However, due to the influence of cloudy and
rainy weather in the summer, it is sometimes impossible to effectively obtain the feature
information of the occlusion area, which seriously hinders its application scenarios and
timeliness [27]. Considering the rich phase and magnitude information of SAR images
and the advantages of all-day and all-weather observation, this can continuously and
effectively observe the ground surface and make up for the shortage of optical remote
sensing images [28,29]. Based on the phase information of SAR images, we can use INSAR
technology to obtain the subtle long-time series deformation of the ground surface around
the glacial lake, which helps to discern the stability of the regional ground surface and
identify potential landslide areas. By capturing anomalous surface deformation signals
before the disaster, it is possible to analyze GLOF triggers in conjunction with other factors
(e.g., meteorological factors). When the surface deformation is too large, the pixel offset
tracking technique based on SAR intensity information can be used as a complement InNSAR
technique to obtain large gradient surface deformation [30-34]. At the same time, radar
backscattering intensity can reflect the moist state of soil [35,36], which helps analyze the
change in surface water content before disaster strikes.

In this paper, we comprehensively analyze the Jinwuco GLOF in June 2020 using a
combination of optical remote sensing and SAR/InSAR techniques. First, we used multi-
temporal remote sensing data to obtain the results of glacier retreat and glacial lake area
expansion for a long time series from 1987 to 2020 while identifying the lateral moraine
slip and surface destruction areas after GLOF. The SAR-POT technique was then used
to obtain the overall surface deformation around the glacial lake before and after the
disaster. Subsequently, the SBAS-INSAR technique was used to monitor and analyze the
long-time series of deformation of the surface around the glacial lake from 2017 to 2021. The
displacement time series around the slip zone was selected to evaluate the main influencing
factors of lateral moraine displacement. Finally, we discuss the triggers of this GLOF
event and the potential risks of surface deformation and post-disaster existence around the
glacial lake.

2. Study Area and Datasets
2.1. Study Area

The study area is located in the eastern part of Nyainqentanglha, Qinghai-Tibet Plateau,
China, in the Nidou Zangbo (“Zangbo” refers to rivers in Tibetan) watershed, which is part
of Jiali County, Naqu City, Tibet Autonomous Region (Figure 1). The valley is a sub-basin
located in the upper reaches of the Yi‘'ong Zangbo, with a total length of 68 km. The
topography in the basin is high in the west and low in the east; the highest elevation is
6883 m, the lowest elevation is 3110 m, and the average elevation is higher than 5000 m.
The basin has a subcool semi-humid monsoon plateau climate with cool summers and
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cold winters, and rainfall is mainly concentrated in summer, accounting for 60-70% of
the year [12]. According to the observation records from 1980 to 2019 at the nearest Lhari
weather stations in the study area, —0.2 °C in January is the average annual minimum
temperature, 8.9 °C in July is the average annual maximum temperature, and the average
annual cumulative rainfall is 753 mm [14]. The widely distributed marine glaciers in the
basin, with a total area of 417.96 km?. This glacier is more sensitive to climate change than
continental glaciers in the Tibetan Plateau [37].
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Figure 1. The location of Jinwuco Lake and its parent glacier. (a) Spatial position of the study region
in the Tibetan Plateau. (b) A red rectangle denotes the coverage area of the image and the red
pentagram represents the location of the study area. (c) Overall view of the glacier and glacial lake.
(d) Local enlargement of the glacier terminus connected with the glacial lake from Google Earth. The
black triangle is the selected radar backscatter feature point for analyzing the GLOF trigger factors.

Jinwuco is located in the southwest of the upper reaches of the Nidou Zangbo and
is a glacier-fed lake, the largest glacial lake in the Nidou Zangbo basin [38]. In addition,
the nearest village to Jinwuco, Yiga Village, is only 5.1 km away from the lake in a straight
line. Before the disaster, the area of the glacial lake reached 0.56 km?, and the area of the
mother glacier was 7.9 km?. The steep ice tongue at the end of the mother glacier is closely
connected with the glacial lake. The lake’s surface elevation is high in the south and low in
the north, with an average elevation of 4461 m. The glacial lake is oriented north-south and
appears as an irregular rectangle with a broader front and back and a narrower middle. Its
linear length is approximately 1.8 km, its narrowest width is approximately 0.23 km, and
its widest width is approximately 0.36 km. The mountain has a steep, east-west slope that
averages 37.3° and 35.6° on each side, and it is either covered with vegetation or seasonal
snow. A perennial drainage outlet with a width of roughly 13 m is located on the west side
of the dam.

