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Abstract
Glacial lake outburst floods (GLOFs) are destructive and threaten downstream communities in the
Himalaya. Through satellite image analysis, we investigate the 2023GLOF event at South Lhonak
Lake, Sikkim, India, focusing on the lake’s historical evolution and the geomorphic controls that
caused theGLOF.Multi-temporal data from10 satellitemissions revealed a significant increase in
glacier surface lowering from−0.19myear−1 (1970–1983) to−0.87myear−1 (2015–2023). Initially
a supraglacial lake in 1962, it evolved into amoraine-dammed lake by 1983 and expanded 12-fold
from0.11 km2 (1962) to 1.4 km2 (2023). Between 27 September and 6October 2023, satellite imagery
revealed an unusually strong retreat of 49.6± 7.1m, indicating glacier calving and presence of
massive icebergs visible on the lake. Our analysis shows 7 large glacier retreat and calving events
between 2017 and 2023, further weakening the lateralmoraines. This, combinedwith intermittent
rainfall triggered themoraine damcollapse, leading to theGLOF. These findings emphasize the need
for long-termmonitoring ofHimalayan glacial lakes.

1. Introduction

Shrinking glaciers contribute to sea-level rise,modify freshwater availability inmountain rivers and pose risks
to the downstream community from glacier hazards (Zemp et al 2019, Immerzeel et al 2020). This includes ice
avalanches, landslides andfloodwater fromGlacier LakeOutburst Flood (GLOF) events (Emmer 2018), that
can adversely affectmore than 15million people (Taylor et al 2023). GLOFs can be destructive leading to
catastrophic damage to infrastructure, ecosystems, communities and loss of life. GLOFs originate fromglacial
lakes that storemeltwater ahead of a retreating glacier, often behind amoraine dam formed by the
accumulation of debris deposited by the glacier, or in exposed glacier bedswhere the topography is over-
deepened (Carrivick andTweed 2016). GLOF occurs if ice/moraine-dammed lakes fill and burst out suddenly,
or if the confiningmorainewall fails because debrismixedwith ice is unable to contain the large volume of
water and sediment (Harrison et al 2018). Recent shifts in climate patterns leading to accelerated snowmelt
throughwarming and rain-on-snow events, calving of the glacier front adjacent to the lake, seismic activity,
volcanic eruptions, andmovement-induced impulsewaves from avalanches caused by snow, ice and/or rocks
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may all lead toGLOF events (Harrison et al 2018, Remya et al 2019, Ahmed et al 2021, Sattar et al 2021, Zheng
et al 2021).

TheHimalayan region is experiencing a growing likelihood risk fromGLOF events (e.g. Allen et al 2022)
and escalating frequency and intensity ofGLOFs raise concerns about the vulnerability of the downstream
community.Majority of the previous studies have primarily focused on evaluating glacier retreat associated
with lake growth andGLOFpotential (Raj et al 2013, Remya et al 2019, Sattar et al 2021). Other investigations
(Staines andCarrivick 2015,Harrison et al 2018)have emphasized the importance of integrating observations
andmodels to better understand glacial lake evolution and their physical processes such as climatological and
geomorphic changes triggeringGLOF events.However, rugged terrain, high altitudes and extreme climatic
conditions pose significant challenges to in situmonitoring ofGLOF-prone glacial lakes in IndianHimalaya.
GLOFs can occur due tomelting of buried ice under themoraine dam (Richardson andReynolds 2000) and the
thawing of ice and permafrost leading to ice/rock avalanches (Haeberli et al 2017,Harrison et al 2018), among
others. Furthermore, research onmodernGLOFs is hindered by the lack of detailed topographic data, which is
essential for analysing the geomorphic changes that precede anyGLOF event (e.g. Allen et al 2016). This limita-
tion demands the need for localised investigations to accurately capture the processes that govern the triggers
and timing ofGLOF events.

Here, we focus on theGLOF event in South Lhonak Lake (SLL) in SikkimHimalaya, India, that occurred on
4October 2023. The flooding killed 178 people, leftmore than 70 peoplemissing, destroyed homes andmore
than 30 bridges in several districts across Sikkim, and portions of Sikkim’s biggest hydropower project (Zhang
et al 2024). The likelihood for SLL burst out were forecasted earlier byRaj et al (2013), where they used optical
remote sensing data from1962–2008 and reported a 42%probability of SLL to outburst. Further, Remya et al
(2019) studied SLL area and volume expansion and its vulnerabilities to outburst. After the SLLGLOF event
occurred, studies byKaushik et al (2024), Singh et al (2025), Yu et al (2024), Zhang et al (2024), Sattar et al
(2025), and Saha et al (2025) used satellite-based remote sensing data, photogrammetricmethods and dam
breaching and hydrodynamicmodels to identify the triggers that led to the South LhonakGLOF event. These
studies concluded the collapse of the SLL’s lateralmoraine triggeringmultiple landslides as well as wave over-
topping induced by landslide-generated impulsewaves as the governing reasons for theGLOF.A detailed com-
parison between these studies andwith our study is summarized in table T1 under Supporting Information .

Our study presents a comprehensive six-decade assessment (1962–2023) of the South LhonakGlacier and
SLL evolution, using high-resolution satellite stereo, optical and Synthetic Aperture Radar (SAR) imagery and
DEM-based analysis.We quantify long-termmass loss and thinning trends of the glacier, and investigate chan-
ges in glacier retreat and frequency of calving events, historically and immediately preceding theGLOF event,
and demonstrate increasing geomorphic instability of the lateralmoraines over time. Complementing previous
studies, ourwork goes further by examining the geomorphic evolution of SLL and conducting a historical
multi-source satellite-based evaluation of elevation changes. Crucially, we assess the role of glacier calving and
moraine instability in triggering theGLOF eventan aspect not addressed in earlier investigations. This
approach allows for an in-depth understanding of the SLL dynamics, explaining how thisGLOFoccurred in
response to geomorphic and glacial changes in the surrounding landforms.

2.Data andmethods

2.1. Study area: South LhonakGlacier and Lake
South Lhonak Lake is a proglacial lake originating from the South LhonakGlacier (SLG) (27°54′18″Nand 88°
10′19″E) (figure S1 in Supporting Information ). The lake is located in the Teesta Basin, SikkimHimalaya at an
elevation of 5200 mabove sea level (asl). To the north of SLG are the LhonakGlacier andNorth LhonakGlacier
(NLG), which, togetherwith SLG, comprise the ‘LhonakGlacier System’. The altitude of these three glaciers
ranges from5288 masl to 7086 masl. Adjoining the LhonakGlacier is the Lhonak Lake, a proglacial lake
formed by the glacier’s retreat. There is a continuous flowofwater fromLhonak lake andNLG into SLL via a
narrow channel. The Teesta Valley, located near SLL, hosts numerous settlements and valuable assets along its
river channel, particularly at Chungthang village, located about 71 kmdownstream fromSLL.

2.2. Satellite and precipitation data
Weusedmulti-sensor stereo optical imagery from1962 to 2023 tomap the evolution of SLL (table 1). For
historical data, we processed different declassified high-resolutionCoronaKH-4 (spatial resolution 1.8 m–
7.6 m) andHexagonKH-9 panoramic camera stereo images (0.6 m–0.9 m). Elevation data for the period after
2000were derived fromSPOT-5 (5 m), ASTER-L1A (15 m), Cartosat-1 (2.5 m) and Pleiades-1A (0.5 m) stereo
data. To assess lakemorphology changes during theGLOF, we used imagery fromPlanetScope (3 m), Sentinel-
2A (10 m) and Sentinel-1 SAR (100 m). To quantify the frequency of glacier calving events, we used a
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Table 1. Satellite andRainfall datasets used in this study.

