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Abstract: The Sikkim Himalayan glaciers and glacial lakes are affected by climate change like other
parts of the Himalayas. As a result of this climate variability in the Sikkim Himalaya, a detailed
study of the Gurudongmar lake complex (GLC) evolution and outburst susceptibility assessment is
required. Glacial lake volume estimation and lake outburst susceptibility assessment were carried
out to reveal different characteristics for all four lakes (GL-1, GL-2, GL-3, and GL-4) from the lake
complex. Each of these lakes has a moderate to very high potential to outburst. As the dam of
GL-1 provides no retention capacity, there is a very high potential of a combined effect with the
sudden failure of the moraine-dams of GL-2 or GL-3 located upstream. Temporal analysis of GLC
using optical remote sensing data and in-field investigations revealed a rapidly increasing total lake
area by ~74 ± 3%, with an expansion rate of +0.03 ± 0.002 km2 a−1 between 1962 and 2018 due to
climate change and ongoing glacier retreat. The overall lake area expansion rates are dependent
on climate-driven factors, and constantly increasing average air temperature is responsible for the
enlargement of the lake areas. Simultaneously, changes in GLC expansion velocity are driven by
changes in the total amount of precipitation. The deficit in precipitation probably triggered the initial
higher rate from 1962 to 1988 during the winter and spring seasons. The post-1990s positive anomaly
in precipitation might have reduced the rate of the glacial lake area expansion considerably.

Keywords: glacial lakes; moraine dams; GLOFs; climate change; Gurudongmar Tso; Sikkim; India;
Eastern Himalayas

1. Introduction

Glaciers’ response to climate change has been clearly observed throughout the world [1].
Rising temperature has an intertwined relationship with glacier recession and glacial lake
evolution in the high mountain areas [2,3]. Glacial lake outburst floods (GLOFs) are com-
mon in all areas where glacier retreat is reported. The glacier retreat can be very fast, and
many newly incipient glacial lakes could be very prone to outburst [4]. A rapid outburst of
glacial lakes can cause a catastrophic flood in the downstream region with great erosive
power and debris transport capacity in a short period of time [5–9]. Usually, this is caused
by dam breaching or overtopping with a large variety of different triggers, according to
local lake position, surrounding landscape, and other natural conditions. Rapid glacial
meltwater, extreme rainfall, shock waves produced by mass movements into the lake
(i.e., rockfalls, landslide, avalanches, etc.), flood waves from the lake located upstream,
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ice calving, earthquake, piping, and also “long time triggers”, such as dead-ice melting,
hydrostatic pressure, or erosion of a dam, can cause failure or overflow of a dam [10,11].
Sometimes failures also occur due to undercutting slopes by glacio-fluvial erosion and
monsoon-induced heavy rainfall leading to saturation and erosion of frontal moraine slopes
or loose rock structures hanging over the lakes, together leading to cataclysmic GLOF
events [12,13].

One of the most vulnerable areas of very fast deglaciation is Eastern Himalaya [14–16],
where many historical GLOFs have been reported [17]. It is known that the magnitude
of glacier downwasting in Sikkim is relatively faster than for other regions (i.e., Western,
Central, and the Karakoram) of the entire Himalaya [18–21]. The continuous growth of
numerous glacial lakes has also been reported on the north face of the Kangchengyao
massif of Sikkim Himalaya between 1988 and 2014 by Debnath et al. [22]. An impression
of moraine breach in the past signified the occurrence of a GLOF event at Sebu Tso near
the base of the Changme Khangpu glacier [23]. Besides these, only a few other studies, on
hydrodynamic moraine dam breach modelling and hazard assessment [24], and in–situ
bathymetric study [25] of South Lhonak Tso in Sikkim Himalaya, have been reported.
Previously, Ives et al. [26] and Worni et al. [27] have reported that the Gurudongmar lakes
are considered one of the potentially dangerous lake complexes in the Tista basin of Sikkim
Himalaya, and further recommended this for field investigation.

Accurate glacial lake classification is the principal and essential step for the assessment
of lake outburst susceptibility. The primary approach is to divide the glacial lake according
to the relative position of the mother glacier, proglacial and supraglacial lakes [28], or
according to their hydrologic connection to glacial catchments, glacier-fed and non-glacier-
fed lakes [29,30]. Based on the above literatures, proglacial, supraglacial, and glacier-fed
lakes are dynamic in response to climate change. In contrast, non-glacier-fed lakes are
quite stable in nature. Huggel et al. [31], Carrivick and Tweed [32], Worni et al. [27],
Emmer et al. [33] and Wilson et al. [34] have divided glacial lakes in the context of their
dam type. Based on dam type, moraine-dammed lakes are susceptible to GLOFs because
unconsolidated moraine dams may be unstable to the release of large water volumes
in the long term. The definitions and classification approaches are broadly explained
in Section 3.2.

There is an ongoing knowledge gap in the research of the Gurudongmar lake complex
and its fast response to environmental change. Further, the complexity and unique nature
of the Gurudongmar Tso area in Sikkim have drawn attention. To address this research gap,
we have undertaken this study to analyse the spatio-temporal change of the Gurudongmar
lake complex area between 1962 and 2018, estimate the susceptibility of these lakes to out-
burst floods, and predict future lake complex evolution within the deglaciated catchment.
The entire study is based on the analysis of remote sensing data as well as intensive field
investigation. The field inspections and measurements were conducted during the period
2017–2018, usually based on visits twice a year, pre-and post-monsoon.

