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ABSTRACT ARTICLE HISTORY
Global warming causes glacial mass loss, leading to the growth of Received 25 January 2024
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significant threat to downstream communities, as they can pro-
duce destructive Glacial Lake Outburst Floods (GLOFs). Timely
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cial, considering past GLOF events in the Himalayan region. Here, hierarchical process; remote
an updated inventory of glacial lakes in the Chenab basin, sensing; Chenab basin;
Western Himalayas was generated based on Sentinel-2 datasets Himalaya

for 2022. We assessed temporal changes and GLOF susceptibility

for glacial lakes (>0.05km?) through a multi-criteria based

Analytical Hierarchical Process, classifying them into low, medium,

high, and very high susceptibility classes. The results reveal 419

lakes (>0.001km? 9.97+0.67km?) in the basin in 2022. Glacial

lakes (>0.05km?) area increased by ~75%, from 3.92+0.58 to

6.86+0.25km” during 1990-2022. Of the 42 lakes (>0.05km?)

evaluated, four showed very high GLOF susceptibility. The study

emphasizes the impact of local geomorphology and glacier-lake

interaction under warming climate, likely to increase the GLOF

susceptibility in the region. Regular monitoring and detailed field-

work for these susceptible lakes are crucial for early warning and

disaster risk reduction for downstream communities.
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GRAPHICAL ABSTRACT
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HIGHLIGHTS

e We present an improved inventory and GLOF susceptibility of
glacial lakes for the Chenab basin, Western Himalaya.

e We mapped 419 lakes (>0.001km?) with a total area of
9.97+0.67km? as of 2022, much higher than previously
reported.

e Glacial lake area increased by ~75% during 1990-2022.

e Four, three, and seven lakes are classified into the very high,
high, and medium GLOF susceptible categories, respectively.

e Local geomorphology (i.e. avalanche, rockfall) and pronounced
glacier-lake interaction under warming climate likely increase
GLOF probability in the region.

1. Introduction

Climate change has already adversely affected the glaciated regions across the globe
including in the Himalayas (Immerzeel et al. 2010). Recession and mass loss of gla-
ciers in the Himalayan region have resulted in a rapid increase in the number and
area of glacial lakes (Zhang et al. 2015; Wang et al. 2020a; Nie et al. 2021; Zheng
et al. 2021). Glacial lakes often form due to damming by unstable and unconsolidated
materials from the adjacent valley floors and glacier deposits (Carrivick and Tweed
2013; Westoby et al. 2014a; Tweed and Carrivick 2015; Linsbauer et al. 2016). Glacial
lake outburst floods (GLOFs) comprise abrupt release and downstream movement of
water and sediment from naturally dammed meltwater lakes (Allen et al. 2019;
Fischer et al. 2021). GLOFs may cause catastrophic flash floods in the downstream
areas and result in loss of lives and infrastructure (Westoby et al. 2014a; Das et al.
2015). Increasing population pressure and the growth of various anthropogenic activ-
ities (i.e. road construction, hydropower projects, and agricultural activities) increase
exposure to probable GLOF (ICIMOD 2011). Therefore, frequent multi-temporal
mapping and monitoring of glacial lakes is the initial step to identify Potentially
Dangerous Glacial Lakes (PDGLs) and evaluating of hazards associated with them.
GLOF events have been widely reported throughout the Himalayas (Westoby et al.
2014b; Nie et al. 2018; Lutzow et al. 2023; Shrestha et al. 2023). Various factors such
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as glacier-lake interactions (i.e. lake area, expansion, the distance between lake-front
and glacier terminus), dam characteristics (i.e. moraine width, height, slope), sur-
rounding geomorphology of lakes (i.e. avalanche, rockfall), meteorological (i.e. cloud-
burst) and seismic conditions destabilize the glacial lakes in the alpine region and
contribute towards triggering a GLOF (Westoby et al. 2014a; Fischer et al. 2021).
Thus, it is important to identify and prioritize the individual PDGLs in the context of
GLOF susceptibility and hazard assessment. This study focuses on the Chenab basin,
Western Himalaya where studies have indicated accelerated glacier shrinkage (Das
et al. 2023a) and rapid increase of glacial lakes due to warming (Kumar et al. 2017;
Prakash and Nagarajan 2017; Ali et al. 2023; Das et al. 2023a).

The objectives for mapping and classification of glacial lakes vary as per the study
such as inventory and change analysis (Aggarwal et al. 2017; Khadka et al. 2018;
Wilson et al. 2018; Rinzin et al. 2021; Wood et al. 2021; Ahmed et al. 2022; Agarwal
et al. 2023), outburst flood probability (Aggarwal et al. 2017; Prakash and Nagarajan
2017; Khadka et al. 2021; Ahmed et al. 2022), and modelling and forecasting of
GLOF events (Worni et al. 2013; Westoby et al. 2014a; Nie et al. 2020; Allen et al.
2021; Majeed et al. 2021; Sattar et al. 2021, 2023; Rinzin et al. 2023; Gouli et al.
2023). Therefore, accurate classification and correct boundary delineation of glacial
lakes are the most important and challenging tasks for any of the above studies.
Satellite images with better spatial and temporal resolutions offer great potential for
continuous monitoring of glacial lakes situated in high mountain areas where, field
investigations are very laborious and time-consuming, owing to rugged and inaccess-
ible environmental conditions (Ahmed et al. 2022). Precise identification and map-
ping of glacial lakes depends on the availability of high-resolution images and
appropriate mapping techniques. Studies have extensively used medium-resolution
(30m) Landsat images for lake mapping and classification in the Himalayas
(Supplementary Table S1). Moreover, various studies have been carried out to explore
the efficiency of different mapping techniques ranging from manual to automatic for
the identification of glacial lakes from satellite images (Supplementary Table S1).

Thus, in this direction, several studies have mapped and inventoried glacial lakes
in the Himalayan region based on the interpretation of satellite remote sensing data-
sets at regional (ICIMOD 2011; Wang et al. 2020a) and basin scales (Allen et al.
2016; Aggarwal et al. 2017; Bhambri et al. 2018; Khadka et al. 2018; Rinzin et al.
2021; Ahmed et al. 2022). For example, Allen et al. (2016) prepared an inventory for
Himachal Pradesh using Landsat data of 2013-214. Similarly, Bhambri et al. (2018)
prepared an inventory of 958 glacial lakes (size >0.0005km?) for Himachal Pradesh
(areal coverage 9.6+ 0.3km”) using the Linear Imaging Self-Scanning Sensor-IV (LISS
IV) data. Khadka et al. (2018) prepared a detailed inventory of 1541 glacial lakes in
the Nepal Himalayas with an areal coverage of 80.95km”. In the Bhutan Himalaya,
Rinzin et al. (2021) mapped 2574 lakes (156.63 +7.95 km?) in 2020 using Sentinel 2
data. However, to the best of our knowledge, no studies have investigated the glacial
lake inventory and spatio-temporal evolution in the Chenab basin. Few studies have
been published on mapping and monitoring of glacial lake in the Chandrabhaga basin
(Kumar et al. 2017; Prakash and Nagarajan 2017, 2018; Deswal et al. 2020; Kaushik
et al. 2020; Kumar et al. 2021; Das et al. 2023a). Spatio-temporal evolution and
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GLOF susceptibility of several glacial lakes have been studied such as Gepang Gath
(Worni et al. 2013; Sattar et al. 2023), Samudra Tapu (Kumar et al. 2017; Kaushik
et al. 2020), Panchi Nala (Das et al. 2023a), and Neelkanth lake (Deswal et al. 2020).
Prakash and Nagarajan (2017) reported glacier spatio-temporal dynamics and GLOF
susceptibility of 16 moraine-dammed lakes in the Chandrabhaga basin from 2000 to
2014 using Landsat data and the AHP method. In the adjacent Zanskar basin, studies
have reported GLOF events and hazard assessment (Schmidt et al. 2020; Majeed et al.
2021). Here, for the first time, we mapped glacial lakes with improved spatial reso-
lution (10 m) from Sentinel-2 data and presented GLOF susceptibility in the Chenab
basin.