Parameter Data Source Spatial Resolution Date/Period of Acquisition DataAccess/Reference

SatelliteData

Optical Reflectance and SAR

Backscatter

CoronaKH4A 2.75–7.5 m 15Dec 1962 USGSEarth Explorer

CoronaKH4B 1.82–4.1 m 20Nov 1970

HexagonKH9PC 0.6–0.9 m 11Nov 1983

SPOT-5 5.0 m 1 Sep 2003 CNES SPOTWorldHeritage

Cartosat-1 2.5 m 25Nov 2009 and 9Nov 2015 National remote Sensing centre (NRSC)
Pleiades 1A 0.5 m 25Oct 2022 https://dinamis.data-terra.org/en/eligible-

users/

ASTERL1A 15 m 7Oct 2023 NASAEarthData

PlanetScope 3.7 m 27 Sep 2023 and 6Oct 2023 https://developers.planet.com/docs/data/

planetscope/

Sentinel-2A 10 m Aug, Sep andOct

(2017–2023)
https://browser.dataspace.copernicus.eu/

Sentinel-1 (SAR) 100 m Aug, Sep andOct

(2017–2023)
https://browser.dataspace.copernicus.eu/

MeteorologicalData

Daily rainfall Global precipitationmeasurement 10 km 1 July 2023 -4Oct 2023 https://gpm.nasa.gov/data/directory

Monthly rainfall Global precipitationmeasurement 1 June 2000 - 31Dec 2023 https://gpm.nasa.gov/data/directory

Daily rainfall IndiaMeteorologicalDepartment (IMD), RegionalMeteor-

ological Center (RMC), Kolkata
LachenWeather Station (27.7°N,

88.5°E)
1 July 2023 - 4Oct 2023 On request from IMD

Monthly rainfall IndiaMeteorologicalDepartment (IMD), RegionalMeteor-

ological Center (RMC), Kolkata
ChungthangWeather Station (27.6°

N, 88.6°E)
Jan 2004 -Dec 2022 On request from IMD
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combination of cloud-free imagery fromSentinel-2A and Sentinel-1 SAR from2017 to 2023.We also examined
the impact of precipitation onGLOF events at daily andmonthly scales usingGlobal Precipitation
Measurement (GPM)data at 10 km resolution, alongwith rainfall data from the IndianMeteorological
Department’s Lachen andChungthangweather stations (table 1).

2.3. Estimating glacier elevation changes from1962–2023
WegeneratedDEMs from the declassifiedCorona-KH4usingmodified collinearity equation-based image
distortionmodel (Sohn et al 2004) available with the Remote Sensing Software PackageGraz.We automatically
identified tie points using Förstner operator (Förstner andGülch 1987) to coregister the stereo pairs. To reduce
the parallax errors of Corona-KH4panoramic camera image strips, we applied a polynomial rectification.
Finally, disparity predictions werematched using various searchwindows in both directions (Goerlich
et al 2017).

We used theCorona Stereo Pipeline (CoSP)workflow (Ghuffar et al 2023) to generateDEMs fromKH9
PanoramicCamera images.DEMs from the rest of the stereo pairs (ASTER-1A, SPOT-5, Cartosat-1 and
Pleiades 1A)were generated byAMES Stereo Pipeline (ASP, v3.1.0)developed by theNational Aeronautics and
SpaceAdministration (NASA).We used a rational polynomial coefficient (RPC)model for stereo triangulation
and SemiGlobalMatching (SGM) correlation algorithm to generate theDEMs.

DifferentDEMpairs were co-registeredwith each other followingNuth andKääb (2011). After co-registra-
tion, pixels showing elevation changes outside±150 mwere removed.Next, a three-cell buffer was applied
arounddata gaps to eliminate high-magnitude elevation differences (Falaschi et al 2023).We also used an eleva-
tion-dependent sigmoid function to remove outliers from low contrast declassifiedCoronaKH4 andHexagon
KH9data (Pieczonka andBolch 2015). Continuous elevation change grids were generated by filling data gaps in
DEMdifference images, using the globalmean hypsometric approach (McNabb et al 2019), fitting a third-
order polynomial tomean elevation changes across 50 m elevation bins. The overall glaciermass balance uncer-
taintywas assessed by considering uncertainties in (1) surface elevation change following Fischer et al (2015),
(2) glacier volumeuncertainty (Brun et al 2017) by using fraction of valid data point, error (10%) in estimating
initial glacier area andmean rate of elevation change in the glacierized area, and finally (3) volume-to-mass
conversion factor (800 kg m−3) and the uncertainty of the volume-to-mass conversion factor (60 kg m−3) fol-
lowingHuss (2013). The SLL glacier retreat between 1962 and 2023 is calculated along the glacier’s central flow
line following Bhambri et al (2012). The uncertainty of the terminus changes from the optical imagery used in
this study is calculated followingHall et al (2003) given by = + +U a bT

2 2 , whereUT is the uncertainty
and a and bf are the pixel resolution (inmeters). The glacier area uncertainty is estimated following the buffer
method described in Bolch et al (2010) andGranshaw and Fountain (2006). The uncertainty of lake area is
estimated by Basnett et al (2013), given by /=a NA 2, where N is the number of pixels around the lake bound-
ary andA is the pixel area.

2.4.Quantifying pre- and post-GLOF changes on the lake and glacier calving events
Weused Sentinel-2A and Sentinel-1 SAR imagery from25 September and 7October 2023 to identify changes in
the SLL pre- and post-GLOF event.We also collected Sentinel-1 SARbackscatter imagery of SLGduring the
summermonths of August, September andOctober between 2017 and 2023. This was to quantify the frequency
of glacier calving events to assess its impact on the lateralmoraines and the SLL volume andmass balance.
When at least 20%of the SLL areawas coveredwith calved ice bergs, we record it as a calving event.Winter
monthswere omitted to avoid confusion between calved ice from the SLGversus SLL ice break up events.

2.5. Identifyingmoraines and permafrost surrounding the lake
This analysis included characterization ofmoraine evolution, characteristics of bothNLGand SLG, and
potential presence of permafrost surrounding SLL.Moraine evolution from1962 to 2023 is categorized using
theDEMs fromhigh resolution satellite data, based on their characteristic shape and location relative to the
glacier (e.g. Zhang et al 2022).We delineated the lateral and terminalmoraines, identified based on their
distinctive visual characteristics in the imagery (figure S2 in Supporting Information ). For example, lateral
moraines are ridges of debris deposited along the sides of a glacier,marking themaximum lateral extent of past
glacier advance (e.g. Remya et al 2024). Terminalmoraines are ridges of debris deposited at the snout or end of a
glacier, indicating the glacier’s past extent and its retreat or advance history. Proglacial lakes are formed in front
of a glacier, typically dammed bymoraines or ice, with their extent and position providing information on past
glaciermargins (Raj et al 2013). By comparing the digitized boundaries and identified features across different
epochs, we assessed changes in the lake’s size, shape, and surrounding geomorphology. This included
calculating glacier area changes and observing changes inmoraines. To understand the dynamic nature of the
North Lhonak and Lhonak glaciers in relation to the SLL, we explore their distinct flowpatterns and terminus
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positions between 1962 and 2023. The determination of the probable spatial distribution of permafrost has
been considered as one of the fundamental components ofmountain hazard and risk assessment studies (e.g.
Allen et al 2016).Weuse the Permafrost Probability Fraction followingObu et al (2019) andPermafrost
ZonationMap followingGruber (2012), both at 1 km2 spatial resolution tomap the distribution of permafrost
around the SLL. The data fromObu et al (2019) is between the 2000–2016 period, while theGruber (2012)
dataset covers between 1961 and 1990.Weuse these datasets only to show the past and present occurrence of
permafrost in the study region.