2. Study Area: Gurudongmar Lake Complex

The Gurudongmar lake complex (referred to as GLC hereafter) is a combination of
three main glacial lakes (GL-1, GL-2, and GL-3) and one significantly smaller lake, GL-4,
which are located on the north face of the Kangchengyao Massif in the Chhombo Chhu
watershed of the upper Tista basin in the extreme northeast corner of Sikkim Himalaya
(India), a part of Eastern Himalaya (Figure 1). The term “Khangse” means glacier, “Chhu”
is a stream, and “Tso or Chho” are lakes, respectively, in the local Tibetan dialect. We
will use the local names in the following text. Our area of interest is situated between
27◦45′2.23′′ N and 28◦7′44.48′′ N; 88◦26′49.89′′ E and 88◦50′46.28′′ E with a varying altitude
of 5054–6902 m a.s.l., where the lowest elevation is near the outflow of GL-1 and the highest
point on the glaciated mountain crest is above the lake complex. The mean elevations of
GL-1 (Gurudongmar Tso), GL-2, GL-3, and GL-4 in the year 2018 were 5154 m, 5220 m,
5262 m, and 5346 m (a.s.l), respectively (see Figure 1c). In the moraine between GL-2 and
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GL-1, small thermokarst lakes are also located. All the four lakes of the Gurudongmar lake
complex are proglacial and glacier-fed but with different dam types. GL-1 is a combined
dam-type lake (bedrock and moraine) which is a former proglacial lake because the glacier
has already retreated from this area, and frontal moraines and lakes have been created in
the upper part of the watershed. Therefore, the overhanging GL-2 and GL-3 are typical
frontal moraine-dammed (Mf) lakes. A newly formed proglacial lake, GL-4, originated in
the year 2000, is probably dammed by a combination of bedrock and lateral moraine. The
proglacial GL-2 and GL-3 are dammed by a frontal moraine formed by recent glaciation
(Figure 2). The terminus of Gurudongmar Khangse has abundant steep crevasses, which
stretch into the lake GL-3. The GL-2 and GL-3 lakes’ water are fed by the glaciers of
Kangchengyao-2 and Gurudongmar Khangse, respectively. Subsequently, water flows
into the downstream located GL-1 and finally drains out into the Chhombo Chhu, the
uppermost tributary of the Tista River [22]. The glaciers, as mentioned earlier, are also
retreating. The accumulation of meltwater in the lakes (GL-2 and GL-3) has significantly
increased in volume, leading to growth in the area of these proglacial moraine-dammed
lakes (Figure 2). Overall, the entire GLC represents a typical paternoster lake system [35],
resembling a series of glacial lakes connected by single or braided streams with a surface
or subsurface drainage system.
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Figure 1. Location of the study area: (a) Topographic map of Indian sub-continent showing the study
site (identified in red circle) in Sikkim (inset in a dark black box), a part of Eastern Himalayas. Base
map: World Shaded Relief map; (b) Enlarged location of the Gurudongmar lake complex (GLC)
is shown within the district boundary of Sikkim state of India; (c) Extent of the GLC within the
catchment extracted from Sentinel 2A MSI (2018) and SRTM DEM (2000). Note: KM, Kangchengyao
massif; STDZ, South Tibetan Detachment Zone.
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lines (lake boundaries); yellow lines (moraine crest); orange break lines (unconsolidated debris-covered cone); SP, snout
position; M(l), lateral moraine; M(f), frontal moraine; KM, Kangchengyao Massif. (Photo taken from the respective dam
sites by Arindam Chowdhury in November 2018).

Geologically, the study area lies in a complex transition zone between the Greater
Himalayan Sequence (GHS) in the south and the Tethyan Sedimentary Sequence (TSS) in
the north, which is separated by the South Tibetan Detachment Zone (STDZ) [36,37]. This
imaginary STDZ passes through the frontal moraine of GL-2 and GL-3, just above the inlet
to GL-1 (Figure 1c). GLC is bounded by a series of rounded hillocks (about 300 m from
the adjacent plains) called Lachi Hills in the East, and these are formed by an alternative
sequence of quartzite and shale with some pebble beds [37]. Rocks of the Everest limestone
embody the principal lithology of the catchment area (e.g., limestone, quartzite, sandstone)
and crystalline gneissic complex (e.g., quartzite, gneiss, etc.) formations [38]. Moreover,
the study site and its surrounding areas have a history of numerous seismic events and
hence are seismically active [39,40].

The broader area of the Gurudongmar lake complex indicates signs of structurally
predisposed relief with extensive outwash plains that are visible on satellite images with-
out vegetation cover. The highest elevations were under strong glaciations in the past,
and various generations of moraines are well pronounced. The north-facing slope of the
Kangchengyao massif seems to be more glacially eroded with several lake basins. Never-
theless, this could be a misinterpretation because southern flanks are still more glaciated,
and the relief underneath is neither visible nor comparable. Both types of glaciers, valley
tongues as well as slope glaciers, are present.

The climate of the investigated (GLC) area is governed by the orographic barrier of the
Kangchengyao massif (Figure 1b,c) and an extended part of the Trans-Himalayan region
and Tibetan plateau [41]. This region is dominated by cold semi-arid deserted climatic
conditions [22]. It shows contrasting climatic and topographic variability within the Sikkim
Himalaya [20]. The precipitation occurs in the form of snow, generally influenced by the
Indian summer monsoon (ISM) and mid-latitude westerlies (late November to May) [42].

3. Materials and Methods
3.1. Data Sources and Field Surveys

Remotely sensed optical images such as historical declassified Corona KH-4 (1962),
Hexagon KH-9 (1975), Landsat 5 TM (1988), Landsat 7 ETM+ (2000), Landsat 5 TM (2010),
and Sentinel 2A MSI (2018) have been used to compile the glacial lake inventories (Table 1).
We acquired all the remote-sensing datasets between November-December (post-monsoon
or end of ablation period) to avoid maximum coverage of seasonal snow, cloud, and
shadow effects [43]. High-resolution (1.65 to 2.62 m) images on Google Earth (GE) platform
have been used to cross-verify the lake outlines of different date datasets. The vertical
accuracy of the Shuttle Radar Topography Mission Digital Elevation Model (SRTM DEM)
has been found to be better statistically than ASTER and Cartosat-1 DEMs in the study
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region [22]. Hence, the SRTM DEM (2000) with a spatial resolution of 30 m has been used
to extract topographic parameters, such as elevation, slope, and aspects. All the satellite
images and SRTM DEM have been obtained from the United States Geological Survey
(USGS) portal (http://earthexplorer.usgs.gov/ accessed on 10 January 2021).

Table 1. Satellite remote-sensing data used in the current study.

Date of Acquisition Satellite Sensors Spatial Resolution (m) Spectral Bands

24 November 1962 Corona (KH-4) 2.8 Panchromatic
20 December 1975 Hexagon (KH-9) 4 Panchromatic
1 December 1988 Landsat 5 (TM) 30 Visible; mid-infrared
8 November 2000 Landsat 7 (ETM+) 15; 30 Panchromatic; visible; mid-infrared
14 December 2010 Landsat 5 (TM) 30 Visible; mid-infrared
26 November 2018 Sentinel (2A MSI) 10; 20 Visible; shortwave-infrared

Note: KH, keyhole; TM, thematic mapper; ETM+, Enhanced Thematic Mapper Plus; MSI, multi-spectral instrument.

