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Abstract: In recent years, disaster chains caused by glacier movements have occurred frequently in
the lower Yarlung Tsangpo River in southwest China. However, it is still unclear whether earthquakes
significantly contribute to glacier movements and disaster chains. In addition, it is difficult to measure
the high-frequency and large gradient displacement time series with optical remote sensing images
due to cloud coverage. To this end, we take the Sedongpu disaster chain as an example, where the
Milin earthquake, with an epicenter 11 km away, occurred on 18 November 2017. Firstly, to deal
with the cloud coverage problem for single optical remote sensing analysis, we employed multiple
platform optical images and conducted a cross-platform correlation technique to invert the two-
dimensional displacement rate and the cumulative displacement time series of the Sedongpu glacier.
To reveal the correlation between earthquakes and disaster chains, we divided the optical images into
three classes according to the Milin earthquake event. Lastly, to increase the accuracy and reliability,
we propose two strategies for displacement monitoring, that is, a four-quadrant block registration
strategy and a multi-window fusion strategy. Results show that the RMSE reduction percentage of the
proposed registration method reaches 80%, and the fusion method can retrieve the large magnitude
displacements and complete displacement field. Secondly, the Milin earthquake accelerated the
Sedongpu glacier movement, where the pre-seismic velocities were less than 0.5 m/day, the co-seismic
velocities increased to 1 to 6 m/day, and the post-seismic velocities decreased to 0.5 to 3 m/day.
Lastly, the earthquake had a triggering effect around 33 days on the Sedongpu disaster chain event
on 21 December 2017. The failure pattern can be summarized as ice and rock collapse in the source
area, large magnitude glacier displacement in the moraine area, and a large volume of sediment in
the deposition area, causing a river blockage.

Keywords: cross-platform optical image correlation; Sedongpu basin; glacier displacement;
Milin earthquake; disaster chain

1. Introduction

In the context of global warming, most glaciers are experiencing substantial melting
and transformation, particularly in western China, which has led to an increased frequency
of ice-rock avalanches [1–4]. The lower Yarlung Tsangpo River region, influenced by
tectonic, geological, and seismic factors, is one of the most avalanche-prone areas in
the world [5–9]. Disasters initiated by glacier ablation often do not manifest as isolated
collapses or landslides. Instead, they develop into complex disaster chains that include
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ice-rock avalanches, debris flows, dammed lakes, and flood outbursts. These events pose
great threats to lives, properties, and major infrastructure projects [10], as evidenced by the
Zelongnong landslides in 1950 and 1969 [11,12], the Yigong debris avalanche in 2000 [13,14],
and the Uttarakhand ice and rock avalanche in 2021 [15,16]. Global attention on these
disaster chains highlights their complexity and the challenges associated with their remote
high mountain valleys, making it difficult to be identified and monitored [17–21].

The Sedongpu basin, situated in the lower reaches of the Yarlung Tsangpo River, has ex-
perienced dozens of ice-rock avalanche disaster chains since the 1950s. Following the Ms 6.9
Milin earthquake on 18 November 2017, another ice-rock avalanche disaster occurred about
one month later on 21 December 2017 [22–25]. Glacier ablation, contributing to decreased
glacier stability and more frequent glacier movements, poses a substantial threat to human
lives and regional development [26]. These disaster chains have potential impacts on the
safety of large-scale hydropower stations and the socio-economic development of local
areas. Therefore, it is important to identify and monitor the early-stage glacier movements
in the Sedongpu region and to analyze the correlation with the Milin earthquake.

