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Abstract: Understanding the evolving hydrological characteristics of landslide-induced barrier
lakes is crucial for flood control, forecasting, early warning, and safety measures in the reservoir
area. This study examines the changes in hydrological characteristics of the Attabad landslide-
dammed lake over the past decade after the occurrence of the landslide, focusing on lake area
dynamics and sediment concentration. High-resolution satellite images from QuickBird, Pleiades,
and WorldView2 over seven periods were analyzed. The findings indicate that the lake area has
gradually decreased, with the center of mass shifting towards the lake dam, indicating a trend
towards stability. The suspended sediment in the barrier lake is distributed in a strip running from
north to south, then northeast to southwest, with sediment concentration decreasing from the lake
entrance to the dam and from the lake bank to the center. Over time, the average sediment
concentration has decreased from 2010 to 2020, with higher concentrations in summer than in
winter. Notably, during the 2017-2020 period, the lower-middle parts of the lake experienced higher
sediment concentration, while the dam area witnessed lower concentrations, thereby reducing the
sediment impact on the dam.

Keywords: Attabad landslide-dammed lake; KKH; Lake Area; Suspension Sediment concentration;
remote sensing monitoring

0. Introduction

The China-Pakistan Karakoram Highway (KKH) serves as the vital land route connecting China
and Pakistan, starting from Kashgar, Xinjiang, China in the north, traversing the convergence of the
Hindu Kush, Karakorum, and Himalayan Mountains, and reaching Takot city in Pakistan's south [1-
3]. At 11:30 on January 4, 2010, a giant rocky landslide (N36°1826.6", E74°48'54.9") occurred in
Attabad village of Hunza River Valley along the KKH, with a total volume of about 25 million m? [4-
6]. The landslide body quickly formed a barrier dam of about 1100m in length, 600m in width and
200m in visible dam height, completely blocking the Hunza River Valley, formed a barrier lake about
23km long, burying 23km of the KKH and causing 25 deaths, the highway reconstruction project took
3 years to complete [7,8].

The real-time acquisition of hydrological characteristics of barrier lake has been a major
difficulty in the process of barrier lake risk prevention and control and secondary disaster prevention
and control [9-11]. As the naturally formed barrier dam are not compacted and cemented, the risk
factor of the dams increases dramatically which may cause secondary disasters at any time with the
change of lake area and suspended sediment concentration (SSC) [12-15]. In addition, the change of
sediment accumulation in the reservoir area of the lake will also affect the movement pattern of the
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breach flood and the peak flow rate of the breach, so it is important to obtain the change of the area
and SSC of the barrier lake in time for the prediction and early warning of the lake breach and the
safety prevention [16-21]. Since the formation of Attabad landslide-dammed lake, scholars have
carried out more in-depth studies on the formation conditions and triggering mechanism of Attabad
landslide, the process of landslide deformation movement, and the risk of lake failure [1,4,22-24]. In
response to the Attabad landslide and the barrier lake buried and damaged KKH and railroad,
Chinese scholars have proposed the water damage characteristics, formation causes, prevention and
control principles and main engineering measures of the highway along the river in Karakorum, as
well as the design strategy of the new railroad disaster mitigation selection line [25,26]. From the
existing literature, the current research on Attabad landslide-dammed lake is mainly focused on the
formation mechanism of the landslide and the risk of lake failure, and there is a lack of research on
the monitoring of long time series hydrological characteristics and long-term evolution trend of
Attabad landslide-dammed lake. At the same time, due to the constraints of observation methods
and instruments, the complexity of suspended sediment movement on the surface of the barrier lake
and other conditions, no large-scale hydrological sediment observation has been conducted in the
remote Hunza Valley of northern Pakistan, and long-term monitoring of the area and SSC of the lake
is lacking.