Necessary information on the surrounding geomorphology of the glacial lakes and the
potential for lake impacts were identified in the field surveys during 2017–2018 and further
verified in GE platform. The glacial lakes and associated morphology have been verified
using a handheld Garmin eTrex 30x GPS with positional accuracy of±3 m (WAAS-enabled).
The surface and geomorphological characteristics of the lakes’ field site were photograph-
ically documented (Figure 2). The dam position and dam type, dam composition (i.e.,
granular materials), measurement of dam freeboard, validation of glacier terminus using
visual interpretation, occurrences of piping and ice-core moraine were physically identified,
and valuable information was collected for the assessment of lake outburst susceptibility.

3.2. Glacial Lake Temporal Changes

The outlines of GLC were detected and manually mapped using ArcGIS 10.1 with
different temporal satellite images (Table 1), and a unique identification (ID) number
was assigned for individual glacial lake entities (Figure 1c) mainly based on their mean
elevation (i.e., lower to higher value) in 2018. This manual approach enhanced the glacial
lake boundary mapping and has higher quality control than different automated algorithms
used earlier [30,33,34,44]. The lake boundaries have been further cross-verified with
the high-resolution images in the platform. Finally, glacial lake inventories for ~1962,
1975, 1988, 2000, 2010, and 2018 have been unravelled discretely, and the observed lake
changes have been evaluated statistically. To assess the relevance of results and avoid
misinterpretation of lake area mapping, it is crucial to estimate mapping uncertainty. For
each lake, the uncertainty was calculated based on a buffer drawn around the boundaries
of the lake using ArcGIS 10.1 software as proposed by Granshaw and Fountain [45] and
Bolch et al. [46]. For example, a 1.4 m buffer size (i.e., 1

2 pixels) was drawn around the
original glacial lake outlines of a Corona (KH-4) image. Similarly, in the case of Sentinel-2A,
a 5 m buffer size was used for the lake outlines. For Hexagon (KH-9), Landsat 5 (TM) and
pan-sharpened Landsat 7 (ETM+) images, the buffer sizes were 2, 15 and 7.5 m, respectively.
Hence, the uncertainty mapping of the total glacial lake area was estimated as ±0.01
(~0.8%), ±0.03 (~1.3%), ±0.2 (~7.8%), ±0.1 (~3.8%), ±0.3 (~8.0%), and ±0.1 (~2.9%) for
the years ~1962, 1975, 1988, 2000, 2010, and 2018, respectively. Further, the uncertainty of

lake area changes has been computed using the empirical formula, εac =
√
(e1)

2 + (e2)
2 as

suggested by Hall et al. [47]. e1 and e2 are the estimated errors associated with the glacial
lake area for two different time periods (e.g., 1962 and 2018).

The lakes have been classified according to their association with glaciers (i.e., proglacial,
supraglacial lakes, etc.) and damming types (i.e., moraine-dammed, bedrock-dammed, or
combined, etc.). In geomorphological terms, a proglacial lake is formed at the base of the
terminus and connected to a glacier, whereas supraglacial lakes are formed on the surface
of a glacier, and are basically found in the ablation zone [22,28,48]. The moraine-dammed
lakes are generally bounded by frontal, lateral, or other types of moraines [49], whereas

http://earthexplorer.usgs.gov/
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the bedrock dammed lakes are formed due to bedrock or lakebed bottom glacial erosion
and lake basin formation. While the combination of these two dam types refers to the
combined dammed lake, for example, the GL-1 (i.e., Gurudongmar Tso), which has bedrock
depression, results in increased dam height as well as moraine cover surroundings [33,50].

3.3. Glacial Lakes Volume Estimation

Volume estimation is a crucial part of hazard and possible later risk assessments.
There are many lake volume estimation methods, of which we have used three different
methods for volume estimation in this study. The first was proposed by Huggel et al. [51]
and is very frequently used. Additionally, we decided to use two other formulae based
on the study in the Himalayas close to the area of interest. The first local formula was
developed by Liu et al. [52] for the Bhote Koshi basin in Nepal Himalaya. The second
was designed directly for Sikkim Himalaya by Sharma et al. [25]. All these formulae have
been calculated, but the results have been found to be different from one another, so the
average from those methods has been used for the purposes of this study. All formulae are
tabulated in Table 2.

3.4. Assessment of Lake Outburst Susceptibility

For the susceptibility assessment, three different remote-sensing-based methods were
chosen to achieve a better understanding of Gurudongmar lake’s susceptibility to outburst.
The first was developed by Wang et al. [53], Method 1, where five parameters have been
used (see Table 3). In this method, lake water volume has been estimated using several
methods (Table 2). Since there is now no direct contact between the GL-1 and mother
glacier after the glacier retreat, we have excluded GL-1 from the evaluation performed by
this method.

Table 2. Formulae used for lake volume estimation applying in Emmer and Vilímek [54] methodology.

Method Formulae

Huggel et al. [51] V = 0.104 × A1.42

Liu et al. [52] V = 0.0578 × A1.4683

Sharma et al. [25] V = 0.0522 × A1.1766

Note: V is volume, and A is the measured area of lake.

Table 3. Three methodologies used for GLOF hazard assessment in the present study.

Methodology Observed Parameters Type References

Method 1
mother glacier area, distance between lake and glacier
terminus, slope between lake and glacier, mean slope

of moraine dam, mother glacier snout steepness
quantitative Wang et al. [53]

Method 2 *

dam type, dam freeboard, dam width, dam height,
maximum slope of distal face of the dam, piping,
piping gradient, remedial work, lake area, lake

perimeter, maximum lake width, distance between
lake and glacier, width of calving front, mean slope

between lake and glacier, mean slope of last 500 m of
glacier tongue, maximum slope of slopes surrounding

the lake, mean slope of lake surrounding, volume

semi-quantitative Emmer and Vilímek [54]

Method 3 snow/ice avalanche, rockfall, GLOF upstream, SLA,
ice-cored moraine, future change to hazards qualitative Rounce et al. [55]

* Method 2 uses five different scenarios for GLOF hazard assessment (see Table 4).
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Table 4. Five different scenarios according to Emmer and Vilímek [54] methodology.