However, it is still challenging to monitor the glacier displacement with in situ equip-
ment, which is hard to install. Spaceborne and airborne remote sensing images provide
valuable observations [27]. In particular, the image correlation to optical images demon-
strates potential ability. The image cross-correlation for optical images can estimate pixel
offsets of ground feature points, enabling high-precision monitoring of large gradient
displacement [28,29]. This approach offers three advantages in quantitative displace-
ment monitoring, including (1) steep slopes with close-to-nadir geometry observation;
(2) north–south displacements; and (3) over dense vegetation area and over long temporal
spanning. Numerous researchers utilize single-sensor or multiple-sensor observations
to quantify the displacement of disaster events [30–32]. For instance, in 2018, Stumpf
et al. investigated the time series displacement acceleration phenomenon of landslides
by co-registration of Landsat-8 and Sentinel-2 images using Coregis software 2018 [33].
In 2020, Ding et al. employed optical image correlation techniques to fuse displacement
from Landsat-8, Sentinel-2, and Gaofen-2 images to study the precursory displacement
of landslide damages in Baige on 11 October and 3 November 2018 [34]. In 2023, Ding
et al. derived the time series displacement of Sedongpu Glacier at different stages using
Landsat-8 and Sentinel-2 images, finding rapid changes as a key factor for early warning
of potential ice avalanche disasters [35]. Yang et al. fused Sentinel-1 and Landsat-8 data
to monitor 3D motion of the Shishapangma Peak glacier based on variance component
estimation, and the accuracies in the north–south and east–west directions were improved
by 38% and 8%, respectively [36]. Zhao et al. used the Helmert variance component esti-
mation method for SAR and optical offset tracking results to obtain the three-dimensional
displacement of the Jianshanying landslide in Guizhou Province, China [37]. In 2024, Li
et al. studied the formation mechanism of the Sedongpu disaster chain that occurred in
October 2018, where a retrospective analysis was conducted on the formation conditions,
evolution processes, and specific kinematic processes [38]. Generally, previous studies
process optical images with the platforms and only fuse results from different platforms
to estimate the displacement time series. Some images cannot be used due to their long
temporal baseline relative to the specific event, like earthquakes or heavy rainfall, which
makes it impossible to analyze the correlation between influencing factors and disaster
chains in remote mountainous areas. Therefore, this study proposes a cross-platform image
correlation technique to fuse the optical images from different platforms to obtain the high
temporal displacement time series, where a four-quadrant block registration strategy is
proposed to eliminate the systematic errors and a multi-window fusion strategy is adopted
to suppress the gross error. To reveal the correlation between earthquake and disaster
chain, we calculate the glacier displacement in three stages: pre-seismic, co-seismic, and
post-seismic. Finally, we jointly analyze the glacier displacement time series, the Milin
earthquake on 18 November 2017, and the Sedongpu disaster event on 21 December 2017.
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2. Study Area and Datasets
2.1. Study Area

As shown in Figure 1, the Sedongpu Basin is located on the western slope of Gyala Peri
Peak, on the left bank of the Yarlung Zangbo River in Milin County, Tibet, China. Covering
an area of approximately 66.89 km2, it falls within the plateau temperate semi-humid
monsoon climate zone, with an average annual temperature of 8.2 ◦C and an average
annual precipitation of 600 mm. About 85% of the rainfall is concentrated from June to
September, and a frost-free period lasts around 170 days. The highest elevation in the
study area is 7294 m at the summit of Gyala Peri Peak, whereas the lowest one is 2746 m
at the inlet of the Sedongpu into the Yarlung Zangbo River, resulting in an elevation
difference of 4548 m. Geomorphologically, the area lies at the juncture of the majestic
Himalayas, the Nyingchi Tanggula Range, and the Hengduan Mountains, featuring deep
river valleys and typical alpine valley morphologies. It represents a terrain within the
Tibetan Plateau characterized by the most intense uplift and erosion processes. Tectonically,
it is positioned at the easternmost extremity of the Himalayan Syntaxis, resulting from the
tectonic collision between the Indian and Eurasian plates, constituting a zone characterized
by intense tectonic activities, including extrusion, rotational fault, and significant uplift.
The lithology strata comprise the gneiss and metavolcanic Namjbarwa Group marble,
which have been eroded by glacial processes and physical weathering. The Sedongpu basin
is surrounded by several faults, where the Chayu earthquake occurred in 1950 with Ms 8.6,
and the Milin earthquake occurred in 2017 with Ms 6.9 [39]. This basin is prone to disaster
chain events, including ice avalanches, rock avalanches, landslides, debris flows, and river
blockages, which result in the accumulation and congestion of the Yarlung Zangbo River
channel, posing a threat to downstream areas and obstructing the normal execution of
major projects [40].
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Figure 1. Overview of the study area. (a) Image footprints of the Sentinel-2 (S2), Beijing-2 (BJ-2),
and SuperView-1 (SV-1) used in this study with a shaded 30 m Shuttle Radar Topography Mission
(SRTM) digital elevation model (DEM) as the background. Fault data and seismicity activities
with a magnitude above four were downloaded from the Chinese Earthquake Network Center
(http://www.ceic.ac.cn/, accessed on 20 December 2023). (b) Enlarged topography of the Sedongpu
Basin. The black line defines the extent of the Sedongpu basin, the yellow and green rectangles
represent two representative stable areas, and the red line represents the profile A-B-C-D along the
glacier flow direction.

