
Article Not peer-reviewed version

Diagnosing the Controls of the 2025

Talidas GLOF Using Multi-Source

Satellite Observations

Imran Khan * , Jeremy M. Johnston , Jennifer M. Jacobs

Posted Date: 6 March 2026

doi: 10.20944/preprints202603.0519.v1

Keywords:

glacial lake; GLOF; snowmelt; remote sensing

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/4640489
https://sciprofiles.com/profile/3499440
https://sciprofiles.com/profile/3194736
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


 

 

Article 

Diagnosing the Controls of the 2025 Talidas GLOF 
Using Multi-Source Satellite Observations 
Imran Khan 1,2,*, Jeremy M. Johnston 1,2 and Jennifer M. Jacobs 1,2 

1 Department of Civil and Environmental Engineering, University of New Hampshire, Durham, NH 03824, 
United States 

2 Earth Systems Research Center, Institute for the Study of Earth, Oceans, and Space, University of New 
Hampshire, Durham, NH 03824, United States 

* Correspondence: imran.khan@unh.edu 

Highlights 
What are the main findings? 

• The 2025 Talidas GLOF followed a period of rapid lake expansion during the warmest melt 
season, coinciding with early and persistent snow depletion relative to the 2000-2024 baseline 
record. 

• Multi-decadal satellite records (1992-2024) show that lakes of comparable size in earlier years 
did not fail abruptly, indicating that lake extent alone did not control the outburst. 

What are the implications of the main findings? 

• Sustained climatic anomalies and cryospheric preconditioning can destabilize moraine-dammed 
lakes even in the absence of a discrete trigger such as landslides. 

• Multi-sensor remote sensing time series provides a robust framework for monitoring glacial lake 
evolution and detecting anomalous pre-GLOF conditions. 

Abstract 

Glacial lake outburst floods (GLOFs) are high-impact hazards in mountain regions, yet many events 
remain poorly documented because field access is limited and lake evolution can occur on sub-
weekly time scales. Here we used high spatiotemporal resolution PlanetScope imagery (3 m) to 
quantify the seasonal evolution and abrupt drainage of a moraine-dammed glacial lake in August 
2025 in northern Pakistan. Historical lake dynamics were reconstructed using PlanetScope (2016-
2024) imagery and multi-decadal Landsat observations (1992-2018). Climatic conditions were 
evaluated using ERA5-Land temperature data, and seasonal snow dynamics were characterized 
using MODIS and PlanetScope-based snow cover analyses. Multi-decadal satellite imagery indicates 
that lake formation in this catchment was historically intermittent, with no evidence of abrupt 
drainage before 2025, highlighting the anomalous nature of the event. PlanetScope observations show 
steady lake expansion throughout summer 2025, reaching a maximum area of 0.052 km2 prior to the 
GLOF on August 22. Pre- and post-event imagery reveals no discernible landslide or impact trigger. 
Instead, the observations are most consistent with a failure mechanism driven by meltwater-driven 
lake growth and overtopping or erosion of the moraine dam. The 2025 summer season (June to 
September) was characterized by exceptionally warm conditions and unprecedented early snow 
depletion relative to the 2000-2024 baseline, suggesting a strong climatic and cryospheric contribution 
to the outburst. These results demonstrate the value of integrating dense time series of satellite 
observations and climatic data for capturing glacial-lake life cycles and diagnosing likely controls on 
outburst initiation. The study highlights the critical role of high-frequency satellite remote sensing 
for improving GLOF monitoring and early-warning capabilities in data-scarce mountain 
environments. 
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1. Introduction 

Glacial lakes are dynamic and potentially hazardous features in high-mountain environments, 
particularly under ongoing climatic warming [1–3]. Rising temperatures have accelerated glacier 
thinning and retreat worldwide, promoting the formation and expansion of glacial lakes [3–6]. Some 
glacial lakes experience sudden drainage events known as glacial lake outburst floods (GLOFs), 
which can generate severe downstream impacts, including channel erosion, debris deposition, 
infrastructure damage, and loss of life [5,7,8]. Understanding the short-term evolution of glacial lakes 
and the conditions leading to abrupt drainage remains a critical challenge for hazard assessment in 
remote mountain regions [9]. 