With the development of remote sensing of lakes, remote sensing technology has been widely
used in highland lake change and sea, estuarine and near-shore, lake suspended sediment monitoring
studies, and many mature suspended sediment quantitative remote sensing inversion models have
been established [27-33]. In the study of lake changes, multispectral optical remote sensing images
such as Landsat MSS/TM/ETM+/OLI, Gaofen series satellites (GF-1/2), and Sentinel data (Sentine-2)
can realize the monitoring of lake area changes on the Qinghai-Tibet Plateau since the 1970s, among
which, Landsat series data are most widely used because they can provide more The Landsat series
is the most widely used because it provides more high-quality free data [34]. In terms of suspended
sediment monitoring in lakes, many scholars analyzed the spatial and temporal distribution
characteristics of suspended sediment in the surface layer of marine waters using TM, ETM, MODIS
and GF-1 images [35-41] conducted a study on the identification of floods with high SSC based on
remote sensing data. The above studies mainly focus on the water bodies with low SSC such as lakes
and sea areas for quantitative inversion, and do not focus on the water bodies of barrier lake with
high SSC in mountainous areas, so this paper draws on the mature quantitative inversion model of
lake SSC to study the changes of SSC of Lake.

In this paper, based on the 10-phase QuickBird, Pleiades, and WorldView2 high-resolution
satellite images of Attabad landslide-dammed lake for the past 15 years, (1) the normalized water
body index is used as a research method to extract the extent of the lake from 2010 to 2020, and
analyze the evolutionary trend of the lake in terms of its area change, landscape pattern index, and
geometric features; (2) Based on the above extracted lake extent, a mature remote sensing quantitative
inversion model of lake suspended sediment is used to extract the relative SSC of the lake, and
analyze the spatial and temporal distribution characteristics of the suspended sediment and the
dynamic changes of SSC of the lake from 2010 to 2020, with a view to providing data reference for
the forecast and early warning of the lake failure and safety prevention.

1. Overview of the study area

The Attabad landslide-dammed lake is located in the Kashmir region of northern Pakistan, about
570km from Kashgar, China, where the Hindu Kush, Karakorum and Himalayas meet, with strong
neotectonic movements and frequent earthquakes [3]. The overall shape of the lake is "L", the water
level elevation is about 2379m, the water depth is 81.3m, the reservoir capacity is about 192 million
m3, and the overflow mouth is about 118m above the bottom of the old riverbed. Both sides of the
lake are typical high mountain deep canyon landforms, with exposed high and steep slope
mountains, the slope of which is mostly between 50°-60°. The middle and upper parts of the
mountains are covered by permanent snow (thickness of 50-300 mm) and glaciers all year round,
which are easy to produce abundant snow and ice melt water in summer [42]. Attabad landslide-
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dammed lake is located in the arid and semi-arid alpine snow glacier zone, which belongs to the
inland plateau mountain climate zone, with scarce annual rainfall, dry and cold climate, large
temperature difference between day and night, strong freezing and thawing effect, fragile ecological
environment and poor anti-disturbance ability. The water recharge of the lake mainly comes from
the mainstream of Hongza River and three tributaries of Batura glacier meltwater, Pasu glacier
meltwater and Ghulkin glacier meltwater, among which the inflow of Hongza River and Batura
glacier meltwater tributaries is larger [43]. The newly reconstructed KKH passes through the
mountain tunnel on the right bank of the lake [25,44].

Figure 1. Location of the Attabad landslide-dammed lake.

2. Data and Methods

2.1. Data Collection

Previous studies on Suspended Sediment Concentration (5SC) in lakes and seas have primarily
utilized Hyperspectral data with MODIS/TM/ETM medium resolution [29,45,46]. However,
considering the complex mountainous terrain and the small size of the lake in the study, a different
approach was adopted. Seven periods of high-resolution panchromatic and multispectral historical
archived data (Table 1) were collected to ensure comprehensive coverage and accuracy.
Subsequently, the panchromatic and multispectral images were fused, radiometrically calibrated,
and atmospherically corrected using ENVI 5.3 [47]. The main processing steps involved were as

follows:

a) Orthorectification: High-precision control information was used to orthorectify the
panchromatic and multispectral data into the CGCS2000 coordinate system.

b) Downscaling: The orthorectified results were downgraded to obtain 8-bit panchromatic
and multispectral orthorectified images.