2.2. Datasets

In order to monitor surface deformation around the glacial lake before and after
the GLOF, we collected 150 views of ascending Sentinel-1A images from March 2017 to
February 2022. Simultaneously, the orbit state vector for each image was updated using
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the precise orbit files released by ESA. The 1-arcsecond SRTM DEM was used to assist
in the InNSAR processing steps, such as co-registration between master and slave images,
deduction of the topographic phase, and geocoding of the corresponding data. In addition,
optical remote sensing images covering the study area from 1987 to 2020 with cloud content
of less than 10% were collected to decode and identify the spatial and temporal evolution
characteristics of the glacial lake and its surrounding surface. Meanwhile, the trigger
analysis of GLOF events was carried out using ERA5 temperature data and GPM rainfall
data from January 2017 to June 2020 [39,40]. The basic information of the data used in this
paper are listed in Table 1.

Table 1. The basic information of the data used in this paper.

Number

Data Resolution Date (yyyymmdd) of Scenes Purpose Sources
1987-11-08,
1990-06-25 htps:
Landsat5 TM 30m 1995-07-25, 6 Glac1al. / /earthexplorer.usgs.gov
2000-06-24 lake mapping (accessed on 2 March 2023)
2005-09-06,
2010-10-06
Glacial https:
Landsat8 OLI 30 m 2015-10-20 1 lake mappin / /earthexplorer.usgs.gov
pping (accessed on 2 March 2023)
. 2019-09-26, . https:
Sentlr;\ils-lz A&B 10 m 2020-05-01 3 lak Grljmalin / /scihub.copernicus.eu
2020-07-27 axe mappmng (accessed on 2 March 2023)
https:
Sentinel-1A afifr?f’;lzlgzgnrln igi(()):(())g:(zjél 2 D-InSAR, POT / /search.asf.alaska.edu
) (accessed on 2 March 2023)
Time-series https:
Sentinel-1A afifr?f’;lzlgzgnrln 2017—%32-_2213_2022- 150 displacement / /search.asf.alaska.edu
’ analysis (accessed on 2 March 2023)
e 2017-01-01-2020- . Meteorological https://pmm.nasa.gov
Precipitation 10 km 07-03 daily analysis (accessed on 2 March 2023)
Temperature 10 km 2017-01-01-2020- dail Meteorological co E:;}zsu/s/ec d?:cléz;zfci on
p 07-03 y analysis P o

2 March 2023)

3. Methodology

Figure 2 is the workflow of this study. We obtain the long-term changes of the glacial
lake and glacier terminus by multi-temporal remote sensing image interpretation. The
POT and SBAS-InSAR methods based on Sentinel-1A SAR images are used to obtain the
surface deformation around the lake. Finally, the corresponding monitoring results and
meteorological data are combined to analyze the triggering factors of this GLOF event and
identify potential landslide areas.
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Figure 2. The workflow chart of this paper.

3.1. Extraction Methods of Glacial Lake and Glacier Information

Dynamic monitoring of glacial lake changes is critical for GLOF hazard studies [41-44],
and its area change can reflect the overall trend of glacial lake expansion. The manual
visual interpretation method was used to obtain the changes in the glacial lake area and
glacier terminus position, which is simple to operate with relatively accurate results. To
avoid the effect of cloud cover, we collected Landsat-5, Landsat-8, and Sentinel-2 images
with less than 10% cloudiness. In addition, specific wave combination ratios are needed
to highlight the differences between the various types of features in the images. The
commonly used band combinations for glaciers and bare ground are the 543, 754 bands
(corresponding to short-wave infrared (SWIR), near-infrared (NIR), and red bands) of
Landsat-5 and Landsat-8 images and the 843 bands of Sentinel-2 (corresponding to NIR,
red and green bands) [45,46]. Then, we used the Sentinel-2A image of September 26, 2019,
as a reference image, and the remaining images were geo-registered. Ultimately, five
inter-annual variations of the glacial lake and parent glacier terminus were counted and
analyzed based on visual interpretation of lake boundaries. It should be noted that if the
quality of the satellite images is severely affected by extreme weather, images from the
same season in adjacent years can be used as substitutes.