GLOFs can be initiated by a wide range of physical triggers. Short-duration or acute triggers 
include avalanches and landslides entering a lake, glacier calving, intense rainfall events, and rapid 
snowmelt leading to increased water levels and overtopping or eroding natural dams [10–14]. In 
contrast, longer-term processes such as progressive dam weakening, melting of buried ice within 
moraine dams, permafrost degradation, and internal piping can gradually destabilize lake dams, 
leading to failure [10,15–17]. Identifying which of these mechanisms operated during a specific event 
is often challenging in remote mountain settings, particularly when field observations are 
unavailable. 

Beyond promoting lake formation and expansion, ongoing climate warming is expected to 
amplify GLOF triggering processes and increase the risk of GLOFs [18–20]. Warming temperatures 
increase meltwater input and reduce slope stability through permafrost degradation, glacier and ice-
core melt, and increased debris availability, thereby enhancing the likelihood of rockfalls, landslides, 
debris flows, and ice avalanches entering glacial lakes and triggering GLOFs [12,20–24]. These 
processes can give rise to cascading hazard sequences, in which an initial mass movement generates 
lake overtopping or dam erosion, followed by rapid downstream flooding, channel erosion, debris 
deposition, and secondary damming [22,25–29]. Despite growing recognition of these compound 
hazards, many GLOF events in remote mountain regions remain poorly documented due to 
inadequate field observations [30–33]. 

Remote sensing has become an essential tool for monitoring glacial lakes in remote, high-altitude 
terrain, where field observations are sparse or often unavailable. Recent advances in satellite remote 
sensing and geographic information systems (GIS) now enable consistent mapping of lake formation 
and evolution, detection of geomorphic signatures of triggering processes, and assessment of 
cascading downstream impacts across local to global scales [8,14,33–35]. Such remote-sensing-based 
analyses combined with climatic data improve understanding of GLOF drivers and consequences 
and provide an essential foundation for hazard assessment, early-warning efforts, and risk mitigation 
in data-scarce mountain regions [22,36,37]. 

In this study, we use high spatiotemporal resolution PlanetScope imagery to document the 
evolution of a moraine-dammed glacial lake in the Talidas catchment in the Hindu Kush, Pakistan, 
culminating in a sudden drainage event on August 22, 2025. The GLOF triggered intense erosion 
along the channel, mobilizing large volumes of sediment and generating a debris flow that caused 
widespread destruction downstream. The massive debris deposit subsequently blocked the Gilgit 
River, completely obstructing its flow, leading to the formation of a large debris-dammed lake. The 
cascading disaster damaged more than 300 houses, agricultural land, and critical infrastructure 
downstream; however, an early warning from nearby shepherds prompted timely evacuation, and 
no fatalities were reported [38]. We analyze the seasonal development and abrupt collapse of the 
moraine-dammed glacial lake, geomorphic signatures of potential triggers and dam breach, and 
seasonal snow-covered area (SCA) dynamics to assess their relationship with lake growth. To place 
the 2025 GLOF in a broader context, we evaluate the historical seasonal evolution of the lake extent 
from the early 1990s through 2024 using a combination of Landsat (1992-2018) and PlanetScope (2016-
2024) imagery, identifying years characterized by ephemeral ponding, gradual seasonal growth, or 
absence of lake formation. While cloud-free imagery is sparse in the earlier record, the available 
observations provide valuable context for evaluating the anomalous nature of the 2025 event. 
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This study aims to (1) quantify the seasonal evolution and abrupt drainage of the glacial lake 
during the 2025 melt season and analyze its historical behavior (1990s - 2024), (2) assess changes in 
SCA and temperature dynamics within the contributing catchment and their temporal 
correspondence with lake expansion, and (3) explore potential GLOF triggers (e.g., external mass 
movement, extreme weather events, and overtopping or erosion of the dam). Using the Talidas GLOF 
as a case study, which combines event-scale analysis with multi-decadal satellite observations, we 
demonstrate the value of high-frequency remote sensing for detecting anomalous glacial lake 
behavior and strengthening observational frameworks for GLOF hazard assessment in data-scarce 
mountain regions. 

