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A B S T R A C T

The present study aims to determine the probability of glacial lake outburst flooding (GLOF) in the Himalaya.
Here, a total of 4198 glacial lakes with larger dimensions (>0.01 km2) were considered. A fusion between
Object-based classification (OBC) and Analytical Hierarchy Process (AHP) was applied for unbiased results,
involving the fifteen most essential predictors. The previously studied threshold values of predictors were
used in OBC to determine GLOF prone lakes. On the other hand, earthquake, lake freeboard, moraine dam
steepness, avalanches, and lake size change rate were prioritized for the AHP method. Individually, OBC and
AHP methods identified 107 and 224 critical lakes. However, as a fusion of the above techniques (GIS overlay
analysis), our study identified 60 critical lakes, followed by 164 and 3974 glacial lakes with medium and
lower probability of GLOF. 95% of the higher GLOF-probable lakes are concentrated in the Kosi (33), Pelkhu
(7), and Tista (5) river basins; sub-regionally coincide with Sikkim, Everest, Bhutan and Langtang region.
. Introduction

The global mean temperature has been increasing at a higher rate
ince 1980 (Mayewski and Jeschke, 1979; Richardson and Reynolds,
000; Kulkarni et al., 2007, 2011). As a result, glaciers are melting at
n alarming rate forming glacial lakes (Mool et al., 2001; Bajracharya
t al., 2008a,b; Kääb et al., 2012; Gardelle et al., 2013; Bolch et al.,
012; Mohanty and Maiti, 2021). The melting of ice can produce liquid
ater and remove the support system for the upper ice or soil layer

Joughin et al., 2014; Kääb et al., 2018). The meltwater can lead to the
estabilization of cryospheric environments, including glacier collapse
Deline et al., 2015; Falaschi et al., 2019), rock and ice avalanche
Chiarle et al., 2007; Dufresne et al., 2019), glacier and snow melting
lood (Brown et al., 2014; Duan et al., 2020), ice shelf decay (Feldmann
nd Levermann, 2015; Hogg and Gudmundsson, 2017), glacial lake
utburst flood (GLOF) (Bajracharya and Mool, 2009; Harrison et al.,
018; Veh et al., 2019), and thermokarst development (Nelson et al.,
002; Saito et al., 2018). All above cryospheric hazards are concen-
rated within lands (Ding et al., 2020). Amongst these, GLOF is very
evastating, as it can travel to the longest distance up to 200 km with
peak discharge of 30,000 m3/s and a speed of 14 to 18 km/h (Sattar

t al., 2019, 2020; Ding et al., 2020; Richardson and Reynolds, 2000).
GLOF is a phenomenon of massive amounts of water flowing in

narrow river channel originating from natural dam failure (Clague
nd Evans, 2000; Huggel et al., 2002; Huggel, 2004). GLOF events
ave widely been reported around the world’s high mountains, like
imalayas, Andes, and Rockies (Nie et al., 2018; Worni et al., 2013;
mmer et al., 2016; Allen et al., 2016). However, amongst all types of
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natural disasters occurring globally, the maximum numbers of GLOFs
have been reported in Central Asia (Alcántara-Ayala, 2002; Carrivick
and Tweed, 2016). Other sources (Veh et al., 2020) said a total of 39
GLOFs in the Himalayas. The recent GLOF occurred in Chamoli district
on Feb 7, 2021, followed by Chorabari lake outburst in Kedarnath in
July 2013. Both claimed a thousand lives and a million-dollar loss of
properties (Das et al., 2015; Meena et al., 2021). Gongbatongshaco in
2016 (Cook et al., 2018) and Jinwuco in 2020 (Zheng et al., 2021)
are other few examples, alongwith many unnoticed GLOFs (Nie et al.,
2018). GLOF events mainly occurred for ice-dammed lakes and a few
moraine dam lakes (Carrivick and Tweed, 2016). However, the number
of moraine-dammed lakes induced flooding were globally reducing
since the mid-1990s.

Many researchers (Aggarwal et al., 2017; Huggel, 2004; McKillop
and Clague, 2007; Mool et al., 2001) have mapped critical lakes linking
broadly four elements: lake (change rate, lake dimensions), moraine
dam (type, steepness, width to height ratio, ice core, etc.), mother
glacier (proximal distance, calving width, frontal steepness, etc.) and
geomorphology/ triggering parameters avalanches, earthquake) (Ta-
ble 1). However, integration of these parameters involves techniques
like remote sensing (Huggel et al., 2002; Kääb and Reichmuth, 2005;
Fujita et al., 2009), hazard scoring (ICIMOD, 2001), geographic in-
formation systems (GIS) (Huggel et al., 2002; Huggel, 2004), overlay
analysis (Zaidi et al., 2013), AHP (Aggarwal et al., 2017), statistical
(McKillop and Clague, 2007), empirical (Huggel, 2004; McKillop and
Clague, 2007) methods, and fusion of vulnerability-cum exposure in-
dices (Allen et al., 2016; Wilson et al., 2015; Zheng et al., 2021).
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Table 1
List of parameters for GLOF susceptibility mapping.