2.6. Analysis of rainfall data
There is nometeorological station located close to SLG. The nearest station fromwhere daily rainfall data for
the period 1 July to 4October 2023was available is Lachen Station (27.7°N, 88.5°E; 2710 masl), located
∼40 km south-east of SLL. Additionally, long termmonthly rainfall observations from2004–2022was available
forChungthang Station (27.6°N, 88.6°E; 1770 masl), approximately 55 km south-east to the lake. In absence
ofmeteorological stations closer to the glacier, we use rainfall data fromNASAGlobal Precipitation
Measurement (GPM) known as IntegratedMulti satellitE Retrievals forGPM (IMERG)final run daily rainfall
products for the grid representing the glacier. To understand howwell GPMdata agrees with the station
observations, we also extracted theGPMdata of the nearest grids from the station locations. This data is
available at 10 km spatial resolution and is generated by calibrating,merging and interpolating satellite
precipitation estimates with precipitation gauge analysis and other precipitation estimators over the globe
(Huffman et al 2020), and hence is expected to best approximate the ground truth.Weutilize the research-
grade final runGPMproduct (v07), that incorporates data from the Tropical RainfallMeasuringMission
(TRMM) spanning June 2000 toApril 2015, and theGPMdataset covering the period fromApril 2015 to
present.

3. Results

3.1. GLOF characteristics and glacial calving events
Our analysis of PlanetScope and Sentinel-1 SAR imagery frombefore and after theGLOF event on 27
September and 6October 2023, respectively, revealed significant glacier retreat and changes in SLL (figures 1(a)
to (f)). The glacier retreated by 49.6± 7.1 mover these 10 days. The post-event imagery from6 and 7October
(figure 1(d)) also indicated the presence of floating icemass on the lake, caused by the calving of the glacier
front. The lake areawas reduced from∼170 hectares on 27 September to∼150 hectares on 7October. The lake
appears to extend toward the northern lateralmoraine adjacent to the glacier, suggesting the collapse of the
morainewall, consistent with observations fromZhang et al (2024). The rapid detachment of a large icemass
would have displaced significant volumes of water, causing an overflowof themoraine dam. The existing outlet
of the SLL has subsequently been eroded andwidened. The extension of the lake toward the northern lateral
moraine and the collapse of thismoraine could likely be directly tied to a calving event. Themoraine, previously
supported by the glacier ice,may have becomedestabilized as the glacier retreated and calved, resulting in its
collapse due to debuttressing.

Analysis of Sentinel-1 SAR time series indicates 7major SLG calving events that occurred during the sum-
mermonths betweenAugust andOctober from2017 to 2023, including the calving event that caused the 2023
GLOF.As an example, we show the calving event from24 and 27October 2022, as seen fromSentinel-1 SAR
and Sentinel-2 optical imagery (figures S2(a), (b), (d), (e)) in Supporting Information ). Calved ice bergswere
found to covermore than 50%of the lake area and likely stabilized the SLG through buttressing until 9 June
2023 (as observed fromSentinel-2) after which the calved icemelted off (figures S2(c) and (f) in Supporting
Information ).

3.2.Decadal changes in glacier retreat, elevation and lake evolution
From1962 and 1970 imagery, the SLLwas supraglacial with an area of 0.113± 0.006 km2 and 0.165±
0.002 km2 (figures 2(a) and S3 in Supporting Information ). In the 1983 image, SLL evolved into amoraine-
dammed lakewith an area of 0.321± 0.002 km2. By 2003, SLL expanded to 0.765± 0.01 km2 and to 1.4±
0.011 km2 by 2023: almost a 12-fold increase since 1962 and nearly double its size between 2003 and 2023. The
lake volume followed a similar trend, tripling from19.50± 3.51millionm3 in 2003 to 73.79± 13.28millionm3

in 2023 (figure 2(a)). The average depth of SLL also doubled from25.64± 3.33 m in 2003 to 50.48± 6.56 m in
2023 (figure 2(a)). This accelerated glacier retreat post 1983 played a key role in the rapid enlargement of SLL.
SLG experienced a steady retreat with its highest retreat rate between 1962 and 1970 (figures 2(b), (d)), when it
formed a supraglacial lake, retreating by 660.8± 29.35 mduring this period, with an average rate of 86.6±
3.85 m year−1. The retreat rate then slowed to 20± 0.89 m year−1 from1970 to 1983, which is theminimum
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Figure 1. (a)PlanetScope imagery of SLL showing change in lake and glacier terminus from27 September to 6October 2023.Dotted
white line indicates the regionwhere themorainewall collapsed; (b) area evolution of the lake using high resolution data from1962
to 2023; (c) SLL and SLGbefore theGLOF event on 27 September 2023 as seen fromPlanetScope optical imagery; (d) SLL after the
GLOF event on 6October 2023with floating ice and debris as seen fromPlanetScope optical imagery; (e) SLL before theGLOF event
on 25 September 2023 as seen fromSentinel-1 SARbackscatter imagery; (f) SLL after theGLOF event on 7October 2023with floating
ice as observed fromSentinel-1 SAR; and (g)Number of calving events as recorded fromSentinel-1 SARbetween themonths of
August toOctober from2017 to 2023.Note: The blue polygon in panels (c) to (f) show the approximate extent of SLL before and after
theGLOF. (Optical and SAR image copyright: Planet Labs andESACopernicus (2023)).
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retreat rate compared to any previously recorded period. From1983 to 2023, the retreat rate increased once
more, contributing to the expansion of the SLL (figure 2(c)).

To analyze the elevation changes in the landforms nearby SLL, we have analysed decadal elevation change
using theDEMs.We observed an increasing trend of elevation loss from1970 to 2023 (figure 2(d)). SLGhas
undergone substantial thinning since 2003. The rate of ice loss increased from−0.19± 0.06 myear−1 before
1983 to−0.67± 0.11 myear−1/a between 2003 and 2009. The loss rate slowed (−0.65± 0.11 myear−1) slightly
after 2009, but again increased to−0.90± 0.13 myear−1 in themost recent period (2015–2022) (figure 2(d)).

Figure 2. (a)Area change (1962–2023), volume change (2003–2023) and average depth of the lake change (2003–2023), (b)Retreat
distance (1962–2023) and rate of retreat of the glacier between 1962 and 2023, (c) Surface elevation change rate (m/a), showing the
spatial distribution around SLG, highlighting glacier retreat and lake expansion over time, (d) temporal elevation change trends
observed for various time intervals from1970 to 2023, and (e)mass balance and elevation change rate, from1970 to 2023.
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During 2015 to 2023, the rate of elevation loss decreased slightly to−0.87± 0.19 myear−1 (−0.74± 0.16 m
w.e.year−1). However, considering the uncertainty limit, the difference is not significant (figure 2(e)).

