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This study examines the distribution, growth, and GLOF hazard of glacial lakes across Accepted 20 February 2026

major Himalayan river basins. Basin-wise GLOF susceptibility was assessed using glacial
lake abundance, spatial distribution, and rates of lake area expansion. The Kosi, Yarlung KEYWORDS

Zangbo, Manas, and Upper Indus basins were identified as the most susceptible and Glacial lake; hazard; GLOF;
classified as critical. The highest rates of lake size increase were observed in the Kosi Himalaya; inventory
Basin, followed by Yarlung Zangbo, Manas, Karnali, Upper Indus, and Tista, indicating

their potential as future GLOF-prone regions. Moreover, a Himalayan-scale GLOF hazard

map was generated integrating population, hydropower infrastructure, potential flood

volume, roads, settlements, and railways revealing high hazard levels in the Chenab,

Jhelum, Teesta, and Beas basins in India; the Koshi, Tama-Koshi, and Dudh-Koshi basins

in Nepal; and the Kuri Chu sub-basin of the Manas Basin in Bhutan. These findings

highlight priority regions where detailed field investigations and hydrodynamic model-

ling are essential before further infrastructure development.

1. Introduction

Glacial lakes are water bodies present in and around periglacial environments (Quincey 2007, Komori et al.
2012, Zhang et al. 2023). Ample evidence indicates that changes in temperature and precipitation trends
significantly impact the formation and expansion of glacial lakes (Mondal et al. 2023). The earliest
inventories of glacial lakes identified more than 300 glacial lakes in high mountain Asia (HMA) between
1966 and 1975 (Nikitin 1987). While recent studies by Mohanty et al. (2023a) and Zhang (2023) identified
9280 and 8357 glacial lakes in the Himalayas in 2020, respectively, which shows a large percentage rise in
the number of lakes in the Himalayas during the last 50 years.

The high sensitivity of glaciers to global climate change has led to unprecedented retreat of glaciers (e.g. Pelto
and Network 2020). This is particularly evident in the Himalayas, where the retreat-led growth of glacial lakes is
increasing the risk of GLOFs in the downstream river basins (Bolch et al. 2008, Fujita 2013, Furian et al. 2021).
Over the last 30 years, the lakes have expanded by 26% and 30%, according to reports by Mohanty et al. (2023a)
and Zhang et al. (2015), with the most significant expansion observed in the eastern and central Himalaya.
Although the inventories cannot be directly compared due to differences in methodology, objectives and
timeframes, they nonetheless indicate a conservative increase in the number of lakes in the region over time.
New glacial lakes are forming at higher elevations along with upglacial expansion of existing lakes (Mohanty and
Maiti 2021a; Mohanty et al. 2023a). A total of 1052 new lakes have formed after 1990 (Zhang 2023).

In recent years, the availability of high-quality satellite imagery with improved spatial and spectral
resolution has significantly advanced glaciological research, particularly in the areas of glacial lake
identification, glacial lake outburst flood (GLOF) event detection, supraglacial debris mapping, geodetic
mass balance and glacial lake area change analysis (e.g. Wangchuk and Bolch 2020, Shugar 2021). During
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Article highlights

Hazard analysis of GLOF was estimated using the AHP method.
Identification of critical lakes with respect to various basins based on overlay analysis.
Lake morphodynamics is studied on a sub-basin scale in the whole Himalaya.

the 1990s and 2000s, glaciological studies primarily relied on medium-resolution optical satellite data such
as Landsat and ASTER, which, despite its utility, was limited by relatively coarse spatial resolution (30 m)
and restricted temporal coverage (e.g. Redpath et al. 2013; Mohanty and Maiti 2024). However, the launch
of Sentinel-2 by the European Space Agency (ESA) offered free and open-access optical data with up to
10 m spatial resolution, which has considerably enhanced the capacity for detailed and frequent monitor-
ing of glacial environments (e.g. Wangchuk and Bolch 2020). Additionally, the Indian Remote Sensing
(IRS) LISS-IV sensor provides high spatial resolution optical data at 5m, further supporting fine-scale
analysis. Furthermore, the accessibility of high-resolution digital elevation models (DEMs) has notably
improved. Commercial satellite missions such as WorldView-3 and WorldView-4, GeoEye, Pléiades, and
IKONOS provide very high-resolution stereo imagery capable of generating DEMs with spatial resolutions
ranging from sub-metre to 1 m (Huggel and Kadb 2006; Armstrong et al. 2016). These datasets are
indispensable for accurately mapping glacier surface topography, estimating volume change, identifying
past GLOFs, and modelling potential flood inundation areas in the event of GLOFs. Collectively, the
integration of freely available medium-to-high-resolution optical data, along with commercially available
very high-resolution imagery and DEMs, has opened new avenues for precise, multi-temporal, and multi-
sensor-based glaciological research and hazard assessment in cryospheric regions (Shugar 2021;
Sattar 2025).