Triggering factor Lake characteristic Dam characteristic Glacial/basin characteristic

Landslide Lake area The width of the crest of the moraine Glacier retreat rate
Avalanches Lake volume Dam flank steepness Watershed
Earthquake Unstable lake upstream Lake freeboard to moraine crest height ratio The slope of accumulation area of mother glacier

Elevation of lake Lake freeboard The slope of the glacier tongue
Length of lake Ice-cored moraine The distance between glacier and lake
Width of lake Main rock type of moraine Crevassed glacier snout
Orientation of lake Moraine vegetation coverage The slope between the lake and Glacier snout
Lake type Moraine height to width ratio Lake glacier relief
Change rate Moraine height Geomorphology
Drainage type of the lake Moraine height to area ratio Distance of settlement
The activity of the lake Glacier size
Glacier-fed lake Glacier calving frontal width
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Besides, deterministic methods of GLOF modelling (Washakh et al.
2019; Sattar et al., 2019; Sattar et al., 2021; Goswami and Goyal,
2021) and lake size change analysis (Worni et al., 2013; Nie et al.,
2017; Nie et al., 2019) were adopted for critical lakes detection with
an estimation of their local flood root and peak discharge. However,
regional GLOF probability assessment is relatively lacking in the Hi-
malaya. At the same time, the results of different studies are often
uncomparable because of differences in lake inventories, indicator
selection and classification methods. Thus, we here tried to identify
lakes with potentially high GLOF risk by combining OBC and AHP
methods on a regional scale. The Analytic Hierarchy Processes (AHP)
method was used in various natural hazard studies (see Section 3.7)
(Ayalew et al., 2005; Lari et al., 2009; Iribarren Anacona et al., 2014;
Wang et al., 2016) that allows evaluating the consistency (Saaty, 1987)
of the judgements, based on the estimation of the eigenvalues of the
factors matrix. Besides, the object-based classification (OBC) techniques
use the threshold values of different controlling parameters to identify
critical lakes (MacLean and Congalton, 2012). Here, we used the max-
imum number of predictor variables involving remote sensing and GIS
techniques to detect the GLOF prone lakes in the Himalaya.

2. Study area

Glacial lakes are densely distributed throughout the Himalaya
(Gardelle et al., 2011; Zhang et al., 2015; Nie et al., 2017). Eastern
Himalayan glacial lakes are expanding and increasing at an alarming
rate than western and central Himalaya (Gardelle et al., 2011; Zhang
et al., 2015; Nie et al., 2017). For developing countries like India, Nepal
and Bhutan, GLOF is a severe threat (Alcántara-Ayala, 2002; Carrivick
and Tweed, 2016). Therefore, the predetermination of GLOF prone
lakes plays an essential role in environmental safety and management.

Here we have chosen Himalayan region with an approximate linear
extent of 2400 km from northwest to southeast, bounded between 69◦

8’ 36.73’’ to 98◦ 22’ 22.78’’E longitude and 27◦ 12’ 16.89’’ to 39◦

1’ 26.89’’N latitude (Fig. 1). The entire Himalaya varies in width
rom 400 km west to 150 km east with 5390 m average elevation
nd spreads across five countries like Nepal, India, Bhutan, China,
nd Pakistan. It contains ∼22,800 km2 glaciers area with 1071 km3

pproximate snow volume (Farinotti et al., 2019; Bolch et al., 2012).
he distribution of glaciers and equilibrium line altitudes is mainly due
o three types of wind flows such as (i) NW wind flow (westerly), (ii)
W Indian monsoon, and (iii) NE wind flow (Yao et al., 2012; Bolch
t al., 2012; Bookhagen and Burbank, 2010). The Eastern Himalaya got
now by SW Indian monsoon and NE wind flow, mainly during summer
ime. This zone is a summer accumulation type glacier. Other western
ide of the Himalaya (i.e., Karakoram, Pamir and west Himalaya) is
etting snow by westerly during wintertime; hence, it is called winter
ccumulation type glaciers. Monsoonal precipitation decreases from
ast to west, and the western extremity of the monsoonal precipitation
one is present at 78◦ longitudes near Sutlej valley (Bookhagen and
urbank, 2010). The northern side of eastern Himalaya gets fewer

nowfalls than the southern side by monsoonal precipitation due to the

2

hadow effect (Bookhagen and Burbank, 2010). The spatial distribution
f precipitation showed that the precipitation amount decreases from
ast to west along the Himalayan arc (Bookhagen and Burbank, 2010).

. Methodology

.1. Data source

.1.1. Satellite data and DEM
Landsat thematic mapper (TM) and operational land imager (OLI)

ere downloaded from the Earth Explorer (USGS) webpage. A total of
5 Landsat scenes were used in this study. Moreover, ALOS-PALSAR
EM was used in this study for various purposes. Satellite data with
loud cover <5% were selected using Earth Explorer’s filters. Since we
re working on glacial lake monitoring, chosen months coincide with
ew snow melting seasons (Gardelle et al., 2011). Thus, satellite images
ere selected from September to November for the eastern Himalaya;
nd from June to October for the western, avoiding consequences of
igh cloud and snow coverage.

.1.2. Lake data
Initial lake boundaries were collected for 1990, 2000 and 2010 from

he inventory of Zhang et al. (2015). A few new lake boundaries and
orrections of existing ones (e.g., shadow) were carried out. Besides,
or 2015 and 2019, we used Landsat OLI and high-resolution images
Worldview, Quickbird and GeoEye) for updating our lake inventory.

.2. Glacial attribute derivation

.2.1. Glacier boundary delineation
Glacier sizes were estimated from the glacier boundary RGI 5.0

ersion. However, the data was not used exclusively because its outlines
id not match the observed glacier extents; hence, some corrections
ere done on this data based on the satellite images in false colour

omposite (FCC) (Kargel et al., 2005).

