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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 2023 GLOF event at South Lhonak
Lake, Sikkim, India, focusing on the lake’s historical evolution and the geomorphic controls that
caused the GLOF. Multi-temporal data from 10 satellite missions revealed a significant increase in
glacier surface lowering from —0.19 myear™ ' (1970-1983) to —0.87 myear ' (2015-2023). Initially
asupraglacial lake in 1962, it evolved into a moraine-dammed lake by 1983 and expanded 12-fold
from 0.11 km?* (1962) to 1.4 km? (2023). Between 27 September and 6 October 2023, satellite imagery
revealed an unusually strong retreat of 49.6 £ 7.1 m, 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 lateral moraines. This, combined with intermittent
rainfall triggered the moraine dam collapse, leading to the GLOF. These findings emphasize the need
for long-term monitoring of Himalayan glacial lakes.

1. Introduction

Shrinking glaciers contribute to sea-level rise, modify freshwater availability in mountain rivers and pose risks
to the downstream community from glacier hazards (Zemp et al 2019, Immerzeel et al 2020). This includes ice
avalanches, landslides and flood water from Glacier Lake Outburst Flood (GLOF) events (Emmer 2018), that
can adversely affect more than 15 million people (Taylor et al 2023). GLOFs can be destructive leading to
catastrophic damage to infrastructure, ecosystems, communities and loss of life. GLOFs originate from glacial
lakes that store meltwater ahead of a retreating glacier, often behind a moraine dam formed by the
accumulation of debris deposited by the glacier, or in exposed glacier beds where the topography is over-
deepened (Carrivick and Tweed 2016). GLOF occurs if ice/moraine-dammed lakes fill and burst out suddenly,
or if the confining moraine wall fails because debris mixed with 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
through warming and rain-on-snow events, calving of the glacier front adjacent to the lake, seismic activity,
volcanic eruptions, and movement-induced impulse waves from avalanches caused by snow, ice and/or rocks
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may all lead to GLOF events (Harrison et al 2018, Remya et al 2019, Ahmed et al 2021, Sattar et al 2021, Zheng
etal2021).

The Himalayan region is experiencing a growing likelihood risk from GLOF events (e.g. Allen et al 2022)
and escalating frequency and intensity of GLOFs 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 and GLOF potential (Raj et al 2013, Remya et al 2019, Sattar et al 2021). Other investigations
(Staines and Carrivick 2015, Harrison et al 2018) have emphasized the importance of integrating observations
and models to better understand glacial lake evolution and their physical processes such as climatological and
geomorphic changes triggering GLOF events. However, rugged terrain, high altitudes and extreme climatic
conditions pose significant challenges to in situ monitoring of GLOF-prone glacial lakes in Indian Himalaya.
GLOFs can occur due to melting of buried ice under the moraine dam (Richardson and Reynolds 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 on modern GLOFs is hindered by the lack of detailed topographic data, which is
essential for analysing the geomorphic changes that precede any GLOF 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 of GLOF events.

Here, we focus on the GLOF event in South Lhonak Lake (SLL) in Sikkim Himalaya, India, that occurred on
4 October 2023. The flooding killed 178 people, left more than 70 people missing, destroyed homes and more
than 30 bridges in several districts across Sikkim, and portions of Sikkim’s biggest hydropower project (Zhang
etal 2024). The likelihood for SLL burst out were forecasted earlier by Raj et al (2013), where they used optical
remote sensing data from 1962-2008 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 SLL GLOF event
occurred, studies by Kaushik 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, photogrammetric methods and dam
breaching and hydrodynamic models to identify the triggers that led to the South Lhonak GLOF event. These
studies concluded the collapse of the SLL’s lateral moraine triggering multiple landslides as well as wave over-
topping induced by landslide-generated impulse waves as the governing reasons for the GLOF. A detailed com-
parison between these studies and with our study is summarized in table T1 under Supporting Information .