Among the various existing GLOF databases, the most recent and comprehensive inventory was compiled
by Liitzow et al. (2023), encompassing the entire globe. The second most recent inventory was developed by
Shrestha (2023) specifically for High Mountain Asia. A total of 3151 GLOFs were recorded globally between
850 and 2022 CE (Liitzow et al. 2023). Among all the glaciated parts of the world, the Himalayas has the
third-highest number of GLOF occurrences after North America and Iceland (Carrivick and Tweed 2016;
Liitzow et al. 2023). In the Himalayas alone, Liitzow et al. (2023) have listed 422 GLOF events since 850 CE,
while Shrestha et al. (2023) have documented 703 GLOF events since 1533. Table 1 summarises the
downstream impact of all the Himalayan GLOFs. Analysis of these GLOF databases revealed two regional
peak distributions of previous GLOFs in the Himalayas: one near the western Himalayas and the other in the
Everest, Bhutan, and Sikkim regions (Eastern Himalaya) (Figure 1). Among all mountainous regions, the
Hindu-Kush-Himalayas (HKH) has the highest exposure to GLOF hazard as the seismic activity (i.e. due to
the region’s structural geomorphology) makes it vulnerable to extreme events such as slope failure, snow/ice
avalanches, and rockfalls that ultimately trigger GLOF (e.g. Banerjee 2025). More than half of the global
exposed population is found in just four countries: India, Pakistan, China, and Peru (Andes) (Taylor et al.
2023). Consequently, the Himalayas demand urgent attention, and effective mitigation measures must be
implemented to address the escalating risk of GLOF events. Proactive steps are crucial to mitigate potential
damage and protect local communities and infrastructure from future hazards.

From the GLOF inventory datasets, it is clear that the GLOF occurrence has been increasing in the
Himalayas from 1533 to 1990, after which this trend flattened (Carrivick and Tweed 2016; Harrison 2018;
Nie et al. 2020). Previous studies show that GLOF occurrences will increase in the 21 st century in the
lower Indus, Ganges and Brahmaputra rivers (e.g. Hirabayashi 2013; Wijngaard 2017). The GLOF
frequency is seen to have increased after 2023 with three GLOF events including the South Lhonak
lake GLOF (Zhang et al. 2024) in the Sikkim Himalaya, Birendra Lake GLOF in the Gorkha district of
Nepal (Khadka et al. 2024), and the GLOF in the Everest region in Nepal (https://www.icimod.org/press-
release/glof-from-thyanbo-glacial-lake-sweeps-away-thame-village), occurring in 2024 alone.

Most of the GLOFs have created havoc on the community, livestock, agricultural land, as well as infra-
structure downstream in the Himalayas (Nie et al. 2020; Mondal 2025). This highlights the urgent need to assess
risks from various triggering mechanisms, particularly in the Himalayas, where 68% of hydropower plants are
situated along potential GLOF pathways (Schwanghart et al. 2016). For example, the Luggey Tso flood totally
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Figure 1. Himalayas is shown here as a study area that is classified as eastern, central and western, shown in yellow,
green and cyan colour, respectively. Critical lake count and potential flood volume distributions are shown in the green
circles and hollow circles, respectively, for different sub-basins of the Himalayan region. The hydropower plant count is
shown district-wise in red circles along the Himalaya. Population density is shown in the Himalayas in a violet colour
grading scale. The past GLOF events are shown in a frequency graph below.

damaged a hydropower plant estimated to be ~$500 million in 1994 (Shrestha et al. 2010). Recently, the South
Lhonak GLOF destroyed the Chungthang hydropower project, which cost around $US 16 billion (Yu et al.
2024). The Chamoli flash flood swept away the unfinished Tapovan Vishnugad hydropower project and inflicted
substantial damage on the Rishi Ganga hydropower project (Shugar 2021; Mondal and Bharti 2022). The Dig
Tsho GLOF in 1985 destroyed the NAmche Hydro-power plant that was valued at $US 3 million and also
completely destroyed about 30 houses, and 14 bridges between Mingbo and Jubing (Bajracharya 2009). In 1981,
a GLOF event in Nepal damaged Friendship bridge of Nepal-China Highway and Koshi power station with
heavy economic losses (Bajracharya 2009; Sattar et al., 2022). A GLOF (Cirenmaco Lake/Zhangzangbo Lake)
event that occurred during August 2000 damaged 98 bridges in the Tibetan Plateau and destroyed around
10,000 houses, accounting for about $US 75 million of financial loss (Nie et al. 2018). Thus, measures should be
taken to minimise the devastating nature of GLOF towards costly infrastructure.

Documentation of critical glacial lakes, downstream impact analysis and application of remedial measures can
prevent various upcoming calamitous GLOFs. Therefore, in this paper, we will be discussing four aspects of
glacial lakes, i.e. the latest lake distribution in the Himalayas, ii. Lakes change and their dynamics, iii. critical lake
distribution in the Himalayas, and iv. Hazard zonation in the Himalayas. To our knowledge, this is the first pan-
Himalayas hazard assessment of the critical glacial lake basins. We aim to answer the following science questions:

1. Which glacial lake basins' hazard levels are at maximum and minimum?
2. Which parameter (i.e. among population density, potential flood volume, critical lake count, and
infrastructure) has the maximum impact on deciding the hazard levels of the lake basins?
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2, Study area