There are no straightforward quantitative techniques to identify and measure the
GLOF potentiality of glacial lakes. Remote sensing-based hazard scores and vulner-
ability indices (ICIMOD 2011; Allen et al. 2016), empirical scoring system
(Budhathoki et al. 2010), and intensity likelihood matrix (Bolch et al. 2008, 2011)
have been used to estimate the GLOF susceptibility assessment. Multi-criteria based
Analytical Hierarchical Process (AHP) has been widely employed to identify the
PDGLs in the Swiss Alps (Huggel et al. 2004), British Columbia (McKillop and
Clague 2007), Andes (Emmer and Vilimek 2013, 2014; Iribarren Anacona et al. 2014;
Kougkoulos et al. 2018; Mergili et al. 2020), and in the Himalayan region (Bolch
et al. 2011; Aggarwal et al. 2017; Khadka et al. 2021; Rinzin et al. 2021; Zhang et al.
2022). A variety of factors have been used to appraise the PDGLs across the
Himalayas (Zhang et al. 2022) and Tibetan plateau (Allen et al. 2019). Studies have
reported GLOF susceptibility of glacial lakes using multicriteria-based AHP techni-
ques in the Western (Allen et al. 2016; Prakash and Nagarajan 2017), Central
(Rounce et al. 2016; Khadka et al. 2021; Mal et al. 2021), and Eastern Himalayas
(Aggarwal et al. 2017; Rinzin et al. 2021). In this context, the multi-criteria based
AHP provides a first-hand opportunity to examine the GLOF susceptibility of glacial
lakes, benefiting in early warning and disaster risk reduction of downstream
communities.

Therefore, based on the preceding discussion, this study aims to identify and clas-
sify glacial lakes in the Chenab basin of the Western Himalayas using remote sensing
techniques supported by extensive field validations. The study also analyzes the spa-
tio-temporal changes in these lakes concerning their GLOF susceptibility. This study
is divided into three parts. The first part focuses on mapping and generating a lake
inventory and classification based on the morphological and topographical character-
istics. The second part focuses on the spatio-temporal evolution and dynamics of
lakes during the last three decades (1990-2022), and the last part focuses on the iden-
tification of GLOF susceptibility and hazard level.

2, Study area

The Chenab (also known as the Chandrabhaga River), a transboundary river, is one
of the five main constituents of the Indus system (Figure 1A). Chandra and Bhaga
Rivers constitute the upper catchment of the basin. Two rivers converge at Tandi in
Himachal Pradesh to form the Chenab River, which then flows for 130 km before
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Figure 1. (A) Location of Chenab basin in Western Himalayas. (B) Distribution of glacial lakes
(>0.001 km?) in 2022. Elevation from GTOPO30 DEM is used in the background. The black arrow
shows the river flow directions. No ice-dammed and landslide-dammed lakes were identified in the
Chenab basin. (C) Distribution of lakes (black circles) under different precipitation regimes in
Western Himalayas. Tropical Rainfall Measurement Mission (TRMM) precipitation map was obtained
from Bookhagen and Burbank (2006).

entering Jammu and Kashmir (J&K) state, India. Then, Chenab flows through the
Jammu region of J&K state into the plains of Punjab, Pakistan, before ultimately
draining into the Indus River. The catchment of the Chenab is elongated in shape
and covers an area of ~45,000km” (Figure 1B). This region of the Himalayas com-
prises two NW-SE trending mountain ranges, the Pir-Panjal and Great Himalaya,
which are separated by the major valley of the Chandra River. The upper part of the
basin is located between the Zanskar and the Pir-Panjal ranges whereas the lower
part is located in the Dhauladhar and the other outer ranges of the Himalayas. The
topography of the basin is steep, and the glaciers are concentrated in the east. The
elevation ranges from 350 to 7500 meters above sea level (m asl), and the westward
terrain is lower than the eastward terrain. The majority of the large glaciers in the
basin (i.e. Samudri Tapu, Bara Shigri, Miyar) are situated in the greater Himalayan
range (Das et al. 2023b).

The climate of the region varies both altitudinally and geographically (Bookhagen
and Burbank 2006), with a strong N-S precipitation gradient (Figure 1C). The
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climatic conditions vary from hot and humid tropical in lower valleys to cool temper-
atures above ~1500-2000m asl. As elevation increases, this climate gradually
becomes colder, eventually transitioning to an extreme polar type at higher elevations
(Padder et al. 2022). Chenab basin lies in the transition between the monsoon-domi-
nated Pir-Panjal range in the south and the westerly-dominated Trans-Himalaya in
the north. Seasonal distribution of precipitation is characterized by two major circula-
tion systems: (1) mid-latitude westerlies in the winter months and, (2) south Asian
monsoon in the summer months (Das et al. 2023b). Mean monthly precipitation
reaches the maximum in June and July months and the minimum in November
months. In the higher altitudes (>3500m asl), more than 80% of precipitation occurs
as snowfall (Das and Sharma 2019; Das et al. 2023b). Chenab River catchment is
characterized by a dominance of snow, with ~65% of its precipitation occurring dur-
ing the monsoon and pre-monsoon seasons. In contrast, winter contributes ~26% of
the precipitation in the form of snow (Ali et al. 2021). As a result, the river experien-
ces a substantial increase in flow due to intense monsoon precipitation, further ampli-
fied by the concurrent snowmelt during the summer season (Ali et al. 2021). The
peak flow in the Chenab River catchment occurs between June and September.
Distinct physiographical settings and climatic patterns make this basin ideal for
studying the evolution and dynamics of glacial lakes in warming climatic scenarios.

The basin accommodates different litho-tectonic units of the Western Himalayas
which range from Proterozoic to recent (Padder et al. 2022). In the upper reaches,
the Chenab River cuts the higher Himalayan metamorphic, including haimantas, crys-
talline complex of the late Proterozoic age (Padder et al. 2022). Seismologically, this
region falls under moderate to severe earthquake zones (Supplementary Figure S1).
Several small to large (spanning from 30 to 1000 MW) hydroelectrical projects have
been proposed to satisfy the regional energy needs (Supplementary Figure S2).

3. Data and methods
3.1. Remote sensing data

Freely available remotely sensed data ranging from medium to high resolution,
Digital Elevation Models (DEMs) were used to examine the evolution and dynamics
of glacial lakes in the Chenab basin (Table 1). Terrain-corrected Thematic Mapper
(TM; 30m) from Landsat 5, Enhanced TM+ (ETM+; 30m) from Landsat 7, and
Operational Land Imager (OLI; 30 m) from Landsat 8 images were used to digitize
the lake outlines of 1990, 2000, and 2015, respectively. The latest lake outlines were
mapped from the Sentinel 2 images of 2022 with 10m spatial resolution. We used
orthorectified images of 2013 from Resourcesat-2 LISS IV data (5m) for lake map-
ping and validation for the part of the upper Chandrabhaga basin (Das et al. 2023a).
All images were acquired for the post-ablation period (September-November) to min-
imize the seasonal snow cover effect. Details of scenes used from different sensors are
provided in Supplementary Table S2. In addition, high-resolution imagery (<1m)
from Google Earth (GE), the Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER), and High Mountain Asia (HMA) DEMs were used to obtain
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information about topographic parameters and dam characteristics. Geological and
seismic maps were obtained from Padder et al. (2022).