Our study presents a comprehensive six-decade assessment (1962—2023) of the South Lhonak Glacier and
SLL evolution, using high-resolution satellite stereo, optical and Synthetic Aperture Radar (SAR) imagery and
DEM-based analysis. We quantify long-term mass loss and thinning trends of the glacier, and investigate chan-
gesin glacier retreat and frequency of calving events, historically and immediately preceding the GLOF event,
and demonstrate increasing geomorphic instability of the lateral moraines over time. Complementing previous
studies, our work 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 the GLOF eventan aspect not addressed in earlier investigations. This
approach allows for an in-depth understanding of the SLL dynamics, explaining how this GLOF occurred in
response to geomorphic and glacial changes in the surrounding landforms.

2.Data and methods

2.1. Study area: South Lhonak Glacier and Lake

South Lhonak Lake is a proglacial lake originating from the South Lhonak Glacier (SLG) (27°54’18" N and 88°
10’19” E) (figure S1 in Supporting Information ). The lake is located in the Teesta Basin, Sikkim Himalaya atan
elevation of 5200 m above sea level (asl). To the north of SLG are the Lhonak Glacier and North Lhonak Glacier
(NLG), which, together with SLG, comprise the ‘Lhonak Glacier System’. The altitude of these three glaciers
ranges from 5288 m asl to 7086 m asl. Adjoining the Lhonak Glacier is the Lhonak Lake, a proglacial lake
formed by the glacier’s retreat. There is a continuous flow of water from Lhonak lake and NLG into SLL viaa
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 km downstream from SLL.

2.2. Satellite and precipitation data

We used multi-sensor stereo optical imagery from 1962 to 2023 to map the evolution of SLL (table 1). For
historical data, we processed different declassified high-resolution Corona KH-4 (spatial resolution 1.8 m—

7.6 m) and Hexagon KH-9 panoramic camera stereo images (0.6 m—0.9 m). Elevation data for the period after
2000 were derived from SPOT-5 (5 m), ASTER-L1A (15 m), Cartosat-1 (2.5 m) and Pleiades-1A (0.5 m) stereo
data. To assess lake morphology changes during the GLOF, we used imagery from PlanetScope (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 and Rainfall datasets used in this study.

Parameter Data Source Spatial Resolution Date/Period of Acquisition Data Access/Reference
Satellite Data
Optical Reflectance and SAR Corona KH4A 2.75-7.5m 15Dec 1962 USGS Earth Explorer
Backscatter

Corona KH4B 1.82-4.1 m 20Nov 1970

Hexagon KH9 PC 0.6-0.9 m 11 Nov 1983

SPOT-5 5.0 m 1 Sep 2003 CNES SPOT World Heritage

Cartosat-1 2.5m 25Nov 2009 and 9 Nov 2015 National remote Sensing centre (NRSC)

Pleiades 1A 0.5m 25 0ct 2022 https://dinamis.data-terra.org/en/eligible-

users/
ASTERLIA 15m 7 Oct 2023 NASA EarthData
PlanetScope 3.7m 27 Sep 2023 and 6 Oct 2023 https://developers.planet.com/docs/data/
planetscope/
Sentinel-2A 10 m Aug, Sep and Oct https://browser.dataspace.copernicus.eu/
(2017-2023)
Sentinel-1 (SAR) 100 m Aug, Sep and Oct https://browser.dataspace.copernicus.eu/
(2017-2023)
Meteorological Data
Daily rainfall Global precipitation measurement 10 km 1July 2023 -4 Oct 2023 https://gpm.nasa.gov/data/directory
Monthly rainfall Global precipitation measurement 1June 2000 - 31 Dec 2023 https://gpm.nasa.gov/data/directory
Daily rainfall India Meteorological Department (IMD), Regional Meteor- Lachen Weather Station (27.7°N, 1July 2023 -4 Oct 2023 On request from IMD
ological Center (RMC), Kolkata 88.5°F)
Monthly rainfall India Meteorological Department (IMD), Regional Meteor- Chungthang Weather Station (27.6° Jan 2004 - Dec 2022 Onrequest from IMD
ological Center (RMC), Kolkata N, 88.6°E)
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combination of cloud-free imagery from Sentinel-2A and Sentinel-1 SAR from 2017 to 2023. We also examined
the impact of precipitation on GLOF events at daily and monthly scales using Global Precipitation
Measurement (GPM) data at 10 km resolution, along with rainfall data from the Indian Meteorological
Department’s Lachen and Chungthang weather stations (table 1).