http://www.ceic.ac.cn/
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2.2. Datasets

Due to the remote alpine valley location of the study area and the cloud cover on
optical images, multi-temporal optical images were used, including moderate resolution
and high-frequency revisit Sentinel-2 images, as well as high-resolution SuperView-1 (SV-
1) and Beijing-2 (BJ-2), as shown in Table 1. Since different bands of the same sensor
have different spatial resolutions and spectral channels [41,42], we chose near-infrared
(NIR) band Sentinel-2 images for their strong atmospheric penetration and noise resistance
features [43,44]. In addition, the panchromatic band of the SV-1 image with 0.5 m spatial
resolution and BJ-2 image with 0.8 m spatial resolution were acquired on 7 November 2017
and 21 December 2017, respectively.

Table 1. Parameters of optical images used in this study.

Optical Images Sentinel-2 SV-1 BJ-2

Band NIR Panchromatic Panchromatic
Resolution (m) 10 0.5 0.8

Numbers 6 1 1
Acquisition dates November 2016–December 2017 7 November 2017 21 December 2017

The scheme with the cross-platform optical images related to Milin earthquake on
18 November 2017 is given in Table 2. Since most Sentinel-2 images before Milin earthquake
were covered by heavy clouds, only four images with cloud cover below 5% were chosen for
the inversion of pre-seismic displacement. During the earthquake, an image pair combining
SV-1 and BJ-2 images were utilized to invert the co-seismic glacier displacement. Lastly, as
a river blockage disaster occurred on 21 December 2017, the images before and after the
disaster are not correlated, only two Sentinel-2 images were selected for the post-seismic
displacement inversion.

Table 2. Multi-temporal optical images in Sedongpu area for pre-, co-, and post-seismic glacier
displacement monitoring.

Events Optical Images Dates Stages

Sentinel-2 20 November 2016

pre-seismicSentinel-2 10 December 2016
Sentinel-2 19 January 2017
Sentinel-2 18 February 2017

SV-1 7 November 2017
co-seismicMilin earthquake 18 November 2017

BJ-2 21 December 2017

Sentinel-2 10 December 2017 post-seismic
Sentinel-2 20 December 2017

Disaster chain 21 December 2017

3. Methodology

To research the acceleration and triggering effect of the Ms 6.9 Milin earthquake on
the Sedongpu glacier and disaster chain, we propose a two-dimensional displacement
time series monitoring strategy with multi-temporal optical images. The Sentinel-2 images
are used to invert the displacement before and after the Milin earthquake, and SV-1 and
BJ-2 images are employed to invert the co-seismic displacement, including image pair
selection, image registration, image correlation calculation, error correction, displacement
rate inversion, and accuracy evaluation, which is shown in Figure 2. In order to invert
the large gradient glacier displacement, we propose two improved strategies, that is, a
four-quadrant block image registration to correct systematic errors and the fusion of the
image correlation results calculated within different window sizes to correct gross errors.
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Figure 2. Flowchart of pre-, co-, and post-seismic glacier displacement monitoring and accuracy
evaluation with multi-temporal optical image correlation.

3.1. Pre-Processing
3.1.1. Image Pairs Generation

Accounting for the overlapping areas and cloud coverage of the optical images, firstly,
six image pairs are generated from four pre-seismic Sentinel-2 images to estimate the
pre-seismic glacier displacement; secondly, one co-seismic image pair is generated with
cross-platform SV-1 and BJ-2 images; lastly, one image pair is generated with two post-
seismic Sentinel-2 images, which are shown in Table 3. To analyze co-seismic and post-
seismic displacements, the post-seismic displacement was subtracted during the co-seismic
displacement monitoring process.
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Table 3. Image pairs generated for three-stage glacier displacement monitoring.