3.2. Lake mapping and classification

The manual delineation of the boundaries of each single lake is preferred to an auto-
matic procedure. Even though automatic lake identification procedures from optical
or radar satellite imageries are well established (cf. Huggel et al. 2002; Strozzi et al.
2012; Wangchuk and Bolch 2020), it has been found that, in specific cases, the
requirement of a substantial amount of manual post-processing outweighs the advan-
tages of automated lake detection. Factors such as mountain shadows, cloud cover,
and seasonal snow introduce significant errors (Zhang et al. 2015; Shukla et al. 2018).
Consequently, manual post-editing is almost imperative and is recommended in
nearly all automated lake mapping methods (Mergili et al. 2013; Wood et al. 2021).
Here, on-screen digitization techniques of glacial lakes comprise of firstly, highlight-
ing water bodies using the Normalized Difference Water Index (NDWI=Byr -
Bgreen/Bnir + Bgrern) from Sentinel-2 imageries (Figure 2), followed by overlaying
of NDWI image on standard False Color Composite (FCC: bands: 8-4-3). No thresh-
old was applied to NDWI images (Figure 2). Later, all extracted lake boundaries were
exported to GE for further checking and correction using high-resolution 3-D images

76°32'30"E 76°32'30"E
L N

(A) Step 1: NDWI image (B) Step 2: FCC (8-4-3 bands)

32°50'30"N
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(C) Step 3: GE images [
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Figure 2. Example of mapping of glacial lakes. (A) Lake boundary was manually digitized using an
NDWI image. (B) Lake outlines were overlaid on standard FCC and checked. (C) Lake outlines were
further manually checked and corrected using high-resolution google earth images. (D) Final lake
boundary. L218 is the lake id for Kadu Nala lake.
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Figure 3. Field photographs of few pro-glacial lakes from the Chenab basin. (A) a typical pro-gla-
cial moraine-dammed Samudri Tapu lake. (B) a bedrock-dammed Chandra Tal. (C) Moraine-dammed
Gepan Gath lake. (D) Bedrock-dammed Suraj Tal. (E) Moraine-dammed Neelkanth lake. (F) Bedrock-
dammed Shingo La lake.

(Figure 2C). Previous studies consistently utilized a 10km buffer area from the nearest
glacier to identify glacial lakes (Gardelle et al. 2011; Zhang et al. 2015; Nie et al. 2017;
Khadka et al. 2018; Shukla et al. 2018). In this study, a preliminary step involved creat-
ing a 10km buffer area from the closest glacier termini using Randolph Glacier
Inventory (RGI) outlines obtained from Global Land Ice Measurements from Space
version 7 (GLIMS v7), and the lowest elevation of the glacial lake was recorded at
~3390 m asl. This recorded elevation served as the minimum threshold and a compre-
hensive assessment was conducted to detect the presence of glacial lakes. This method
ensured the inclusion of the maximum number of glacial lakes in the analysis. All lakes
<0.001km® were removed because their change detection was regarded as too uncer-
tain given the spatial resolution (10m) of Sentinel 2 images (Gardelle et al. 2011;
Zhang et al. 2015). The lake outlines digitized from the remote sensing data were
extensively validated based on the field observation during 2010-2022 (Figure 3).

First, all the mapped lakes were classified into broad two groups followed by Zhang
et al. (2015): non-glacier-fed and glacier-fed (Figure 4). We followed the classification
scheme of Carrivick and Tweed (2013) and Aggarwal et al. (2017) for the categoriza-
tion of glacial lakes based on their geomorphology, and the lakes were grouped into
five main classes: bedrock-dammed lakes (BDL), moraine-dammed lakes (MDL), ice-
dammed lakes (IDL), landslide-dammed lakes (LDL), and other lakes (OL).

3.3. Inventory and temporal changes

An inventory of glacial lakes was generated for the year 2022 using Sentinel 2 (10 m)
images. Studies have reported that higher spatial resolution of Sentinel 2 images
reduces the uncertainty of lake outline delineation, compared to the 30 m Landsat
images (Aggarwal et al. 2017; Rinzin et al. 2021). Followed by Aggarwal et al. (2017)
and Rinzin et al. (2021), lakes identified and mapped in section 3.2 were further
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Figure 4. Typical examples of different lake types. (A) Glacier-fed lake. (B) Non-glacier fed lake. (C)
Bedrock-dammed lake. (D) Moraine-dammed lake.

described by several quantitative and qualitative parameters. Each lake was assigned a
unique label. Quantitative parameters (i.e. area, perimeter, elevation) were derived auto-
matically from satellite images and ASTER DEMs in GIS environment. Glacial lake vol-
ume was estimated using the following empirical formula from Huggel et al. (2004):

V =10.104 x A2 (1)

Where V is volume and A is the surface area of the lake. Although Huggel et al.
(2004) performed empirical calculations based on the data from the Swiss Alps, stud-
ies have successfully used this formula for estimating lake volume in the Himalayas
(ICIMOD 2011; Aggarwal et al. 2017; Khadka et al. 2018; Rinzin et al. 2021).
Qualitative parameters (i.e. lake type) were manually assigned to each lake by visual
interpretation (Supplementary Table S3).

Temporal changes were calculated for lakes >0.05km? in size, as smaller lakes are
difficult to precisely map from medium resolution (30m) Landsat images (Rinzin
et al. 2021). Glacial lake (>0.05km?) outlines of 2022 were overlaid on multitemporal
satellite images (1990, 2000, and 2015) and manually digitized. We performed multi-
temporal change detection for different types of glacial lakes for four distinct time
spans: 1990-2000, 2000-2015, 2015-2022, and 1990-2022.

3.4. GLOF susceptibility assessment

3.4.1. Factor selection

We designed and applied the Multi-Criteria Decision Making (MCDM) based AHP
method to ascertain the GLOF susceptibility. We complied several GLOF susceptibil-
ity factors from previous studies in the Himalayan region (ICIMOD 2011; Emmer
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and Cochachin 2013; Emmer and Vilimek 2014; Emmer et al. 2016; Aggarwal et al.
2017; Prakash and Nagarajan 2017; Khadka et al. 2021; Rinzin et al. 2021; Fischer
et al. 2021; Zhang et al. 2022; Table 2 and references therein). Various factors can ini-
tiate GLOF events from moraine-dammed lakes either by dam overtopping or failure
(Emmer and Vilimek 2014; Westoby et al. 2014a). Factors used in previous work on
GLOF susceptibility and hazard assessment can be broadly categorized into four
groups: (i) lake-glacier characteristics, (ii) dam characteristics, (iii) lake surroundings
morphology, and (iv) other factors (Emmer and Vilimek 2014; Worni et al. 2014;
Allen et al. 2019; Mal et al. 2021; Fischer et al. 2021; Zhang et al. 2022). A flowchart
of methodology adopted for GLOF susceptibility is presented in Figure 5.

L

We used glacier lake area (F1), expansion rate (F2), distance between lake-front
and parent glacier terminus (F3), and slope between lake and glacier tongue
(F4) as significant factors of outburst probability (Figure 6). According to Nagai
et al. (2017), a glacial lake size of 0.01km? is deemed sufficiently large to pose a
significant hazard to downstream settlements. For regional hazard assessment,
>0.1km? area threshold is commonly used (Allen et al. 2019), while Nie et al.
(2018) suggested a minimum area threshold of 0.05km? based on 51 past GLOF
events in the Himalayan region. Previous studies have estimated the GLOF haz-
ard assessments of glacial lakes >0.1km® in size in the Western (Worni et al.
2013), Central (Rounce et al. 2017) Himalayas, and in the Tibetan plateau (Allen
et al. 2019). In the Bhutan Himalaya, among 13 lakes with a GLOF history, 10
have areas ranging from 0.01 to 0.06km> (Nagai et al. 2017). Recent GLOF
events in the Indian (Das et al. 2015) and Nepalese Himalayas (Nie et al. 2018)
have been reported from glacial lakes <0.1km® in size. Lakes with larger surface
area are more prone to impact from mass movement from the surrounding ter-
rain, thus may cause higher damage downstream (Bolch et al., 2008; Prakash
and Nagarajan, 2017). In this study, glacial lakes with an area of >0.05km” were
considered in the GLOF susceptibility assessment as suggested by other studies
in the Himalayas (ICIMOD 2011; Nie et al. 2018; Veh et al. 2020; Khadka et al.
2021). We assumed that the magnitude of GLOF increases with the area of the
lake, so we categorized them as low risk for lakes <0.06 km?, medium risk for
lakes ranging 0.06-0.1 km?, and high risk for lakes >0.1km?. The lake expansion
rate (F2) was calculated from multitemporal satellite images. We divided the
expansion rate into three groups: >100% (high), 50-100% (moderate), and
<50% (low) during the last 30 years (Aggarwal et al. 2017; Prakash and
Nagarajan 2017). Glacier-lake proximity (F3) significantly influences the lake
dynamics (Huggel et al. 2004; Worni et al. 2013; Westoby et al. 2014a; Cook
et al. 2016; Fan et al. 2019; Wang et al. 2020b; Hu et al. 2022). A lake in contact
with a glacier may experience faster growth due to the continuous glacier retreat
and is more susceptible to GLOF due to the ice calving on the lake, which can
generate an outburst due to the overtopping of lake water (Carrivick and Tweed
2013). Distance between the glacier terminus and the lake-front was measured
using GE (Figure 6) and categorized into three classes: lakes in contact with the
glacier (high), <500 m (moderate), and >500 m (low). The slope between the
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Figure 5. Flowchart of methodology.