3.2. SAR POT Processing

The pixel offset tracking based on SAR images is mainly implemented by two cross-
correlation algorithms: coherence tracking and intensity tracking [47]. The former requires
the existence of good coherence between the two scenes of SAR images and is suitable for re-
gions with high coherence discontinuities. The latter has lower requirements for coherence
and is suitable for regions with large displacements and poor coherence. Considering the
complex natural geographical environment of the study area, we used the cross-correlation
algorithm based on intensity tracking to monitor the displacement of the surface around
the glacier lake in range and azimuth. All POT steps were processed using GMAMA
software [48]. First, we deramped the registered SLC images for the azimuth phase ramp.
Then, the offset fields in range and azimuth were estimated using the correlation function
between SLC images. The image-matching window size was set to 128 x 128 with an
oversampling factor of 2.
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In addition, the finely registered SLC images were set with a 5:1 multi-look factor in
range and azimuth, respectively, to improve their signal-to-noise ratio to suppress noise
effectively, and the radar backscatter intensity of SAR images was calculated.

3.3. SBAS Processing

The SBAS-INSAR technique was used to acquire the time-series deformation of the
surface around the glacial lake. The main principle is to set the optimal spatiotemporal
baselines between SAR images and generate multiple differential interferometric pairs, and
then use singular value decomposition to jointly solve the small baseline set to obtain the
deformation time series of the whole period [49,50].

The interferometric pairs of the corresponding periods were severely decoherent due
to the seasonal snow in the study area, and it is challenging to maintain good coherence
even for interferometric pairs 12 days apart. Given this, we analyzed the coherence of all
the interferometric pairs during the monitoring period and then eliminated the seriously
decoherent image pairs. Ultimately, we divided all the images into five time periods
according to the time of acquisition and selected the images mainly from June to October
each year for data processing. All SBAS steps were processed using GMAMA software.

The temporal baseline and perpendicular thresholds were set to 50 days and 150 m to
reduce the noise exhibited in the interferometric pairs due to spatio-temporal decoherence
(Figure 3). We performed differential interference on the precisely registered single-look
complex (SLC) images and then generated multiple interferometric pairs. To suppress the
noise in the interferometric phase, we used an adaptive filtering function of 32 window
sizes based on the power spectral density [51]. We used the minimum cost flow algorithm
on a Delaunay triangular mesh to unwrap the wrapped interferometric phase [52]. Subse-
quently, the atmosphere screen associated with elevation was removed, and high-quality
unwrapped differential interferograms were retained. Finally, the time series deformation
information was inverted through singular value decomposition. The deformation away
from the satellite is negative, and the deformation towards the satellite direction is positive
in this paper.

100
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o

o
S

-100
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Figure 3. Spatial—temporal baseline for each period. (a—e) represent spatial—temporal baselines for
different time periods, respectively.
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4. Results and Analysis
4.1. Changes of Glacier Lake Area and Glacier Terminus in Recent 30 Years

We used optical images from 1987 to 2020 to interpret glacier terminus retreat and
glacial lake area changes (Figure 4a). The historical images show that the glacier’s terminus
has continued to retreat since 1987, with a cumulative retreat distance of 700 m (Figure 4b).
The retreat rate was relatively slow at 10 m/year before 2000 but accelerated to 30 m/year
after 2000. Meanwhile, the glacial lake area expanded from 0.39 km? in 1987 to 0.56 km?
before the disaster in 2020, with a cumulative increase of 0.17 kmZ. Before 2005, the glacial
lake expanded at a slower rate of 0.014 km?-(5a)~!, with a total expansion of 0.05 km?.
After 2005, the glacial lake area expanded at a faster rate of 0.055 km?:(5a) !, with a
total expansion of 0.11 km?, accounting for 64.7% of the total increase (Figure 4b). The
continuous retreat of glaciers supports the rapid expansion of glacial lakes. From the timing
of the glacier terminus and glacial lake area entering accelerated change, we suggest that
this may be related to the warming and humidifying climate of the region after 2000 [53,54].