Scenarios Description

Scenario 1 Dam overtopping following fast slope movement into the lake
Scenario 2 Dam overtopping following a flood wave originating in a lake situated upstream
Scenario 3 Dam failure resulting from fast slope movement into the lake
Scenario 4 Dam failure following the flood wave originating in a lake situated upstream
Scenario 5 Dam failure following a strong earthquake

The second method for hazard assessment was proposed by Emmer and Vilímek [54],
Method 2. This method consists of 18 parameters and has been used in the present study
(see Table 3). When using this method, it is necessary to know the volume of lakes. Lake
water volume can be estimated by several methods (Table 2), from which an average value
has been used. These parameters are then entered into five scenarios that can cause GLOF
(Table 4). For the purposes of this study, the slope of moraine surrounding the lake has
been replaced by the maximum slope of all slopes surrounding the lake to include rockfall
prone slopes.

The third method by Rounce et al. [55], Method 3, uses three parts of a flow-chart
to evaluate the assessed lake hazard. In the first part, dynamic failure is considered
using rockfall and avalanche possibility and buried ice in the moraine. The second part
focuses on self-destructive failure, where the average slope between the lake and any point
within 1000 m of the moraine (SLA) and buried ice in the moraine are evaluated. The last
part of this method assesses future changes due to glacier retreat and lake enlargement.
For this method, we evaluated rockfall-prone slopes with an inclination greater than
30◦ [56]. Avalanche-prone areas are considered areas with slopes greater than 45◦ and
less than 60◦ [57,58]. However, the study area is arid in character, so we decided not to
estimate the occurrence of an avalanche as a possibility in this study. For lake outburst
susceptibility analysis, various types of quantitative/qualitative methods were used in this
study (Table 3).

3.5. Analysis of Climatological Parameters

The long-term half-degree cell series of temperature and precipitation data of CRU
TS 4.04 version [59] for 28.25 N, 88.75 E for the period from 1960 to 2019 have been used
for the non-parametric statistical analyses of Mann–Kendall’s (MK) tau trend [60,61] and
Sen’s slope [62] to understand the climatic trend of annual and season wise temperature
and precipitation, as well as its impact on GLC development for 1962 to 2018. The Mann–
Kendall test is a popular distribution-free test of trend analysis in time series data used to
determine whether the variable of interest has a monotonic upward or decreasing trend [63].
Such distribution-free tests have many advantages in that their power and significance are
not affected by the actual distribution and extreme data values [60,61]. To reduce the skew
of natural time series data and the effects of extreme values, consecutive rank is obtained
for each year’s data, and the ‘S’ value is calculated at the point where the u and u’ values
merge; this point can be considered as the persistence change that has occurred with a
persistent trend.

• The magnitudes of xj annual mean time series (j = 1, . . . ,n) are compared with k x,
(k = 1, . . . , j − 1). At each comparison, the number of cases xj > xk is counted and
denoted by nj.

• The test statistic t is then given by equation: tj = åi
1 nj

• The mean and variance of the statistic are e(t) = n(n−1)
4 and vartj

j(j−1)(2j+5)
72

• The sequential values of statistic u are then calculated with the following formula

u(t) =
tj−e(t)√
var(tj)

• Similarly, the values of u′(t) are computed backward, starting from the end of series.

Precipitation anomaly index [64] and temperature variability combined graphs for the
annual and different seasons have also been generated to validate the Mann-Kendall test
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results. In this article, the precipitation anomaly index (PAI) has been calculated to classify
the positive and negative severities in precipitation anomalies for annual and different
seasons, as developed by Rooy [64] for the rainfall anomaly index. The temperature
variability calculates the positive or negative departures of annual temperature from
normal (climate normal indicates at least 30 years average of the climatic parameters).

4. Results and Analysis
4.1. Geomorphological Description from Satellite Images and Field Investigation

Slopes in the close surroundings of the GLC were carved by fluvial erosion and slope
movements. The older moraine of GL-1 is relatively smooth, and its frontal part is entirely
missing, probably due to a paleo-outburst. Only remnants of lateral moraines are still
present. The current outflow is curved into the large outwash cone (Figures 1c and 3a,b).
The morphological situations of GL-2 and GL-3 are significantly different, where the
deglaciation is relatively recent (Figure 2); according to their shape they could be from the
Little Ice Age. The fontal moraine of both lakes is common; nevertheless, some differences
are visible. GL-2 is drained via a group of thermokarst lakes after melting of dead ice
in the moraine, without any signs of recent dam overflow (Figure 3a). The non-frozen
portion near the inlet of GL-1 directly suggests the issue of shallow subsurface drainage, i.e.,
visible on the satellite image of 2004 in the GE platform (Figure 3a). Two different glacier
retreat steps are visible on the left lateral moraine of GL-2 without any evident changes
after 2004. The posterior part of this lake was still glaciated during 1962 and attached
to a large proglacial lake with an area of 0.82 ± 0.01 km2. The situation around GL-3 is
somewhat different. While observing the glacier reaction of Gurudongmar Khangse during
1962 using the KH-4 image, we found that GL-3 had not yet been formed in its current
position within the study area. GL-3 has been transformed from supraglacial lakes into a
proglacial lake, and the frontal moraine bears signs of lake water overflow from the past
(but not after 2004). Neither remote sensing data nor field inspections found any small
lakes, springs, or wetlands in this part of the frontal moraine. Since the water level of GL-3
does not grow after continuing glacier melting, seepage through the moraine must exist,
but we have not found any surface flow in the field. Further, a small lake GL-4 was formed
around 2000, and it seems that the water accumulated behind a dam created from bedrock
and the right-lateral moraine of GL-3.
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Figure 3. (a) Unfrozen water flow (green circle) observed near the inlet to GL-1 from GL-2 via small thermokarst lakes
(demarcated in blue outlines) suggests a shallow subsurface drainage system. Note: Red lines are the crests of the recent
latero-frontal moraines of GL-2 and GL-3; OLM, old lateral moraine. (b) Panoramic view of large outwash cone of the lower
part of the GLC. Note: Buddhist temple in a black triangle inset represents the scale of the photo. [Photograph was taken
from the GL-3 frontal moraine (blocked yellow arrow represent the camera sensor facing north) by Arindam Chowdhury in
November 2018].
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4.2. Spatio–Temporal Changes of GLC