) Image Fusion: The orthorectified panchromatic and multispectral images were fused,
resulting in a combined image with both high resolution and rich color information.

d) Data Screening and Mosaic: After image fusion, data screening and image mosaic were
performed to ensure seamless stitching and smooth transitions between each image's edges.

e) Geometric Alignment: Due to the significant terrain deformation in the study area, remote

sensing images from the seven phases exhibited differences in the same features at various times and
with different sensors. To better visualize the trend of lake area change, geometric alignment was
carried out, using the 2010 remote sensing images as a benchmark for absolute radiation correction
and FLASH atmospheric correction on the other six phases of images.
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Table 1. Table of remote sensing data.

Time Types of data Spatial resolution
1 NOV2010 QuickBird 0.6m, 4-band bundling
2 NOV2012 QuickBird 0.6m, 4-band bundling
3 AUG2013 Pleiades 0.5m, 4-band bundling
4 JUN2016 WorldView?2 0.5m, 4-band bundling
5 JUL2017 Pleiades 0.5m, 4-band bundling
6 SEP2019 Pleiades 0.5m, 4-band bundling
7 JUL2020 WorldView?2 0.5m, 4-band bundling
2.1. Methods

The main methods for lake water body extraction are thematic classification method [48,49],
linear mixed model, single-band threshold method and spectral water body index method [30,50,51].
Previous studies, through experimental evaluation of these methods, generally concluded that the
traditional normalized difference water body index (NDWI) method is more effective in extracting
water body information and can distinguish water body and non-water body information in remote
sensing images to the maximum extent, but it is vulnerable to mountain shadows, snow and ice, and
mist [31,34,52-58]. Although the Attabad landslide-dammed lake in this study is a special kind of
lake, the water body information is also slightly different from that of lakes, and the topography of
the study area is strongly deformed and there are more mountain shadows, so the water body
information cannot be extracted directly using the traditional NDWI [46,59]. Therefore, this paper
adopts the comprehensive water body index model (CWI) constructed by Wang et al. (2021) [60]
based on GF-2 images, which has the advantage of effectively expanding the difference of reflectance
between NIR band and blue-green band to suppress the influence of mountain shadows. Finally, the
visual interpretation check is then combined with the original images to exclude snow, shadows and
other non-water bodies to further revise the boundary extent of the lake accurately. The formula of
the comprehensive water body index model is follow:

CWI=3xB,—B,—B, 1)

where B is the blue band, B2 is the green band and B4 is the near infrared band.

The current methods used for the inversion of SSC in lakes are mainly single-band [29], band-
ratio, multi-band combinations [35] and other methods. Han et al. (2022) [61] pointed out that the
correlation of single-band and band-ratio inversion is low, and the correlation of multi-band is good,
and the correlation of near-infrared band in single-band is low, the correlation of green band and red
band is good, and the correlation of green band/red band in band-ratio is good, and the correlation
of B1/ (B2+B3) in multi-band is high. In addition, Cai (2020) [62] pointed out that the green band B2
has certain penetration ability to the water body and can be used to reflect underwater characteristics,
such as water turbidity. The red band B3 is more sensitive to the sediment in the water body, leading
to B2+B3 can reflect the high and low sand content of the water body, and the correlation between
B2/B3 and SSC is high. Therefore, this paper draws on the multi-band combination model proposed
by Cai (2020) [62] to extract the relative SSC of Attabad landslide-dammed lake and analyze the
characteristics of sediment distribution changes in the lake during 2010-2002. The formula of SSC
index model is follow:

B, +Bs

S| = —— 2
B,/B; @

where Bz is the green band and Bs is the red band.

The research process in this paper unfolds as follows: Firstly, 7-phase high-resolution satellite
images (QuickBird, Pleiades, and WorldView?2) of the Attabad landslide-dammed lake over the past
decade are utilized. The lake's extent from 2010 to 2020 is extracted using the comprehensive water
body index method, and the area change, landscape pattern index, and geometric characteristics of
the lake are calculated to infer its evolutionary trend.

doi:10.20944/preprints202310.0934.v1
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Secondly, building upon the extracted lake extent, a remote sensing quantitative inversion
model for suspended sediment is employed. This model is based on existing lakes with similarities
to our study area, allowing the relative Suspended Sediment Concentration (SSC) of the lake to be
extracted. The spatial and temporal distribution characteristics of the suspended sediment within the
lake are then analyzed, and the dynamic changes of SSC from 2010 to 2020 are examined.