2.3. Estimating glacier elevation changes from 1962-2023

We generated DEMs from the declassified Corona-KH4 using modified collinearity equation-based image
distortion model (Sohn e al 2004) available with the Remote Sensing Software Package Graz. We automatically
identified tie points using Forstner operator (Forstner and Giilch 1987) to coregister the stereo pairs. To reduce
the parallax errors of Corona-KH4 panoramic camera image strips, we applied a polynomial rectification.
Finally, disparity predictions were matched using various search windows in both directions (Goerlich
etal2017).

We used the Corona Stereo Pipeline (CoSP) workflow (Ghuffar et al 2023) to generate DEMs from KH9
Panoramic Camera images. DEMs from the rest of the stereo pairs (ASTER-1A, SPOT-5, Cartosat-1 and
Pleiades 1A) were generated by AMES Stereo Pipeline (ASP, v3.1.0) developed by the National Aeronautics and
Space Administration (NASA). We used a rational polynomial coefficient (RPC) model for stereo triangulation
and Semi Global Matching (SGM) correlation algorithm to generate the DEMs.

Different DEM pairs were co-registered with each other following Nuth and Kiib (2011). After co-registra-
tion, pixels showing elevation changes outside +=150 m were removed. Next, a three-cell buffer was applied
around data 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 declassified Corona KH4 and Hexagon
KH9 data (Pieczonka and Bolch 2015). Continuous elevation change grids were generated by filling data gaps in
DEM difference images, using the global mean hypsometric approach (McNabb et al 2019), fitting a third-
order polynomial to mean elevation changes across 50 m elevation bins. The overall glacier mass balance uncer-
tainty was assessed by considering uncertainties in (1) surface elevation change following Fischer et al (2015),
(2) glacier volume uncertainty (Brun et al 2017) by using fraction of valid data point, error (10%) in estimating
initial glacier area and mean rate of elevation change in the glacierized area, and finally (3) volume-to-mass
conversion factor (800 kg m ™) and the uncertainty of the volume-to-mass conversion factor (60 kg m ) fol-
lowing Huss (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 following Hall et al (2003) given by Ur = +/a? + b* + o, where Ur is the uncertainty
and a and bf are the pixel resolution (in meters). The glacier area uncertainty is estimated following the buffer
method described in Bolch et al (2010) and Granshaw 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 and A is the pixel area.

2.4. Quantifying pre- and post-GLOF changes on the lake and glacier calving events

We used Sentinel-2A and Sentinel-1 SAR imagery from 25 September and 7 October 2023 to identify changes in
the SLL pre- and post-GLOF event. We also collected Sentinel-1 SAR backscatter imagery of SLG during the
summer months of August, September and October between 2017 and 2023. This was to quantify the frequency
of glacier calving events to assess its impact on the lateral moraines and the SLL volume and mass balance.
When at least 20% of the SLL area was covered with calved ice bergs, we record it as a calving event. Winter
months were omitted to avoid confusion between calved ice from the SLG versus SLL ice break up events.

2.5.Identifying moraines and permafrost surrounding the lake

This analysis included characterization of moraine evolution, characteristics of both NLG and SLG, and
potential presence of permafrost surrounding SLL. Moraine evolution from 1962 to 2023 is categorized using
the DEMs from high 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 terminal moraines, 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 the maximum lateral extent of past
glacier advance (e.g. Remya et al 2024). Terminal moraines 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 by moraines or ice, with their extent and position providing information on past
glacier margins (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 in moraines. To understand the dynamic nature of the
North Lhonak and Lhonak glaciers in relation to the SLL, we explore their distinct flow patterns 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 of mountain hazard and risk assessment studies (e.g.
Allen et al 2016). We use the Permafrost Probability Fraction following Obu et al (2019) and Permafrost
Zonation Map following Gruber (2012), both at 1 km? spatial resolution to map the distribution of permafrost
around the SLL. The data from Obu et al (2019) is between the 2000-2016 period, while the Gruber (2012)
dataset covers between 1961 and 1990. We use these datasets only to show the past and present occurrence of
permafrost in the study region.