Our results suggest that the area of GLC has increased over the past 43 years. The
total lake area increased from 2.0 ± 0.02 km2 (1962) to 3.5 ± 0.1 km2 (2018), an increase of
1.5 ± 0.1 km2 (~74.0 ± 3.0%). We have calculated the overall rate of lake area change as
+0.03 ± 0.002 km2 a−1 (~+1.31 ± 0.05% a−1) for the period 1962–2018. The total lake devel-
opment rate varied across the studied timeframes, which showed an initial expansion rate
of +0.01 ± 0.002 km2 a−1 between 1962 and 1975. During the period 1975–1988, the rate of
change increased to +0.06 ± 0.02 km2 a−1 and later decreased to +0.01 ± 0.02 km2 a−1 dur-
ing the period 1988–2000. This rate remained stable (i.e., +0.01 ± 0.03 km2 a−1) during the
period 2000–2010. Again, the rate of change increased and reached +0.03 ± 0.03 km2 a−1

during the recent period 2010–2018. Figure 4 presents the spatio-temporal changes of
the lake boundaries. From Figure 5a, the variations in the individual lake area during
1962–2018 can be seen very clearly. A newly formed proglacial lake (i.e., GL-4) has been
observed since 2000, hanging over GL-3 (see Figures 4 and 5a). During 1962, there was
evidence of a small supraglacial lake formation, i.e., GL-3 gradually turned into two large
supraglacial lakes observed during 1975. These supraglacial lakes formed into a proglacial
moraine–dammed lake, which has grown tremendously over the years until the present
(Figure 4). During 1962–2018, the GL-3 expanded more rapidly than any other GLC lake.
Its area increased by +1.20 ± 0.03 km2, at rates of 0.022 ± 0.001 km2 a−1, turning into a
very dangerous overhanging large proglacial lake (Figure 5a), creating very high pressure
on GL-1 for a potentially imminent GLOF event. Figure 5b shows the relative total lake
area changes over the different timeframes.
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indicated for each satellite image.
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It is quite evident from the comparative study of different satellite images from 1962,
1975, 1988, 2000, 2010, and 2018 that a higher magnitude of deglaciation has resulted in
faster expansion of GLC over the past decades. Several other Himalayan proglacial moraine-
dammed lakes have been expanding similarly due to associated glacier retreats [65–67].

4.3. GLC’s Volume Estimation

After using all formulae described above, differences between each volume estimation
method can be seen (Table 5); thus, the mean volume was calculated. From the results, it
is evident that the three lakes are very similar, each containing a relatively high volume
of water. Each of them are potentially very dangerous when a GLOF occurs and together
present a threat to the downstream areas of the Tista basin in Sikkim Himalaya.

Table 5. Results of volume estimation and means were used in the study for Emmer and Vilímek [54] methodology.

Adopted Methods for
Volume Estimation

* Lake Volumes (m3 × 106)

GL-1 GL-2 GL-3 GL-4

Huggel et al. [51] 42.10 34.93 47.13 0.42
Liu et al. [52] 45.92 37.85 51.60 0.40

Sharma et al. [25] 61.66 52.82 67.70 1.37
Mean 49.89 41.87 55.48 0.73

* Note: All the lake area calculations were based on Sentinel 2A MSI image (2018). All formulae are given in Table 2.

4.4. Susceptibility to Outburst Floods

The Gurudongmar lake complex is described as a cascade system or paternoster lake
system, where an event on one lake can influence the downstream located lake, the stability
of a dam, or produce dam overflow. To understand this system as one complex, it is
first necessary to assess susceptibility to GLOF for each lake separately. Therefore, lake
outburst susceptibility modelling is discussed in the following subsections from the highest
to the lowest located lake, starting from GL-4 to GL-1, according to the mean elevation of
the individual lake and its gradient of runoff pathways. The GLOF hazard of the whole
complex of Gurudongmar lakes was evaluated by three different methodologies using
different parameters. The results for each observed parameter of each lake is given in
Table 6.
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Table 6. Results of observed parameters of each method used in GLOF hazard assessment.

Methodology Observed Parameters GL-1 GL-2 GL-3 GL-4

M
et

ho
d

1 mother glacier area (km2) – 3.9 1.38 0.71
distance between lake and glacier terminus (m) – 0 0 0

slope between lake and glacier (◦) – – – –
mean slope of moraine dam (◦) – 10.5 13.5 29.5

mother glacier snout steepness (◦) – 7 13 9

M
et

ho
d

2

dam type
moraine

and
bedrock

moraine moraine moraine

dam freeboard (m) 0 3 5 4
dam width (m) 427 466 602 100
dam height (m) 68 25 102 53

maximum slope of distal face of the dam (◦) 10.5 14.5 16.7 39.5
piping no yes yes no

piping gradient (◦) – 10 19.1 –
remedial work no no no no
lake area (m2) 1,152,000 1,010,000 1,247,000 45,000

lake perimeter (m) 5430 6245 5923 1050
maximum lake width (m) 942 769 853 229

distance between lake and glacier (m) – 0 0 0
width of calving front (m) – 430 351 102

mean slope between lake and glacier (◦) – – – –
mean slope of last 500 m of glacier tongue (◦) – 15 19.5 14.7

maximum slope of slopes surrounding lake (◦) 44.5 74.6 67.4 42.1
mean slope of lake surrounding (◦) 15.8 30.8 21.8 17.9

volume (m3 × 106) 49.89 41.87 55.48 0.73

M
et

ho
d

3

snow/ice avalanche no no no no
rockfall yes yes yes yes

GLOF upstream yes no yes no
SLA (◦) 5 (yes) 10.5 (yes) 13.5 (yes) 29.5 (yes)

ice-cored moraine no yes yes no
future change to hazards no yes yes yes

4.4.1. Susceptibility to Outburst of GL-4

This is the smallest and most newly-formed glacial lake in the study area (Figure 4).
Even though it is small, Method 1 peaks for this glacial lake as it has a high potential to
outburst; the same is true for Method 3, where the hazard is also high.

Using Method 2, there are three possible scenarios. This method assumes the occur-
rence of dam overtopping resulting from fast slope movement into the lake (Scenario 1)
mainly due to small dam freeboard and a high potential for a landslide or rockfall into the
lake. As with GL-2 and GL-3, dam failure resulting from fast slope movement into the
lake (Scenario 3) is predicted there. Scenario 5, caused by an earthquake due to the high
dam height to width ratio, has been calculated as possible, while the study area lies in a
seismically active region [39,40].

Even though this is the lake with the highest potential to outburst, it should not
influence other glacial lakes located downstream due to the high retention potential of
GL-3 (calculated in Method 2) compared to a relatively limited amount of water available
from GL-4.

4.4.2. Susceptibility to Outburst of GL-3

GL-3 had very similar results to GL-2 after using all three methods even though this
lake has been formed recently compared to GL-2 (Figure 1c). Both these lakes have similar
parameters, so there is also a probability of occurrence of Scenario 1 and Scenario 3 for
Method 2. There is also a moderate potential to outburst when calculating Method 1. We
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also predict ice-cored damming moraine, so after applying flow chart 3, there is a very high
potential hazard of GLOF from GL-3.