2. Materials and Methods 

2.1. Study Area 

This study focuses on the high-elevation moraine-dammed glacial lake that triggered the Talidas 
GLOF and its contributing catchment in Gilgit sub-basin of the Upper Indus Basin in northern 
Pakistan (Figure 1). The lake catchment, with an area of 0.8 km2, is characterized by complex alpine 
topography and strong seasonal snow dynamics. Elevations across the catchment range from 4,700 
to 5,100 m a.s.l., with steep relief and pronounced headwalls surrounding the lake basin. As per the 
Randolph Glacier Inventory [39], the catchment hosted a small glacier, which has now disappeared. 
The lake occupied a topographic depression dammed by unconsolidated moraine and debris 
material. This lake was located at the head of a cascading lake system, with three more lakes 
downstream along the main flow path (Figure S1). When the source lake drained on August 22, 2025, 
the downstream lakes overflowed due to the flood wave but remained structurally intact and did not 
undergo catastrophic drainage. 

The Gilgit sub-basin forms part of the eastern Hindu Kush Range and drains into the Indus River 
[40]. Climatically, the region falls within a cold desert regime characterized by arid to semi-arid 
conditions [41]. Precipitation in the Gilgit River basin is influenced by two distinct atmospheric 
systems, including summer precipitation associated with the South Asian monsoon and winter-
spring precipitation driven by mid-latitude westerly disturbances [42–44]. The majority of annual 
precipitation occurs during the winter and spring, primarily in the form of snowfall [41,42]. 
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Figure 1. Overview of the study site. (a) Lake location, along with the catchment, GLOF flow path, and Gilgit 
River are shown on a Hillshade basemap. (b) PlanetScope true-color composite clipped to the lake catchment 
extent, with the pre-GLOF lake outline (August 4, 2025). The blue outline shows the Randolph Glacier Inventory 
glacier outline. (c) SRTM-derived elevation map for the catchment with the same lake outline overlaid. 

2.2. Data 

We used high-resolution PlanetScope multispectral imagery to map the glacial lake extent and 
SCA within the lake catchment from 2022-2025. PlanetScope imagery includes three visible bands 
(red, green, and blue) and one near-infrared (NIR) band at 3 m spatial resolution [45,46]. Level 3B 
Ortho Scene Analytic images, which are radiometrically calibrated, orthorectified, and provided at 
top-of-atmosphere reflectance [47,48], were obtained from the Planet Explorer platform 
(https://www.planet.com/explorer/) under Planet’s Program for Education and Research (E&R) 
license. Cloud cover complicates accurate glacial lake delineation and snow mapping by obscuring 
surface features and exhibiting reflectance characteristics similar to snow in the visible and NIR 
bands, hampering reliable spectral discrimination [49]. To minimize this ambiguity, scenes were 
selected through careful visual inspection to ensure full coverage of the study area and the absence 
of cloud contamination. 

Historical glacial lake dynamics from 1992 to 2018 were assessed using cloud-free multispectral 
optical satellite imagery from the Landsat missions, obtained through Google Earth Engine and 
courtesy of the United States Geological Survey (USGS). Specifically, Landsat 5 Thematic Mapper 
(TM), Landsat 7 Enhanced Thematic Mapper Plus (ETM+), and Landsat 8 and 9 Operational Land 
Imager (OLI) imagery at 30 m spatial resolution were used to characterize multi-decadal variations 
in lake presence, extent, and drainage behavior prior to the 2025 GLOF. For all Landsat sensors, 
Collection 2 Tier 1 calibrated top-of-atmosphere reflectance products were employed, ensuring 
consistent radiometric calibration and geometric accuracy suitable for long-term temporal analysis. 
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Summer season (June to September) snow persistence within the catchment was derived from 
the Moderate Resolution Imaging Spectroradiometer (MODIS) Terra Global Snow Cover product 
(0.01° spatial resolution) [50]. Shuttle Radar Topography Mission (SRTM) digital elevation data (30 
m spatial resolution) were used to derive elevation and slope metrics for the lake catchment [51]. 
Daily mean 2 m air temperature (2000-2025) and daily total precipitation (August 2025) from the 
ERA5-Land reanalysis dataset (0.1° spatial resolution) were retrieved via Google Earth Engine and 
used to assess temperature variability and precipitation over the study area [52]. Daily aggregated 
precipitation for August 2025 was also obtained from NASA’s Integrated Multi-satellitE Retrievals 
(IMERG) for Global Precipitation Measurement (GPM) product (0.1° spatial resolution) [53]. We also 
used the High Mountain Asia permafrost probability dataset (1 km spatial resolution) [54] to assess 
permafrost conditions within the lake catchment. A summary of all datasets, including their temporal 
coverage, spatial resolution, and usage in this study, is provided in Table S1. 