2.6. Analysis of rainfall data

There is no meteorological station located close to SLG. The nearest station from where daily rainfall data for
the period 1 July to 4 October 2023 was available is Lachen Station (27.7° N, 88.5° E; 2710 m asl), located

~40 km south-east of SLL. Additionally, long term monthly rainfall observations from 2004-2022 was available
for Chungthang Station (27.6° N, 88.6° E; 1770 m asl), approximately 55 km south-east to the lake. In absence
of meteorological stations closer to the glacier, we use rainfall data from NASA Global Precipitation
Measurement (GPM) known as Integrated Multi satellitE Retrievals for GPM (IMERG) final run daily rainfall
products for the grid representing the glacier. To understand how well GPM data agrees with the station
observations, we also extracted the GPM data 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. We utilize the research-
grade final run GPM product (v07), that incorporates data from the Tropical Rainfall Measuring Mission
(TRMM) spanning June 2000 to April 2015, and the GPM dataset covering the period from April 2015 to
present.

3. Results

3.1. GLOF characteristics and glacial calving events

Our analysis of PlanetScope and Sentinel-1 SAR imagery from before and after the GLOF event on 27
September and 6 October 2023, respectively, revealed significant glacier retreat and changes in SLL (figures 1(a)
to (f)). The glacier retreated by 49.6 + 7.1 m over these 10 days. The post-event imagery from 6 and 7 October
(figure 1(d)) also indicated the presence of floating ice mass on the lake, caused by the calving of the glacier
front. The lake area was reduced from ~170 hectares on 27 September to ~150 hectares on 7 October. The lake
appears to extend toward the northern lateral moraine adjacent to the glacier, suggesting the collapse of the
moraine wall, consistent with observations from Zhang et al (2024). The rapid detachment of a large ice mass
would have displaced significant volumes of water, causing an overflow of the moraine dam. The existing outlet
of the SLL has subsequently been eroded and widened. The extension of the lake toward the northern lateral
moraine and the collapse of this moraine could likely be directly tied to a calving event. The moraine, previously
supported by the glacier ice, may have become destabilized as the glacier retreated and calved, resulting in its
collapse due to debuttressing.

Analysis of Sentinel-1 SAR time series indicates 7 major SLG calving events that occurred during the sum-
mer months between August and October from 2017 to 2023, including the calving event that caused the 2023
GLOF. As an example, we show the calving event from 24 and 27 October 2022, as seen from Sentinel-1 SAR
and Sentinel-2 optical imagery (figures S2(a), (b), (d), (e)) in Supporting Information ). Calved ice bergs were
found to cover more than 50% of the lake area and likely stabilized the SLG through buttressing until 9 June
2023 (as observed from Sentinel-2) after which the calved ice melted off (figures S2(c) and (f) in Supporting
Information).

3.2.Decadal changes in glacier retreat, elevation and lake evolution

From 1962 and 1970 imagery, the SLL was supraglacial with an area of 0.113 4- 0.006 km” and 0.165 +

0.002 km” (figures 2(a) and S3 in Supporting Information ). In the 1983 image, SLL evolved into a moraine-
dammed lake with an area 0f0.321 & 0.002 km?. By 2003, SLL expanded to 0.765 +0.01 km?andto 1.4 +
0.011 km? 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 from 19.50 + 3.51 million m” in 2003 to 73.79 4 13.28 million m’
in 2023 (figure 2(a)). The average depth of SLL also doubled from 25.64 + 3.33 m in 2003 to 50.48 4+ 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 m during this period, with an average rate of 86.6 £
3.85 myear . The retreat rate then slowed to 20 + 0.89 m year ' from 1970 to 1983, which is the minimum
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Figure 1. (a) PlanetScope imagery of SLL showing change in lake and glacier terminus from 27 September to 6 October 2023. Dotted
white line indicates the region where the moraine wall collapsed; (b) area evolution of the lake using high resolution data from 1962
t0 2023; (¢) SLL and SLG before the GLOF event on 27 September 2023 as seen from PlanetScope optical imagery; (d) SLL after the
GLOF event on 6 October 2023 with floating ice and debris as seen from PlanetScope optical imagery; (e) SLL before the GLOF event
on 25 September 2023 as seen from Sentinel-1 SAR backscatter imagery; (f) SLL after the GLOF event on 7 October 2023 with floating
ice as observed from Sentinel-1 SAR; and (g) Number of calving events as recorded from Sentinel-1 SAR between the months of
August to October from 2017 to 2023. Note: The blue polygon in panels (c) to (f) show the approximate extent of SLL before and after
the GLOF. (Optical and SAR image copyright: Planet Labs and ESA Copernicus (2023)).
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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 from 1970 to 2023, and (e) mass balance and elevation change rate, from 1970 to 2023.