Himalayas consists of rugged topography ranging from 1000 to 8848 m in elevation above the mean sea
level, and encompasses the highest elevation of the Earth, named Everest, with an elevation of 8848 m
(Figure 1) (Mohanty and Maiti 2024). The Himalayas is a 2500 km-long orogenic zone that varies in width
from 400 km in the west to 150 km in the east (Rubatto et al. 2013). The Himalayas is a major part of High
Mountain Asia, which is bounded by 69° 48’ 36.73” E longitude to 98° 22’ 22.78” E and 27° 12" 16.89” N to
39° 31’ 26.89” N latitude. The Himalayas is classified into three major parts based on geographic and
topographic patterns, namely eastern, central, and western Himalayas (Bolch 2012). The glacial lakes in the
Himalayas are distributed in the three major river basins: Indus (362), Brahmaputra (722), and Ganga
(354) (Shugar 2020). Moreover, GLOF, landslide lake outburst flood (LLOF), landslides, avalanches, and
earthquakes are major concerns for developing countries located near the periphery of these mountain
chains.

The distribution of glaciers and equilibrium line altitudes are mainly due to three types of wind flows,
such as (i) northwest wind flow (westerly), (ii) southwest Indian monsoon, and (iii) northeast wind flow
(Bookhagen and Burbank 2006; Bolch 2012). The Eastern Himalayas gets snow from the SW Indian
monsoon and the NE wind flow, mainly during the summer, thus it is called the summer accumulation
zone. This zone contains the glaciers, which are called the summer accumulation type. The western side of
the Himalayas (i.e. Karakoram, Pamir, and western Himalaya) gets the snow from westerly winds during
the wintertime; hence, it is called the winter accumulation zone, and the glaciers are of the winter
accumulation type. Indian monsoonal precipitation decreases from east to west, and the western extremity
of the monsoonal precipitation zone is present at 78° longitudes near Sutlej valley (Bookhagen and
Burbank 2006). The northern side of eastern Himalayas gets fewer snowfalls than the southern side by
monsoonal precipitation due to the shadow effect (Bookhagen and Burbank 2006). Besides, the northern
part of the Himalayas and the southern part of the Tibetan plateau get precipitation from the NE wind flow
during the winter time, sourced from the Siberian region.

3. Data and methods
3.1. Glacial lake, GLOF and critical lake inventory

Glacial lake inventory datasets of Zhang et al. (2015), Wang et al. (2020), Shugar (2020), Mohanty et al.
(2023a), and Zhang (2023) were utilised in this study. The details of the each of these used glacial lake
inventory data mentioning year of study, size of lake, count of lake are presented in Table 2. We used the
extensive inventories of glacial lakes available for the Himalaya. Besides, GLOF inventory of Liitzow et al.
(2023) and Shrestha (2023) for the Himalayas only were utilised in this study. The inventory of critical (or
Vulnerable) lakes was accessed from six different sources i.e. Wang (2013), Shijin et al. (2015), Dubey and
Goyal, (2020), Wang et al. (2020), Mohanty and Maiti (2021b), and ICIMOD (Bajrachary et al. 2020). We
conducted an overlay analysis of critical lake datasets from multiple published studies to identify distinct
and unique critical glacial lakes distributed across the Himalayan region. The majority of critical lakes
considered in this study are moraine-dammed and ice-dammed lakes that have maintained a consistent
spatial position over time.

Various researchers have identified critical lakes in the Himalayas using a range of data integration
methods and parameters (Washakh et al. 2019; Maurer 2020; Mohanty and Maiti 2021b). The methods
include: estimating the rate of change of glacial lake-area (based on satellite imagery), estimating the risk of
landslides or avalanches triggering a GLOF, calculating lake volume by measuring lake bathymetry or via

Table 2. Lake size and number distribution in different years by different researchers.

Lake size (km?) Lake number
1990 2000 2005 2010 2015 2018/2020 1990 2000 2005 2010 2015 2018/2020
Zhang et al. (2015) 25338  272.95 * 329.77 * * 2089 2251 2585 * * *
Wang et al. (2020) 525.19 * * * * 615.94 7111 * * * * 8070
Shugar (2020) * 139.17 217.02 22573  223.69 224.95 * 588 876 888 861 950

Mohanty et al. (2023b) 664.75  660.22 * 8003  492.01 2075.35 5194 5222 * 6432 6481 8357
Zhang (2023) 666.41 676.61 72417  749.61 779.01 7334 7361 7833 8143 9208
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empirical relationship between lake area and lake volume, inspecting the stability of the lake's moraine
dam by exploring the presence of dead ice through field observation, identifying calving prone lakes based
on satellite imagery, calculating probable flood volume and intensity (Wang 2013; Aggarwal et al. 2017;
Mohanty and Maiti 2021b). Other methods include GIS-statistical analysis, overlay analysis, matrix and
fusion of vulnerability-cum exposure indices, which have been used by many researchers to identify the
critical lakes (Huggel 2004; Kdab and Reichmuth 2005; McKillop and Clague 2007; Allen et al. 2016).

3.2. Population density data

Rasterised data of population density (Gridded Population of the World (GPW), v4) were taken from the
Socioeconomic Data and Application Centre (SEDAC) (https://sedac.ciesin.columbia.edu/data/collection/
gpw-v3). This dataset represents the population census data collected during the 2011 national population
enumeration in India.