Period Image Pairs

Pre-seismic

20 November 2016–10 December 2016
20 November 2016–19 January 2017

20 November 2016–18 February 2017
10 December 2016–19 January 2017

10 December 2016–18 February 2017
19 January 2017–18 February 2017

Co-seismic 7 November 2017 (SV-1)–21 December 2017 (BJ-2)
excludes 10 December 2017–20 December 2017

Post-seismic 10 December 2017–20 December 2017

3.1.2. Four-Quadrant Block Image Registration

As Sentinel-2 images undergo pre-download calibration, it can ensure a high geocod-
ing accuracy to derive surface horizontal displacement with an optical image correlation
technique [45]. However, as the geo-location uncertainties of SV-1 and BJ-2 images are
about tens of meters, it is necessary to register them with a certain accuracy before image
correlation to estimate the displacement. This study employs a fast and robust matching
framework for multimodal image registration. A detailed description of the matching
framework can be found in the research [46]. However, the main limitation of cross-
platform image co-registration is that it can hardly process the images with large rotation
and scale differences. Specifically, the BJ-2 image of 21 December 2017 has a larger geo-
graphic location bias, leading to larger registration errors. To address this problem, we
propose a four-quadrant block registration strategy, which divides the entire image into
four blocks corresponding to the four quadrants. The window size is optimized to ob-
tain reliable displacement results and a common overlap between neighboring windows
to maintain spatial consistency across the results. Therefore, the improved registration
strategy shown in Figure 3 includes three steps: (a) Segmenting the images into blocks
according to four quadrants; (b) Registering each block with the master image using a fast
and robust matching framework; (c) Splicing each of the registered blocks into the entire
registered image.
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3.2. Multi-Window Fusion Method

The image correlation was conducted with the Co-registration of Optically Sensed
Images and Correlation (COSI-Corr 2014) software package [47] to invert the ground
displacement in sub-pixel accuracy between optical images. It is essential to configure
parameters to acquire horizontal displacement between each image pair. To unify the
spatial resolution of SV-1 and BJ-2 images, they are downsampled to 2 m. The initial and
final search window sizes for SV-1 and BJ-2 images are set as 256 and 32, with a search
step as 4 × 4 pixels. Whereas they are set as 64 and 32, with a search step of 1 × 1 pixel
for Sentinel-2 images. Besides, the correlation threshold and iteration are set as 0.9 and 2,
respectively [48]. Specific correlation parameters are detailed in Table 4. Subsequently,
the COSI-Corr frequency correlator is utilized to derive the east–west (E/W), north–south
(N/S) displacement, and signal-to-noise ratio (SNR). Finally post-processing are carried out
to eliminate gross error due to uncorrelation and cloud cover from the original correlation
results [49].

Table 4. Parameter configuration for optical images correlation.

Optical Sensors SV-1, BJ-2 Sentinel-2

Search window size (pixels) Initial size 256 64
Final size 32 32

Steps (pixels) 4 × 4 1 × 1
Robust iterations 2 2
Frequency mask 0.9 0.9

In the COSI-Corr software package, the selection of both the initial and final windows
is intricately linked to the effectiveness of the Fourier algorithm-based frequency correlator
in processing high-quality optical images. The initial window plays a critical role to
provide a rough estimation of pixel displacements, while the final window is essential
for fine displacement detection at the sub-pixel level. Both parameters change in powers
of two [50]. In this study, considering that the spatial resolution of the co-seismic high-
resolution image is better than 2 m, the initial window effectively achieves fine estimation
of pixel displacement during the image correlation process, resulting in minimal influence
from the final window on the results [51]. Therefore, this study focuses on the effect
of the initial window on the results. It is worth noting that all subsequent windows
mentioned refer to the initial window size. The selection of different windows directly
influences the final results. A large window can capture large gradient displacements but
may ignore the subtle displacements and errors; conversely, a small window can detect
subtle displacements but might underestimate the overall displacement and introduce
errors. To improve displacement accuracy and retrieve large gradient displacement, we
propose a strategy to fuse correlation results within different windows for monitoring large
gradient glacier displacements, as different windows have different abilities to capture
displacement. Specifically, the displacement results are robustly estimated based on the
results from different windows. For the pre-seismic Sentinel-2 image pairs, the observation
equations are given as Equation (1),