retreat rate compared to any previously recorded period. From 1983 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 the DEMs. We observed an increasing trend of elevation loss from 1970 to 2023 (figure 2(d)). SLG has
undergone substantial thinning since 2003. The rate of ice loss increased from —0.19 4 0.06 m year ' before
1983 to —0.67 +0.11 myear ' /abetween 2003 and 2009. The loss rate slowed (—0.65 + 0.11 myear™ ') slightly
after 2009, but again increased to —0.90 £ 0.13 myear ™' in the most recent period (2015-2022) (figure 2(d)).
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Figure 3. (a) Historical (1970 image) moraine distribution and other glacial landforms near SLL, (b) Lateral moraine evolution and
its comparison between 1970 and 2022, (¢) Permafrost Zonation Index Map (PZM) from 1961 and 1990 following Gruber (2012),
and (d) Permafrost Probability map following Obu et al (2019), illustrating permafrost distribution near SLL and its surrounding
area from 2000 to 2016.

During 2015 to 2023, the rate of elevation loss decreased slightly to —0.87 £ 0.19 myear ' (—0.74 +0.16 m
w.e.year '). However, considering the uncertainty limit, the difference is not significant (figure 2(e)).

3.3. Moraine evolution and permafrost occurrence

Continuous lateral moraines are clearly visible on both sides of the SLG in the 1970 image (figure 3(a)). At the
same time, the north lateral moraine shows discontinuity, with a stream from the Lhonak glacier flowing down
and breaking through the lateral moraine (figure 3). At that time, SLL had not developed into a moraine-
dammed lake, and this stream continued downstream through the lateral moraine wall of the glacier. In
contrast, the 2022 image reveals that this stream now contributes to the SLL, flowing through the lateral
moraine (figure 3(b)). This configuration rendered the north lateral moraine potentially unstable. Additionally,
another discontinuous lateral moraine originating from Lhonak Glacier is joining with the discontinuous
lateral moraine of SLG indicating Lhonak Glacier was a tributary glacier to the South Lhonak trunk glacier
during the peak of glaciation (figure S4 in Supporting Information ). The Lhonak Glacier recession resulted in
separation of the two glaciers. When Lhonak Glacier was actively contributing to SLG as a tributary, their lateral
moraines formed a continuous depositional system. Upon the retreat of the Lhonak Glacier, its terminal
moraine, rich in ice-mantled debris, was deposited and subsequently integrated into the lateral moraine of the
SLG. This has led to a segmented structure in the SLG’s lateral moraine, as the former terminal moraine of the
Lhonak Glacier no longer aligns with the continuous lateral morphology of SLG. This disjointed configuration
contributes to the moraine’s overall instability, a characteristic visible in recent satellite imagery. In Himalayan
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Figure 4. (a) Daily Station (Lachen) versus GPM rainfall observations; (b) Time series of daily rainfall observations; (c) Monthly
rainfall observations from Chungthang Station compared against GPM observations.

glaciers, terminal moraines are typically ice-cored, making them more prone to breakage and collapse
compared to the more stable lateral moraines (Raj et al 2013). The derived-products from Gruber (2012) and
Obu et al (2019) around the North 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 the mountainous
terrain, where the presence of permafrost is suspected based on the PMZ.