3.3. Building, road and railway infrastructure

Existing buildings, railways, and roadways data were obtained from the OpenStreetMap for the Himalayas
and their surrounding mountain ranges. The buildings are represented as point features in the
OpenStreetMap dataset. From these points, the building point density map was generated for every 6
by 6 kernel. Roads and railway networks were available in vector formats as line features. To obtain the
density of roads and railways, a line density tool was utilised in a GIS platform. These are the updated data
specifically for the year 2020.

3.4. Hydropower plant data

The data for existing and future planned hydropower projects were downloaded from the published results
of Zhang (2023) (http://globaldamwatch.org/grand/). To augment this dataset, we also conducted a
comprehensive manual review of various documents and reliable online sources to gather information
on the existing and planned hydropower plants located in the Indian, Nepalese, and Bhutanese-
administered regions of the Himalayas. In total, we identified 1242 hydropower plants that have been
established or are planned to be established over the next 15 years in the entire Himalayas. Thus, these are
the updated data for hydropower plants for the year 2024. For every basin, we also estimated the density of
the hydropower plants using a 6-by-6 kernel in a GIS platform. Here, we used a 6 by 6 kernel size for the
density estimation to match the previously derived road, railway, and lake densities.

3.5. Estimation of probable GLOF volume

We considered only ice-dammed and moraine-dammed lakes for this glacial lake hazard assessment in the
Himalayas. Basin-wide estimation of lake volume was done using the volume-area scaling method (e.g.
Cook and Quincey 2015; Banerjee 2024).

V = 0. 1217*A-41% (1)

Here, V and A are the lake volume and lake area in km> and km?, respectively.

In addition to the aforementioned parameters, it was assumed that a minimum of 30% of the total
glacial lake volume would be released during a potential GLOF event, following the observations of
Liitzow et al. (2023) who had compiled the global list of hazard discharges that were released during
GLOFs. Among the list of reported values, 30% was the lowest discharge volume that was reported.
Therefore, we made this choice to delineate the lower-bound hazard zonation downstream, thereby
highlighting areas that are at risk even under conservative outburst scenarios. Accordingly, a threshold
of 30% of the total lake volume was adopted for estimating the minimum potential flood volume in
this study.


https://sedac.ciesin.columbia.edu/data/collection/gpw-v3
https://sedac.ciesin.columbia.edu/data/collection/gpw-v3
http://globaldamwatch.org/grand/
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3.6. Estimation of GLOF hazard

The risk from any disaster event is represented as a function of hazard, exposure, and vulnerability, while
hazard is a function of intensity and probability of occurrences (IPCC 2014). In this study, we are
estimating the extensive hazard by incorporating exposure, hazard intensity, and probability. However,
since our analysis does not account for key socio-demographic and socio-economic variables such as age
distribution, sex ratio, literacy rate, household income, employment status, access to healthcare and
education, infrastructure availability, land ownership, economic dependence, and housing quality, it
cannot be classified as a comprehensive vulnerability assessment. Consequently, without integrating
these factors, we do not proceed to quantify risk in this work.

Here, we integrate these three major components in the analytical hierarchy process (AHP). The
analytical hierarchy process (AHP) was employed in this study, as it is a well-established and suitable
multi-criteria decision-making tool for estimating extensive hazard potential at a basin scale, which aligns
with the primary objective of this paper. AHP facilitates the assignment of relative weights to multiple
contributing parameters based on expert judgement in a transparent and structured manner, offering a
distinct advantage over other available techniques. Furthermore, as the focus of this research is limited to
assessing extensive hazard potential in the Himalayan region — without extending into risk or vulnerability
estimation — we did not adopt methods such as the hazard-vulnerability matrix or similar integrative risk
assessment frameworks, which typically require detailed vulnerability and exposure analysis beyond the
scope of this study. However, hydrodynamic modelling of outburst floods for intensity mapping was not
conducted, which remains a crucial component for accurate exposure estimation. Instead, critical lake
(vulnerable) density and estimated probable flood volume were employed as proxy indicators to represent
intensity in the mapping process. Given the high critical lake counts in the expansive Himalaya, it is not
feasible to create an intensity map for every single lake. Besides, exposure is the component directly
connected to the presence of people, livestock, agricultural land, environmental services, and other costly
infrastructure along the floodplain (Allen et al. 2019). In this component, we included hydropower plants,
railways, roads, and buildings. Additionally, vulnerability is a component that is directly proportional to
how living beings are affected by hazards. In our assessment, we included population count as a key factor
for estimating exposure. However, livestock data could not be included in this analysis due to the extensive
size of the study area, which made it challenging to gather accurate and comprehensive information on
livestock distribution.

In this paper, we combine all the parameters, namely probable flood volume, critical lake density,
building density, road and railway density, and population density, for assessing the hazard in the
Himalayas. Finally, probability, intensity, and exposure were combined using a data integration method
(AHP and GIS) to produce the hazard level of each basin-wise (Figure 2). Instead of using simple matrix
methods to combine hazard, exposure, and vulnerability, we assigned weightings to each parameter to
generate the final raster map displaying risk levels. We reclassified all input parameters into quartile
classifications, resulting in six classes, and AHP-derived weights were assigned to each layer for integration
into the hazard assessment. We used the AHP calculator to estimate weightage (Uyan 2013; Mohanty and
Maiti 2021b). Population density was given the highest weight, followed by critical lake counts, hydro-
power plants, potential flood volume, and building and road construction.