2.3. Lake Delineation and Geomorphological Analysis 

Glacial lake outlines were delineated through manual digitization using cloud-free PlanetScope 
and Landsat imagery in QGIS. Lake boundaries were mapped by visual interpretation of true- and 
false-color composites to ensure reliable identification of the lake outline in complex alpine terrain, 
particularly during periods of partial snow cover. For earlier years with sparse imagery, mapped lake 
extents represent discrete observations rather than continuous seasonal evolution. 

To evaluate surface changes associated with the 2025 GLOF, cloud-free PlanetScope imagery 
acquired before and after the August 22 event (8 August 2025 and 22 August 2025, respectively) was 
compared using true- and false-color composites. The comparison focused on identifying 
geomorphic indicators of potential triggering processes, including changes in lake margins, textural 
changes on adjacent slopes, and disturbed material downstream of the lake. False-color composites 
incorporating the NIR band were generated to enhance contrasts between water, debris, and freshly 
exposed surfaces, which may indicate erosion or disturbance associated with rapid lake drainage. 

2.4. SCA Mapping 

For recent years (2022-2025), SCA was mapped from PlanetScope imagery using a Random 
Forest (RF) classifier, similar to the method detailed in Yang et al. (2023) [49], implemented in Python. 
RF classifiers have been widely shown to perform well for snow cover mapping from optical imagery 
[55–57]. Classification was performed using spectral features derived from the blue, green, red, and 
near-infrared (NIR) bands. Training data were generated from manually digitized polygons 
representing three surface classes: (1) snow, (2) exposed rock and debris, and (3) open water. To 
ensure robust performance across varying surface and illumination conditions, training samples 
were selected from multiple PlanetScope scenes spanning both early-season (high snow cover) and 
late-season (patchy or minimal snow) conditions. The trained model was applied consistently across 
all PlanetScope scenes to generate snow classifications. Binary snow masks were derived by isolating 
pixels classified as snow, which were subsequently used to compute SCA and fractional SCA (fSCA) 
within the catchment. To evaluate the performance of the RF classifier, validation was conducted 
using images from June 20, July 2, and July 21, 2025, which were not used in model training. Manually 
digitized validation polygons representing the same three land-cover classes were used to generate 
an independent set of labeled pixels. Classification accuracy was assessed using standard metrics 
including precision, recall, F1-score, and overall accuracy (Table S2). 

Long-term (2000-2025) snow dynamics were assessed using MODIS data. Because the study 
catchment is small and fully contained within a single MODIS pixel, snow conditions were 
characterized using a binary approach indicating snow presence or snow-free conditions. The daily 
time series was then aggregated to compute the total number of snow-free days for each summer 
season (June to September). 

2.5. Melt-Season Temperature Analysis 
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Daily mean 2 m air temperature data obtained from the ERA5-Land reanalysis were spatially 
averaged over the lake catchment for the period 2000-2025. Analyses focused on the summer season 
(June-September). A baseline climatology was constructed using the 2000-2024 period by computing 
the mean and standard deviation (SD) of daily temperatures for each calendar day. The daily 
temperature time series was smoothed using a 7-day centered moving average prior to analysis and 
2025 temperature deviations from the baseline daily mean for the corresponding calendar day were 
then calculated. Exceedance statistics were derived relative to the smoothed baseline mean and 
standard deviation. 

3. Results 

3.1. Glacial Lake Evolution During the 2025 Melt Season 

PlanetScope imagery shows that the lake catchment remained snow covered until mid-June 
2025, with the first clear expression of the lake observed on June 19, 2025. Over the following days, 
the lake expanded steadily, nearly doubling and reaching an area of 0.020 km2 by June 24 (Figure 2). 
From late June to early July, the lake exhibited a period of accelerated expansion, with the lake area 
increasing to 0.031 km2 on July 3 and 0.035 km2 on July 9. This phase corresponds to the most rapid 
areal growth observed during the season. 