3.4. Quantifying rainfall characteristics during GLOF

We observed no correlation between the daily Lachen station data and the corresponding GPM grid
observations (figure 4(a)). While both datasets record a maximum daily rainfall of approximately 35 mm
during July-August 2023, the specific days on which these events occur differ between the two (figure 4(b)).
From 1 September until the event on 4 October, both datasets show a maximum daily rainfall of around

10 mm. Overlaying with the daily GPM data of the glacier location indicates similar rainfall patterns, with
maximum daily rainfall of around 40 mm observed between 1 July and 31 August 2023. The magnitude
decreases thereafter, with a maximum daily rainfall of ~15 mm in September. For the monthly rainfall data we
observe that there is a high statistically significant positive correlation (r = 0.76, p < 0.01) between the GPM
and corresponding station observations. However, we also observe that the station rainfall values are often
significantly higher than the values represented by the GPM grid (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, from 0.1 km? in 1962 to 1.5 km? in 2023, highlighting
significant glacial retreat and melting over this period. Glacier elevation changes reveal increasingly negative
trends, from —0.19 myear ' in 1973 to —0.87 myear ' in 2023, indicating accelerated thinning and mass loss
of SG. These results align with Remya et al (2019), who reported the lake area grew between 0.80 km* and

1.30 km? from 2001 to 2015, additionally with a modelled lake volume of 60 million m® and a maximum depth
of 170 m during 2015. In contrast, Raj et al (2013) observed a comparatively smaller expansion of 0.811 km?
from 1977 to 2008. The discrepancy may be attributed to differences in the temporal resolution and datasets
used by Raj et al (2013), where they utilized MSS data from 1977 (90 m), which has a lower spatial resolution,
and Remya et al (2019) used Landsat imagery (15 to 30 m), while our study uses higher resolution from Corona
and PlanetScope. Additionally, our observations of glacier calving from Sentinel-1 SAR imagery due to rapid
glacier retreat before the GLOF event and also since 2017 aligns with observations from Sharma et al (2018),
where they reported significant glacier calving and the presence of ice masses in SLL. Presence of ice masses on
the lake would have likely destabilized and de-buttressed the surrounding moraine walls, triggering large
amounts of sediment transport into the lake (Zhang et al 2024).

4.2. GLOF preconditioning and triggering factors

4.2.1. Glacier calving

Analysis of pre- and post-GLOF images revealed that there was a substantial retreat (49.6 & 7.7 m) of SLG front
between 27 September and 6 October 2023. Such retreat was not observed in any of the neighboring glaciers
over the same period. Sentinel-1 SAR observations of the SLL during the GLOF event and since 2017 during the
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summer months 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 summer melting season. Given the history of glacier calving as a trigger for dynamic changes in SLL, the
detachment of ice masses from the glacier terminus can generate substantial wave activity within the lake. These
waves exert significant pressure on the lateral moraine walls, potentially weakening their structural integrity
and increasing the likelihood of a moraine breach (Sattar er al 2025, Saha et al 2025). This illustrates the critical
role of calving events in influencing the lake’s stability and the associated risk of GLOF. Similar studies of high-
risk glacial lakes in the Bhutan Himalaya (Rinzin ef al 2023), Imja and Tsho Rolpa lakes in the Nepal Himalaya
(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-induced wave propagation can exert
considerable pressure on the moraine walls, leading to potential destabilization and increased risk of moraine
failure. If a glacier is within 1.5 km of 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 from hanging or calving glaciers can represent a serious potential for a secondary hazard
when they collapse into moraine-dammed glacial lakes (Richardson and Reynolds 2000). The gradual increase
in SLL volume as a result of accelerated glacier melt 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 6 October 2023.