3.3.Moraine evolution andpermafrost occurrence
Continuous lateralmoraines are clearly visible on both sides of the SLG in the 1970 image (figure 3(a)). At the
same time, the north lateralmoraine shows discontinuity, with a stream from the Lhonak glacier flowing down
and breaking through the lateralmoraine (figure 3). At that time, SLL had not developed into amoraine-
dammed lake, and this stream continued downstream through the lateralmorainewall of the glacier. In
contrast, the 2022 image reveals that this streamnow contributes to the SLL, flowing through the lateral
moraine (figure 3(b)). This configuration rendered the north lateralmoraine potentially unstable. Additionally,
another discontinuous lateralmoraine originating fromLhonakGlacier is joiningwith the discontinuous
lateralmoraine of SLG indicating LhonakGlacier was a tributary glacier to the South Lhonak trunk glacier
during the peak of glaciation (figure S4 in Supporting Information ). The LhonakGlacier recession resulted in
separation of the two glaciers.WhenLhonakGlacierwas actively contributing to SLG as a tributary, their lateral
moraines formed a continuous depositional system.Upon the retreat of the LhonakGlacier, its terminal
moraine, rich in ice-mantled debris, was deposited and subsequently integrated into the lateralmoraine of the
SLG. This has led to a segmented structure in the SLG’s lateralmoraine, as the former terminalmoraine of the
LhonakGlacier no longer alignswith the continuous lateralmorphology of SLG. This disjointed configuration
contributes to themoraine’s overall instability, a characteristic visible in recent satellite imagery. InHimalayan

Figure 3. (a)Historical (1970 image)moraine distribution and other glacial landforms near SLL, (b) Lateralmoraine evolution and
its comparison between 1970 and 2022, (c)Permafrost Zonation IndexMap (PZM) from1961 and 1990 followingGruber (2012),
and (d)Permafrost Probabilitymap followingObu et al (2019), illustrating permafrost distribution near SLL and its surrounding
area from2000 to 2016.
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glaciers, terminalmoraines are typically ice-cored,making themmore prone to breakage and collapse
compared to themore stable lateralmoraines (Raj et al 2013). The derived-products fromGruber (2012) and
Obu et al (2019) around theNorth and South Lhonak lakes confirms the presence of permafrost (figures 3(c),
(d)). High probabilities are also observed in elevated areas extending north of the lake towards themountainous
terrain, where the presence of permafrost is suspected based on the PMZ.

3.4.Quantifying rainfall characteristics duringGLOF
Weobserved no correlation between the daily Lachen station data and the correspondingGPMgrid
observations (figure 4(a)).While both datasets record amaximumdaily rainfall of approximately 35 mm
during July-August 2023, the specific days onwhich these events occur differ between the two (figure 4(b)).
From1 September until the event on 4October, both datasets show amaximumdaily rainfall of around
10 mm.Overlayingwith the dailyGPMdata of the glacier location indicates similar rainfall patterns, with
maximumdaily rainfall of around 40 mmobserved between 1 July and 31August 2023. Themagnitude
decreases thereafter, with amaximumdaily rainfall of∼15 mm in September. For themonthly rainfall datawe
observe that there is a high statistically significant positive correlation (r= 0.76, p< 0.01) between theGPM
and corresponding station observations.However, we also observe that the station rainfall values are often
significantly higher than the values represented by theGPMgrid (figure 4(c)).

4.Discussion

4.1. Six decades of geomorphic and elevation change around the glacial lake
Our results indicate a substantial increase in the SLL area, from0.1 km2 in 1962 to 1.5 km2 in 2023, highlighting
significant glacial retreat andmelting over this period. Glacier elevation changes reveal increasingly negative
trends, from−0.19 myear−1 in 1973 to−0.87 myear−1 in 2023, indicating accelerated thinning andmass loss
of SG. These results alignwithRemya et al (2019), who reported the lake area grew between 0.80 km2 and
1.30 km2 from2001 to 2015, additionally with amodelled lake volume of 60millionm3 and amaximumdepth
of 170 mduring 2015. In contrast, Raj et al (2013) observed a comparatively smaller expansion of 0.811 km2

from1977 to 2008. The discrepancymay be attributed to differences in the temporal resolution and datasets
used byRaj et al (2013), where they utilizedMSSdata from1977 (90 m), which has a lower spatial resolution,
andRemya et al (2019) used Landsat imagery (15 to 30 m), while our study uses higher resolution fromCorona
andPlanetScope. Additionally, our observations of glacier calving fromSentinel-1 SAR imagery due to rapid
glacier retreat before theGLOF event and also since 2017 aligns with observations fromSharma et al (2018),
where they reported significant glacier calving and the presence of icemasses in SLL. Presence of icemasses on
the lakewould have likely destabilized and de-buttressed the surroundingmorainewalls, triggering large
amounts of sediment transport into the lake (Zhang et al 2024).

4.2. GLOFpreconditioning and triggering factors
4.2.1. Glacier calving
Analysis of pre- and post-GLOF images revealed that therewas a substantial retreat (49.6± 7.7 m) of SLG front
between 27 September and 6October 2023. Such retreatwas not observed in any of the neighboring glaciers
over the same period. Sentinel-1 SARobservations of the SLL during theGLOF event and since 2017 during the

Figure 4. (a)Daily Station (Lachen) versusGPM rainfall observations; (b)Time series of daily rainfall observations; (c)Monthly
rainfall observations fromChungthang Station compared against GPMobservations.
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summermonths shows substantial glacial calving (n= 7 between 2017 and 2023). Our findings are validated by
field observations from the SLL by Sharma et al (2018), where they documented substantial ice calving during
the summermelting season.Given the history of glacier calving as a trigger for dynamic changes in SLL, the
detachment of icemasses from the glacier terminus can generate substantial wave activity within the lake. These
waves exert significant pressure on the lateralmorainewalls, potentially weakening their structural integrity
and increasing the likelihood of amoraine breach (Sattar et al 2025, Saha et al 2025). This illustrates the critical
role of calving events in influencing the lake’s stability and the associated risk ofGLOF. Similar studies of high-
risk glacial lakes in the BhutanHimalaya (Rinzin et al 2023), Imja andTshoRolpa lakes in theNepalHimalaya
(Watanabe et al 2009, Shrestha et al 2010)have documented glacier calving as a significant process influencing
proglacial lake stability. These studies provide evidence that calving-inducedwave propagation can exert
considerable pressure on themorainewalls, leading to potential destabilization and increased risk ofmoraine
failure. If a glacier is within 1.5 kmof a lake, the possibility of calving or avalanches into the lake increases
significantly (Campbell et al 2012), which in the case of SLL is less than 100 m from the SLG terminus. Even
minor ice avalanches fromhanging or calving glaciers can represent a serious potential for a secondary hazard
when they collapse intomoraine-dammed glacial lakes (Richardson andReynolds 2000). The gradual increase
in SLL volume as a result of accelerated glaciermelt and calving over the past years (figures 1 and 2) has reduced
the glacier stability, which are possible drivers to the calving and rapid retreat that occurred between 27
September and 6October 2023.

4.2.2.Moraine instability and change in permafrost occurrence
Historical imagery since 1962 (figure S3) reveal discontinuities in the north lateralmoraine, coupledwith a
streamflowing along thismorainewall had previously suggested potential GLOFhazard (Sharma et al 2018).
Themoraineweakening can be attributed to several factors. Thinning and retreating SLG likely reduced the
support provided by ice to lateralmoraines, leading to glacial debuttressing andweakening slope stability
(Deline et al 2021, Sattar et al 2025), potentially leading to themoraine failures. Discontinuousmoraines are
particularly prone to failure, especially under the increased pressure froman expanding glacial lake. In SLL, the
lateralmorainewas discontinuous since the Lhonak glacier is detached from the SLG (figures 3(a) and S3). Also,
historical percolation of rainwater (e.g. Yu et al 2024) and snowmelt has likely caused progressive internal
erosion and destabilization of themoraine, as documented in previous studies that showhowhydrological
processes, including seepage and internal icemelt, weakenmoraine stability over time (Richardson and
Reynolds 2000,Harrison et al 2018). This is particularly critical in areaswheremoraines contain ice cores or are
composed of unconsolidatedmaterials, which become susceptible to collapse under theweight of the
impounded lakewater (Westoby et al 2014, Fischer et al 2015). In the case of SLL, post-GLOF imagery acquired
on 6October indicate the presence of dead ice core remains towards the terminalmoraine breached areas
(figure 1(d)), similar to observations fromothermoraine-dammed glacial lakes (e.g. Clague andEvans 2000,
Harrison et al 2018,Medeu et al 2022).