4.4.3. Susceptibility to Outburst of GL-2

GL-2 has been evaluated by all three methods mentioned above, and the results of each
method vary (see Table 7). Method 1 indicates that the occurrence of GLOF is moderately
probable (middle hazard was calculated) due to different weights of each parameter in this
methodology—the mother glacier area, the distance between the lake and glacier terminus,
and the slope between lake and glacier in the highest danger value category, while the
mean slope of moraine dam and mother glacier snout steepness are located on the lowest,
and second-lowest danger values, respectively.

Table 7. Results from three different methodologies for outburst susceptibility used in this study.

Lakes Method 1 Method 2 Method 3

GL-1 x 2/5 moderate
GL-2 0.5238 (middle) 2/5 very high *
GL-3 0.5788 (middle) 2/5 very high *
GL-4 0.7813 (high) 3/5 High *

* These results are derived from Sentinel 2A MSI image (2018) and GE platform which may change due to glacier
retreat and glacial lakes enlarging.

Using Method 2, we observed that two scenarios of GLOF could occur on this glacial
lake. Due to very steep slopes around the lake, a landslide or rockfall could cause an impact
wave and overtop the moraine dam, e.g., Scenario 1. While there is no surface outflow,
dam failure resulting from fast slope movement into the lake (Scenario 3) could occur. As
with GL-1, this method indicates that GL-2 is very susceptible to outburst.

There is also a very high hazard after using Method 3, caused by rockfall prone slopes
around the lake, ice-cored moraine (we expect dead ice in the moraine as there are very sim-
ilar thermokarst lakes to moraines where the existence of dead ice was confirmed [68–70]),
and SLA greater than 10◦.

4.4.4. Susceptibility to Outburst of GL-1

As the glaciers retreated, this lake was the lowest and the oldest one formed in this
lake complex. It is the only lake with a clear surface outflow and without direct contact
with the glacier tongue. This lake was evaluated only by Method 2 and 3 (as mentioned
above), and the results were different.

Using Method 2, we observed two scenarios that could occur (Table 7). The first is
Scenario 1 with potential for dam overtopping resulting from fast slope movement into the
lake. It is possible because there are slopes where landslides can occur and there is no dam
freeboard (because of surface outflow), so the dam could be overtopped easily. We also
have to consider the possibility of GLOF, which can occur from lakes situated upstream
(Scenario 2). All other lakes located upstream were evaluated, inter alia, as susceptible to
Scenario 1. There are three other glacial lakes located upstream that can cause a GLOF
from the GL-1 after overtopping their dams because there is then the potential for retention
of more water coming from lakes situated upstream. Method 2 evaluates the hazard as
very high even though there is only one scenario possible, so we can say that GL-1 is very
susceptible to outburst using this methodology.

Using Method 3, there is a moderate hazard to dynamic failure of the dam after
rockfall/landslide coming from surrounding slopes while there is no dead ice in the
damming moraine. The self-destructive failure is predicted with low hazard possibility,
so when the risks are considered together, there is a moderate hazard to GLOF from GL-1
using this method (Figure 6).
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4.4.5. Susceptibility Assessment Overview

We have assessed four separate lakes to evaluate the hazard of occurrence of GLOF in
the Gurudongmar lake complex. After using the three different methodologies described
above, each of these lakes was determined to have a moderate to very high potential to
outburst. As we observed from our field investigations, the frontal dam near the outlet of
GL-1 is breached (i.e., no dam structure); therefore, GL-1 does not provide any retention
capacity. Hence, there is a very high potential for the whole complex to outburst with the
sudden failure of any of the moraine-dammed lakes located upstream.

4.5. Influence of Climatological Changes on the Evolution of GLC

The Sikkim Himalaya, a part of the Eastern Himalayas, has four seasons: spring,
summer, autumn, and winter. To understand the expansion of GLC and its susceptibility
to glacial lake outburst floods, it is necessary to evaluate the trend analysis and detection
of change in temperature and precipitation [70,71]. For this purpose, Mann–Kendall’s
tau trend and Sen’s slope analyses of the season-wise temperature and precipitation for
the period of 1960 to 2019 were performed (Table 8). All the seasonal temperatures and
the corresponding annual temperature show a warming trend at a significant level. In
contrast, the average annual precipitation and the precipitation for each season, except
for spring, did not show any significant trend. The Mann-Kendall tau value, p-value, and
Sen’s slope analysis show that spring was the only season experiencing an increasing
precipitation trend at a 95% confidence level. The summer season’s precipitation showed a
decreasing trend (−0.210 mm a−1) but which was not statistically significant. The nature of
the decreasing precipitation trend during summer and the warming air temperature over
the year restricts the formation of solid ice [72] and has resulted in rapid areal expansion of
GLC since 1962.
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Table 8. Mann–Kendall test for statistical trend analysis of long-term temperature and precipitation over the period
1960–2019. Sen’s Slope (Q) analysis shows the rate of change in temperature (◦C a−1) and precipitation (mm a−1).

Seasons/Annual Temperature Precipitation

Kendall’s Tau
p–Value

(Two–Tailed) Trend
Sen’s Slope

Kendall’s Tau
p–Value

(Two–Tailed) Trend
Sen’s Slope

(◦C a−1) (mm a−1)

Spring 0.290 0.001 ↑ * 0.054 0.232 0.009 ↑ * 0.969
Summer 0.425 <0.0001 ↑ * 0.060 −0.020 0.823 ↓ −0.210
Autumn 0.298 0.001 ↑ * 0.045 0.061 0.495 ↑ 0.159
Winter 0.401 <0.0001 ↑ * 0.075 0.046 0.610 ↑ 0.063
Annual 0.527 <0.0001 ↑ * 0.224 0.089 0.317 ↑ 1.119

Where, Spring (Pre-monsoon: Mar–May), Summer (Monsoon: Jun–Sep), Autumn (Post-monsoon: Oct–Nov), Winter (Dec–Feb); (↑),
increasing trend; (↓), decreasing trend; * statistically significant at 0.05 alpha level of significance.