.2.2. Ablation area delineation
Ablation areas were demarcated using ALOS-PALSAR DEM and

lacier boundary shapefile following the clue that a glacier’s median
levation is the equilibrium line altitude (ELA) (Racoviteanu et al.,
014), i.e., the boundary between an accumulation area and ablation
rea. The distinction of the ablation area was performed using ArcGIS
0.3.

.3. Lake attributes derivation

.3.1. Lake characteristic
Different types of lakes (glacier-fed, connected, moraine-dammed

ake) were marked in the attribute table of glacial lake polygon by
isual inspection in Google Earth and Landsat images. Some param-
ters were taken from Zhang et al. (2015). Proximal distances were
alculated by the near distance tool. While calculating, lake and glacier
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Fig. 1. Study area map with three subdivisions of eastern, central and western Himalaya. The lake locations are shown in violet dots. The distribution of lakes along latitude and
longitude is shown in the histogram. Lake size distribution is also shown in the histogram.
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polygon were utilized as an input file. Additionally, lake length and
width were calculated by using minimum boundary geometry in ArcGIS
10.3. Crevassed glacier, glacier calving frontal width, snout steepness
were marked in Google Earth platform and calculated in ArcGIS 10.3
software. Lake depth and volume were calculated from the empirical
formula reported by Huggel et al. (2002). Dam area, dam steepness,
height and lake freeboard were demarcated using the ALOS-PALSAR
digital elevation model (DEM). The characteristics of mother glaciers
(slope of an accumulation area, size of the glacier, debris content) were
extracted using ENVI 5.3 and joined to the lake attribute in the ArcGIS
platform (Racoviteanu et al., 2014). All the derived lake attributes were
listed in Table 1.

3.3.2. Lake size change rate
The average lake size change rate was estimated due to inconsis-

tency in their appearance (i.e., some have formed after 2000, whereas
few were absent after 2015). The average lake size change rate was
calculated using suitable lake pairs with 10 years intervals (e.g., 1990
to 2000, 2000 to 2010, 2015 to 2019 etc.) given in Eq. (1).

Average lake size change rate (m2∕year) =
∑𝑛

1 𝑋𝑖 −𝑋𝑖−10

𝑚 ∗ 𝑛
(1)

here 𝑋i and 𝑋i−10 are the lake size with 10 years interval, m is the
otal period of study, and n is the number of lake size change studies
n a specific interval (here 10 years).

The standard deviation of all individual lake size change rates was
sed as an error. This value might be higher than the average value of
ake size change rate as most of the lake shows a higher -ve lake size
hange rate due to GLOF where some lake showed a higher increase in
ake size.
3

.4. Controlling parameter generation

.4.1. Avalanches
Ice avalanches are the most common cause of outbursts of floods

n the Himalaya (Wang et al., 2011) and tropical Andes (Lliboutry
t al., 1977). Ice avalanches usually occur in temperate glaciers with
steep slope (≥25◦) (Alean, 1985). These can generate impulse waves

within lakes and cause dam overtopping. An ice avalanche’s likelihood
of influencing a lake depends on the distance, slope, and roughness of
the terrain between glacier and water bodies. We used AHP methods
for estimating avalanche probability maps using parameters like relief,
slope, curvature, ground cover and aspect with weights (0.28, 0.31,
0.09, 0.18 and 0.14) (Kumar et al., 2017; Marana, 2017).

3.4.2. Landslide
Steep non-vegetated slopes are a common source of mass move-

ments (Peduzzi, 2010) and indicate high geomorphic activity. Massive
and high-velocity landslides can generate large waves in the lake water,
which can suddenly drain lakes with or without breaching a dam
(Clague and Evans, 2000; Walder et al., 2003). Such mass induced
outburst floods were seen in Patagonia and other Andean regions (Hub-
bard et al., 2005; Harrison et al., 2006) with peak ground acceleration
(PGA) was >0.6 g and slope >30◦ (Kargel et al., 2016). Here, we used
the landslide probability data of Hartmann and Moosdorf (2012); these
authors have derived the landslide probability map for the Earth’s total
land surface. A buffer of 500 m was taken around the lake, and the
average values were assigned in ArcGIS 10.3 software.

3.4.3. Earthquake
Earthquake occurrence data was downloaded from the USGS web-

page. A total of 39 (1980–2019) years of data was taken during our
derivation of earthquake occurrences density map. While making the
density map, the output cell size of 500 m was given, a window size
of 5 × 5 was assigned in ArcGIS 10.3. Earthquake occurrences higher
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than 4 magnitudes were chosen, in accordance with previous claims by
Keefer (1984, 2002) that earthquake M > 4 could generate landslides
and other mass movements. Thus a total of 1509 earthquake locations
were considered all along Himalaya.

3.5. Climatic data

Precipitation data, i.e., TRMM (Tropical Rainfall Measuring Mis-
sion) and skin temperature data, were taken from the Giovanni web-
page. TRMM was launched from the GODDARD space application
centre by USGS’s collaborated work (United States Geological Survey)
and JAXA (Japan Aerospace Exploration Agency). For the regional
temperature and precipitation study, a spatial resolution of 0.25◦ ×
0.25◦ gridded data was taken for the whole Himalaya from 1984–2020
(Kanamitsu et al., 2002; Bookhagen and Burbank, 2010).