In the AHP, the consistency ratio (CR) measures how consistent the pairwise comparisons are in the
decision matrix i.e. how logically coherent a decision maker’s judgements are. The CR ratio is defined as:

CR = CI/RI (2)

where the CI (consistency index) and RI (random index) are defined as follows:

CI:M (3)
n-1

where A, is the maximum Eigen value, which in turn is estimated as:

AW = A W (4)
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Priorities a Decision Matrix b
These are the resulting weights for the criteria The resulting weights are based on the principal eigenvector of
based on your pairwise comparisons: the decision matrix:
Cat Priority Rank  (+) ©) 1 2 3 4 5 6
1 1 1.00 1.00 2.00 3.00 4.00

1 Critical lake count 25.6% |2 | 18.4% 18.4%
2 1.00 Wi 0.33 2.00 2.00 1.00

2 Potential flood 1420 4 53% 5.3% 3 1.00 3.00 1 200 6.00 3.00

volume
4 050 0.50 0.50 1 2.00 0.25

3 Population 29.6% 1 11.0% 11.0%
5 033 0.50 0.17 050 1 0.7
4 Building 87% 5 3.5% 3.5%
6 025 1.00 0.33 4.00 6.00 1
5 Roads 49% 6 1.9% 1.9%
6 Hydropower 16.9% 3 10.2% 10.2%
Number of comparisons = 15 Principal eigen value = 6.611
Consistency Ratio CR=9.7% Eigenvector solution: 7 iterations, delta = 5.5E-9

Figure 2. Weightage values derived for each parameter from the AHP calculator are listed in (a), while in (b) the decision
matrix from the pairwise comparision is shown; the consistency ratio and decision matrix are also shown here for hazard
estimation.

Here, A is the pairwise comparison matrix whose entries (i.e. a;;) represent the importance of parameter
i with respect to j, and w is the priority vector or Eigen vector. This is computed by first a) normalising
each column of A, followed by b) averaging each row of the normalised columns. For consistent
judgements, the value of CR must be less than 10%. In our analyses, the value of the CR was estimated
to be ~9.7%, indicating consistency.

For flood intensity estimation, we considered a threshold of 30% of the total probable flood volume. In
hazard analysis, we combine all these parameters, i.e. exposure and hazard, by assigning weights derived
from the AHP calculator to each of these parameters (population density, critical lake density, probable
flood volume, hydropower plant density, road density, railway density, and building density) (Figure 3).

4. Results and discussion
4.1. Glacial lake distribution and dynamics in the Himalaya

We analysed the spatial distribution of glacial lakes across the Himalayas using five published datasets,
namely Zhang et al. (2015), Wang et al. (2020), Shugar (2020), Zhang (2023), and Mohanty et al. (2023a)
(Figure 4). For a comprehensive and statistical assessment of lake area change rates and their distribution
at the basin scale, we employed the dataset from Zhang (2023), as it represents the most extensive, detailed,
and up-to-date compilation available among the five datasets considered. These lakes are prominent in the
region with the highest degree of glacial retreat, and the retreat depends on glacial, topographic, and
climatic factors (Bolch 2012; Bhambri 2023; Pandey 2024). From the histogram plot (Figure 4), we noticed
that most of these glacial lakes are present in Langtang, Bhutan, Sikkim, and the Everest region, i.e.
between the longitudes 83° E and 94° E, respectively. A total of 24,440 glacial lakes were detected in the
Himalayas, out of which 12,100 are the supra-glacial lakes, while the rest include the lakes that are
proglacial, erosional, rock dams, valley blocked, etc. Moreover, most of these lakes are located at an
elevation between 4500 and 5500 m (Figure 5). A total of 10,101 lakes with a size greater than 0.01 km? are
noted in the Himalayas, as extracted from the utilised inventories. A continual increase in frontal loss of
glaciers has led to the creation of new space for lake area expansion to higher elevations, as shown in
Figure 5. Additionally, pristine lakes are continuously forming at a higher elevation (Figure 5). Glacial lake
count and total area have been continuously increasing in the Himalayas year-wise (Table 2).
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Figure 3. The latest glacial lake's distribution is shown for Himalayas which is extracted from different previously
performed studies: black star (Mohanty and Maiti 2021b), hollow diamond (Zhang 2023), red hollow circle (Shugar 2020),
green hollow triangle (Wang et al. 2020), brown square (Zhang et al. 2015).

4.2. Distribution of lake area, number, and their dynamics

We summarised the lake count, total, and average lake area distribution in different sub-basins of the
Himalayas (Figure 6). The lake count is maximum in the Kosi basin (sub-basin Arun =1125), followed
by Yarlung Zangbo (773), Manas (sub-basin Dangme Chu =715), and Upper Indus (619). In terms of
total lake area distribution, the largest contributions come from the Qinghai-Tibetan, Yarlung Zangbo,
Panjnad, Kosi, Manas, and Upper Indus basins. Meanwhile, the basins with the highest average lake
area include those from the Qinghai-Tibetan, the Yarlung Zangbo, the Panjnad, the Phelku, the Upper
Indus, and the Koshi regions (Figure 6). Based on the overlay analysis of total lake count, total lake
area, and average lake area, we found four critical basins, namely Kosi, Yarlung-Zangbo, Manas, and
Upper Indus.