The PAI graphs (Figure 7) for the various seasons are consistent with the result
derived through Mann-Kendall’s tau. The scarcity in the pre-monsoon season’s (spring)
precipitation is visually apparent from 1960 to 1995, but with a sharp increase (>+2.0)
evident from 1996 onwards. The summer season’s precipitation was highly variable over
the period, except for a higher magnitude (<−2.0) negative anomaly observed from 1980 to
1995. A general deficit in autumn precipitation was observed with several sudden extreme
positive anomalies up to 1990. The deficit in winter precipitation from 1960 to 1975 was
replaced by excess precipitation from 1976 to 2004. Simultaneously, annual temperature
variability (Figure 7) showed a positive trend with a higher frequency of warmer conditions.
The positive departures of annual temperature from the normal were very frequent from
1998. Temperature variability for the other seasons also showed a similar increasing
trend as for annual temperature variability. Positive anomalies of temperature for the
autumn and winter seasons was very frequent from 1998 onwards. In contrast, positive
anomalies of spring temperature were more frequent from 1980 to 2010. The summer
season’s temperature showed continuous positive anomalies from 2005 to 2019.
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The initial higher rate of areal expansion of GLC from 1962 to 1988 (+0.01 ± 0.002 km2 a−1

to +0.06 ± 0.02 km2 a−1) (see Figure 5b) was possibly triggered by the early phase of deficit
in precipitation during winter and spring seasons. The post-1990s positive anomaly in
precipitation might have reduced the rate of the glacial lake area expansion considerably.
Hence, the overall area expansion rates of GLC were dependent on climate-driven factors.

5. Discussion
5.1. Comparison of Lake Changes in the Frame of Eastern Himalayas

The current study showed a significant GLC area change of +1.5± 0.1 km2 (~74.0 ± 3.0%)
with an expansion rate of +0.03 ± 0.002 km2 a−1 (~1.31 ± 0.05% a−1) from 1962 and 2018.
The development of individual lakes of GLC was not consistent (see Figure 5a). GL-1 had
a static growth rate. GL-2 reached its maximum expansion rate before 1962, and now no
significant changes are expected because an abrupt mountain cliff face topography bounds
its upper extent. In contrast, the mother glacier of GL-3 (i.e., Gurudongmar Khangse) began
to retreat significantly later [19]. This retreat is probably due to the larger accumulation
area of the glacier and its greater thickness and speed. Therefore, the glacier began to
respond to climate change later. Further, the mechanism of ice-calving into the GL-3 could
have been the key reason for the faster lake growth in the upper part of the glacial area after
1962 [19]. The decrease in annual precipitation, as well as decrease in the spring, summer,
and autumn precipitation, was evident during 1980–1985, and constantly increasing annual
average temperature (Figure 7) together with this might have stimulated the retreat of the
parent glacier of GL-3.

Figure 8 shows a comparatively higher rate of glacial lake area expansion (between
0.058 to 0.071 km2 a−1) in Bhutan than in another region of Eastern Himalayas. At the same
time, the lake area development of GLC kept a similar pace (around 0.026 km2 a−1) to that
of some other potentially dangerous glacial lakes (PDGLs) of Central Tibet (Longbasaba),
northwest Sikkim (South Lhonak), and Nepal (i.e., Imja, Lumding and Tso Rolpa).
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The higher rate of glacier area loss in the Eastern Himalayan region led to the growth
of these PDGLs, which reflects the nature of climate warming and variability in the ISM
as well as dominating mid-latitude westerlies during winters [42,78], independently of
Karakoram and western Himalayas [79]. Another reason for the higher rate of expansion
of north-facing (including northwest and northeast) lakes, such as GLC and Longbasaba, is
the higher magnitude of glacier retreat because of more incident solar radiation [80] and
increasing lake surface temperature [22].

5.2. Lake Volumes Estimation

Estimating lake volume is a very problematic step in any GLOF hazard assessment
analysis for glacial lakes. Lakes are very often located in inaccessible areas, and so it is
necessary to resort to the use of empirical formulae. The formulae chosen for this analysis
are two globally used formulae [51,52] combined with a formula developed specifically
for the Sikkim Himalayan region [25]. Due to the large uncertainties within each formula
(see [81]) the resulting volumes were averaged, from which the final volume for each
lake was derived. There would have been a significant refinement of the results if in-situ
bathymetry had been performed, however, this was not possible for several reasons. The
use of more than one method would probably not have led to a better result, hence three
formulae were used.

5.3. Analysis of Outburst Susceptibility Assessment of GLC

The entire Gurudongmar lake complex was assessed based on three chosen method-
ologies to cover the maximum possible range of input parameters so that all potential
GLOF triggers were included in the analysis. Each of the methods yielded quite different
results due to the different input parameters (see Table 6). Several possible uncertainties
affect assessment of the susceptibility to outburst of individual lakes in the Gurudongmar
glacial lakes complex. Slight uncertainty arose during the initial mapping of the area of
the lakes (see Section 3.2). However, the uncertainties in the exact area of the lakes should
not affect the final assessment of the susceptibility to outburst/overflow. Another source
of inaccuracy may be use of the global SRTM DEM model to calculate the slope, dam
geometry, lake level, etc. The analysis of outburst susceptibility was performed using three
different methodologies to ensure better and more detailed results. Since each method
has different parameters put into the process of evaluation, it is necessary to compare the
uncertainties of each.

The first method created by Wang et al. [53] (Method 1) provides an easily applicable
analysis based on remote sensing data. Thus, it is a suitable tool for initial analysis
even with a more significant number of studied lakes. However, compared with other
quantitative methods, many parameters influencing the susceptibility to outburst/overflow
are neglected. It can thus produce relatively inaccurate results. GL-1 was omitted from the
analysis using this methodology as it is no longer in direct contact with the parent glacier,
and the results from any analysis would be highly misleading. The results for GL-2 and
GL-3 were very similar using this methodology, mainly because their input parameters to
the analysis were also very similar. In particular, the occurrence of dead ice is neglected
in this methodology, which may be a problem; however, dead ice melting was accounted
for in the other analyses. GL-4 appears to be the most dangerous according to Method 1,
mainly because it is very young, and the average slope of its dam is higher than that of
GL-2 and GL-3.

The semi-quantitative method of Emmer and Vilímek [54] (Method 2) was used to
provide a more comprehensive view of the entire system of studied lakes. Although this
method was developed primarily for the Cordillera Blanca, it is widely used across all
glaciated areas. However, other potential rupture triggers are not included in the method
(for example, dead ice in a damming moraine, which can significantly impact the stability
of a moraine dam). This method rates a lake as susceptible to outburst as soon as one of five
possible scenarios can occur. Therefore, GL-1 is rated as hazardous because two scenarios
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are considered as possible for GLOF from a lake situated upstream (i.e., breaching and
overtopping of the dam).