IL.

lake and the terminus of parent glacier (F4) is another key factor that influences
ice avalanches and future lake growth (Emmer and Vilimek 2013; Emmer et al.
2016; Drenkhan et al. 2019; Allen et al. 2021; Khadka et al. 2021). We calculated
the slope by dividing the height difference between the lake and the glacier ter-
minus by the distance (Figure 6). The slope between the lake and glacier ter-
minus was categorized into three classes/alternatives (>21°: high; 12-21°:
medium; <12°: low) to assign index values (Table 2).

The probability of failure of a moraine-dammed lake depends on dam geometry
(dam width, height, moraine distal face slope), dam material properties (weight,
cohesion, porosity, grain size distribution, etc.), and freeboard of the lake
(Worni et al. 2013; Emmer and Vilimek 2014; Worni et al. 2014; Allen et al.
2019). We used moraine width and height ratio (F5), freeboard (F6), and distal
slope of moraine crest (F7) as significant factors for outburst susceptibility
assessment (McKillop and Clague 2007; Bolch et al. 2011; ICIMOD 2011;
Mergili et al. 2011; Aggarwal et al. 2017; Prakash and Nagarajan 2017; Khadka
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Figure 6. Factors for outburst susceptibility assessed in this study. (A) Modelled mass movement
probability of Gepang Gath lake. (B) A schematic diagram of different factors assessed and meas-
ured along XY elevation profile. (F1) lake area; (F2) increase in lake area; (F3) lake—glacier proximity
(horizontal distance); (F4) slope between lake and glacier; (F5) moraine width-to-height ratio; (F6)
freeboard; (F7) slope of distal face of moraine; (F8) mass movement probability; (F9) cloudburst or
extreme rainfall event; and (F10) seismicity. The background is false color composite (bands: 7-5-4)
of Landsat 8 image. Elevation profile was drawn from ASTER DEM.

et al. 2021; Rinzin et al. 2021; Ahmed et al. 2022) as reported in the other stud-
ies in the Himalayas (Table 2). The dam width-to-height ratio influences the
hydraulic pressure, leading to piping within the moraine dam and subsequent
slope failure of the moraine (Worni et al. 2014; Majeed et al. 2021). The slope of
the distal face of moraine exhibits the stability and erodibility, which may lead
to dam failure (Westoby et al. 2014a). The vertical distance between the lake
water level and the moraine crest is known as the freeboard which exhibits the
potential of topping of water due to sudden mass movement into the lake
(Emmer and Vilimek 2013). Here, we used 30 m ASTER DEM for the extraction
of dam characteristics for each lake. Previous studies have used ASTER DEM
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for generating dam-related parameters for GLOF susceptibility assessment in
Bhutan (Rinzin et al. 2021), Sikkim (Aggarwal et al. 2017), Nepal (Khadka et al.
2021), and Western Himalaya (Prakash and Nagarajan 2017; Ahmed et al. 2022).
In addition to this, HMA DEM (8 m) was used based on availability. Dam char-
acteristics were extracted from DEMs and 3D GE imageries using elevation
profiles (Figure 6; Supplementary Figures S3 and S4). We measured the dam
width-to-height ratio and assigned index values as: <0.1 (high), 0.1-0.5
(medium), and >0.5 (low). We assigned high index values for lakes having sur-
face drainage (i.e. zero freeboard), followed by <5 m as a medium, and >5 m as
low values (Table 2; Prakash and Nagarajan 2017). High index value was
assigned to dams having a frontal slope of >20°, followed by 12-20° as medium,
and <12° as low values (Wang et al. 2011).

Mass movement (rockfall, ice avalanche) of the lake’s surrounding area is an
important outburst-triggering factor (Worni et al. 2014; Prakash and Nagarajan
2017; Rinzin et al. 2021). We considered ice or rock avalanches to represent
mass movement (F8) combinedly. Avalanche is the major outburst-triggering
factor in the Himalayas (Nie et al. 2018; Allen et al. 2019; Zhang et al. 2022).
Thus, the mass movement factor was ranked as the highest priority by expert
judgment, and the maximum weight assigned to this factor from AHP is justifi-
able. Here, following Allen et al. (2019), we modelled the ice or rock avalanche
probability zones (i.e. topographic potential area). First, we demarcated the total
watershed area upstream of the lake using a hydrology tool in ArcGIS software
(Figure 6A). Later, within each lake watershed, the potential topographic area
was calculated for all grid cells fulfilling (1) slope >30° and (2) trajectory slope
of 17° (tana = 0.25). This approach assigns greater significance to steep slopes
that are nearer to a lake, as these slopes are more likely to generate avalanches
that can reach the lake. In addition, lakes located in large watersheds where
potential avalanche-prone valley walls are located at a horizontal distance of
>2km were excluded, assuming that the avalanche or mass movement does not
hit the lake directly (Khadka et al. 2021). A topographic potential area of
>1km? was assigned as a high index value, 0.5-1km? as medium value, and
<0.5km? as a low value (Table 2; Supplementary Table S11).

We used cloudbursts as meteorological events and earthquakes as seismic events
that can trigger GLOF events (Das et al. 2015; Nie et al. 2018; Zhang et al.
2022). A sudden cloudburst may rapidly increase the water level in the lake,
thus increasing hydrostatic pressure, resulting in the failure of the dam and out-
burst (Worni et al. 2014). The probability of extreme rainfall or cloudburst in
the study area is 1 in 12 years and is categorized as a low-risk area (Prakash and
Nagarajan 2017). A strong earthquake can trigger mass movement into the lake,
which can generate a displacement wave. Further, blockade of the dam outflow
path from mass movement can lead to dam overflow and eventually to dam fail-
ure (Emmer and Vilimek 2013; Worni et al. 2014). Several GLOF events were
reported to have been triggered by an ice/rock avalanche or landslide, initiated
by a high-magnitude earthquake in the central Himalayan region (Ives et al.
2010; Osti et al. 2011; Byers et al. 2019). However, based on empirical evidence,
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a recent study (Wood et al. 2024) suggests that earthquake rarely triggers
GLOFs in the tropical Andes. The study area falls within moderate to high seis-
mic zones (Supplementary Figure S1), having Peak Ground Acceleration (PGA)
values between 0.35 and 0.5 g (Prakash and Nagarajan 2017). We overlaid glacial
lake outlines on seismic maps, and assigned index values: high (zone V),
medium (zone 1V), and low (zone III).

3.4.2. Weight assignment and GLOF susceptibility index

We used the MCDM based AHP method to assign the weight of each GLOF suscepti-
bility factor. The AHP is a semi-quantitative decision-making technique using weights
through pairwise comparison among different factors without inconsistencies (Satty
1990). Several studies have used the AHP method for GLOF susceptibility assessment
of glacial lakes in the Himalayan region (Aggarwal et al. 2017; Prakash and Nagarajan
2017; Khadka et al. 2021; Zhang et al. 2022).