0.6 I I I I I I 1 I 800
(b) S, | E
0.5 F \ 46008
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%\ [ >< | 5
< 04 /J -4 400 5
5 5
< I | £
z after GLOF -
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A —e— Glacier terminus variation E
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Figure 4. The changes of glacier lake area and glacier terminus. (a). the changes of the glacier lake
area, (b). the changes of the glacier terminus.

After the glacial lake burst in June 2020, the lake water was quickly discharged, which
caused the area of the glacial lake to decrease rapidly. The glacial lake area decreased from
0.56 km? to 0.26 km?, which was 1.76 times greater than the increase in the glacial lake area
(Figure 4b).

The rapid retreat of glaciers provides water and space for the expansion of glacial lakes.
It exposes lateral moraines and mountain slopes initially covered by glaciers, which may
reduce their stability [55,56]. Since these lateral moraine slopes are located above the glacial
lake, a GLOF hazard may be induced in the event of instability. Therefore, we must further
monitor their long-term deformation trends and capture anomalous deformation features
(see Section 4.3). In summary, the glacier retreat and the glacier lake’s continued expansion
provide the primary conditions for this GLOF event, which has a similar development
trend with the previous GLOFs [41,57].

4.2. Lateral Moraine and Glacier Lake Dam Deformation before and after the GLOF Event

In order to comprehensively understand the changes in glaciers, glacial lakes, and
their surrounding surfaces in the short term before and after the occurrence of GLOF,
we analyzed the areas of anomalous surface changes by combining optical images and
deformations obtained by the D-InNSAR and POT techniques. Optical images before and
after the disaster show that the glacial lake area is significantly changing, and there are
clear signs of the lateral moraine collapsing at the glacier’s terminus at the junction of the
glacier lake. The length and width of the slumping area are 680 m and 230 m, with an
area of 0.1 km?. The slip block is piled up directly in the glacial lake, and some mixed
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ice and snow material is still at the back edge of the pile up (Figure 5). In the drainage
area of the glacial lake, extensive surface damage may be caused by the rapid dumping
of water after the outbreak of the glacial lake. During the rapid flow of flood water, the
water continuously scours the ground surface around the outlet (e.g., mountain slopes,
lateral moraine), causing massive damage to the surrounding terrain and accumulating
large amounts of debris in the flood overflow area.

Collapse Zone Glacier Lake Water Outlet

I | Flood Flow Area ? E 05 | }km

L = =i i

Figure 5. Optical remote sensing image recognition of lateral moraine collapse. The red rectangle
represents the range of the slip zone. The blue polygon represents the boundary of the glacial
lake. (a,b) represent the optical remote sensing images before and after the GLOF event. The black
rectangle represents the lake’s drainage outlet. The blue dashed line represents the flood flow area
near the lake.

D-InSAR results obtained from Sentinel-1A images on 23 June 2020, and 3 July 2020,
show that the deformation variables in most of the area around the glacial lake before and
after the occurrence of GLOF (25 June 2020) are in the range of —10-5 mm, which indicates
that most of the area is in a relatively stable state (Figure 6). However, there are three
prominent deformation zones on the upper slope of the lateral moraine landslide area, with
a maximum deformation of —40 mm. The deformation results in the landslide region could
not be obtained due to the severe decoherence of the interference phase caused by the large
gradient deformation in the surface damage region.
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20200623-20200703

Figure 6. The results of the surface deformation around the glacial lake are shown in a radar
coordinate. It is important to note that its direction of which is shown approximately upside down
compared to the direction of the geographical coordinates. The white dashed box indicates the
deformation area, red rectangle represents the collapse zone and the light blue polygon represents
the Jinwuco lake.