After mid-July, the rate of lake expansion gradually slowed, although the lake continued to 
grow. Lake area increased from 0.040 km2 on July 21 to a seasonal maximum extent of 0.052 km2 on 
August 20, indicating a transition from rapid growth to a more gradual expansion phase. Overall, the 
lake size expanded by more than a factor of 4 between June 19 and August 20. This growth was 
followed by an abrupt drainage on August 22. The imagery from August 22 shows only a small 
residual pond within the lake basin, after the observed GLOF. 

 

Figure 2. Evolution of the moraine-dammed glacial lake during the 2025 melt season derived from PlanetScope 
imagery. The lake first appears as a small surface pond on 19 June and expands progressively through July and 
early August. By August 22, 2025, the lake area is drastically reduced, leaving only a small residual pond. 

3.2. Interannual Variability in Glacial Lake Formation and Drainage (1992-2024) 

The combined Landsat (1992-2018) and PlanetScope (2016-2024) record indicates that glacial lake 
formation in the Talidas catchment was historically rare and highly intermittent (Figure 3). Between 
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1992 and 2021, most cloud-free satellite observations show no detectable lake, with only occasional 
small and short-lived water bodies. When present, the lake generally exhibited gradual seasonal 
expansion followed by progressive shrinkage rather than abrupt drainage. However, the temporal 
density of observations during the earlier years is sparse, particularly prior to 2016, due to the coarse 
revisit frequency (16-days) of Landsat satellites. Consequently, some short-lived lake occurrences 
may have gone undetected. 

Landsat observations from 1992-2017 show only two instances of significant lake formation 
including a lake surface of approximately 0.037 km2 on July 8, 1994, and a similar-sized lake of 0.036 
km2 on July 11, 2004. In 1994, useful imagery is not available to assess the seasonal lake dynamics, 
while in 2004, a cloud-free image in September shows no lake presence. Outside of these isolated 
events, the majority of cloud-free images prior to 2017 indicate either no lake or only very small 
ponding. 

 
Figure 3. Multi-satellite time series of glacial lake presence and area from the early 1990s to 2024. Each point 
represents a single cloud-free satellite observation, with colors indicating the source sensor (Landsat 5, 7-9, and 
PlanetScope). Zero-area points correspond to dates when no lake was detected in a single Landsat pixel. Cloud-
free imagery prior to 2018 was relatively scarce due to the coarse temporal resolution (16 days) of Landsat 
satellites, resulting in a lower temporal density of observations. 

Higher-temporal-resolution PlanetScope imagery from 2016 onward provides a more detailed 
record of intra- and interannual variability in lake behavior. Between 2017 and 2021, lake formation 
remained infrequent, with only small and ephemeral ponds detected in most years and no observable 
lake in the available imagery for 2016. A clear shift occurred beginning in 2022, when a more 
persistent and larger lake began to develop (Figures 3, 4). In 2022, the lake was first observed in mid-
June, expanded steadily through July, and reached a maximum area of approximately 0.047 km2 in 
mid-August before gradually contracting throughout September (0.013 km2 by September 30th). In 
2023, the lake emerged later in the season as the seasonal snow receded, with a similar size (≤0.015 
km2) and shape as September 2022, and contracted gradually to 0.007 km2 by early September 2023. 
The 2024 season again showed only minor and short-lived ponding, with a maximum observed area 
of about 0.005 km2 in July. The lake disappeared by the end of August 2024. The 2022-2024 lake life 
cycle shows that it developed and contracted gradually over the three-year period and disappeared 
in August 2024. 
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Figure 4. Landsat (1994 and 2004) and PlanetScope (2022-2024) imagery showing mapped glacial lake outlines 
for selected dates between 1994 and 2024. The 2022 imagery series is grouped together in the black box, while 
the 2023 series is in the blue box, illustrating interannual variability in lake evolution. 