Bv = d (1)

where d is the displacement vector derived from the image correlation, and B is the coeffi-
cient matrix from the corresponding temporal baseline. The glacier displacement velocities
can be derived based on the least squares criteria shown in Equation (2).

v =
(

BT PB
)−1

BT Pd (2)

where P is the weight matrix. Then the average displacement velocity of the image pair in
each successive time interval v can be estimated. However, if B is rank deficiency, then the
singular value decomposition (SVD) will be applied. If there are n images, the cumulative
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displacement time series D and the normalized displacement velocity v at a generic m can
be retrieved by Equations (3) and (4), respectively [34].

Dm =


0 (m = 1)
m−1
∑

i=1
νiti(m = 2, . . . , n)

(3)

v =
∑n−1

i=1 νiti

∑n−1
i=1 ti

(4)

3.3. Error Correction and Accuracy Evaluation

The gross errors in optical image correlation usually includes uncorrelated errors due
to cloud cover or surface material changes, shading errors due to different solar altitude
angles, and displacement errors that more than 135◦ out of the slope direction and do not
coincide with the direction of gravity-controlled motion [52,53]. To mitigate these errors
and improve the accuracy of the displacements, we take some measures including setting a
signal-to-noise ratio (SNR) threshold (>0.90), non-local mean filtering, masking the results
135◦ out of the slope direction.

Due to the lack of field observations of glacier movement, it was observed that the
uncertainty is nearly double on moving targets compared to stable regions [54]. We assess
the accuracy by calculating the measurement uncertainty in the stable areas [55,56] in
terms of Mean Value (MEV), Standard Deviation (STD), and Root Mean Square Error
(RMSE). Among these, MEV can assess overall deviation of the displacement, indicating
systematic uncertainty; STD represents the stochastic errors; and RMSE can synthesize the
total uncertainty of displacement measurements, defined as follows:

RMSE =
√

MEV2 + STD2 (5)

then the reduction percentage in RMSE can be calculated:

RMSEreduc =
RMSEafter − RMSEroi

RMSEroi
× 100% (6)

where RMSEreduc denotes the reduction percentage of RMSE, RMSEafter denotes the RMSE
after registration or fusion with different windows, and RMSEroi denotes the original RMSE
of the result.

4. Results
4.1. Four-Quadrant Block Image Registration

In order to verify the applicability of the cross-platform remote sensing image registra-
tion and the improvement of the proposed four-quadrant block registration method, we
tested the co-seismic image pair, and the results are shown in Figure 4.

Firstly, as shown in Figure 4e,f,i,j, systematic errors occurred if no registration or only
overall registration was applied before image correlation, especially affecting the east–west
displacement monitoring. Secondly, as shown in Figure 4g,k, results after top and bottom
block registration can correct the systematic errors significantly in both north–south and
east–west directions. However, systematic offsets were raised at the overlapped regions
between the upper and lower blocks. Lastly, as shown in Figure 4h,l, the four-quadrant
block image registration strategy can correct the systematic errors and systematic offsets
between the four adjacent blocks in both directions.

To evaluate the effects of the proposed method, two stable regions are selected as
illustrated in Figure 1, where the yellow one corresponds to one larger registration error,
while the green one corresponds to one smaller registration error. Figure 5a–d show
the MEV, STD, and RMSE reduction percentages for four different strategies in these
two regions. We can observe from Figure 5 that the MEV values in both directions of
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the stable region converge to 0 m, and the STD values significantly decrease, while the
percentage of RMSE reduction significantly increases. Specifically, in the green region,
the RMSE reductions in the NS direction are 56%, 58%, and 78%, respectively, while in
the EW direction, they are 82%, 90%, and 89%, respectively. In the yellow region, the
large registration error causes the RMSE value to increase instead of decrease after overall
registration. So a decrease in RMSE of -54%, 20%, and 89% was observed in the NS direction,
and a decrease of -129%, 4%, and 85% was observed in the EW direction.
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Figure 4. Optical image correlation results for image pair acquired on 7 November 2017 and 21 De-
cember 2017 with different registration strategies. The first row (a–d) is block diagrams, the second
row (e–h) is the north–south results, and the third row (i–l) is the east–west results. (e,i) are the
results without registration, (f,j) are the results after overall registration, (g,k) are the results after top
and bottom block registration, and (h,l) are the results after four-quadrant block registration.
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Figure 5. The accuracy evaluation of four registration methods was conducted over two stable areas
indicated in Figure 1. (a,b) are the Mean Value (MEV) and Standard Deviation (STD) of the N–S and
E–W displacement in the green and yellow regions, respectively. (c,d) are the reduction percentage of
Root Mean Square Error (RMSE) in the green and yellow areas, respectively.