Because of this, we used the intensity information of images from the same period and
POT technology to obtain the deformation results of the surface damage zone. The corre-
sponding results show that there are significant deformation signals near both the collapse
and drainage areas, as shown in Figure 7, where a positive value (blue color) indicates a
movement toward the sensor, and a negative value (red color) indicates movement away
from the sensor.

Combining the deformation results in range and azimuth, it can be seen that the
collapse area mainly moves in the northeast direction, and the maximum deformation
reaches —60 m. Deposits mainly move along the southeast direction, with a maximum
deformation of 55 m. This is consistent with our optical image interpretation that the
slumping area moves downward along the slope, and the accumulation is mainly located
near the glacier’s terminus. The displacement of the drainage area in the distance direction
is mainly toward the direction of the satellite, and the maximum deformation is 55 m.
However, its deformation characteristics in the azimuthal direction are divided by the
location of moraine dams, which show opposite deformation signals. The inner side of
the glacial lake behaves away from the satellite direction. In contrast, the outer side of the
glacial lake behaves close to the satellite direction, with a maximum deformation variable
of 88 m. Optical images before and after the disaster show that the moraine dam was not
destroyed, but the post-disaster drainage of the glacial lake was significantly larger. Part of
the material in the lake was discharged from the breach with the flood and accumulated
outside the dam body, while the other part accumulated inside the dam body.
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The above analysis not only shows the reliability of the POT results, but we also found
nearly synchronous lateral moraine collapse with the glacial lake outburst, which provides
support for the subsequent discussion of the triggering factors of GLOF (see Section 5.1).
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Figure 7. The lateral moraine and glacier lake dam deformation before and after the GLOF event. The
purple dotted line represents the extent of the lake. (a,b) are the range and azimuthal deformation of
the ground surface, respectively.

4.3. Surface Deformation Processes around the Glacial Lake from 2017 to 2021

In order to comprehensively assess the surface deformation processes in the collapse
zone and other areas around the glacial lake, and to capture the possible anomalous
deformation signals on the surface around the glacial lake before and after the GLOF event,
we obtained the surface deformation results from 2017 to 2021 using the SBAS-InSAR
technique. In this paper, the INSAR deformation results for equal time intervals for different
years were obtained over a time span of 120 days. Figure 8 shows the results of the surface
deformation around the glacial lake for different years, where positive values represent the
direction close to the satellite line of sight and negative values represent the direction far
from the satellite line of sight.

4.3.1. Surface Deformation Processes around the Glacial Lake before the GLOF Event

The SBAS-InSAR results show that during the monitoring period before GLOF (2017-2019),
the cumulative deformation of most surface areas around the glacial lake before was in the
range of —10-10 mm, indicating that most areas were stable. There are apparent surface
deformation signals in the slump zone, and the accumulated deformation was —52-0 mm
during the monitoring period. There are also three mountain slopes with obvious deformation,
which are the P1, P3, and P4 areas. We found that the P2 area near the slump area had the
most significant deformation in 2017, with a maximum deformation of —52 mm during the
monitoring period. In comparison, the cumulative maximum deformation in the P2 region
was —32 mm and —43 mm in 2018 and 2019, respectively.
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Figure 8. Surface deformation monitoring results of the mountains around the glacial lake.
(a—e) represent the cumulative deformation of different monitoring cycles in radar coordinate. P1-P4

are the selected typical deformation areas. (f-i) represent the time series deformation results for each
region.

The area and magnitude of surface deformation areas show spatial heterogeneity over
different observation periods. The surface deformation values and areas were relatively
larger in 2017 over the same observation period. The P3 area directly above the slump zone
also exhibited the greatest deformation extent and magnitude in 2017, with a maximum
cumulative deformation of —45 mm. The deformation of the oblique upper P1 region in the
P3 region was the largest in 2019. However, its deformation area is smaller than in previous
years, and the maximum deformation is —72 mm. The cumulative deformation of the P4
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area is relatively close in each monitoring period before the disaster, and the cumulative
deformation is smaller than the P1, P2, and P3 zones. The maximum deformation was
only —27 mm during the monitoring period. The surface time series deformation sequence
results show that the four deformation areas have evident deformation intensification in the
observation period, and the trend of deformation intensification in 2017 and 2019 is the most
significant. By calculating the average deformation rate of P1-P4 from 207 to 2019, we found
that the deformation rate in 2017 was —14 mm/month. The deformation rate in 2019 was
—14 mm/montbh, significantly higher than the average in 2018 was —10 mm /month. This
indicates that the lateral moraine slope had experienced multiple deformation acceleration
stages before the disaster.