3.6. Controlling parameters

Hazard can be defined as the probability of occurrences and an
event’s magnitude (Huggel, 2004). Here, we used various parameters
for GLOF prediction and estimating flood water volume. Thus, we
estimate both the probability and magnitude of GLOF. Previous stud-
ies indicated that the possibility of a GLOF is a function of several
variables. Earlier researchers (Chen et al., 1999; Lu et al., 1999; Ba-
jracharya et al., 2008a,b) have suggested seven variables based on
previously drained glacial lakes on the Tibetan Plateau. On the other
hand, McKillop and Clague (2007) have listed 18 potential predic-
tor variables based on previously documented incidents of moraine
dam failures. However, some of their proposed variables can only
be detected from high-resolution satellite images or field observation.
However, it is practically impossible for a regional glacial lake eval-
uation by fieldwork due to remoteness and harsh weather conditions.
In the present study, 15 parameters were uniformly used all along the
study area. Considering lake characteristics, lake-glacier relationship,
dam characteristics, and glacial or basin characteristics, we infer here
probability of GLOF in the future (Table 1). Dam characteristics like
lake freeboard, dam steepness and dam height play a significant role for
GLOF. Subsequently, lake size and lake size change rate are the most
effective GLOF probability mapping parameters (Worni et al., 2013;
Aggarwal et al., 2017; Nie et al., 2017). Moraine dammed lakes are
more prone to GLOF as reported by various authors, and connected
lakes have a higher change rate than unconnected lakes (Chen et al.,
1999; Lu et al., 1999; Bajracharya et al., 2008a,b; McKillop and Clague,
2007). Glacier and lake-related parameters also have a crucial role in
determining GLOF; thus, glacier-fed lake, proximal distance, glacier
snout steepness, glacier calving frontal width was used for GLOF prob-
ability determination (Huggel et al., 2002; ICIMOD, 2011). Lakes in
contact with glaciers can be affected by calving and the sudden floating
of dead ice. Both mechanisms can produce waves capable of dam
overtopping, breaching and subsequent dam failure (Richardson and
Reynolds, 2000). Glacier fed lakes and lakes with lesser proximal dis-
tance (<500 m) are prone to lake expansion, thus dangerous depending
on local geomorphology. Lake dimensions have been directly related to
outburst volume, peak discharge and the flood damage potential (Costa
and Schuster, 1988). However, a lake of size (>0.01 km2), volume
(>0.01 km3), width (>0.01 km) and length (0.01 km) is prone to GLOF
(Li et al., 2021; ICIMOD, 2011; Worni et al., 2013). Similarly, elevated
lakes with a higher force of gravity (viz. >3500 m) are also susceptible
to GLOF (Lu et al., 1999; Huggel et al., 2002; ICIMOD, 2011). A glacier
with a low-angle terminus can be an indicator of a negative mass
balance.

Consequently, lakes in contact with flat glacier fronts (slopes less
than 5◦) are likely to grow due to glacier retreats (Frey et al., 2010).
Steep outlets can be more easily enlarged than low-gradient outlets if

an increase in lake discharge occurs. Progressive erosion can widen and
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deepen the outlet leading to lake drainage. Consequently, dams with
steep outlets are more susceptible to failure (O’Connor et al., 2001).

Landslides and avalanches are closely spaced to the epicentre of
an earthquake (Keefer, 2002, 1984). Earthquakes can directly affect
the glacial lake or indirectly by creating landslides and avalanches
(Kargel et al., 2016; Zhao et al., 2018). Influencing parameters like
earthquakes, avalanches, and landslides control GLOF for all types of
glaciers (Huggel et al., 2002; ICIMOD, 2011). Steep unvegetated slopes
are a common source of mass movements (Peduzzi, 2010) and can be
indicators of high geomorphic activity. These influencing parameters
can form GLOF in all types of lakes. GLOFs caused by the collapse and
erosion of moraine dams rarely result in total lake volume drainage.
The expanding rate of glacial lakes (lake size change rate> 1000 m2/yr)
is one of the most important indicators of potential outburst hazards
(Wang et al., 2012; Worni et al., 2013; Nie et al., 2017). Lake type
also indirectly denotes the change rate of lake size, thus being crucial
for GLOF mapping as input parameters. Glacial lake size and potential
flood volumes directly control a hazard’s severity (Fujita et al., 2013;
Worni et al., 2013). Meanwhile, monitoring glacial lake changes at
regional scales, especially considering the Himalaya as a whole, is
essential to assessing climate change impacts (Nie et al., 2017). Lake
size is directly related to the flood volume, lake length, lake width, and
water volume (Huggel et al., 2002).

3.7. Object-based classification method

Object-oriented image classification involves identifying image ob-
jects, or segments, that are spatially connecting pixels of similar texture,
colour and tone (MacLean and Congalton, 2012). Relationships be-
tween objects can play an essential role in their identification and
classification. Object-based classifiers classify not a single pixel but
groups of pixels representing existing objects in a GIS database. This ap-
proach is based on a supervised maximum likelihood classification. To
avoid the problem of defining data-dependent thresholds, we applied
an object-based supervised classification approach. Here, the same idea
was used for identifying the GLOF prone lakes from the different pa-
rameters of the lakes and their surrounding areas. The threshold value
for GLOF determination was taken, as defined by various researchers
(Lu et al., 1999; Huggel et al., 2002; ICIMOD, 2011).