For determining the susceptibility of individual lakes to possible GLOF events in the
future, weights were assigned to each parameter (Table 3). Such weights were assigned
mainly by the authors’/users’ expertise and know-how, along with their understanding
of the interaction/impact of these different parameters for possible GLOF events for
individual lakes, as reported in previous studies (Supplementary Table S5-S12). The
AHP technique succinctly summarises the authors’ perceptions and judgments into a
multi-level hierarchical configuration following their significance. It simplifies the com-
plex assemblage of connections among the different parameters through the compari-
son matrix and reduces biases through the analysis’s consistency. To find out the
relative significance of the parameters, a pairwise comparison matrix was computed
(using the degree of importance scale ranging from 1 to 9, i.e. 1 denotes equal impor-
tance and 9 denotes extreme importance of one parameter concerning the other) and
normalized to determine the weights and ranks of each parameter (see Supplementary
Tables S5-S12). The final weights for each parameter were calculated by multiplying
the factor weights from the AHP with the class index following the given formula:

GLOF index = Z?:o F,xC; (2)

where F,, is the factor weights and C; is the class index value. The susceptibility val-
ues obtained from the above equation range from 0.25 to 0.72 and are thereby classi-
fied into four classes: very high (>0.65), high (0.65-0.55), medium (0.55-0.45) and
low (<0.45), as reported in the region (Prakash and Nagarajan 2017).

3.5. Mapping uncertainty and sensitivity analysis

3.5.1. Lake mapping uncertainty
The lake area uncertainty (0) is calculated using the following equation (Hanshaw
and Bookhagen 2014; Zheng et al. 2021):

P G
== x — x 0.6872
b G><2><0687 (3)
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where P is the perimeter of the glacial lakes, and G is the spatial resolution of the
images used. The relative change in lake area between 1990 and 2022 and its uncer-
tainties were estimated using the following equations (Zheng et al. 2021):

Ay - A

1
dA \*  [6A\
5R_\/<A2—A1> +(A_1) K ®
A = \[6A? + 5A2 (©)

where R is the relative change in the glacial lake area and JR is its uncertainty; A;,
A, are the lake areas at the beginning and end of the period; dA;, JA, are their
uncertainties, respectively; and JA is total uncertainty.

R

* 100% 4)

3.5.2. AHP sensitivity analysis

The sources of uncertainties in the GLOF susceptibility assessment could arise from the
satellite data used for preparing the inventory and the DEMs used for estimating the
factors (Prakash and Nagarajan 2017; Khadka et al. 2021; Rinzin et al. 2021). The
uncertainty of lake mapping affects the input values for lake area and expansion rate;
however previous studies have successfully used a similar dataset (i.e. Sentinel-2) for
preparing the inventory and computing the factors for the GLOF hazard and risk
assessment in other parts of Himalaya (Rinzin et al. 2021). We performed an accuracy
assessment for factors selection and outburst susceptibility using: (1) collinearity and
consistency ratio check of AHP (Das et al. 2022), and (2) sensitivity analysis by
shifting the class/alternative and modifying the GLOF susceptibility class (Khadka et al.
2021).

We performed a multicollinearity analysis to check the correlation among factors.
The MCDM model encounters a significant statistical challenge known as multicolli-
nearity, where one or more input factors, either dependent or independent variables—
exhibit high correlation with each other or with a combination of other input factors.
This phenomenon can substantially influence the model output due to the presence
of linear relationships among the input factors (Shrestha 2020). Multicollinearity typ-
ically manifests when tolerance values fall <0.10 or the Variance Inflation Factor
(VIF) >10 (Das et al. 2022). In such cases, it becomes necessary to eliminate these
parameters from the analysis to mitigate the distortions caused by multicollinearity.
Tolerance (T;) and VIF (VIF)) of any variables are calculated as follows:

T; = 1-R? (7)

1
VIF) = — (8)
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These equations are applied iteratively across each input factor. After collecting
data for each factor, the analysis was conducted using SPSS (v27.0.1) software. The
results obtained for each factor (Table 3) indicate VIF and tolerance values of <10
and >0.1 respectively, at significance levels of p <0.01 and p < 0.05. Consequently,
there was no evidence of collinearity among the 10 factors, ensuring that the model
results remained unaffected by multicollinearity issues.

The Consistency Ratio (CR) was utilized to guarantee the validity of the overall
impact of various models utilized in AHP and expressed as:

CR = CI/RI (9)

where CI is the consistency index and RI represents the random index of the hier-
archical order of the matrix (Supplementary Tables S5-S12). The equation of CI is:

(Amax = 1)
(n—1)

Where Apqy is the rule or most elevated eigenvector of the network and n demon-
strates the number of select parameters. The CR value should be <0.1 to yield a sig-
nificant outcome to continue with further analysis. The speed of productivity
through CR can be decreased by auditing the decisions, as required. We obtained CR
as follows:

(10)

Amax = 10.54,
n =10,
10.5464 — 10
CI = Q = 0.0607,
(10-1) (11)
RI = 1.48,
0.0607
CR = = 0.0410,
1.48

Consistancy check = 4.11%.

The overall consistency ratio was calculated as ~4%, which shows the high confi-
dence in the correlation matrix among variables (Supplementary Tables S5-S12).

In a multi-criteria decision-based GLOF hazard assessment, sensitivity analysis
(SA) plays a key role in determining how much uncertainty of the results of the
assessment is influenced by the uncertainty of its input criteria. The validation of haz-
ard assessment methods using past GLOF events has commonly been done in previ-
ous studies (Nie et al. 2018), to get a sectoral overview of the region. However,
historical GLOF records are absent for the Western Himalayan region, which hinders
validation against past events (Supplementary Figure S6). We followed the approach
of Khadka et al. (2021) for SA. First, we checked the sensitivity of GLOF assessment
by shifting the low and medium class/alternatives of F1 to medium and high classes,
respectively keeping other factors constant. Similarly, SA was performed for the
remaining nine factors (F2-F10). Later, SA was performed to check the extent to
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which GLOF susceptibility of lakes will change when the susceptibility class is modi-
fied by £5%, i.e. £0.05 (Supplementary Tables S13 and S14).

4. Results
4.1. Inventory of glacial Lakes

In 2022, a total of 419 glacial lakes (>0.001 km?) were mapped, covering a total area
of 9.97+0.69km?, heterogeneously distributed across the Chenab basin. A total of
225 lakes are identified as glacier-fed, comprising an area of 6.02+0.37 km* (60% of
total area). In contrast, non-glacier-fed lakes comprise an area of 3.95%0.32 km?
(Figure 7A). Among the lakes, 306 (4.21+0.42 km?) are bedrock-dammed, 80
(5.41 +0.23km?) are moraine-dammed, and 33 (0.35+0.04km?) are other lakes. No
ice-dammed and landslide-dammed lakes were identified in the Chenab basin
(Supplementary Table S15). Moraine-dammed lakes are dominant for glacier-fed
type, comprising an area of 4.75 +0.18 km” (~79% of the total glacier-fed area; Figure
7B), while bedrock-dammed lakes are mostly non-glacier fed types (Figure 7C).

The mean size of the glacial lakes is 0.024km®, and the largest glacial lake in the
basin is the Samudri Tapu (L396; 1.52+0.03 km?). The 0.001-0.002km? size class
comprises 106 lakes with a total area of 0.15+0.06 km? (Figure 7D,E). The maximum
number of lakes (166 or ~39%) lies in the 0.002-0.01 km* size class, comprising an
area of 0.90+0.17km? (~9% of the total area). About 45% of the total lakes are
below <0.05km? in size, and comprise only an area of 4% (Figure 7D,E); however,
remaining lakes, i.e. those >0.05km” in size constitute ~96% of the total lake area.
The size class >0.1km* comprises only ~3% (12) of total lakes but encompasses the
maximum area of ~49% (4.84 +0.12km?).

The glacial lakes are distributed in an elevation range between 3390 and 5417 m
asl. with a mean elevation of ~4600m asl. Elevation-dependent distribution of lakes
shows an inverse relation between number and area (Figure 7F). The elevation zone
of 3900-4500m asl comprises the highest number (154 or ~37%) and surface area
(7.29 £0.36 km? or ~73% of total area). About 49% of the total glacial lakes are below
the mean elevation of 4600 m asl and comprise an area of 8.35+0.45km” (~84% of
the total area); however, remaining lakes, i.e. those > 4600m asl constitute only
~16% of the area.