In general, the range of deformation and cumulative deformation variables was
relatively large in 2017, followed by 2019, and 2018 showed minor cumulative deformation
in all deformation zones. The anomalous changes in surface deformation before GLOF
were mainly influenced by climatic factors (see Section 5.1).

4.3.2. Surface Deformation Processes around the Glacial Lake after the GLOF Event

In 2020, after the GLOF occurred and severe surface damage occurred in the landslide
area, the remaining surface deformation areas also changed accordingly. The deformation
range near the slump area increased significantly, and obvious surface deformation signals
were observed at the trailing edge of the slump area. However, the deformation magnitude
in this area was lower than that in 2017 and 2019 before the disaster, and the maximum
cumulative deformation was —32 mm (Figure 8g). The main reason for the increase in
the deformation range in this area is the influence of the lateral moraine collapse. The
slope movement will destroy the surface stability of adjacent areas, and loose deposits
are prone to displacement under the influence of rainfall, meltwater, and other factors. In
2021, after the disaster, the cumulative surface deformation and deformation range around
the landslide area decreased significantly, and the overall deformation was in the range of
—5-0 mm, indicating that the area was stable during this monitoring period. We believe
this is after the violent sliding, the lateral moraine collapse, and the body deformation. It
tends to stop as the center of gravity decreases, the declining energy decreases, the anti-slip
force increases, the displacement speed slows down, and the anti-slip force gradually
decreases [58]. It is worth noting that the surface around the lake was affected by snow in
winter, resulting in inferior interferometric quality between the images and the inability
to effectively separate the deformation signal, so we cannot be more precise about when
the collapse zone stabilized. The surface around the collapse zone may have stabilized
between November 2020 and June 2021, or it may begin to stabilize gradually only in the
second year after the disaster. However, in any case, in the second year of monitoring,
the collapse zone is stable from the INSAR deformation results we obtained. At the same
time, we found a significant surface deformation in the GLOF flow area in 2020, and the
maximum cumulative surface deformation is —58 mm. Comparing optical images reveals
that the area is in the middle of the accumulation zone. However, one year after the GLOF
(2021), no significant surface deformation was monitored in the region, indicating that
the region became relatively stable in the second year after the disaster. Therefore, the
deformation is mainly affected by the short-term impact of the fast-moving glacial lake
outburst flood and does not fundamentally impact the mountains around the region.

In addition, there is still apparent surface deformation after the disaster in the P1, P3,
and P4 regions before the GLOF. We found that in addition to the slope near the lateral
moraine collapse zone, it tends to be stable in 2021 after the disaster. The deformation
magnitude and deformation range of the P3 and P4 regions have increased during the
post-disaster monitoring period, and the maximum cumulative deformation is —51 mm
and —40 mm, respectively. Moreover, although the deformation magnitude of the P1
region does not increase significantly, its deformation range tends to expand. Similar to the
analysis above, this slip movement may have also influenced this.
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5. Discussion
5.1. Triggering Factors of GLOF

In general, sustained summer heat and rainfall promote glacier melting, which pro-
vides a large amount of water for the glacial lake [59]. Especially in the case of underground
outflow, the water content of the surface increases through infiltration into the slope and
gradually affects the stability of the slope [60]. In addition, high-intensity precipitation will
aggravate the above situation and induce lateral moraine collapse and ice avalanches or
directly increase the volume of the glacial lake, leading to GLOF events. [23]. To under-
stand the meteorology of the GLOF events and their impacts on slope deformation and
GLOF events, we counted and plotted daily average rainfall, monthly precipitation, and
temperature data for the study area from 2017 to 2020 (Figure 9).
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Figure 9. Correlation analysis between ground temperature, precipitation and relatively backscatter
intensity of landslide for black triangle marked in Figure 1d.