4.2. Multi-Window Fusion Method

The window size is a key parameter influencing the quality of the optical image
correlation results. The experiments with different windows are shown in Figure 6, where
notable discrepancies can be seen among various windows. In general, the small window
size presents more comprehensive displacement but with a higher proportion of errors.
Conversely, the large windows can get coarser displacement with less errors. which is
consistent with the previous findings [51].

Figure 6 shows the displacement in the north–south and east–west directions using
correlation window sizes of 64, 128, 256, and 512 pixels, where the window size of 64 pixels
is relatively inadequate to capture the displacement zone, whereas the one with 128 pixels
can detect the displacement in the lower part of the glacier, but is less effective in the upper
part with large gradient displacements. Meanwhile, the one with 256 pixels can detect the
large gradient displacements in the upper part of the glacier well, but it may ignore the
displacement magnitude in the lower part. Lastly, the result with 512 pixels can hardly
obtain useful information. Therefore, we robustly fuse the displacement from the four
windows to achieve a more comprehensive and accurate displacement field. The final
displacement in the north–south and east–west directions are presented in Figure 6i,j.
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Figure 6. Optical image correlation results with different window sizes. (a–d) are north–south results,
(e–h) are east–west results, (i–l) are fusion results from different window sizes shown in 2D and
3D DEM.

We take MEV, STD, and RMSE reduction percentages (refer to the results with 64 win-
dows) to assess the displacement accuracy with four different windows and multi-window
fusion in the yellow and green stable zones, as depicted in Figure 7. Firstly, the MEVs are
close to 0 m for five cases, except for the east–west direction in the yellow area. Secondly, it
is evident that the larger the window size, the smaller the STD, which is consistent with
the previous findings [51]. On the contrary, the smaller window size is more sensitive
to surface displacement but has a larger STD. However, with significant displacement
magnitudes, small windows may become uncorrelated to increase errors. On the contrary,
large windows are beneficial for detecting large displacements with high accuracy, but
they will blur the displacement boundary, resulting in incomplete displacement results.
Lastly, the RMSE reduction percentages for the results using 128, 256, and 512 windows
and multi-window fusion referring to the 64 window in the green region are 37%, 55%, 58%,
and 56% in the NS direction, and 14%, 23%, 28% and 24% in the EW direction, respectively.
In the yellow region, the percentages are 0%, 15%, 26%, and 16% in the NS direction,
and 5%, 20%, 41%, and 21% in the EW direction, respectively. Although the 512 window
achieves the highest enhancement rate, it also removes displacement information along
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with noise. In contrast, the fusion method not only maintains accuracy but also effectively
captures a significant amount of displacement information. In summary, the fusion from
four windows can balance the displacement magnitude and accuracy.
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4.3. Two-Dimensional Displacement Field of Sedongpu Glacier

To better understand the dynamics of the Sedongpu Glacier, we integrate the east–
west and north–south displacement results from optical image correlation into a two-
dimensional displacement field, which reflects the horizontal displacement of the Sedongpu
glacier. Figure 8 shows that the primary displacement time series of the Sedongpu Glacier
predominantly occurred within one main gully and five branch gullies during three phases:
pre-seismic, co-seismic, and post-seismic.