4.2.2. Moraine instability and change in permafrost occurrence
Historical imagery since 1962 (figure S3) reveal discontinuities in the north lateral moraine, coupled with a
stream flowing along this moraine wall had previously suggested potential GLOF hazard (Sharma et al 2018).
The moraine weakening can be attributed to several factors. Thinning and retreating SLG likely reduced the
support provided by ice to lateral moraines, leading to glacial debuttressing and weakening slope stability
(Deline et al 2021, Sattar et al 2025), potentially leading to the moraine failures. Discontinuous moraines are
particularly prone to failure, especially under the increased pressure from an expanding glacial lake. In SLL, the
lateral moraine was 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 the moraine, as documented in previous studies that show how hydrological
processes, including seepage and internal ice melt, weaken moraine stability over time (Richardson and
Reynolds 2000, Harrison et al 2018). This is particularly critical in areas where moraines contain ice cores or are
composed of unconsolidated materials, which become susceptible to collapse under the weight of the
impounded lake water (Westoby et al 2014, Fischer et al 2015). In the case of SLL, post-GLOF imagery acquired
on 6 October indicate the presence of dead ice core remains towards the terminal moraine breached areas
(figure 1(d)), similar to observations from other moraine-dammed glacial lakes (e.g. Clague and Evans 2000,
Harrison etal 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 from Gruber (2012) and Obu et al (2019), with a higher fraction in the Obu 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 the Mean Annual Air Temperature (MAAT), while Obu et al (2019) used Mean
Annual Ground Temperature (MAGT). The latter model is validated using the iz situ borehole measurements
data and with a higher accuracy in mountains. However, we still do not have any regional model to confirm the
accuracy of the permafrost locations in the Himalaya from these two products. The 2016 GLOF at Imja Lake in
Nepal highlighted how increased lake levels and weakened moraine stability due to permafrost thawingled to
an outburst flood (Kroczek and Vilimek 2021). Thawing permafrost at high slopes due to increased temper-
ature destabilised the ground and induces mass wasting processes, which may displace large volumes of debris
into the moraine or directly into the lake, triggering a cascading event that can lead to moraine failure, induce
landslides, contributing to slope instability and mass wasting and subsequent GLOFs (Huggel et al 2004,
Gruber and Haeberli 2007, Haeberli et al 2010, Worni et al 2012). These processes, in combination with inter-
mittent rainfall and seasonal snowmelt, and ground destabilisation, contributed to the weakened state of the
lateral moraine along the flow path from NLG to SLL. This weakening has likely resulted in the moraine’s
instability, amplifying the risk of GLOFs due to glacier calving, wave generation, and moraine breach (Huggel
etal 2004). The cascading events observed, where mass wasting temporarily elevates the lake level, triggering
calving and further increasing pressure on the terminal moraine are well-documented mechanisms in GLOF
triggering processes (Worni et al 2014).

4.2.3. Rainfall and local geomorphology
In comparison with other significant GLOFs in the Indian Himalaya, the Kedarnath 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 mm over a week, which caused the moraines around the Chorabari Lake to
collapse (e.g. Allen et al 2016). Also, the 2010 GLOF event in the Chujin Lake illustrates how extreme weather
events and fluctuating lake levels led to catastrophic moraine-dam breaches (Liu et al 2014).

In our study, the GPM based maximum daily rainfall in and around SLL was around 15 mm during Sep-
tember, before the GLOF event, ruling out any extreme rainfall as the main trigger for the event (figure 4).
However, local weather stations across Sikkim state recorded 101 mm of rainfall during the first 5 days of Octo-
ber 2023 and reached 115-205 mm of rainfall on 4 October 2023 (~5 times above the seasonal average between
2018 and 2022), coinciding with the SLL GLOF 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 discrepancy with corresponding
daily station rainfall and considerably underestimated monthly rainfall patterns. This indicates that the GPM
resolution of 10 km? is perhaps not able to capture the local scale modifications of the climate by vegetation and
topography (Zellweger et al 2019). Lu et al (2021) reported underestimated precipitation in areas with solid
precipitation for IMERG data, particularly in high elevation zones. Therefore, even if any extreme precipitation
event(s) has occurred immediately before the GLOF at a considerably high elevation of 5200 m, GPM IMERG
data may not have been able to capture it. Notably, though PlanetScope data is available at a daily temporal
resolution, the lake was completely cloud covered from 30 September and the first cloud free data was available
only on 6 October. 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, creating wet snow and/or slush,
increasing the weight of the snow (Gubler and Bader 1989). This will cause the snow meltwater to flow across/
through the glacier terminus/volume (bed) and into the lake, especially where the slope exceeded 10° (Richar-
son and Reynolds 2000). Moreover, in many cases, a snowpack does not respond to artificial control measures
before it starts to rain. However, it will often avalanche naturally soon after the rain begins (Conway and Ray-
mond 1993). Also, a high rate of basal shear strain can make a snowpack unstable (Gubler and Bader 1989).
Additionally, the slope’s normal force causes the snow slab to bend, which can further contribute to instability.
As the flow moves downslope, it potentially entrains a large amount of snow through an actively eroding snow
avalanche channel and over the steep medial moraine at the eastern margin and proglacial area of the glacier.
These processes suggest that even if extreme rainfall had not immediately preceded the GLOF event based on
the station-based and GPM rainfall observations, any substantial annual rainfall or extended periods of heavy
rainfall, as reported by Zhang et al (2024) and Yu et al (2024) would have played a crucial role in progressively
weakening the glacier’s stability over time.