Our study shows the high probability fraction of permafrost near SLG and surrounding areas of SLL, based
on the derived products fromGruber (2012) andObu et al (2019), with a higher fraction in theObu et al (2019)
dataset. The discrepancy between the two products in this region is likely due to the difference in the temper-
ature data. Gruber (2012) used theMeanAnnual Air Temperature (MAAT), whileObu et al (2019)usedMean
AnnualGroundTemperature (MAGT). The lattermodel is validated using the in situ boreholemeasurements
data andwith a higher accuracy inmountains.However, we still do not have any regionalmodel to confirm the
accuracy of the permafrost locations in theHimalaya from these two products. The 2016GLOF at Imja Lake in
Nepal highlighted how increased lake levels andweakenedmoraine stability due to permafrost thawing led to
an outburst flood (Kroczek andVilimek 2021). Thawing permafrost at high slopes due to increased temper-
ature destabilised the ground and inducesmasswasting processes, whichmay displace large volumes of debris
into themoraine or directly into the lake, triggering a cascading event that can lead tomoraine failure, induce
landslides, contributing to slope instability andmasswasting and subsequentGLOFs (Huggel et al 2004,
Gruber andHaeberli 2007,Haeberli et al 2010,Worni et al 2012). These processes, in combinationwith inter-
mittent rainfall and seasonal snowmelt, and ground destabilisation, contributed to theweakened state of the
lateralmoraine along the flowpath fromNLG to SLL. This weakening has likely resulted in themoraine’s
instability, amplifying the risk ofGLOFs due to glacier calving, wave generation, andmoraine breach (Huggel
et al 2004). The cascading events observed, wheremasswasting temporarily elevates the lake level, triggering
calving and further increasing pressure on the terminalmoraine arewell-documentedmechanisms inGLOF
triggering processes (Worni et al 2014).

4.2.3. Rainfall and local geomorphology
In comparisonwith other significantGLOFs in the IndianHimalaya, theKedarnath disaster is the only high-
fatality event known that involved heavy rainfall and caused the failure of a pro/moraine-dammed lake. This
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was due to extreme rainfall of 390 mmover aweek, which caused themoraines around theChorabari Lake to
collapse (e.g. Allen et al 2016). Also, the 2010GLOF event in theChujin Lake illustrates how extremeweather
events and fluctuating lake levels led to catastrophicmoraine-dambreaches (Liu et al 2014).

In our study, theGPMbasedmaximumdaily rainfall in and around SLLwas around 15 mmduring Sep-
tember, before theGLOF event, ruling out any extreme rainfall as themain trigger for the event (figure 4).
However, local weather stations across Sikkim state recorded 101 mmof rainfall during the first 5 days ofOcto-
ber 2023 and reached 115–205 mmof rainfall on 4October 2023 (∼5 times above the seasonal average between
2018 and 2022), coincidingwith the SLLGLOF event (Yu et al 2024, Zhang et al 2024). Although these studies
have not indicated the location/source of these rainfall data, we observe a large discrepancywith corresponding
daily station rainfall and considerably underestimatedmonthly rainfall patterns. This indicates that theGPM
resolution of 10 km2 is perhaps not able to capture the local scalemodifications of the climate by vegetation and
topography (Zellweger et al 2019). Lu et al (2021) reported underestimated precipitation in areaswith solid
precipitation for IMERGdata, particularly in high elevation zones. Therefore, even if any extreme precipitation
event(s)has occurred immediately before theGLOF at a considerably high elevation of 5200 m,GPMIMERG
datamay not have been able to capture it. Notably, though PlanetScope data is available at a daily temporal
resolution, the lakewas completely cloud covered from30 September and the first cloud free data was available
only on 6October. This indicates the possibility of rainfall during this cloudy period, but it is difficult to guess
how extreme the rainfall would have been.

The average annual rainfall for Chungthang Station is considerable, around 2500 mm.As rainfall percolates
through the snow and glacial ice, the entire snow volume becomes saturated, creatingwet snow and/or slush,
increasing theweight of the snow (Gubler andBader 1989). This will cause the snowmeltwater to flow across/
through the glacier terminus/volume (bed) and into the lake, especiallywhere the slope exceeded 10° (Richar-
son andReynolds 2000).Moreover, inmany cases, a snowpack does not respond to artificial controlmeasures
before it starts to rain.However, it will often avalanche naturally soon after the rain begins (Conway andRay-
mond 1993). Also, a high rate of basal shear strain canmake a snowpack unstable (Gubler andBader 1989).
Additionally, the slope’s normal force causes the snow slab to bend, which can further contribute to instability.
As the flowmoves downslope, it potentially entrains a large amount of snow through an actively eroding snow
avalanche channel and over the steepmedialmoraine at the easternmargin and proglacial area of the glacier.
These processes suggest that even if extreme rainfall had not immediately preceded theGLOF event based on
the station-based andGPMrainfall observations, any substantial annual rainfall or extended periods of heavy
rainfall, as reported by Zhang et al (2024) andYu et al (2024)would have played a crucial role in progressively
weakening the glacier’s stability over time.

4.2.4. Comparisonwith recent studies on the South Lhonak LakeGLOF event
Recent studies (Kaushik et al 2024, Singh et al 2025, Yu et al 2024, Zhang et al 2024, Sattar et al 2025, Saha et al
2025) of the 2023 SLLGLOF event utilized post-GLOFfield observations, seismic interpretation, and
hydrodynamic or terrainmodeling. These studies identifiedmoraine collapse, landslide-generatedwaves, and
heavy rainfall as the primary triggers for theGLOF, aswell as evaluated the downstream impact of the flood.
However, they are limited in temporal coverage, between 5–20 years, and primarily address immediate hazard
mechanisms. In comparison, our study complements these studies, however, distinguishes itself through a six-
decade-long (1962–2023) geomorphic reconstruction of the SLG–SLL systemusing high-resolution stereo,
optical and SAR imagery from10 different satellitemissions andDEMdifferencing techniques. In contrast to
otherworks, our study quantifies long-termglacier thinning trends (up to –0.87 myear−1 in recent years), a 12-
fold lake expansion, and identify seven SLG calving events between 2017 and 2023; including a significant SLG
retreat of 49.6± 7.1 m just 10 days prior to theGLOF event. This rapid calving event, combinedwith historical
calving events, intermittent rainfall prior toGLOF and the destabilization of lateralmoraines, is proposed here
as a combination of primary triggers of themoraine failure; a set ofmechanisms not explicitly quantified in
previous studies.