The last used method of Rounce et al. [55] (Method 3) was developed in the Nepalese
Himalayas and should objectively include all potential triggers of GLOFs. However, it
is quite significantly influenced by the complexity of the input data (the occurrence of
dead ice here was confirmed based on a subjective evaluation by an expert from satellite
data). Compared to Method 2, this method uses fewer input parameters; however, given
the potential GLOF triggers in the Gurudongmar lake complex, this method should yield
the best results when assessing individual lakes in the complex. It includes all potential
triggers such as slope movements, avalanches, dead ice melting, or hydrostatic pressure
increasing due to lake area growth.

It is not possible to state which of the methodologies is optimal for the assessment of
this complex, as Method 1 mainly considers the parameters of the parent glacier, Method 2
does not include the melting of dead ice, and Method 3 does not consider the possibility of
flooding from a lake located upstream. For this reason, it is therefore important to look at
the complex using different methods and to assess it holistically.

5.4. Future Possible Evolution of GLC

In Sikkim Himalaya, a recent study by Chowdhury et al. [19] showed that the mother
glacier of GL-3 and GL-2 had an area loss of −1.1 ± 0.06% a−1 and −0.2 ± 0.05% a−1

over the period between 1975 and 2018. This inconsistent rate of glacier melting and
calving processes played a dominant role in individual lake area enlargement over the
years. We can expect future enlargement of GL-3 and GL-4 due to glacial tongue retreat,
while space for enlargement of GL-2 is somewhat limited. We also need to consider that
prolonging the lake is one issue, but the lake volume can grow even more quickly because
the hard rock basin is usually deeper in the back of the lake rather than in the frontal part
(close to the frontal moraine). It means that proper hazard management will be of high
importance to keep the water level in safe conditions. An example of successful remedial
measures can be seen in the Cordillera Blanca (Peru), where almost 40 lakes were described
as implementing different structural measures [82]. GL-1 is already without any contact
with current glaciation; nevertheless, it is strongly connected with the upstream glacial
lakes from the GLC.

The lakes extent velocity from the previous year was used for basic future evolution
estimation. The mean velocity from the last ten years shows that GL-2 will reach the
maximum of its area in the next ten years because the steep surrounding slopes around
lakeshores and glacier terminus will also reach the slopes. In contrast, GL-3 will probably
continue to enlarge its area due to the continuing retreat of its mother glacier due to active
calving processes of crevasses [83]. The current smaller lake in the GLC (i.e., GL-4) is
constantly growing, and both the area of the clean and debris-covered part of its mother
glacier is losing its glacier mass. GL-1 will probably remain the same, as it is not connected
to the current termini. The estimated possible areas of GL-2, GL-3, and GL-4 in 2028 are
1.12 km2, 1.50 km2, and 0.12 km2, respectively (Figure 9).

In the Gurudongmar region, the average annual temperature showed a significant in-
creasing (positive) trend at a rate of 0.224 ◦C a−1 (0.05 significance level) between 1960–2019
(See Table 8), which is much higher than the entire Hindu Kush Himalaya region average
annual temperature rate of 0.104 ◦C per decade during 1901–2014 [84] and the global
average temperature rate of 0.0074 ◦C a−1 [85]. The linear regression dash green line
with R2 value of 0.49 for annual temperature variability over 1960–2019 in Figure 7 also
illustrates the increasing trend. If the temperature follows the same rate of increase in the
Gurudongmar semi-arid region, then within the next ten years (i.e., 2028), the crevasses
formed at the steep terrain near the icefall region of Gurudongmar Khangse (Figure 9) will
shrink due to enhanced melting and calving processes as a result of differences in the out-
ward cryostatic pressure (i.e., the pressure exerted by ice) and inward hydrostatic pressure
(i.e., the pressure exerted by water) near the current terminus of GL-3 [86]. Calving may
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also occur by frontward collapse of overhanging ice blocks as a result of the continuous
development of thermo-erosional notches cut into the terminal ice cliff due to faster heat
transfer from large proglacial lakes, such as GL-2 and GL-3 [87].
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6. Conclusions

In this study, we have analysed the evolution and changes in the area of Gurudongmar
lake complex from 1962–2018 and estimated the future lake complex evolution up to 2028.
This study also assessed and predicted the probability of individual lake susceptibility
to outburst floods. Spatio-temporal change analysis between 1962 and 2018 revealed a
total lake area increase of 74.0 ± 3.0%, with an expansion rate of +1.31 ± 0.05% a−1. The
development of GLC was inconsistent throughout different timeframes, such as during
1975–1988 when the lake area expansion rate was maximum with +2.9 ± 0.7% a−1 due
to the deficit in winter and spring precipitation, as well as overall warming temperature,
without considering the lagging period. Later the rate expansion decreased. Again from
2000 onwards, the rate of expansion increased as a result of continuous deglaciation in
this catchment induced by climate warming. Among all other lakes, GL-3 showed a
considerable maximum amount of lake area expansion of +1.20 ± 0.03 km2, with a rapidly
increasing rate of 0.022± 0.001 km2 a−1 since 1962 as a result of the interplay of topography
and climate change in this study region.

To assess glacial lake outburst susceptibility, glacial lake volume estimation is a
key input. In 2018, the empirically calculated mean lake volumes of GL-1, GL-2, GL-3,
and GL-4 were 49.9, 41.9, 55.5, and 0.7 m3 × 106, respectively, with a huge total water
storage capacity of 148 m3 × 106 indicating the possible development of GLOF hazard
scenario in the valley. As a result, this outburst susceptibility assessment revealed that
the whole complex has a very high potential hazard to outbursts or overflow. The hazard
susceptibility analysis showed that the glacial lakes GL-2, GL-3 and GL-4 in the system
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are highly GLOF hazard-prone driven by inducing parameters such as slope movement
into the lake, calving, earthquake, and melting of buried ice. Even though GL-1 has
the lowest hazard for GLOF occurrence, the cascading effect of upstream lakes’ hazards
probability and no retention capacity of GL-1, could lead to devastating hazards from this
catchment. The future possible lake area expansion estimation further emphasises the
gravity of the situation, considering that it has been found that the GL-2 and GL-3 areas
will expand unprecedentedly (1.12 km2 and 1.50 km2, respectively) until 2028 under the
special topographic circumstances.
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