East-west (longitude) and north-south (latitude) distribution depict that larger
lakes are on the eastern side of the Chenab basin (Figure 7G). Most of the eastern-
side lakes are glacial-fed compared to the glacial-unconnected lakes in the western
sector. The maximum density of the glacial lakes in the study area is ~18 glacial lakes
per 100 km?.

4.2. Expansion and temporal changes

In this study, we selected 42 glacial lakes with an area >0.05km” in 2022 for GLOF
susceptibility assessment. Thus, their surface area changes between 1990 and 2022
were examined (Table 4; Figure 8). The results show that 21 out of 42 lakes remained
unchanged during the observation period (Figure 8). Two lakes (L185 and L218)
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Number and area distribution according to types, (B) Morphology-based distribution of glacier-fed
lakes, (C) Morphology-based distribution of non-glacier fed lakes, (D) Number of lakes according to
size class and types, (E) Area of lakes according to size class and type, (F) Elevation zone wise dis-
tribution, (G) Latitude and longitude wise distribution based on size class.



22 (&) S.DASETAL

Table 4. Glacial lakes (>0.05 km?) with GLOF susceptibility rank in the Chenab basin.

Area (km?)
Lake ID Long (°) Lat (°) 1990 2022 Change (%) Susceptibility index GLOF class
L147 76.121 33.868 0.223 0.459 51 0.714 Very high
L339 77.221 32.527 0.371 0.997 63 0.665 Very high
L396 77.546 32.497 0.514 1.519 66 0.675 Very high
L415 77.618 32.604 0.027 0.063 57 0.655 Very high
L185 76.363 33.312 0.000 0.102 100 0.556 High
L1331 77.195 32.762 0.023 0.053 57 0.615 High
L358 77.307 32.630 0.024 0.092 74 0.588 High
L022 75.447 33.845 0.037 0.047 21 0.526 Moderate
L034 75.492 33.780 0.007 0.082 92 0.523 Moderate
L123 76.019 33.941 0.053 0.297 82 0.522 Moderate
L218 76.539 32.842 0.000 0.182 100 0.545 Moderate
L228 76.602 33.133 0.004 0.067 94 0.496 Moderate
L357 77.280 32.845 0.016 0.047 66 0.450 Moderate
L379 77373 32,693 0.065 0.065 0 0.453 Moderate
L001 74.569 33.486 0.061 0.061 0 0.329 Low
L002 74.579 33.496 0.087 0.087 0 0.313 Low
L004 74.602 33.468 0.056 0.056 0 0.367 Low
L006 74.614 33.445 0.160 0.160 0 0.411 Low
LO11 74.626 33.458 0.047 0.047 0 0.313 Low
L015 75411 33.952 0.267 0.267 0 0.356 Low
L017 75.422 33.873 0.050 0.059 15 0.376 Low
L028 75.465 33.799 0.065 0.077 15 0.274 Low
L040 75.514 33.625 0.077 0.077 0 0.382 Low
L045 75.537 33.619 0.108 0.108 0 0.420 Low
L047 75.573 33.974 0.101 0.101 0 0.338 Low
L072 75.628 33.932 0.075 0.075 0 0.376 Low
L073 75.632 33.922 0.024 0.048 50 0.383 Low
L077 75.669 32.867 0.054 0.054 0 0.284 Low
L083 75.688 32.872 0.071 0.092 23 0.311 Low
L095 75.774 33.718 0.052 0.052 0 0.315 Low
L099 75.815 33.761 0.096 0.096 0 0.338 Low
L100 75.819 34,015 0.083 0.083 0 0.343 Low
L119 76.004 33.936 0.052 0.052 0 0.401 Low
L126 76.056 33.174 0.027 0.046 41 0.256 Low
L148 76.125 33.184 0.079 0.079 0 0.401 Low
L150 76.139 33.147 0.096 0.096 0 0.328 Low
L195 76.450 33.507 0.160 0.160 0 0.405 Low
L203 76.474 33.460 0.066 0.066 0 0.288 Low
L230 76.672 32.930 0.024 0.047 48 0.431 Low
1362 77330 32.723 0.016 0.093 83 0.431 Low
L387 77.448 32.245 0.008 0.058 85 0.412 Low
L414 77.615 32483 0.492 0.492 0 0.410 Low

evolved after 2000, the remaining 19 lakes showed varying change rates ranging from
15 to 85%. The total area of glacial lakes in 1990 was 3.92 +0.58 km?, which expanded
by ~75%, reaching 6.86 +0.25km” in 2022. On the decadal scale, lake area change
was maximum during 2000-2015 (1.84+0.23km* ~0.12km*> yr™'), followed by
2015-2022 (0.82+0.12km?* ~0.12km*> yr™') and 1990-2000 (0.28+0.20 km>
~0.03km* yr~'). Decadal area changes for 42 lakes are provided in Supplementary
Table S16. The 10 typical glacial lakes (L387, Samudri Tapu, Gepang Gath, Panchi
Nala, 1218, 1228, L185, L123, L147 and L034) connected with their parent glaciers
expanded the most in the basin (Figure 9). L218 emerged after 2013 and experienced
a significant increase in size from 0.03 (2015) to 0.18 km? (2022), at a rate of ~56%
growth per year. Most of the glacial-unconnected lakes showed very little or no
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Figure 8. Temporal changes in area of 42 lakes (>0.05km? in the Chenab basin between 1990
and 2022.

growth during the observation period, compared to the glacial-fed lakes in the basin
(Figure 9).

4.3. GLOFs susceptibility and sensitivity analysis

The GLOF susceptibility assessment shows that out of 42 glacial lakes assessed, four were
classified with very high GLOF susceptibility (Figure 10; Table 4). Similarly, three glacial
lakes were classified with high, 7 with moderate, and 28 with low GLOF susceptibility
(Figure 10; Table 4). Our method ranked notable glacial lakes like L396 (Samudri Tapu),
L339 (Gepang Gath), 1415, and L147 as very high GLOF susceptibility. We ranked two
other glacial-connected lakes (L358: Kaorang Nala and L185) as highly susceptible. The
details on 42 glacial lakes with their susceptibility classes are presented in Table 4.

Our findings revealed that GLOF susceptibility assessment is sensitive to changes
in thresholds of class/alternatives of factors. The sensitivity analysis based on shifting
of class/alternatives revealed that 42% of the lakes (out of 42) changed their suscepti-
bility class between high and very high when the class/alternative level of F8 is
shifted, revealing that mass movement probability is the most sensitive parameter,
among others (Supplementary Table S13). Similarly, the number of lakes in the very
high class increased from 10 to 19% when the class level of F5 was shifted. Thus,
assigning maximum AHP weight to F8 and F5 is justified in the present analysis. No
change was observed in the very high GLOF class when F9 and F10 were altered
(Supplementary Table S13). The sensitivity analysis based on altering GLOF suscepti-
bility class showed that if the susceptibility class is decreased by 0.05 then two high
GLOF class lakes (L331, L354) will be classified into very high class and five moderate
GLOF class lakes (L218, L022, L034, L123, L228) will be classified into high class.
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Similarly, if the susceptibility class is increased by 0.05, three (L369, L339, L315) out
of four very high lakes (Table 4) will fall into the high class (Supplementary Table
S14). This shows that the lakes are very sensitive to the small change in GLOF class.
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5. Discussion
5.1. Mapping and inventory of glacial lakes

Glacial lake mapping uncertainty usually results from the data quality (i.e. spatial
resolution) used for mapping and other factors such as cloud coverage and seasonal
snow (Hanshaw and Bookhagen 2014; Rinzin et al. 2023). Our uncertainty range
(~6.92% of total area) is lower than the previously reported studies across the region,
which used Landsat images (i.e. £ 16.13% in Zhang et al. 2015), £13.15% in Wang
et al. 2020a), +30% in Khadka et al. 2018), £15.96% in Nie et al. 2017)). Present
uncertainty (+£6.92%) is similar to uncertainty reported in the Bhutan Himalaya
(£5.02%) using Sentinel 2 image (Rinzin et al. 2021). We compared the surface area
of randomly selected 20 lakes mapped from high-resolution (<1 m) imagery available
in GE. Results show an area deviation of < 1% between GE and Sentinel images. The
lake mapping from 10m Sentinel 2 images yielded better results with lower errors
than those mapped from 30 m Landsat images because the standard way of detecting
an error in lake delineation depends upon the spatial resolution of the images used
(Salerno et al. 2012). Our results could even be better if the studies had been per-
formed with data at even higher resolution. Apart from this, ASTER DEM with 30 m
coarse resolution was used for extracting and measuring moraine dam geometry and
terrain processing. Very detailed information is not possible from these DEM datasets
(Khadka et al. 2021; Rinzin et al. 2021).