Furthermore, we integrate historical evidence ofmoraine evolution and changes, alongwith the occurrence
of permafrost into our interpretation ofmoraine instability, thus providing a detailed picture of theGLOF
preconditioning controls. Although, studies by Zhang et al (2024) andYu et al (2024)document slope-based or
InSAR evidence ofmorainemovement, these studies neglect the importance of long-termmoraine changes and
SLG calving quantification that we have presented.Our results, therefore, complement existing hazard and
modeling studies and go beyond by investigating the cumulative role of rapid and historical SLG retreat, thin-
ning, andmoraine debuttressing in shaping SLL’s instability.
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5. Conclusions

In this study, we quantify the geomorphological evolution of the South Lhonak Lake from1962 to 2023, driven
by the retreat of the South LhonakGlacier, its calving history, and the geomorphic changes that culminated in
the 2023 South LhonakGLOF event, using historical,multi-source satellite data. The glacier’s retreat and
calving history and processes have contributed significantly to the lake’s expansion, while the evolving
geomorphology around the lake provided crucial precursors to the triggering of theGLOF event. The glacier
systemhas undergone significant changes during this time, with a 12-fold enlargement of themoraine-
dammed SLL.Our findings indicate strong changes inmoraine dam stability, with high-resolutionDEMdata
indicating significant topographic changes.Optical and SAR satellite-observed rapid glacier retreat of>49 m
before theGLOF event, occurrence of 7major glacier calving events since 2017, coupledwith intermittent
rainfall, and breach of lateral and terminalmorainewalls likely triggered theGLOF event on 6October 2023.
Although rainfall did not appear to be amajor trigger in this instance, the interaction between rapid glacialmelt
from the glacier complex, suspected potential thaw and subsidence of permafrost cover above themoraines,
and historically observed unstablemorainewalls present a growing challenge formanaging the risks posed by
GLOFs in the region. There are nomethods available in the literaturewhich differentiate the ice coredmoraines
and permafrost in the deglaciated areas, whichmayhave beenmisidentified as permafrost in the regions around
SLL. This can be improved by collecting the ice core onmoraine and active layer thickness of the permafrost
from the field investigation. The absence of extensive field observations (except for post-GLOFmeasurements
reported by Sattar et al (2025) limits the validation of remote sensing andmodelling results. Future efforts
should integrate remote sensing,modelling, and extensive field observations to enhance the accuracy and
reliability of GLOFpredictions.

Acknowledgments

The authors declare that they have no competing interests.We acknowledge the research funding (Grant no.
CRG/2021/002450) received fromAnusandhanNational Research Foundation (ANRF), Department of
Science andTechnology (DST), India.We are grateful to the satellite data providers: USGS for Landsat, and
JPL/NASA andMETI for ASTER, ESA for Sentinel-1 and 2,National Remote SensingCentre (NRSC), India for
Cartosat-1.We are grateful toCNES/AirbusDS for the provision of the Pléiades satellite data within the ISIS
programand the PléiadesGlacierObservatory facilitated by Etienne Berthier (LEGOS) andDelphine
Fontannaz (CNES).We are also thankful to the IndiaMeteorological Department (IMD), Regional
Meteorological Center (RMC), Kolkata for providingweather station data.

Data availability statement

All data that support the findings of this study are includedwithin the article (and any supplementary files).

Author contributions

Remya SNaa 0000-0001-8960-7033
Conceptualization (lead), Formal analysis (equal), Investigation (lead),Methodology (lead), Project
administration (equal),Writing – original draft (equal),Writing – review& editing (equal)

VishnuNandanaa 0000-0002-5133-2676
Conceptualization (equal), Data curation (supporting), Formal analysis (equal), Funding acquisition (lead),
Investigation (equal),Methodology (equal), Visualization (equal),Writing – original draft (equal),Writing –
review& editing (lead)

AtanuBhattacharyaaa 0000-0001-7449-3897
Data curation (equal),Methodology (equal), Visualization (equal),Writing – review& editing (equal),Writing
– original draft (equal)

Pradeep Srinivasaluaa 0000-0001-6404-8845
Data curation (equal), Software (equal), Visualization (equal)

12

Environ. Res. Commun. 7 (2025) 115026 Remya et al

https://orcid.org/0000-0001-8960-7033
https://orcid.org/0000-0002-5133-2676
https://orcid.org/0000-0001-7449-3897
https://orcid.org/0000-0001-6404-8845


KritiMukherjeeaa 0000-0002-2290-2676
Data curation (equal), Investigation (supporting), Software (equal), Visualization (equal),Writing – original
draft (equal)

BabuGovindhaRajaa 0000-0003-1311-7710
Conceptualization (supporting), Investigation (equal),Methodology (supporting),Writing – original draft
(supporting)

JohnYackel
Writing – original draft (equal),Writing – review& editing (supporting), Investigation (supporting)

Tobias Bolch
Formal analysis (supporting),Writing – original draft (supporting),Writing – review& editing (supporting),
Supervision (lead)

References

AhmedR,WaniGF, Ahmad ST, SahanaM, SinghHandAhmedP 2021A review of glacial lake expansion and associated glacial lake
outburst floods in theHimalayan regionEarth Syst. Environ. 5 695–708

Allen SK, Rastner P, AroraM,Huggel C and StoffelM2016 Lake outburst and debris flowdisaster at Kedarnath, June 2013:
hydrometeorological triggering and topographic predisposition Landslides 13 1479–91

Allen SK, Sattar A, KingO, ZhangG, BhattacharyaA, Yao T andBolch T 2022Glacial lake outburst flood hazard under current and future
conditions: worst-case scenarios in a transboundaryHimalayan basinNat.Hazards Earth Syst. Sci. 22 3765–85

Basnett S, Kulkarni AV andBolch T 2013 The influence of debris cover and glacial lakes on the recession of glaciers in SikkimHimalaya,
India J. Glaciol. 59 1035–46

Bhambri R, BolchT andChaujar RK 2012 Frontal recession ofGangotri Glacier, GarhwalHimalayas, from1965 to 2006,measured
through high-resolution remote sensing dataCurr. Sci. 102 489–94 (https://currentscience.ac.in/Volumes/102/03/0489.pdf)

BolchT, YaoT,Kang S, BuchroithnerMF, SchererD,Maussion F,Huintjes E and Schneider C 2010A glacier inventory for thewestern
Nyainqentanglha Range and theNamCoBasin, Tibet, and glacier changes 1976–2009TheCryosphere 4 419–33

Brun F, Berthier E,WagnonP, KääbA andTreichlerD 2017A spatially resolved estimate ofHighMountain Asia glaciermass balances from
2000 to 2016Nat. Geosci. 10 668–73

Campbell S, KreutzK,Osterberg E, Arcone S,WakeC, IntroneD andWinskiD 2012Melt regimes, stratigraphy, flowdynamics and
glaciochemistry of three glaciers in theAlaska Range J. Glaciol. 58 99–109

Carrivick J L andTweed F S 2016A global assessment of the societal impacts of glacier outburst floodsGlobal Planet. Change 144 1–16
Clague J J and Evans SG 2000A review of catastrophic drainage ofmoraine-dammed lakes in BritishColumbiaQuat. Sci. Rev. 19 1763–83
ConwayHandRaymondCF1993 Snow stability during rain J. Glaciol. 39 635–42
Deline P, Gruber S, Amann F, BodinX,DelaloyeR, Failletaz J andWeber S 2021 Ice loss from glaciers and permafrost and related slope

instability in high-mountain regions In Snow and Ice-RelatedHazards, Risks, andDisasters (Elsevier) pp 501–40 (10.1016/B978-0-
12-817129-5.00015-9)

EmmerA 2018GLOFs in theWOS: bibliometrics, geographies and global trends of research on glacial lake outburst floods (Webof
Science, 1979–2016)Nat.Hazards Earth Syst. Sci. 18 813–27

FalaschiD, BhattacharyaA,Guillet G,Huang L, KingO,MukherjeeK, Rastner P, YaoT andBolch T 2023Annual to seasonal glaciermass
balance inHighMountain Asia derived fromPléiades stereo images: examples from the Pamir and the Tibetan PlateauCryosphere 17
5435–58

FischerM,HussMandHoelzleM2015 Surface elevation andmass changes of all Swiss glaciers 1980–2010Cryosphere 9 525–40
FörstnerMAandGülch E 1987A fast operator for detection andprecise location of distinct points, corners and centres of circular features

Proceedings of the ISPRS IntercommissionConfe-rence on Fast Processing of PhonogrammicData (Interlaken, 2-4 June 1987)
pp 281–305 (https://cseweb.ucsd.edu/classes/sp02/cse252/foerstner/foerstner.pdf)

Ghuffar S, KingO,Guillet G, Rupnik E andBolchT 2023Brief communication:Glaciermapping and change estimation using very high-
resolution declassifiedHexagonKH-9 panoramic stereo imagery (1971–1984)Cryosphere 17 1299–306

Goerlich F, Bolch T,Mukherjee K andPieczonka T 2017Glaciermass loss during the 1960s and 1970s in theAk-Shirak range (Kyrgyzstan)
frommultiple stereoscopic Corona andHexagon imageryRemote Sens. 9 275

GranshawFDand FountainAG2006Glacier change (1958–1998) in the northCascades national park complex,Washington,USA J.
Glaciol. 52 251–6

Gruber S 2012Derivation and analysis of a high-resolution estimate of global permafrost zonationTheCryosphere 6 221–33
Gruber S andHaeberliW2007 Permafrost in steep bedrock slopes and its temperature-related destabilization following climate change J.