The OBC method was used for the GLOF probability determination.
A threshold value is always required for getting the subsequent output
in a chain of the object-based classification method. Thus, the param-
eters whose threshold has already been determined for deciding GLOF
occurrences were taken. A total of 15 parameters such as lake size
change rate, lake size, lake freeboard, dam steepness, lake elevation,
glacier snout steepness, lake length, lake freeboard, moraine-dammed
lake, glacier-fed lake and proximal distance, and some influencing
parameters: earthquake, avalanches and landslides were considered for
the study (Fig. 2). A series of queries in ArcGIS10.3 software was
subsequently used to demarcate GLOF prone lakes in the Himalaya.
Thresholds of the probable GLOF denoting parameters were taken
from various works done previously (Aggarwal et al., 2017; Huggel
et al., 2002; Iribarren Anacona et al., 2014; ICIMOD, 2011; Lu et al.,
1999). All the influencing parameters and glacial and lake parameters
were used simultaneously, or dam parameters were considered for
demarcating GLOF prone lakes. Earthquake density >1, avalanches >5
and landslide >5 were taken for identifying GLOF-prone lakes in the
OBC technique (Fig. 2).

3.8. AHP method

Analytical Hierarchy Process (AHP) (Saaty, 1987) formulates and
assists in decision making by assigning ranks and weights to the at-
tributes using matrix operation. It uses hierarchical structures to quan-
tify relative priorities for a given set of elements on a ratio scale.
The judgements between two particular parameters can be done by a
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Fig. 2. The object-based classification method flow diagram.
pairwise comparison on a 1–10 scale, and a pairwise comparison matrix
is constructed from that comparison. In this 1–10 scale, the values 1, 3,
5, 7, and 9 indicate that the two elements are either ‘equal’ or ‘slightly’
or ‘strongly’ important than others. The pairwise comparison matrix
was used to derive the individual normalized weights of each element
by computing the principal eigenvector. The results in a matrix range
from 0 to 1 and add up to 1 in each column. The weights of each
criterion are calculated by averaging the values of each row of the
matrix.

Each thematic map feature is also normalized between 0 and 10
(Nath, 2004) to ensure that no layer exerts influence beyond its deter-
mined weight. Normalization is carried out for the features using the
relation:

𝑋i =
𝑹𝒋 −𝑹𝒎𝒊𝒏

𝑹𝒎𝒂𝒙 −𝑹𝒎𝒊𝒏

Rj is the raw rating, Rmax, and Rmin are the maximum and minimum
ratings of a particular layer.

The consistency ratio (CR) in the AHP method shows the probability
that the decision matrix was randomly created.

CR = 𝑪𝑰
𝑹𝑰

here RI average of the resulting consistency index, depending on the
rder of the matrix, given by the Saaty, and CI is the consistency index
nd can be expressed as

I =
(𝝀𝐦𝐚𝐱 − 𝒏)
(𝒏 − 𝟏)

he largest or principal Eigenvalue of the matrix can be easily calcu-
ated from the matrix, and n is the matrix’s order. If the CR value is
ore significant than 0.1, the AHP can be rejected. The acquisition
eights were employed by using a weighted linear sum procedure.
urthermore, the acquisition weights were employed to calculate the
LOF probability model.

Each layer’s weightage was calculated from a spreadsheet package
alled expert choice from AHP (Nath, 2004; Aggarwal et al., 2017).
t calculates the weightage of each parameter from multiple criteria
ecisions with the pairwise comparison. These weight calculations are
one outside the GIS platform and then applied in the raster calculator
ool in ArcGIS 10.3 software. Fifteen thematic layers were used for
his study, and the respective weights assigned to the layers were
escribed in Table 2. Consistency ratio (CR) and principal Eigenvalue
5

Table 2
Weightage of input parameters for GLOF probability
mapping derived from AHP calculator.

Thematic layers Weight

Proximal distance 0.047
Glacier calving frontal width 0.052
Glacier snout steepness 0.055
Lake type 0.057
Lake area change rate 0.071
Lake volume 0.026
Lake size 0.056
Lake elevation 0.02
Lake aspect 0.018
Avalanches 0.081
Landslide 0.051
Earthquake 0.167
Dam steepness 0.106
Lake freeboard 0.161
Dam height 0.032

were estimated as 9.7% and 17.147, respectively, from the decision
matrix.

In this method, lake polygons were converted to raster with 30 m
spatial resolution. The continuous parameters were reclassified into ten
classes by quantile classifier, and the categorical variables were also
reclassified. Weights were assigned to each of the classes by expert
knowledge. The quantile classifier used in this study divides classes so
that the total numbers of features in each category are approximately
the same.

3.9. Merging procedure of OBC and AHP results

Both AHP and OBC methods show different critical lakes due to their
variable dependency: one on the data distribution and others on the
expert’s choice. However, their combined result provides an effective
GLOF probability. We merged both using overlay analysis; the higher
probable lake derived from AHP (>8) and object-based classification
method, and the common one is taken as the higher GLOF-potential
lake (Fig. 3). Furthermore, the rest of the higher probable lakes from
these two methods are the second most probable lakes. The remaining
number of lower GLOF-probable lakes were categorized as the lowest
probability.
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Fig. 3. Flow diagram for merging procedures of two output results generated from AHP and OBC method.
. Result

.1. GLOF probability estimation by OBC method

Total 107 out of 4198 glacial lakes were identified as GLOF-prone.
he supraglacial lakes and glacial lakes size >0.01 km2 were eliminated
rom our GLOF probability analysis. Thresholds were used as discussed
n the methodology part to get the result. These higher GLOF prone
akes were gathered in eastern, central and western Himalaya, respec-
ively. Thorthormi, Imja, Lhonak, Gangxico, Pinda, Longbasa lakes got
igher GLOF probability in the OBC method. Larger lakes with high
xpansion rates have been already reported as supercritical lakes (Bolch
t al., 2008; Mool et al., 2008; Nie et al., 2012; Worni et al., 2013).