According to the temperature data, the highest temperatures in the study area occur
between June and September each year, when the average daily temperature is above
0 °C. During this period, the glaciers are melting, and the frozen period of the glacial
lakes is over. In the year 2020, before the GLOEF, the overall temperature was continuously
warming, with the temperature reaching its peak in June before the disaster. There are large
interannual fluctuations in precipitation in the study area and seasonal fluctuations, with
low precipitation in winter and high precipitation in summer. The cumulative monthly
rainfall in June 2020 was up to 240 mm, the most considerable monthly seasonal rainfall
since 2018. Persistent rainfall existed throughout June, and 45 mm of rainfall was observed
four days before the GLOF event, which was the maximum daily rainfall for the month.
It is not difficult to find evidence that lateral moraine collapse and GLOF occurred after
warm and unusually wet weather. Given a period of relatively dry and warm days prior to
the GLOF event, the subsequent gradual snowmelt that provided runoff to the watershed
could provide a plausible explanation for the lag between this heavy precipitation event,
the onset of the landslide, and the outburst flood. However, the current results still need
to be apparent for the relationship between the lateral moraine collapse and GLOE. It is
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difficult to determine whether the lateral moraine slump leads to GLOF or whether the
lateral moraine slump is induced after GLOF occurs.

In view of this, we analyzed the temporal deformation pattern and the relationship
between deformation and rainfall response in the lateral moraine and other surface defor-
mation areas. According to the deformation results and meteorological data for P1-P4 from
2017 to 2021, it is found that cumulative deformation variables in the deformation zone
are significantly more extensive and more susceptible to significant periods of deformation
acceleration during rainy seasons with high accumulated precipitation, and the presence of
peak precipitation, such as in 2017 and 2019 and 2020. In addition, the significant deforma-
tion trend of the lateral moraine slope for three consecutive rainy seasons indicates that it
may be on the verge of instability, which makes it vulnerable to landslide under rainfall con-
ditions, and this conclusion is consistent with the findings of Guo et al. (2020) [61]. Existing
studies show that persistent and high-intensity precipitation increases surface water content
mainly through infiltration deformation, which increases slope instability [62]. Considering
the scorching and humid climate in 2020, glacier meltwater would affect soil moisture and
precipitation. Therefore, we extracted the time-series radar backscatter intensity around the
lateral moraine collapse zone using SAR intensity deformation to characterize the changes
in soil moisture (Figure 9). The radar backscatter intensity prior to the onset of GLOF was
at the lowest on record, indicating that this period experienced extremely wet soil moisture,
which would favor the onset of instability in the lateral moraine. Considering the direction
of movement of the lateral moraine slip and the accumulation area mainly located in the
junction area between the collapse area and the glacier terminus (see Section 4.2), we believe
that the continuous precipitation and peak rainfall in 2020 caused the lateral moraine slip in
the first place. The lateral moraine slip entered the glacial lake and stirred up surge waves,
which led to the outburst flood. Our conclusions from the deformation patterns of glacial
meltwater, rainfall, soil moisture changes, and lateral moraine landslides are consistent
with Zheng et al. (2021) [14]. Nevertheless, we put more emphasis on the fact that glacial
meltwater and rainfall can influence the stability of lateral moraine landslides and thus
induce GLOF by increasing the surface water content in a semi-quantitative manner.

In addition, Yang et al. (2022) suggested the possibility of ice avalanche-induced
GLOF [46]. We found a partial ice mixture in the accumulation formed by the lateral
moraine slip in the optical image interpretation. However, by comparing the optical images
of the glacier terminus for many years and the changes of the glacier terminus before
the disaster, no significant new ice crevices appeared before the disaster, and the glacier
terminus did not show significant changes before GLOF. Therefore, we believe that the
ice and snow mixture in the accumulation area, which collided with the end of the glacier
during the collapse of the lateral moraine and carried part of the ice and snow material; we
can basically exclude the possibility that an ice avalanche induced GLOF.