Geophys. Res.:Earth Surf. 112 405–17
GublerH andBaderHP 1989Amodel of initial failure in slab-avalanche releaseAnn.Glaciol. 13 90–5
HaeberliW,Noetzli J, Arenson L,Delaloye R,Gärtner-Roer I, Gruber S and PhillipsM2010Mountain permafrost: development and

challenges of a young research field J. Glaciol. 56 1043–58
HaeberliW, SchaubY andHuggel C 2017 Increasing risks related to landslides fromdegrading permafrost into new lakes in de-glaciating

mountain rangesGeomorphology 293 405–17
HallDK, BayrK J, SchönerW, Bindschadler RA andChien J Y 2003Consideration of the errors inherent inmapping historical glacier

positions inAustria from the ground and space (1893–2001)Remote Sens. Environ. 86 566–77
Harrison S et al 2018Climate change and the global pattern ofmoraine-dammed glacial lake outburst floodsCryosphere 12 1195–209
Harrison S, Kargel J S,Huggel C, Reynolds J, ShugarDH, Betts RA andVilímekV 2018Climate change and the global pattern ofmoraine-

dammed glacial lake outburst floodsCryosphere 12 1195–209
HuffmanG J, BolvinDT, BraithwaiteD,HsuKL, Joyce R J, KiddC andXie P 2020 Integratedmulti-satellite retrievals for the global

precipitationmeasurement (GPM)mission (IMERG) Satellite PrecipitationMeasurement 1 343–53

13

Environ. Res. Commun. 7 (2025) 115026 Remya et al

https://orcid.org/0000-0002-2290-2676
https://orcid.org/0000-0003-1311-7710
https://doi.org/10.1007/s41748-021-00230-9
https://doi.org/10.1007/s10346-015-0584-3
https://doi.org/10.5194/nhess-22-3765-2022
https://doi.org/10.3189/2013JoG12J184
https://currentscience.ac.in/Volumes/102/03/0489.pdf
https://doi.org/10.5194/tc-4-419-2010
https://doi.org/10.1038/ngeo2999
https://doi.org/10.3189/2012JoG10J238
https://doi.org/10.1016/j.gloplacha.2016.07.001
https://doi.org/10.1016/S0277-3791(00)00090-1
https://doi.org/10.3189/S0022143000016531
http://doi.org/10.1016/B978-0-12-817129-5.00015-9
http://doi.org/10.1016/B978-0-12-817129-5.00015-9
https://doi.org/10.5194/nhess-18-813-2018
https://doi.org/10.5194/tc-17-5435-2023
https://doi.org/10.5194/tc-17-5435-2023
https://doi.org/10.5194/tc-9-525-2015
https://cseweb.ucsd.edu/classes/sp02/cse252/foerstner/foerstner.pdf
https://doi.org/10.5194/tc-17-1299-2023
https://doi.org/10.3390/rs9030275
https://doi.org/10.3189/172756506781828782
https://doi.org/10.5194/tc-6-221-2012
https://doi.org/10.1029/2006JF000547
https://doi.org/10.3189/S0260305500007692
https://doi.org/10.3189/002214311796406121
https://doi.org/10.1016/j.geomorph.2016.02.009
https://doi.org/10.1016/S0034-4257(03)00134-2
https://doi.org/10.5194/tc-12-1195-2018
https://doi.org/10.5194/tc-12-1195-2018
https://doi.org/10.1007/978-3-030-24568-9_19


Huggel C,HaeberliW,KääbA, BieriD andRichardson S 2004An assessment procedure for glacial hazards in the Swiss AlpsCan. Geotech.
J. 41 1068–83

HussM2013Density assumptions for converting geodetic glacier volume change tomass changeCryosphere 7 877–87
ImmerzeelWW, LutzA F, AndradeM,Bahl A, BiemansH, Bolch T andBaillie J EM2020 Importance and vulnerability of theworld’s

water towersNature 577 364–9
Kaushik S, RafiqM,Dharpure JK,Howat I,Moortgat J, Joshi PK, SinghT andDietzA J 2024 Increasing risk of glacial lake outburst flood in

Sikkim, EasternHimalaya under climatewarmingRemote SensingApplications: Society and Environment 36 101286
KroczekT andVilimekV2021Rockfall/rockslide hazard, lake expansion and dead-icemelting assessment: Lake Imja,Nepal

Understanding andReducing LandslideDisaster Risk.WLF 2020 (ICLContribution to LandslideDisaster Risk Reduction) edVVilímek
et al (Springer) pp 103–10

Liu J J, ChengZL and Su PC2014The relationship between air temperature fluctuation andGlacial LakeOutburst Floods in Tibet, China
Quat. Int. 321 78–87

LuC, Ye J, FangG,HuangX andYanM2021Assessment ofGPM IMERG satellite precipitation estimation under complex climatic and
topographic conditionsAtmosphere 12 780

McNabbR,NuthC, KääbA andGirod L 2019 Sensitivity of glacier volume change estimation toDEMvoid interpolationCryosphere 13
895–910

MedeuAR, PopovNV, BlagovechshenskiyV P,AskarovaMA,MedeuAA, Ranova SU andBolch T 2022Moraine-dammed glacial lakes
and threat of glacial debris flows in South-East KazakhstanEarth Sci. Rev. 229 103999

NuthC andKääbA 2011Co-registration and bias corrections of satellite elevation data sets for quantifying glacier thickness change
Cryosphere 5 271–90

Obu J et al2019NorthernHemisphere permafrostmapbasedonTTOPmodelling for 2000–2016 at 1 km2scaleEarth-Sci. Rev.193299–316
PieczonkaT andBolchT 2015Region-wide glaciermass budgets and area changes for theCentral Tien Shan between~1975 and 1999 using

HexagonKH-9 imageryGlob. Planet. Change. 128 1–13
Raj KBG,Remya SNandKumarKV2013Remote sensing-based hazard assessment of glacial lakes in SikkimHimalayaCurr. Sci. 104

359–64 (https://currentscience.ac.in/Volumes/104/03/0359.pdf)
Remya SN, Kulkarni AV, Pradeep S and ShresthaDG2019Volume estimation of existing and potential glacier lakes, SikkimHimalaya,

IndiaCurr. Sci. 116 620–7 (https://jstor.org/stable/27137905)
Remya SN, SyedTH,Kulkarni AV,NainwalHC andMishraA 2024Observing changes in the present and paleo-glacial extents ofmajor

glaciers in theAlaknandaBasin ofCentralHimalayaGeomorphology 461 109287
Richardson SD andReynolds JM2000Anoverview of glacial hazards in theHimalayasQuat. Int. 65–66 31–47
Rinzin S, ZhangG, Sattar A,Wangchuk S, Allen SK,Dunning S and PengM2023GLOFhazard, exposure, vulnerability, and risk

assessment of potentially dangerous glacial lakes in the BhutanHimalaya J. Hydrol. 619 129311
Saha S, Bera B, SenguptaD,MukhopadhyayU,GhoshD, Tamang L, Bhattacharjee S and SenguptaN 2025Multiple drivers of the recent