4.2.4. Comparison with recent studies on the South Lhonak Lake GLOF 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 SLL GLOF event utilized post-GLOF field observations, seismic interpretation, and
hydrodynamic or terrain modeling. These studies identified moraine collapse, landslide-generated waves, and
heavy rainfall as the primary triggers for the GLOF, as well 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 system using high-resolution stereo,
optical and SAR imagery from 10 different satellite missions and DEM differencing techniques. In contrast to
other works, our study quantifies long-term glacier thinning trends (up to—0.87 myear™ ' in recent years), a 12-
fold lake expansion, and identify seven SLG calving events between 2017 and 2023; including a significant SLG
retreat 0of49.6 + 7.1 mjust 10 days prior to the GLOF event. This rapid calving event, combined with historical
calving events, intermittent rainfall prior to GLOF and the destabilization of lateral moraines, is proposed here
asa combination of primary triggers of the moraine failure; a set of mechanisms not explicitly quantified in
previous studies.

Furthermore, we integrate historical evidence of moraine evolution and changes, along with the occurrence
of permafrost into our interpretation of moraine instability, thus providing a detailed picture of the GLOF
preconditioning controls. Although, studies by Zhang et al (2024) and Yu et al (2024) document slope-based or
InSAR evidence of moraine movement, these studies neglect the importance of long-term moraine 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, and moraine debuttressing in shaping SLL’s instability.

11



10P Publishing

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

5. Conclusions

In this study, we quantify the geomorphological evolution of the South Lhonak Lake from 1962 to 2023, driven
by the retreat of the South Lhonak Glacier, its calving history, and the geomorphic changes that culminated in
the 2023 South Lhonak GLOF 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 the GLOF event. The glacier
system has undergone significant changes during this time, with a 12-fold enlargement of the moraine-
dammed SLL. Our findings indicate strong changes in moraine dam stability, with high-resolution DEM data
indicating significant topographic changes. Optical and SAR satellite-observed rapid glacier retreat of >49 m
before the GLOF event, occurrence of 7 major glacier calving events since 2017, coupled with intermittent
rainfall, and breach of lateral and terminal moraine walls likely triggered the GLOF event on 6 October 2023.
Although rainfall did not appear to be a major trigger in this instance, the interaction between rapid glacial melt
from the glacier complex, suspected potential thaw and subsidence of permafrost cover above the moraines,
and historically observed unstable moraine walls present a growing challenge for managing the risks posed by
GLOFs in the region. There are no methods available in the literature which differentiate the ice cored moraines
and permafrost in the deglaciated areas, which may have been misidentified as permafrost in the regions around
SLL. This can be improved by collecting the ice core on moraine and active layer thickness of the permafrost
from the field investigation. The absence of extensive field observations (except for post-GLOF measurements
reported by Sattar et al (2025) limits the validation of remote sensing and modelling results. Future efforts
should integrate remote sensing, modelling, and extensive field observations to enhance the accuracy and
reliability of GLOF predictions.
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