We followed standard approaches to generate glacial lakes inventory in the Chenab
basin. Our 2022 inventory was compared with existing inventories for the Himalayan
region (Shugar et al. 2020; Wang et al. 2020a; Chen et al. 2021; Zheng et al. 2021),
despite significant variations in mapping time and minimum threshold size (Table 5).
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Table 5. Comparison of the number and area of glacial lakes in the Chenab basin with the find-
ings of previous studies.

Source Study area Study year No of lakes Area of lakes (km?) Minimum size (km?)
This study Chenab basin 2022 419 9.97 £0.69 0.001

This study 223 9.48+0.61 0.0054

This study 165 9.09+0.58 0.0085

This study 36 6.58 £0.05 0.05

Wang et al. (2020a) HMA 2018 +2 67 6.08 0.0054

Chen et al. (2021) HMA 2017 +2 63 5.24 0.0085
Shugar et al. (2020) Worldwide 2015-2018 18 4.14 0.05

HMA = High Mountain Asia.

The number and total area of glacial lakes identified in our study exceeded those in
previous studies. By increasing the minimum mapping threshold size to 0.0054 km?
as of Wang et al. (2020a), the number and area change to 223 and 9.48 +0.61 km” as
of 2022. On the other hand, considering the minimum threshold size of 0.0085 km?
as of Chen et al. (2021), the glacial lake number and area change to 165 and
9.09 +0.58 km?, respectively in the present study (Table 5). These differences could be
attributed to (1) differences in image acquisition, (2) differences in minimum thresh-
old size, and (3) mapping error. The comparison indicates that the earlier inventories
have missed glacial lakes, especially in the smaller size ranges, and implies that our
study provides a more robust (both qualitative and quantitative) representation of the
glacial lake census in the Chenab basin than previous studies at the regional scale.
We observed the dominance of small glacial lakes (<0.05km?) in the Chenab basin,
which is in consonance with previous records (Bhambri et al. 2018), and the general
distribution pattern of glacial lakes in the Himalayas (Zhang et al. 2015; Khadka et al.
2018). However, glacial lakes in the larger size categories represent the major portion
of the total area, in agreement with earlier findings in the Himalayas (Nie et al.
2017).

5.2. Expansion of glacial Lakes

Glacier recession has led to an increasing number and areal extent of glacial lakes in
the majority of high mountain regions all around the world (Nie et al. 2017; Shugar
et al. 2020; Veh et al. 2020; Zheng et al. 2021). Between 1990 and 2015, Nie et al.
(2017) reported an expansion rate of ~14.1% in the Himalayan region. Wang et al.
(2020a) reported an average rate of increase in area of ~15.2% during 1990-2018.
Heterogeneous expansion rates have been reported in Nepal (~30%; Khadka et al.
2018), and Bhutan Himalaya (~20%; Rinzin et al. 2021). A similar pattern is observed
in the Chenab basin (Kumar et al. 2017; Prakash and Nagarajan 2017; Das et al.
2023a). Many lakes came into existence in different periods after 1990 and were
growing at different expansion rates over the last 30years in the Chenab basin.
Glaciers in the Chenab basin experienced an accelerated areal reduction (Das and
Sharma 2019; Das et al. 2023a), and elevation change (Das et al. 2022) at heteroge-
neous rates across the sub-basin scales. In the Chandrabhaga basin, several studies
have reported a significant increase in the number and area of glacial lakes (Prakash
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and Nagarajan 2017; Bhambri et al. 2018; Das et al. 2023a). Increasing trends in tem-
perature and declining precipitation may result in rapid deglaciation and the expan-
sion of lakes in the region (Das et al. 2023a). Continued glacier retreat may lead to
further expansion and formation of lakes with higher outburst susceptibility and asso-
ciated GLOF hazards in the basin.

Non-glacier-fed lakes in the basin remain mostly unchanged (Figure 9). These
lakes dominate the western part of the basin, primarily comprising the Pir-Panjal
range where precipitation mostly occurs in liquid form during the monsoon season
(Ali et al. 2021; Padder et al. 2022). Our findings are consistent with regional-scale
studies in the Himalayas, which have reported either a minor shift in the trajectory of
non-glacier-fed lakes since 1990 (Zhang et al. 2015) or a relatively stable situation
(Nie et al. 2017).

On the other hand, maximum expansion was observed for glacier-fed lakes com-
pared to non-glacier-fed lakes, which aligns with earlier findings for the entire
Himalayan region (Zhang et al. 2015; Aggarwal et al. 2017; Nie et al. 2017; Khadka
et al. 2018; Wang et al. 2020a; Rinzin et al. 2021). The differences in expansion rates
between non-glacier-fed and glacier-fed lakes can be explained by considering the
sources of water for the lakes. When a lake is no longer in contact with its parent
glacier, the only water source is the drainage of meltwater from upstream seasonal
snow and precipitation. In contrast, a lake in contact with a glacier receives additional
water from subglacial melting and calving of the glacier front into the lake (Gardelle
et al. 2011). Lakes attached to glaciers are inclined towards faster surface area expan-
sion due to a positive feedback mechanism between the lake and ice (Carrivick and
Tweed 2013; Tweed and Carrivick 2015; King et al. 2018).

Most of the large lakes in the Chenab basin are glacier-fed, depicting the max-
imum rate of areal expansion. Similar scenarios have been reported worldwide,
including Bhutan (Ageta et al. 2000; Rinzin et al. 2021), Nepal (ICIMOD 2011;
Rounce et al. 2016, 2017; Haritashya et al. 2018; Khadka et al. 2018, 2021), and Alps
(Huggel et al. 2002) and Andes (Hanshaw and Bookhagen 2014; Iribarren Anacona
et al. 2018; Kougkoulos et al. 2018).

5.3. GLOF hazard potential

5.3.1. GLOF susceptibility factors and weightage

The initial step in GLOF mitigation and early warning preparation involves assessing
the hazard potential of glacial lakes. In this study, we utilized 10 factors to identify
PDGLs and employed multiple-criteria decision-making techniques to generate a haz-
ard-potential ranking for 42 glacial lakes >0.05km? in size. The Himalayan region
has been documented as a hotspot of GLOF (Westoby et al. 2014b; Nie et al. 2018).
More than 60 GLOFs have been reported; however, only a few have been recorded
with detailed information (Nie et al. 2018). The details and exact triggering factors of
GLOFs are still difficult to obtain for all outburst cases. Existing studies to under-
stand the GLOF triggering factors heavily relied on old documents/geomorphological
analysis (Nie et al. 2018) and were restricted by the limited explanation of the lake
failure process (Veh et al. 2019). Based on Nie et al. (2018), out of 62 historical
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GLOF events from the Himalayas, most of them occurred in the central (33) and
eastern (29) parts, while no GLOF was reported from the western part
(Supplementary Figure S6). In order to validate our findings, we performed a suscep-
tibility assessment on several lakes which had experienced GLOFs in the past. Recent
studies (Liitzow et al. 2023; Shrestha et al. 2023) provide a comprehensive inventory
of historical GLOFs across the Himalayan region. Based on heterogeneous morpho-
logical and topographical settings, we randomly assessed and compiled datasets for 13
glacial lakes (Table 6). We observed GLOF susceptibility index values between 0.43
and 0.80. Out of these 13 lakes, nine fell in the very high and three in the high
GLOF susceptibility category. Only one lake was in the medium susceptibility cat-
egory. These findings established that our GLOF susceptibility method was robust
enough to use on the other lakes in the Chenab basin.