Finally, a comprehensive analysis of the hydrological characteristics' dynamic change process in
the lake from 2010 to 2020 is conducted. This analysis provides valuable data reference for predicting
and warning against potential lake failure and informs safety prevention measures.

3. Results

3.1. Change of the Attabad landslide-dammed lake area

The watershed map of the Attabad landslide-dammed lake for the period spanning 2010 to 2020
was generated using the comprehensive water body index method (Figure 2). The figure reveals that
the Attabad lake has an overall north-south direction, following the course of the narrow river valley.
Notably, the northern estuary of the lake exhibits more pronounced changes due to the steep terrain
and high slope of the lake shore. In contrast, the east-west shoreline experiences relatively minor
changes, and the lake gradually recedes downstream towards the dam. Analysis of the lake area
extraction data indicates a consistent trend of gradual reduction in lake area over the 10-year period
from 2010 to 2020. Specifically, the lake area contracts by 561 km2 during this time, with an average
area of 581 km?2. The lake reaches its largest extent in 2010 and gradually diminishes thereafter. As
the lake recedes, sediment accumulates at the upstream northern estuary, leading to a gradual
increase in the sediment area.

The scope of the lake

0  2km

|

Figure 2. Spatial distribution of the watershed area of Attabad landslide-dammed lake from 2010 to
2020.

Table 2. Table of watershed area of Attabad landslide-dammed lake.

Year 2010 2012 2013 2016 2017 2019 2020
Area/10*m?2 984 619 585 510 517 427 423
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3.1.1. Rate of change of lake area

The rate of change of lake area K is the rate of change of lake area in the study area with time,
which can visually reflect the real degree of change of lake area. The formula is as follows:
k=25, 1« 100% 3
where Kis the rate of change of lake area in the study period, Sa and Sb are the lake areas in the initial
and final periods, respectively, and T is the study duration. A positive K value indicates that the lake
area increases, while the opposite indicates that the lake area decreases, and the larger the absolute
value of K, the more drastic the lake area changes [55].

3.1.2. Lake landscape shape index

The Landscape Shape Index (LLSI) serves as a valuable tool to analyze the susceptibility of
natural landscapes to external disturbances, including human influences. Additionally, it provides
insights into landscape complexity and vulnerability.

In the context of this study focusing on lake landscapes, the calculation formula for LLSI is as
follows:

L
LLSI = —— X 100% 4
A 0 @

where LLSI is the lake landscape shape index, L is the length of the lake, and A is the area of the lake.
The smaller the landscape index is, the more vulnerable the lake is to external disturbance [55].

3.1.3. Offset of the lake center of mass

The offset of the lake center of mass can, to some extent, reflect the evolution of the lake and the
pattern of its spatial properties, calculated as follows:

6= \/ (Xt+At _Xt) : + (Yt+At - Yt) ’ (4)

where 0 is the offset of the lake center of mass, Xy, and Y;,a; are the transverse and longitudinal
coordinates of the mass center of the lake after At time, respectively, and X, and Y; are the
transverse and longitudinal coordinates of the original mass center of the lake [55].

During the period from 2010 to 2020, the lake area exhibited an overall decreasing trend, with a
slight increase observed in 2017 (Figure 3). The most significant reduction in lake area occurred
between 2010 and 2013, while changes in the lake area after 2016 were comparatively smaller,
indicating a trend towards stability (Figure 3). The Landscape Shape Index (LLSI) showed a gradual
decrease from 2010 to 2020, suggesting a diminishing degree of external disturbance to the lake and
a reduced risk of lake collapse (Figure 4).

doi:10.20944/preprints202310.0934.v1
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The change of lake area
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Figure 3. The change of lake area.
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Figure 4. The change of LLSA.