Additionally, in the Himalaya, the lake-area growth was identified as 30%, 17%, 76%, 20% and 26%
from the dataset of Zhang et al. (2015), Wang et al. (2020), Shugar (2020), Zhang (2023) and Mohanty
et al. (2023a), respectively, in different time periods (mostly between 1990 and 2020). Additionally, the
highest lake-area growth was identified between 2010 and 2020 in all data sets, while the lowest was for the
period 1990-2000. These decadal growth rates (i.e. 1990-2000 and 2010-2020) showed that the area of the
glacial lakes is increasing with time. This increase in lake area corresponds with the rise in glacial retreat.
Lake-area growth is highest in the elevation band of 4000-5000 m (Mohanty et al. 2023b). Lake area
growth was found to be higher for a connecting moraine dam lake than for an unconnected lake and a
non-glacier-fed lake (Wang 2013; Song et al., 2014; Song et al., 2017; Zhang et al. 2015; Mohanty and
Maiti 2021b).
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Figure 4. Glacial lakes’ distribution with respect to elevation is shown, taken from different previous studies: a. Mohanty
et al. (2023b), b. Shugar (2020), c. Wang et al. (2020), d. Zhang et al. (2015). Here, various colours show the lake
distribution with respect to elevation in different years.

The basin-wise average lake area change rate is found to be highest in the Upper Indus, Karnali, Tista,
Yamuna, and Manas basins. The highest glacial lake area change rates were observed in the Kosi, Yarlung
Zangbo, Manas, Karnali, Upper Indus, and Tista basins, suggesting that these regions are the most susceptible
to potential future GLOF events (Figure 7). Additionally, basins exhibiting the lowest minimum glacial lake size
change rates are primarily located in the Kosi (Tama Pokhari, Tsho Rolpa GLOF), Tista (South Lhonak lake),
Upper Indus (Suru lake GLOF), Manas (Lugge Tsho), and Yarlung Zangbo (Chongbaxia Tsho GLOF) basins,
indicating a higher likelihood of having experienced GLOF events in the past. This hypothesis was further
validated using existing GLOF inventory data, which revealed a strong correspondence between areas with
lower minimum lake size change rates and documented historical GLOF occurrences. From the GLOF
inventory, we also identified these basins, which have a very high number of GLOF events: Hunza (23),
Yarkant (13), Chitral (8), Gilgit (7), Humla (6), Dudh Kosi (5), and Poique (3).

4.3. Critical lake distribution in the Himalaya

Here, six different datasets were used, showing critical lakes with varying spatial distributions in the Himalayas
(Figure 8). Overlay analysis was performed to identify the spatial distribution of critical glacial lakes in the
Himalaya. A total of 221 critical lakes were identified in the Himalaya, and these critical lakes are mostly located
in the eastern and central parts of the Himalaya. Sub-regionally, Everest (38), Sikkim (34), Bhutan (17) and
Langtang (14) regions contain very high numbers of critical lakes, while the western Himalayas have
comparatively less in numbers (Figure 8). Moreover, the Kosi basin contains the highest number of critical
lakes (47), followed by Yarlung Zangbo (22), Tista (22), Manas (21), Qinghai-Tibetan (15), Panchnad (12), and
Phelku (8). Thus, living beings and costly infrastructures closer to Everest, Langtang, Bhutan, and Sikkim are at
the highest risk of GLOF. However, the exact impact zone and risk will be estimated after using hydrodynamics
modelling in various critical basins.

4.4. GLOF hazard in the Himalaya

Critical lake density is highest in the Kosi River Basin (47), followed by Yarlung Zangbo (22), Tista (22),
Manas (21), Qinghai-Tibetan (15), Panchnad (12) and Phelku (8) (Figure 3). Thus, the potential flood
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Figure 5. Basin-wise distribution of lake counts (a), average lake size (b) and total lake size (c) is shown in the Himalaya.
Here, red, yellow and green colours show the high, medium and low values, respectively.

volume with a 30% threshold is highest in Kosi, followed by Dudh Kosi, Tama Kosi, Chenab Yarlung
Zangbo, Manas, and Kuri Chu basin. The density of buildings is estimated to be high near Nepal and
Bhutan, while lower in India and China. The same pattern can be seen in the cases of roads and railways.
Population density is highest in Nepal, followed by Himachal Pradesh, Uttarakhand, Jammu & Kashmir
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Figure 6. The average (a), minimum (b) and maximum (c) lake size change rate in percentage are shown for various
basins in the Himalaya. Here, red, light yellow and blue shade shows the higher, medium and lower values, respectively.

and Bhutan. An extensive distribution catalogue of Hydropower plants was created on the southern slope
of the Himalayas, and from the catalogue, it was found that most of the hydropower plants (both
operational and those under installation) are located in Himachal Pradesh, followed by Uttarakhand,
Nepal, Sikkim, and the Jammu and Kashmir region. The highest number of hydropower plants is
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distributed across the Beas (384), Ravi (183), Tons (106), Chenab (58), Teesta (55), Kali (40), Sutlej (39),
Alaknanda (32), Bhagirathi (31), and Jhelum (28) Basins, in decreasing order.