.2. GLOF probability estimation by AHP method

A total of 224 lakes were identified as high GLOF-prone in the
HP result. In the hierarchical analytical process, 15 thematic layers,
iz., earthquake, lake freeboard, dam steepness, avalanches, lake size
hange rate and lake type, got higher weightage. Aggarwal et al. (2017)
ave a similar weightage for GLOF probability mapping. Besides, lake
spect, lake elevation, lake volume, dam height, proximal distance, and
andslide gave the lowest weightage to GLOF. Most of the lakes were
athered in eastern Himalaya followed by central and western.

.3. Merging of OBC and AHP results

A total of 60, 164 and 3974 glacial lakes are coming under a
igher, medium and lower probability of glacial lake outbursts in the
imalaya out of 4198 lakes (>0.01 km2). Most glacial lakes showed a
oncentration over the eastern Himalaya, followed by central Himalaya
nd western Himalaya. Besides, various researchers have classified
imalayan into sub-regions like Sikkim, Nepal, Bhutan, Langtang, Ever-
st Himalaya and Uttarakhand. Lakes with higher susceptibility to
LOF were clustered in Bhutan, Everest, Sikkim, and Langtang re-
ions (Fig. 4). Moreover, basin wise distribution of Himalayan glaciers
howed that these are clustered primarily on Manas (846), Kosi (707),
pper Indus (675), Yarlung Zangbo (385) and Karnali (354). However,
ost of the higher probable lakes are concentrated in the Kosi (33),
elkhu (7), Tista (5) and Karnali (3) (Table 3).
6

5. Discussion

5.1. Overcoming of AHP’s limitations

AHP is a simple, versatile, user-friendly and frequently used method
in GIS integration in almost all fields: landslide susceptibility mapping
(Kayastha et al., 2013), urban planning (Bathrellos et al., 2012), min-
eral exploration (Hosseinali and Alesheikh, 2008), GLOF probability
(Aggarwal et al., 2017), avalanches probability (Kumar et al., 2017).
In this part, conditioning and triggering factors were weighted using
a pairwise comparison matrix. The subdivisions of each class were
weighted manually to get the corresponding rating and measuring con-
sistency ratio. This method has some limitations: a 9-point predefined
scale, making it hard to decide on time limitation and subjective eval-
uation. Moreover, another constraint is that the AHP method needs a
manual weighting scheme. However, this venture represents a practical
approach in data-sparse regions such as Sikkim (Aggarwal et al., 2017).
To overcome this problem and for the betterment of our result, we used
the object-based method. Combining these two results gives a better
and unbiased result.

5.2. Glacier retreat related to lake number and size change in the Himalaya

Glaciers in the Himalaya are retreating faster; thus, glacial lakes
also increase in size and number in the study area (Nie et al., 2016;
Worni et al., 2013). There were exceptions like Karakoram, where
glaciers are gaining mass with a decrease in lake size by surging, thus
forming occasional GLOF (Kulkarni et al., 2007; Gardelle et al., 2011;
Bolch et al., 2012; Kääb et al., 2012; Brun et al., 2019). Other than
this, all regions show lake size increase at a different rate (Aggarwal
et al., 2017; Komori, 2008). The glacial lake number was estimated
as 2471, 2518, 2994, 3556 and 4081 in 1990, 2000, 2010, 2015 and
2019. Lake size also showed an increasing trend since 1990, with an
average lake size change rate of 400.85 ± 1146.63 m2/yr. Here, the
higher standard deviation is due to high variation in lake size due to
GLOF. In the Himalaya, 3386 glacial lakes are increasing in size out
of 4198 lakes, and these are mostly moraine dams, glacier-fed, and
larger-sized lakes (>0.01 km2). Glacier-fed lakes get water from direct
precipitation and primarily from glacier meltwater; therefore, these
lakes have a higher expansion rate. Those can be dangerous depending
on other parameters (local geomorphology). Zhang et al. (2015) have
also shown those glaciers fed lakes are increasing in size at a higher rate
than the non-glacier fed lakes. Moreover, some glacial lakes in western
and Arunachal Himalaya showed a decreasing trend, whereas central
and eastern Himalayan lakes showed an increasing trend at a higher
rate (Gardelle et al., 2011). These decreases in lake size are mostly for
non-glacier fed, unconnected and erosional lakes.
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Table 3
Higher GLOF prone lake and lake distribution along the river basin and sub-basin of the Himalayas.