Moreover, the center of mass of the lake underwent an overall offset reduction, indicating a
gradual movement towards the downstream of the lake (dam). This shift in the center of mass,
combined with the decreasing lake area, further supports the trend of the lake gradually stabilizing
(Figure 5).


https://doi.org/10.20944/preprints202310.0934.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 October 2023 doi:10.20944/preprints202310.0934.v1

The offset of the lake center of mass

2500
2000
1500
1000

500

0
2008 2010 2012 2014 2016 2018 2020 2022

Figure 5. The offset of the lake center of mass.

3.2. Changes in SSC of Attabad landslide-dammed lake

The SSC map of Attabad landslide-dammed lake for the periods from 2010 to 2020 was produced
using the SI method (Figure 6). The spatial distribution of SSC exhibited a consistent strip-like
pattern, aligned with the north-south direction, in accordance with the lake's bank. SSC gradually
decreased from the lake's entrance towards the downstream dam, and from the lake bank towards
the lake center. In November 2010, higher SSC levels were observed at the lake's entrance and shore,
gradually decreasing downstream, with lower SSC levels at the dam. By November 2012, higher SSC
was observed at the entrance, with lower SSC in the middle and upper parts of the lake, gradually
increasing towards the lake shore. In August 2013, SSC was primarily concentrated in the middle of
the lake, with relatively lower SSC in the lower-middle downstream area, while higher SSC was
found near the dam. By June 2016, higher SSC was observed in the middle and upper-middle parts
of the lake, with lower SSC in the downstream region, increasing towards the lake shore. In July 2017,
higher SSC was observed at the entrance and in the lower-middle part of the lake, gradually
decreasing downstream. In September 2019, higher SSC was mainly located near the lower-middle
part of the downstream dam. By July 2020, higher SSC was present in the middle and upper parts of
the lake, near the lake shore, and lower SSC was observed near the dam.
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Figure 6. Spatial distribution of the SSC of Attabad landslide-dammed lake from 2010 to 2020.

The spatial distribution of sediment is influenced by the topography of the lake and the location
of the sediment recharge source. The topography of the lake is a long and narrow river valley from
north to south, and the river channel changes to the southwest under the influence of the fault in the
lower and middle position. The SSC of upstream and downstream at the turning point of the river
channel change direction is obviously different in the upper-middle and lower-middle position of the
lake in 2010, the upper-middle position in 2012, the middle of the 2013, the middle of the 2016, the
middle-lower position in 2017, the middle-lower position in 2019, the middle and middle-lower
position in 2020, and the SSC of the downstream is obviously lower than that of the upstream,
indicating that the turning point of the river channel has the effect of sand interception; In addition,
the SSC in the inner bay is lower than that in the outer bay when the river channel changes direction
and bends, and the sediment is mostly deposited in the outer bay. The main sources of sediment
recharge of the lake are glacial debris flow and loose avalanche accumulation on the bank slope. The
debris flow is mainly the glacial debris flow generated by the Pasu glacier movement at the entrance
of the lake and the Shishkat debris flow (flood fan) in the middle and upper part of the lake [43]. So
there are more sediment deposits at the entrance of the lake and the middle and upper part of the
lake, and the lake is also wider and has higher SSC. The SSC is relatively low in the narrow part of
the lake. The main reason for this phenomenon is that the slope of the lake shore is large and the
sediment in the narrow area is not easy to be deposited. In addition, the shore slopes of the lake are
mostly unstable slopes with many small landslides, landslides and debris flows, so the loose landslide
accumulation keeps entering the lake, resulting in a higher SSC on the shore of the lake than in the
middle of the lake.

Between 2012 and 2019, higher SSC values migrated from the upper and central sections of the
lake to the lower part, suggesting continuous sediment movement from the upper to the lower
regions. From 2012 to 2016, higher SSC was observed at the lake's entrance and near the floodplain
fan, while from 2017 to 2019, higher SSC was evident near the floodplain fan and in the middle-lower
areas of the lake. This indicated a trend of sediment gradually shifting from the upper to the dam-
end of the lake.
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The SSC of the lake is generally higher in summer than in winter. November 2010 and November
2012 exhibited lower SSC than other years (mainly summer) due to fewer sediment recharge sources
during the freezing period when glaciers and seasonal permafrost are less active. Conversely, during
the melting period from June to September, an influx of snow and ice meltwater, as well as
groundwater, carried sediment into the lake, resulting in increased SSC at the entrance and near the
floodplain fan. Additionally, the ongoing influence of groundwater led to continuous avalanche slide
accumulation slipping into the lake from both sides of the bank slope.