The Kashmir (Chenab and Jhelum Basin), Himachal Pradesh (Chenab and Beas Basin), Nepal (Koshi,
Tama-Kosi, Dudh-Kosi Basin), Bhutan (Kuri chu Basin of the Manas Basin) and Sikkim (Teesta Basin)
gave higher hazard score towards outburst flood in the Himalayas (Figure 9). In the Chenab and Jhelum
river Basin, the highest number of hydropower plants is located along with the highest road density and
probable flood volume. Greater attention should be directed toward these critical basins, particularly due
to their high population density and the presence of hydropower infrastructure. Implementing effective
management strategies is essential to mitigate the potential intensity of future GLOF hazards.

The areas that were classified to be at very high risk and high risk were found to be located in the
Eastern and Central Himalayas (i.e. where the maximum number of GLOFs as well as comparatively larger
glacier retreat has been recorded). These regions in the Himalayas are characterised by a greater density of
potentially critical glacial lakes and enhanced cryospheric instability, which collectively elevate hazard
levels. Many of the lakes located in these regions are connected to glaciers that are heavily debris-covered.
Such lakes are often dammed by moraines that are ice-cored, which are susceptible to failure due to
continuous subsidence owing to the melting of the ice-core (e.g. the South Lhonak lake GLOF in Eastern
Himalayas (Sattar et al. 2025). In addition to moraine dam failure, such lakes are also susceptible to
avalanches from the surrounding steep side walls (e.g. Gantayat et al. 2024). In addition, densely populated
regions such as Nepal, Sikkim, and Bhutan fall largely within these high-hazard zones, thereby amplifying
overall risk through increased exposure. In contrast, the western Himalayas exhibits relatively lower critical
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(light blue), high (light red), and very high (red). The five inset panels (1-5) highlight representative regions across
different parts of the Himalayas to illustrate spatial variability in hazard levels. An accuracy assessment table summarising
the model performance is shown in the lower part of the figure.
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lake counts and smaller potential flood volumes; however, exposure-related factors, including population
and infrastructure density, remain high. Consequently, despite comparatively lower lake-related hazard
indicators, basins such as the Chenab and Beas are classified within the higher hazard categories, under-
scoring the dominant role of exposure in shaping hazard patterns in the western Himalaya.

4.5. Validation of our assessment with respect to observed GLOFs

We compiled a list of 254 events from the latest inventory of GLOFs (i.e. those which occurred in the
Himalaya) that was compiled by Shrestha et al. (2023). The inventory spans a time period between 1533
CE and 2024 CE. Among the recorded GLOFs, ~72.4% (184) occurred in the basins that were classified to
be at extreme high and high risk, in this study (Figure 9). The lake basins that were classified to be at low
risk accounted for 0.39% of the recorded GLOF events. This is a testament to the robustness of our
approach.

4.6. Sensitivity analysis and robustness of the AHP framework

A comprehensive sensitivity analysis was conducted to evaluate the robustness of the AHP-derived hazard
framework by systematically perturbing the weights of individual parameters while maintaining normal-
isation and logical consistency. The baseline scenario indicates that population density is the dominant
controlling factor, followed by critical lake count, hydropower plant density, and potential flood volume,
whereas building and road densities contribute secondary exposure information. In a series of sensitivity
experiments, the weight of each parameter was independently increased and decreased by +20%, and the
resulting changes in weights and ranks were examined (see section 1 of Supplementary text). Across all
scenarios, the overall rank order of parameters remained largely invariant, with population density
consistently retaining the highest rank and critical lake count remaining the second most influential
factor. Even under strong perturbations, no parameter exhibited a rank shift exceeding one position, and
the Consistency Ratio (CR) remained below 0.1 in all cases, indicating acceptable judgement coherence.
These results demonstrate that the hazard assessment is not overly sensitive to individual weighting
choices and that the AHP framework yields stable and robust hazard patterns, suitable for large-scale
glacial lake hazard zonation. Details of this can be inferred from section 1 of the supplementary text.

4.7. Benefit of various data integration methods, especially AHP

In the weightage-based approach to assess GLOF hazard, we can design layers that are most suitable based
on the knowledge and expertise, making this method particularly effective for regional-scale assessments.
In such methods, priority should first be given to the most important parameter; here, population density
was given higher weightage, followed by high-value infrastructure, such as hydropower plants. This is
because these are most likely to be severely impacted, especially because they are located within 20-50 km
downstream of a critical lake. The next priority should be the potential flood volume and the density of
critical lakes. These factors significantly increase the likelihood of a GLOF occurring and its potential
impact. Finally, the last parameters to consider in the weighting process are the road and railway networks,
which often follow river channels and are thus highly susceptible to flood damage. In the hilly terrain, most
settlements are located in a valley region, close to the river channel, making them prone to flooding. Thus,
field-based data (discharge and river cross-sections) and flood hydrodynamic modelling are required for
small-scale hazard and intensity mapping; therefore, settlements should be prioritised over roads and
railways in the risk assessment of GLOF.