Broad
division Main basin Sub-basin

Total
glacial
lakes

High GLOF prone lakes % of high GLOF prone lakes with
respect to total glacial lakes

% of high GLOF
prone lakes w.r.t
total high GLOF
prone lakes

Main basin
wise

Sub-basin
wise

Broad
division

Main basin
wise

Sub-basin
wise

Broad
division

Western Indus Panjnad 301 4 3 4 0.4 0.99 0.4 6.66Upper Indus 675 1 0.14

Central Ganga

Pelkhu 18

46

7

38 3.71

38.88

3.06 76.66

Yamuna 5 0 0
Upper Ganga 27 0 0
Karnali 354 3 0.84
Gandaki 127 3 2.36
Koshi 707 33 4.66

Eastern Brahmaputra

Punatsang Chu 333

10

1

18 0.52

0.3

0.94 16.66

Yarlung Zangbo 385 1 0.25
Kameng 56 0 0
Manas 846 3 0.35
Amo Chu 78 1 1.28
Tista 165 5 3.03
Subansiri 39 0 0
Fig. 4. GLOF probability lake distribution in the Himalayas; here with zoom boxes a to d some important lakes were shown. Here, red, yellow, and green indicate the higher,
medium, and lower GLOF prone lakes. Lake counts of individual categories are shown in the histogram.
5.3. Climatic control on GLOF

Opposite precipitation trends (from 1998 to 2020) were observed
between the eastern and western Himalaya (Fig. 5). Precipitation is ris-
ing in the western part; an opposite trend was noticed in the eastern and
central Himalaya. This precipitation fall caused the glaciers to retreat
faster; thus, the lake expansion rate is higher in the east and central
Himalaya. Additionally, the glacial skin temperature record (from 1981
to 2020) showed a rising trend; essentially may control future lake
formation and growth. Various locations of Himalaya (Gardelle et al.,
2011; Nie et al., 2017), viz, Boshula mountain (Wang et al., 2011),
Uttarakhand (Bhambri et al., 2011), Sikkim (Racoviteanu et al., 2014);
Everest (Bolch et al., 2012); Jammu and Kashmir (Ghosh et al., 2014);
Bhutan (Bajracharya et al., 2014) reported same. The warming and
7

precipitation reduction are accelerating the frequency of avalanches;
and triggering more GLOFs (Liu et al., 2014; Carrivick and Tweed,
2016). In the central to eastern Himalaya, there is a higher chance for
lake volume increase seeing the nature of temperature and precipitation
pattern and their trend.

5.4. Google earth and field validation

All higher GLOF probable lakes exhibit lesser lake freeboard, larger
size, dammed by moraine and higher lake expansion rate. Google earth
image was used for detailed mapping and verification. In Fig. 6, we
choose lakes (A to J) to understand GLOF probability clearly. Lakes
B and D are found as giant lakes and located upstream of A and C,
respectively. Similarly, lake J is situated downstream of three lakes, G,
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Fig. 5. Year-wise variation of precipitation (a) and skin temperature (b) along the Himalayan subdivision from 1984–2020.
H, I. Lake J also contains two subsidiary inputs: one from the mother
glacier and another from a small lake present upstream. Lakes A, B, C
and D coincide with avalanche and landslide-prone zones, marked here
with brown boundary (Fig. 6). These lakes also experienced faster lake
expansion by calving and waterline melting from the nearby glacier
(Song et al., 2017). Thus, our detailed study marked A, B, C, F and I as
critical. The semi-automatic method in previous sections exhibits the
same. Xin et al. (2008) also showed Pida (B) and Longbasaba (A) lakes
as GLOF-prone.
8

On the other hand, Lakes G, H and J are lesser prone to floods
due to longer distances from avalanche-prone zones. Lakes D, G, H, J
with medium GLOF probability are also of medium size, lesser increase
rate and frontal width. Lastly, a minor Lake E shows the lowest GLOF
probability.

Fieldwork was done in the Sikkim region at Gurudongmar Lake in
2015, dam overtopping was noticed, and the lake was half-frozen dur-
ing fieldwork. In our result, this lake gives a lower GLOF probability.

There is a lesser zone of GLOF as this lake contains two lower GLOF
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Fig. 6. Google Earth-based verification of selected glacial lakes (A, B, C, D and E of Sikkim; F in Nepal and G, H, I, and J of Bhutan Himalaya) and their derived GLOF probability.
Here, A, B, C, D and E showing four glaciers within the Tista basin. Excluding lake E, all are high to medium GLOF-prone. Another high GLOF-prone lake F is the Imja in the
Dudh Kosi river basin. Lake G, H, I, and J are present in Bhutan Himalaya’s southern slope. Here, lake ‘I’ is higher prone to GLOF, and the rest are medium GLOF-prone lakes.
The landslide and avalanches zone were highlighted in cyan and brown colour boundaries, respectively.
probable lakes with rock dammed on the upstream side (Fig. 7). These
two upstream rock dammed lakes are more prone to avalanches and a
very little chance of landslide. The lake’s dam has not contained any
dead ice; there is no local landslide chance, and hydraulic pressure on
the dam is remaining constant due to the outlet’s presence. However,
with two rock dams on the upstream side, these two lakes are stable
and less dangerous.

A good correlation was found between our results and previously
published work by Aggarwal et al. (2017). A higher GLOF probability
was determined for the Lhonak lake. Lake D in Fig. 6 gave a medium
prone to GLOF in our and their result. Out of 21 glacial lakes, only
7 gave unmatched results in both the analysis. We got the odd con-
sequence due to the different approaches and predictor parameters
used in previous work and our methodology. In AHP methods, the
weightage used here resembles previous works by Aggarwal et al.
(2017). However, 13 lakes are closely matched in both the results.
Besides, Gelhaipuco and Conqong lakes gave higher GLOF risk in the
work of Che et al. (2014) (Fig. 8). Most of these higher GLOF prone
lakes in our result are moraine-dammed lakes with a higher growth
rate and present in the zone of higher earthquake-prone zones (Fig. 8).