Temporally, the average SSC of the lake gradually decreases overall from 2010-2020, and the
SSC of the lake gradually increases from 2010-2013, gradually decreases from 2013-2016, gradually
increases from 2016-2017, and gradually decreases from 2017-2020, with the lowest SSC of the lake in
2020. In the recent 2017-2020, the SSC in the lower-middle part of the lake is higher, while the SSC is
lower near the dam, resulting in less influence of sediment on the dam.

In summary, the spatial distribution of suspended sediment in Attabad landslide-dammed lake
follows a north-south and then northeast-southwest trending strip, corresponding to the direction of
the lake bank. The SSC gradually decreases from the lake's entrance to the downstream dam and
from the lake shore to the center. This distribution is primarily influenced by the lake's topography
and sediment recharge sources. From 2012 to 2019, higher SSC values shifted from the upper-middle
to the lower part of the lake, indicating continuous sediment movement. Overall, SSC is higher in
summer compared to winter, and the average SSC of the lake decreased from 2010 to 2020. During
the recent period of 2017 to 2020, higher SSC was observed in the lower-middle parts of the lake,
while lower SSC was evident near the dam.

4. Conclusion and discussion

From 2010 to 2020, the area of the Attabad landslide-dammed lake showed a gradual decreasing
trend, with the center of mass moving toward the dam and the lake tending to a stable state. The
waters of the lake with more obvious changes were mainly located at the northern estuary of the lake,
while the east and west shorelines did not change much, and the lake gradually retreated toward the
downstream dam. During the lake's recession, sedimentation appeared at the upstream northern
estuary, and the sediment area gradually increased.

The suspended sediment in the lake followed a strip-like pattern, trending from north to south
and then northeast to southwest, aligning with the lake bank's direction. The suspended sediment
concentration (SSC) decreased gradually from the lake's entrance to the downstream dam and from
the lake bank to its center. Temporally, the average SSC of the lake showed a gradual decrease from
2010 to 2020, with higher SSC values generally observed in summer compared to winter. Notably,
during the recent period of 2017 to 2020, higher SSC was noted in the lower-middle parts of the lake,
while lower SSC was observed near the dam, indicating reduced sediment impact on the dam.

However, it is essential to acknowledge some limitations in this study due to the lack of objective
data. The analysis of the lake's SSC mainly relied on remote sensing technology, lacking actual
measured SSC values, resulting in derived SSC being relative rather than quantitatively analyzed.
Additionally, the boundary between the water body and slope in the lake extent during 2010 and
2013 was not clearly defined due to mountain shadows.

Despite these limitations, the findings provide valuable insights into the changes in the Attabad
landslide-dammed lake's area and suspended sediment concentration over the past decade. The
observed trends and spatial patterns offer critical information for understanding the lake's dynamics
and potential implications for safety concerns related to sedimentation and lake failure.

To overcome the limitations of this study and enhance future research, it is recommended to
incorporate actual measured SSC data to quantitatively assess sediment concentrations. Moreover,
exploring advanced technologies and methodologies, such as in-situ measurements and high-
resolution imaging, could lead to more accurate and comprehensive results. Furthermore, further
investigation into the impact of sediment redistribution on the lake's ecological environment and
surrounding communities would add significant value to the understanding of the overall dynamics
of the Attabad landslide-dammed lake.

doi:10.20944/preprints202310.0934.v1
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In conclusion, this study sheds light on the changing dynamics of the Attabad landslide-
dammed lake and its suspended sediment concentrations over a decade. While the findings offer
valuable insights, continuous research and data refinement are essential for a comprehensive
understanding of the lake's behavior and its potential implications for safety and environmental
management.
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