In summary, this study suggests that GLOF occurred during a warm and unusually
wet period, when high temperatures promoted glacial ablation and provided runoff to the
watershed, and sustained and intense rainfall further increased surface water content and
reduced the stability of lateral moraines. Ultimately, a lateral moraine slump occurred at
the glacial lake’s junction and the glacier’s terminus. Due to the vast kinetic energy and
potential energy carried by the rapid displacement, the source of the slumped body quickly
stirred up surges after entering the glacial lake. It caused overtopping, which eventually
led to GLOF.

5.2. Surface Deformation around Glacial Lakes and Potential GLOF Risk

Considering the intensification of southeast Tibet's warm and humid climate in recent
years, the possibility of extreme weather increases in the future [63]. It is foreseeable that
the glacier will continue to retreat and melt under such climate conditions, and more glacial
lakes may expand further. In addition, with time, the glacial lake may also return to its
original volume after the outburst, becoming a potentially dangerous glacial lake that may
be affected external driving forces, and GLOF events may occur again. Exposed lateral
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moraines after glacier retreat will be less stable after losing glacier support. The possibility
of slippage in the less stable lateral moraine will gradually increase in the hot and humid
climate. Consequently, GLOF events caused by external factors such as lateral moraine
landslides and ice avalanches require our further attention. According to SBAS-InNSAR
results, three distinct areas of surface deformation still exist around the glacial lake, and the
cumulative deformation increases significantly during the rainy season (see Section 4.3).
There is a possibility of destabilization in these regions under future climate states. Since
these three deformation zones are higher in height relative to the glacial lake surface than
the 2020 collapse zone, they have greater potential energy. When it collapses over a large
area, the potential energy is converted into kinetic energy, which creates a source of high-
speed motion in the glacial lake that may stir up an enormous surge, causing a larger GLOF
than the one in June 2020. This will seriously affect the surrounding infrastructure and
people’s safety; for these areas, we need to strengthen the monitoring means to avoid or
mitigate the possible impact of the disaster.

6. Conclusions

This paper systematically analyzes the spatial and temporal evolution characteristics
and triggering factors of GLOF disasters by combining multi-temporal optical remote
sensing interpretation, SAR/INSAR surface deformation monitoring, meteorological data,
and soil moisture changes. The main results are summarized as follows:

(1) Multi-temporal optical remote sensing interpretation results show that not only
did the glacier’s terminus retreat by about 700 m from 1987 to 2020 before the disaster, but
also the area of the glacial lake expanded by 0.17 km?. The reduction of the glacial lake
area after the GLOF event was 1.76 times the total increase before the disaster. The lateral
moraine collapse located on the west side of the glacial lake and near the lake drainage
outlet is monitored by the POT technique. The maximum deformation in range is 55 m and
in azimuth is 88 m.

(2) The time series of INSAR results from 2017 to 2019 indicate that the surrounding area
of the landslide area was in a state of deformation for a long time before the disaster, with a
maximum cumulative deformation of —52 mm. The landslide area gradually stabilized
after the disaster, and the accumulated deformation is less than —5 mm in the monitoring
period of 2021. In addition, INSAR results show that three areas still exhibited significant
deformation during the post-disaster monitoring period. The accumulated deformation
is more remarkable than —35 mm, with the possibility of destabilization, which requires
further attention.

(8) Meteorological factors are crucial contributors to this disaster. High temperatures
promote glacial melt and provide runoff to the watershed, and continuous and intense
rainfall further increases the surface water content and reduces the stability of the lateral
moraine. Finally, at the junction of the glacial lake and the end of the glacier occurred the
lateral moraine slip, the source of the slip body because of carrying tremendous kinetic
energy, into and at the rapid and its surge triggered diffuse top, and finally led to the GLOF.

The above results show that the combination of active and passive remote sensing
technology to carry out GLOF hazard research can accurately obtain its spatial and temporal
evolution characteristics and triggering factors, which will help further understand GLOF
events due to lateral moraine landslides. As regional warming and humidification intensify,
rapid glacier retreat and melting will further lead to the instability of lateral moraines
and glacial lakes. GLOF disasters similar to Jinwuco will require more attention in the
future. This study helps to improve our ability to assess and manage GLOF disaster risk
and establish a scientific and practical early warning and forecasting system to reduce and
avoid the impact of GLOF.
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