The cumulative displacement of the glacier in three stages can be obtained from
Figure 8, that is, the pre-seismic glacier displacement ranged from 20–40 m from 20 Novem-
ber 2016 to 18 February 2017; the maximum co-seismic displacement from 7 November to
10 December 2017 was 210.3 m in the acceleration section, 104.6 m in the flow direction
change section, and 29.2 m in the transportation section; and the post-seismic displacement
ranged from 10 to 20 m from 10 December to 20 December 2017.



Remote Sens. 2024, 16, 4003 13 of 18

Remote Sens. 2024, 16, x FOR PEER REVIEW 13 of 19 
 

 

To better understand the dynamics of the Sedongpu Glacier, we integrate the east–

west and north–south displacement results from optical image correlation into a two-di-

mensional displacement field, which reflects the horizontal displacement of the Sedongpu 

glacier. Figure 8 shows that the primary displacement time series of the Sedongpu Glacier 

predominantly occurred within one main gully and five branch gullies during three 

phases: pre-seismic, co-seismic, and post-seismic. 

 

Figure 8. Displacement magnitudes and directions for three stages during the pre-, co-, and post-

seismic periods. (a) Show the gully distribution with I-V and the direction of the glacial displace-
ment. (b–d) are the pre-seismic displacement field from Sentinel-2 images, (e) the co-seismic high-

resolution displacement field, (f) the post-seismic displacement field from Sentinel-2 images. 

The cumulative displacement of the glacier in three stages can be obtained from Fig-

ure 8, that is, the pre-seismic glacier displacement ranged from 20–40 m from 20 Novem-

ber 2016 to 18 February 2017; the maximum co-seismic displacement from 7 November to 

10 December 2017 was 210.3 m in the acceleration section, 104.6 m in the flow direction 

change section, and 29.2 m in the transportation section; and the post-seismic displace-

ment ranged from 10 to 20 m from 10 December to 20 December 2017. 

5. Discussion 

5.1. Acceleration on Sedongpu Glacier Movement by Milin Earthquake 

To reveal the correlation between the Milin earthquake and the Sedongpu glacier 

movement, we calculate the daily displacement rates during three stages: pre-seismic, co-

seismic, and post-seismic. The displacement rates along profiles A–D during the three 

stages are presented in Figure 9d. The direction of glacier displacement is indicated by 

black arrows in Figure 9. 

Figure 8. Displacement magnitudes and directions for three stages during the pre-, co-, and post-
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displacement field, (f) the post-seismic displacement field from Sentinel-2 images.

5. Discussion
5.1. Acceleration on Sedongpu Glacier Movement by Milin Earthquake

To reveal the correlation between the Milin earthquake and the Sedongpu glacier
movement, we calculate the daily displacement rates during three stages: pre-seismic,
co-seismic, and post-seismic. The displacement rates along profiles A–D during the three
stages are presented in Figure 9d. The direction of glacier displacement is indicated by
black arrows in Figure 9.

It reveals different spatiotemporal features along the main Sedongpu glacier from
Figure 9d. Firstly, three displacement sections can be segmented, including the accelera-
tion section, flow direction change section, and transportation section corresponding to
profile AB, BC, and CD, respectively. The divisions are made based on glacier movement
velocity and topography, i.e., section AB has a steeper slope and a significantly faster
velocity, section BC is the area where the movement direction changes, and section CD
has a gentler slope and a small change in velocity. The points with obvious changes in
topography and velocity are selected for three sections of the division. Secondly, the pre-
seismic displacement rates across the three sections were similar, but the co-seismic and
post-seismic kinematic characteristics of the three sections changed differently. During the
co-seismic period, Section AB had the highest displacement rate, while Section CD had the
lowest one. Conversely, during the post-seismic period, Section BC exhibited the highest
displacement rate, whereas Sections AB and CD became smaller than in the co-seismic
period. Quantitatively, the maximum daily displacement rate in the acceleration section
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(profile AB) increased from 0.36 m/day before the Milin earthquake to 6.37 m/day during
the earthquake period, then decreased to 1.06 m/day after the earthquake. In addition,
moderate acceleration occurred in the flow direction change section (profile BC), increasing
from 0.13 m/day before the earthquake to 3.17 m/day during the earthquake, then decreas-
ing to 1.85 m/day after the earthquake. Meanwhile, slight acceleration also occurred in
the transportation section (profile CD), increasing from 0.20 m/day to 0.62 m/day, then
decreasing to 0.30 m/day. The kinematic connection among the three sections is because
Section AB has a steeper slope and is closer to the source ice-avalanche area, Section BC has
a gentler slope but in the flow direction change area, and Section CD still has a gentler slope
but in the transportation area. In summary, it is certain that the Milin earthquake, which
occurred on 18 November 2017, 11 km from the Sedongpu area, significantly accelerated
the Sedongpu glacier, especially in the acceleration and flow direction change sections,
with the effects lasting until 20 December 2017.
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Figure 9. Displacement rate maps and the profile of Sedongpu Glacier at three stages. (a–c) the daily
displacement during the pre-, co-, and post-seismic periods, respectively. (d) The profile of daily
displacement rate during three stages. The three sections are separated by dashed lines, with section
I corresponding to AB, section II to BC, and section III to CD.