5.5. GLOF probable zones basin wise in the Himalaya

Kosi river basin (33) contains the highest number of critical lakes,
followed by Phelku and Tista (Table 3) (Fig. 9). Moreover, most GLOF
prone lakes are gathered in the Langtang, Everest, Sikkim and Bhutan
regions (eastern and central parts of the Himalaya). These regions
contain the most populated areas of Himalaya, infrastructure with mul-
tiple roads and rail lines, and the second-highest hydroelectric plants
(Schwanghart et al., 2016) (Fig. 9). Most of these dangerous lakes are
connected to the southern flowing (27) drainage. The steeper drainage
can accelerate the speed of floodwater. Moreover, the potential flood
9

volume of water is more on the south than on the northern side of
the Himalaya. Therefore, the southern sides of the Himalaya are more
prone to GLOF than the northern side.

Glacial and topographical characteristics significantly control glacier
ice area change on a local scale (Bhambri et al., 2011; Racoviteanu
et al., 2014; Scherler et al., 2011). Previously, it was noticed that
glaciers containing no lake have a lesser retreat rate than the glacier
with lakes at its terminus (King et al., 2017; Racoviteanu et al., 2014;
Bhambri et al., 2011). Most of the proglacial lakes are associated with
clean glaciers of smaller size and mother glaciers with higher retreat
rates (Mool et al., 2008; Bolch et al., 2012; King et al., 2017). These
lakes are expanding significantly with waterline melting and calving
processes. A higher area and length loss were estimated for clean
glaciers, promoting proglacial lake formations (King et al., 2018; Garg
et al., 2019). The southern side of the Himalaya contains a lake that
has a higher increase rate (Komori, 2008; Debnath et al., 2018). A
lesser lateral retreat rate was observed for higher debris content glaciers
than lower debris content glaciers (clean glacier) due to the insulating
effect of debris (King et al., 2018; Garg et al., 2019). The northern side
glaciers showed the highest glacier area loss in recent decades, and
most of the lakes associated with them are more likely to occur GLOF
(24) (Nagai et al., 2013; Mohanty, 2018; King et al., 2018). Moreover, a
southern side lake in this region contains higher debris-covered glaciers
hence less retreat rate (Mohanty and Maiti, 2021). The southern side
glaciers have more range elevation (relief) and potential debris supply
slope, thus contain higher debris glaciers (Nagai et al., 2013; Ojha et al.,
2017).

Wang et al. (2012) showed 142 glacial lakes prone to GLOF present
in the Chinese Himalaya, using five controlling parameters. However,
Wang et al. (2015) showed that the Chinese part of the Himalaya,
i.e., the northern side of Sikkim, Bhutan, Langtang and Everest, are
coming under a higher GLOF risk zone. Moreover, the Chinese part
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(
G

Fig. 7. Field visit in Gurudongmar Lake, North Sikkim. Field area and field photo locations from (i) to (iii), i.e. (i) frozen lake in higher altitude (L2) and Gurudongmar Lake
L1), (ii) Lake Outlet and origin of Tista river, (iv) Moraine dam. Green and yellow arrows indicate end and lateral moraine, respectively. In C elevation profile (L1 to L2) in
oogle Earth, all lakes cut across moraine in various elevation.
Fig. 8. Lake growth is shown for some selected higher prone GLOF lakes (Lake boundary red colour), medium (Lake boundary yellow colour), and lower (Lake boundary blue
colour). Samudratapu and Geepang Gath lake are present in the western Himalaya, whereas all are central (Galongco, Guqingco, Imja, Tsho Rolpa, Youmojianco) or eastern
Himalaya (Thorthormi).
of the Himalaya contains 116 GLOF prone lakes. However, this study
categorizes the risk degree of the GLOF region wise and Nyalam, Tingri,
Dinggye, and Lhozhang are in the very high-risk zone. Che et al. (2014)
showed that most of the potential GLOF lakes are present in the Pumqu
10
river basin and northern Sikkim and Nepal region, and their count is
19. Allen et al. (2019) showed Nyalam, Jilong, Dingri and Kangding
as a higher risk zone of GLOF. Likewise, Worni et al. (2013) showed
that the Sikkim region’s glacial lakes gave higher GLOF risk, whereas
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Fig. 9. GLOF probable zones demarcated in the Himalayas with their damage intensity. The basin wise critical lake count is shown for the whole Himalaya. Here green shows
the lowest, and red shows the highest lake count. The raster layer shows the population counts in colour scale (red higher and cyan lower), whereas the red triangle indicates
higher GLOF prone lakes. The blue dot shows some essential locations, and the brown line shows the road. Drainage and basin were exhibited in different colours.
lakes in Jammu and Kashmir and Uttarakhand gave lower GLOF risk.
In contrast, Jammu and Kashmir region offers medium GLOF risk,
precisely matching our result.

6. Conclusion

• A total of 60 glacial lakes were identified as high GLOF-prone
lakes in the Himalaya. These lakes are primarily located in Central
Himalaya (46), followed by Eastern (10) and Western Himalaya
(4). Sub-regionally, most of them are in Sikkim, Everest, Langtang
and Bhutan regions. Kosi (33) river basin contains the high-
est number of critical lakes, followed by Phelku (7) and Tista
(5). Coincidentally, most GLOF-prone lakes are connected to the
southernly flowing streams.

• 164 and 3974 numbers of lakes were identified as medium and
lower prone to GLOF. The medium GLOF-prone and glacial con-
nected lakes will increase in size at a higher rate by calving and
waterline melting process; hence dangerous.

• Identified high GLOF-prone lakes should be studied in details
with field estimation of peak discharge, overtopping duration
and flood route identification for sustainable development and
mitigations.
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