Advantages of AHP-Based GLOF hazard Assessment include: (i) Structured Decision Making: AHP
provides a clear and systematic way to break down complex hazard assessments into manageable
components. (ii) Expert judgement: the method leverages expert opinions to quantify the importance of
various risk factors, making it adaptable to different regions and conditions. (iii) Integration of multiple
data sources: AHP allows for the integration of diverse types of data (e.g. satellite imagery, field
measurements, historical records) to create a comprehensive risk assessment. (iv) Prioritisation: it
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produces a ranked list of glacial lakes, which is useful for decision-makers in allocating resources for GLOF
risk management.

Limitations of this AHP method includes: (i) subjectivity: the pairwise comparisons rely on expert
judgement, which may introduce subjectivity into the risk assessment, (ii) time-consuming: the method
can be time-intensive, especially when dealing with a large number of criteria and sub-criteria, (iii)
requires consistent data: the reliability of the results depends on the quality and consistency of the
available data.

4.8. Climate change and glacial hazards

Global warming in the high-altitude regions of the Himalayas has become a pressing environmental
concern, as rising temperatures are accelerating glacier retreat and altering the delicate cryospheric
balance. Anthropogenic activities such as rapid urbanisation, deforestation, infrastructure development,
and the emission of greenhouse gases have intensified the warming trend, leading to enhanced melting of
snow and ice. This accelerated glacier retreat not only reduces long-term water availability but also
increases the formation and expansion of unstable glacial lakes. As a consequence, the region faces
heightened risks of natural hazards such as glacial lake outburst floods (GLOFs), debris flows, and flash
floods. These cascading hazards pose serious threats to downstream communities, infrastructure, and
ecosystems, emphasising the urgent need for climate-resilient planning and sustainable management
practices in the Himalayan region. Rising temperatures have been responsible for the accelerated rate of
growth of glacial lakes in the Himalayas. Studies conducted in Western Himalayas and Eastern Himalayas
have conclusively shown that some glacial lakes (i.e. whose catchments have been classified as critical in
this study) are expected to reach their maximum extent within the next 30 years under RCP 8.5, SSP2-4.5
and SSP5-8.5 climate scenarios (e.g. Gantayat and Ramsankaran 2023; Gantayat et al., 2024).

In recent years, glacial lake outburst floods (GLOFs), flash floods, and debris flow events have become
significant concerns across various sectors of the Himalayan region. Extreme rainfall events exhibit a direct
correlation with the occurrence of debris flows and flash floods, whereas rising temperatures often exhibit
a lagged influence, contributing to GLOFs and related mass movement processes over time. Notable
examples include the South Lhonak Lake outburst in 2023, Birendra Lake outburst in 2024, Meru debris
flow in 2017 and 2024, the 2021 Chamoli disaster, and the Dharali debris flow in 2025 all of which can be
attributed to rising temperatures and extreme precipitation events.

However, we did not attempt to include climate factors in our analyses because, as noted by Veh et al.
(2022) and Harrison (2018), increasing global warming does not necessarily lead to an increase in the
frequency of GLOF occurrences. Additionally, Himachal Pradesh experiences 3-4 flash flood incidents
annually, primarily driven by climatic variability. Given the increasing occurrence of such events,
comprehensive hazard assessment and mitigation studies are urgently required across the Himalayan
terrain to minimise their adverse impacts on the environment and local communities.

5. Conclusions

In this study, we located ~221 critical lakes in the Himalaya. The critical lake density of the Kosi River
basin and the Yarlung Zangbo basin were among the highest (i.e. ~47 and 22, respectively). For these lakes,
we also estimated the distribution of lake count, area, and the corresponding hazard assessment pertaining
to GLOF. At the basin scale, our extensive hazard assessment highlights several critical regions within the
Himalayas that exhibit elevated susceptibility to glacial lake outburst flood (GLOF) hazards. The Chenab
and Jhelum Basins in Kashmir, the Chenab and Beas Basins in Himachal Pradesh, the Koshi, Tama-Kosi,
and Dudh-Kosi Basins in Nepal, the Kuri Chu sub-basin of the Manas Basin in Bhutan, and the Teesta
Basin in Sikkim emerge as high-priority areas based on the integrated hazard index. These basins,
characterised by a combination of high critical lake density, substantial probable flood volumes, and
significant exposure of population and infrastructure, demand careful, site-specific hazard investigation
prior to the establishment of human settlements, hydropower projects, and other costly infrastructure
developments. When compared to the most comprehensive GLOF inventory of the Himalayas from 1533
CE to 2024 CE, more than 72% of the events were found to have occurred in lake basins whose hazard
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assessment (i.e. as per this study) was classified as being at very high risk and high risk, respectively. In
addition to that, <0.4% of the recorded GLOF events were found to be located in the lake basins (i.e. as per
this study) that were categorised to be at Low risk. This is the first-ever regional assessment of GLOF
hazards conducted for the entire Himalayan range. Across all sensitivity scenarios, our analyses showed
that hazard assessment is most sensitive to population density, followed by critical lake count, while
building and road densities remain the least sensitive parameters. Focused risk reduction and monitoring
strategies should be prioritised within these basins to mitigate potential future GLOF-related disasters.
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