5.2. Failure Pattern of the 21 December 2017 Disaster Chain

Strong tectonic activity, frequent earthquakes, increasing global climate change, and
strong internal and external dynamics [57] can result in low strength and poor stability of
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mountain glaciers. Following the earthquake, a disaster chain occurred in the Sedongpu
basin on 21 December 2017, leading to the blockage of the Yarlung Tsangpo River. Notably,
there was no heavy rainfall or drastic temperature changes prior to this disaster chain,
but glacier movement accelerated significantly. Therefore, it can be inferred that the Milin
earthquake had a triggering effect lasting around 33 days on the disaster chain.

Figure 10a,b show the surface changes before and after the disaster chain based on
Planet satellite images acquired on 21 December 2017 and 26 December 2017. Figure 10c,d
show the failure pattern of the disaster chain in the Sedongpu basin, which can be divided
into three different sections: the source area, the moraine area, and deposition area [58].
Firstly, about 0.33 km2 of ice and rock in the source area collapsed; secondly, according to
the monitoring of the moraine area in this paper, the Milin earthquake triggered glacier
movement, leading to a cumulative displacement of up to 226 m during the co-seismic and
post-seismic periods within 33 days; lastly, 1 million m3 of sediment transported from the
moraine area was finally deposited at the intersection, which pushed the sediment to the
river by 200–450 m to form a barrier dam about 0.53 km2 with an elevation of 2746 m in the
Yarlung Tsangpo River. It completely blocked the main channel, raising the water levels by
approximately 2 m [59].
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Figure 10. (a,b) are Planet satellite images from 21 December and 26 December 2017, respectively,
used to observe changes before and after the disaster chain. (c) The schematic diagram of longitudinal
section in Sedongpu. (d) The failure pattern of the Sedongpu disaster chain.

The disaster chain that occurred on 21 December 2017 lasted for 33 days and was
mainly induced by the Milin earthquake. Later disaster chain events that occurred in the
Sedongpu basin indicate that the lagging effects of the Milin earthquake may have lasted
for an even longer time.

6. Conclusions

In this study, we propose a two-dimensional displacement time series monitoring
strategy with multi-temporal optical images to research the acceleration and triggering
effects of the Ms 6.9 Milin earthquake on the Sedongpu glacier and disaster chain, where
a four-quadrant block registration strategy and a multi-window fusion strategy were
proposed to increase displacement monitoring accuracy for cross-platform optical images.
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The RMSE of the new method can decrease 80% of the traditional method. Based on
three stages of glacier displacement, the Milin earthquake had a drastic impact on the
glacier displacement, accelerating it up to 1–6 m/day. The earthquake had a triggering
effect around 33 days on the disaster chain of 21 December 2017. The failure pattern
can be summarized as ice and rock collapse in the source area, large magnitude glacier
displacement in the moraine area, and a large volume of sediment in the deposition area,
causing a river blockage. This study can explain the activation effect and precursory
displacement patterns of ice-rock avalanche disaster chain events well, which is beneficial
to the monitoring and early warning of disaster chain events in remote mountainous areas.

However, the proposed strategy makes it difficult to deal with multimode images
with distinct imaging viewpoints and heavy cloud coverage. Therefore, to improve the
reliability, we will collect more multimode data, including LiDAR, SAR, and optical images,
for large gradient displacement monitoring.
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