South Lhonak glacial lake outburstflood in SikkimHimalaya and its aftermath onTeesta RiverValleyGeosystems and
Geoenvironment 4 100375

Sattar A, CookKL, Rai SK, Berthier E, Allen S, Rinzin S andBhat S Y 2025 The Sikkimflood ofOctober 2023:Drivers, causes and impacts
of amultihazard cascade Science 387 eads2659

Sattar A,GoswamiA, Kulkarni AV, EmmerA,HaritashyaUK, Allen S andHuggel C 2021 Future glacial lake outburst flood (GLOF)
hazard of the South Lhonak Lake, SikkimHimalayaGeomorphology 388 107783

SharmaRK, PradhanP, SharmaNP and ShresthaDG2018Remote sensing and in situ-based assessment of rapidly growing South Lhonak
glacial lake in easternHimalaya, IndiaNat.Hazards 93 393–409

ShresthaAB, ErikssonM,Mool P, Ghimire P,Mishra B andKhanalNR 2010Glacial lake outburst flood risk assessment of SunKoshi
basin,NepalGeomatics, NaturalHazards andRisk 1 157–69

SinghA, AnandV,DurgaRaoKHVandChauhanP 2025Unveiling the catastrophic landslide-induced flash flood inTeesta River, Sikkim:
insight fromSouth LhonakGlacial Lake Landslides 22 837–55

SohnHG,KimGHandYom JH2004Mathematicalmodelling of historical reconnaissanceCORONAKH-4B imageryThe
Photogrammetric Record 19 51–66

Staines KE andCarrivick J L 2015Geomorphological impact andmorphodynamic effects on flow conveyance of the 1999 jökulhlaup at
sólheimajökull, IcelandEarth Surf. Processes Landforms 40 1401–16

TaylorC,RobinsonTR,DunningS,RachelCarr J andWestobyM2023Glacial lakeoutburstfloods threatenmillions globallyNat.Commun.14487
WatanabeT, LamsalD and Ives JD 2009 Evaluating the growth characteristics of a glacial lake and its degree of danger of outburst flooding:

ImjaGlacier, KhumbuHimal, NepalNorskGeografisk Tidsskrift-Norwegian Journal of Geography 63 255–67
WestobyM J, GlasserN F, Brasington J,HambreyM J,QuinceyD J andReynolds JM2014Modelling outburst floods frommoraine-

dammed glacial lakesEarth Sci. Rev. 134 137–59
Worni R,Huggel C, Clague J J, SchaubY and StoffelM2014Coupling glacial lake impact, dambreach, and flood processes: amodeling

perspectiveGeomorphology 224 161–76
Worni R, StoffelM,Huggel C, VolzC, Casteller A and LuckmanB 2012Analysis and dynamicmodeling of amoraine failure and glacier

lake outburst flood atVentisqueroNegro, PatagonianAndes (Argentina) J. Hydrol. 444 134–45
YuY, Li B, Li Y and JiangW2024Retrospective analysis of glacial lake outburst flood (glof)using ai earth insar and optical images: a case

study of south lhonak lake, sikkimRemote Sens. 16 2307
Zellweger F, CoomesD, Lenoir J, DepauwL,Maes S L,WulfM andDe Frenne P 2019 Seasonal drivers of understorey temperature

buffering in temperate deciduous forests across EuropeGlob. Ecol. Biogeogr. 28 1774–86
ZempM,HussM, Thibert E, EckertN,McNabbR,Huber J andCogley JG 2019Global glaciermass changes and their contributions to sea-

level rise from1961 to 2016Nature 568 382–6
ZhangT,WangWandAnB 2024Heterogeneous changes in global glacial lakes undercoupled climatewarming and glacier thinning

Communications Earth&Environment 5 374
ZhangT,WangW,AnB,GaoT andYaoT2022 Ice thickness andmorphological analysis reveal the future glacial lake distribution and

formation probability in the Tibetan Plateau and its surroundingsGlob. Planet. Change 216 103923
ZhengG, Allen SK, BaoA, Ballesteros-Cánovas J A,HussM, ZhangG and StoffelM2021 Increasing risk of glacial lake outburst floods

from future Third Pole deglaciationNat. Clim. Change 11 411–7

14

Environ. Res. Commun. 7 (2025) 115026 Remya et al

https://doi.org/10.1139/t04-053
https://doi.org/10.5194/tc-7-877-2013
https://doi.org/10.1038/s41586-019-1822-y
https://doi.org/10.1016/j.rsase.2024.101286
https://doi.org/10.1007/978-3-030-60319-9_10
https://doi.org/10.1016/j.quaint.2013.11.023
https://doi.org/10.3390/atmos12060780
https://doi.org/10.5194/tc-13-895-2019
https://doi.org/10.5194/tc-13-895-2019
https://doi.org/10.1016/j.earscirev.2022.103999
https://doi.org/10.5194/tc-5-271-2011
https://doi.org/10.1016/j.earscirev.2019.04.023
https://doi.org/10.1016/j.gloplacha.2014.11.014
https://currentscience.ac.in/Volumes/104/03/0359.pdf
https://doi.org/10.18520/cs/v116/i4/620-627
https://www.jstor.org/stable/27137905
https://doi.org/10.1016/j.geomorph.2024.109287
https://doi.org/10.1016/S1040-6182(99)00035-X
https://doi.org/10.1016/j.jhydrol.2023.129311
https://doi.org/10.1016/j.geogeo.2025.100375
https://doi.org/10.1126/science.ads2659
https://doi.org/10.1016/j.geomorph.2021.107783
https://doi.org/10.1007/s11069-018-3305-0
https://doi.org/10.1080/19475701003668968
https://doi.org/10.1007/s10346-024-02378-7
https://doi.org/10.1046/j.0031-868X.2003.00257.x
https://doi.org/10.1002/esp.3750
https://doi.org/10.1038/s41467-023-36033-x
https://doi.org/10.1080/00291950903368367
https://doi.org/10.1016/j.earscirev.2014.03.009
https://doi.org/10.1016/j.geomorph.2014.06.031
https://doi.org/10.1016/j.jhydrol.2012.04.013
https://doi.org/10.3390/rs16132307
https://doi.org/10.1111/geb.12991
https://doi.org/10.1038/s41586-019-1071-0
https://doi.org/10.1038/s43247-024-01544-y
https://doi.org/10.1016/j.gloplacha.2022.103923
https://doi.org/10.1038/s41558-021-01028-3

	1. Introduction
	2. Data and methods
	2.1. Study area: South Lhonak Glacier and Lake
	2.2. Satellite and precipitation data
	2.3. Estimating glacier elevation changes from 1962–2023
	2.4. Quantifying pre- and post-GLOF changes on the lake and glacier calving events
	2.5. Identifying moraines and permafrost surrounding the lake
	2.6. Analysis of rainfall data

	3. Results
	3.1. GLOF characteristics and glacial calving events
	3.2. Decadal changes in glacier retreat, elevation and lake evolution
	3.3. Moraine evolution and permafrost occurrence
	3.4. Quantifying rainfall characteristics during GLOF

	4. Discussion
	4.1. Six decades of geomorphic and elevation change around the glacial lake
	4.2. GLOF preconditioning and triggering factors
	4.2.1. Glacier calving
	4.2.2. Moraine instability and change in permafrost occurrence
	4.2.3. Rainfall and local geomorphology
	4.2.4. Comparison with recent studies on the South Lhonak Lake GLOF event


	5. Conclusions
	Acknowledgments
	Data availability statement
	References