Although there are technical guidelines for assessing glacier and permafrost-related
hazards in mountain regions, published by the International Association of
Cryospheric Sciences and the International Permafrost Association Standing Group
on Glacier and Permafrost Hazards (Allen et al. 2017), there is currently no standard
scheme for assessing lake hazards (Racoviteanu et al. 2022). The existing schemes (i.e.
Wang et al. 2011; Worni et al. 2013; Iribarren Anacona et al. 2014; Rounce et al.
2016; Aggarwal et al. 2017; Kougkoulos et al. 2018; Dubey and Goyal 2020; Khadka
et al. 2021; Rinzin et al. 2021) for ranking glacial lake hazards, differ in terms of the
parameters utilized, the weight allocated to each parameter, and the data sources
(field/remote sensing/a priori knowledge) (Emmer and Vilimek, 2013; Rounce et al.
2016). Moreover, these schemes often fail to parameterize crucial GLOF processes
(Racoviteanu et al. 2022). Analysing all the factors associated with past GLOFs in the
Himalayan region and identifying key parameters and thresholds governing the out-
burst is a formidable challenge in the present study. The factors used in the present
study might not be applicable to all GLOFs in the Himalayas; instead, they are
focused on the study area. We summarized the potential GLOF susceptibility factors
reported in the Himalayan region (Supplementary Table S4) and selected the 10 most
weighted factors (Table 2). The common GLOF-triggering factors in the Himalayas
include mass movement (ice, snow, upper flood, precipitation, and/or rock) entering
the lake (Worni et al. 2013; Westoby et al. 2014a; Das et al. 2015; Nie et al. 2018;
Zhang et al. 2022) and subsequently overtopping and eroding the moraine (Rounce
et al. 2016). Other factors may include the destruction of dam due to hydrostatic
pressure and pipping (Westoby et al. 2014a; Rounce et al. 2016; Nie et al. 2018), seis-
mic activity-related slope failure (Ives et al. 2010; Osti et al. 2011; ICIMOD 2011;
Byers et al. 2019) and cloudburst events (Das et al. 2015). The precise reasons behind
many outburst floods remain elusive due to a dearth of in-situ observations.
Integrating field investigations with remote sensing datasets will become progressively
crucial in uncovering the triggers and processes behind GLOF events.

We present an assessment of GLOF susceptibility for lakes in the Chenab basin, an
area for which glacial lake dynamics have not been previously investigated. In our
study, Samudri Tapu and Gepang Gath lakes were classified as very high in suscepti-
bility, with mass movement assigned the maximum weight, similar to the findings of
Prakash and Nagarajan (2017). Glacial lakes larger in size and prone to mass
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movement, such as snow avalanches or rockfalls, were considered very highly hazard-
ous in the region (Prakash and Nagarajan 2017). Mass movement received maximum
weightage in our assessment, similar to the other studies in the Himalayas (Nie et al.
2018; Rinzin et al. 2021). In the adjacent Zanskar basin, studies have suggested that
the 2014 Gya GLOF event resulted from a piping failure in the frontal moraine
(Schmidt et al. 2020; Majeed et al. 2021).

5.3.2. Glacier-lake interaction

The interaction between glaciers and lakes plays a crucial role in future glacier reces-
sion and potential lake growth (Carrivick and Tweed 2013). Changes in glacial lakes,
such as their growth, can significantly impact both the lake area and its expansion
rate, potentially leading to a reclassification of these lakes (Khadka et al. 2021).
Consequently, these alterations may induce variations in GLOF susceptibility classes
in the future.

Pro-glacial lakes with wide calving fronts exhibit high expansion rates in the
Himalayas (Haritashya et al. 2018). Calving processes in proglacial lakes are consid-
ered one of the most frequent causes of GLOF from moraine-dammed lakes
(Carrivick and Tweed 2013; Zhang et al. 2015; Aggarwal et al. 2017). Studies have
reported continuous growth in Gepang Gath Lake (L339; Figure 11A) in the upper
Chandra basin since 1970s (Kumar et al. 2017; Kumar et al. 2021), which may lead to
further expansion (Gantayat and Ramsankaran 2023) and may result in outburst
(Worni et al. 2013; Sattar et al. 2023). Another pro-glacial lake in the Kadu Nala val-
ley (L218; Figure 11B) emerged after 2008 and has experienced significant growth
during the last decades (Ali et al. 2023). The presence of high-activity crevasses in the
front and floating ice blocks indicate calving activity in glacier-fed lakes in the basin
(Figure 11).

In the study area, large ice-calving Gepang Gath and 1218 lakes expanded by more
than 80% during the observation period. The rapid expansion may increase GLOF
susceptibility in two ways: the expanding lakes may extend into areas prone to ava-
lanches, and the volumetric expansion may impact the moraine dam (Sattar et al.
2023). To enhance GLOF hazard assessment, it is recommended to include field-
measured lake bathymetry, model possible future lake extents, and conduct volumet-
ric analysis frequently.

5.3.3. Limitation of AHP

We utilized a multi-criteria assessment framework to prioritize glacial lakes with high
and very high susceptibility to GLOFs. This method, based on the AHP, is straight-
forward, systematic, easily implementable, and repeatable (Satty 1990). Our AHP-
based approach aligns with existing qualitative and semi-quantitative methodologies
(Bolch et al. 2011; Wang et al. 2011; Iribarren Anacona et al. 2014; Aggarwal et al.
2017; Prakash and Nagarajan 2017; Islam and Patel 2020; Khadka et al. 2021; Rinzin
et al. 2021; Ahmed et al. 2022). However, it is important to acknowledge its inherent
limitations, including subjectivity in expert evaluation and judgment. The weights
assigned to each factor in AHP rely on the subjective two-way comparison matrix.
To address this, we maintained compatibility and consistency by incorporating many
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Figure 11. Google earth images (as of 12.09.2019) show the dynamics of glacier-lake interaction
for two rapidly growing lakes in the Cheban basin: (A) Gepang Gath lake and (B) Kadu nala lake.
DCl: debris-covered ice.

expert opinions in the two-way comparison matrix. It is also crucial to note that the
classification of glacial lakes as having high or very high susceptibility does not imply
an imminent outburst but underscores the need for prioritized monitoring and thor-
ough ground investigations. While predicting the timing of a potential GLOF is chal-
lenging, triggers like snow/ice/rock avalanches and ice-cored moraine degradation
heighten the risk of dam collapse (Westoby et al. 2014a; Fischer et al. 2021). Our pro-
posed AHP-based method serves as a preliminary tool for identifying and prioritizing
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potentially hazardous lakes at a regional scale, facilitating cost-effective, detailed
investigations using readily available datasets.

6. Conclusion

In this study, we established a comprehensive inventory of glacial lakes in the
Chenab basin, located in the Western Himalayas, using medium-resolution remote
sensing data. A total of 419 lakes >0.001km?> were mapped and classified, with 42
lakes having an area >0.05km?” The susceptibility of these 42 lakes was assessed
using a multi-criterion based AHP framework to assess the degree of outburst
susceptibility.

The glacial lake inventory for 2022 indicates a total area of 9.97 +0.69 km’.
The total area of the 42 glacial lakes (>0.05km?) increased by ~75%
between 1990 (3.92+0.58km®) and 2022 (6.86+0.25km”). The study highlights that
non-glacier-fed lakes remained nearly stable, while glacier-fed lakes expanded signifi-
cantly during observation. The results reveal that four lakes are classified as very
high, three as high, seven as medium, and 28 as low GLOF susceptibility categories.

Anticipated increases in GLOF hazard in the Chenab basin are attributed to
ongoing global warming and glacier recession. Future research should focus on mod-
elling for risk management purposes. High outburst-susceptible lakes require detailed
glaciological and geomorphological field surveys to provide high-resolution data for
modelling and designing mitigation measures. The study emphasizes the need for a
detailed analysis of glacial-lake interaction and geomorphology (i.e. mass movement)
in the region to precisely assess GLOF hazard potential and management. This
research will help to provide updated and comprehensive information about glacial
lakes and their susceptibility to GLOF, contributing to planning and socioeconomic
development in the Western Himalayan region.
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