3.3. Climatological Context (2000-2025) 

Long-term remote sensing and climatic records suggest that the lake catchment exhibits a 
strongly seasonal melt regime characterized by progressive warming, declining snow cover, and 
generally low summer precipitation. Comparison of 2025 conditions with the 2000-2024 climatology 
reveals that the year of the outburst represents a distinct climatic departure from the long-term 
climatology, with sustained anomalous warming and exceptionally early snow depletion. The 
climatology shows that the melt season is characterized by gradual warming from early June, peak 
temperatures in late July, followed by a gradual cooling period into late September (Figure 5a). There 
is generally low daily rainfall amounts that are fairly consistent across years during June and July 
with more variability for the remainder of the period (Figure 5b). Compared to the long-term 
climatology, daily mean air temperatures in 2025 were substantially warmer, with the seasonal mean 
increasing from 8.2 °C during 2000-2024 to 11.8 °C in 2025, representing a +3.6 °C deviation (Figure 
5c). This value lies 3.4 standard deviations above the historical distribution and ranks as the warmest 
melt season in the 2000-2025 record. Daily exceedance statistics further show that 2025 was 
persistently warmer than normal during the melt season, except for a brief near-normal period from 
late July to early August. Relative to the daily climatology (mean ±1SD), 86 of 122 days in 2025 
exceeded the mean + 1SD envelope and 27 days exceeded mean + 2SD, while none fell below mean – 
1SD . In contrast, 2025’s cumulative precipitation was well below the climatological precipitation 
from June to early July. Mid-July 2025 had considerable precipitation which returned the cumulative 
precipitation within the climatological envelope. The remainder of the period prior to the GLOF was 
relatively dry except for a large multi-day rainfall event in mid-August approximately a week before 
the GLOF. 
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Figure 5. Climatology of the lake catchment derived from ERA5-Land temperature and GPM IMERG 
precipitation data. (a) Daily mean 2 m air temperature for June-September 2025 compared with the 2000-2024 
climatological mean and ±1SD envelope. The vertical dashed line marks the GLOF date (22 August 2025). (b) 
Cumulative precipitation for 2025 compared to the 2000-2024 climatological range. (c) Distribution of June-
September mean temperatures for the 2000-2024 baseline period, with vertical lines denoting the baseline mean 
and the 2025 seasonal mean. 

MODIS observations show that the lake catchment typically experiences a gradual transition 
from snow-covered to intermittently snow-free conditions during the melt season. In most years, 
consecutive snow-free days are concentrated between late July through early September, while snow 
cover persists through June and often reappears episodically during the melt season (Figure 6). For 
the 2000-2024 snow cover climatology, the catchment experienced an average of ~60 snow-free days, 
with historical values ranging from a minimum of 33 days to a maximum of 92 days. In contrast, 2025 
exhibited a markedly different seasonal snow regime. The catchment transitioned to persistently 
snow-free conditions by early July and remained snow-free through September, resulting in 101 
snow-free days, which is the highest value in the 26-year record (Figures 6, S2). 

 
Figure 6. Daily snow presence and absence in the lake catchment from June to September for 2000-2025 derived 
from MODIS observations. Each point represents a single day, where blue markers indicate snow presence and 
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gray markers indicate snow-free conditions. The plot shows that 2025 experienced an unusually early transition 
to persistent snow-free conditions compared to the historical record. 

3.4. Snow Dynamics and Lake Evolution (2022-2025) 

High-resolution PlanetScope imagery provides detailed insight into intra-seasonal snow 
dynamics and lake evolution, revealing an earlier onset and a longer duration of snow-free conditions 
during the GLOF year as compared to other recent years (Figures 7 and S3). Across all four years 
from 2022 to 2025, SCA followed a generally similar seasonal trajectory, with progressive depletion 
from late June through late September. However, the timing and magnitude of snow loss differed 
among years. In 2025, fSCA decreased from moderate snow coverage (~52%) in late June to near-zero 
values by mid-July and remained effectively snow-free for the rest of the melt season. In contrast, 
during 2022, 2023, and 2024, despite rapid early-season snow loss, measurable snow cover persisted 
into mid-August or later. SCA at comparable stages of the melt season was lower in 2025 than in 2022, 
2023, and 2024. 

 

Figure 7. Seasonal evolution of SCA and the glacial lake across the 2022-2025 melt seasons, showing 
representative dates from late June, early July, late July, and late summer for each year. Images show progressive 
seasonal snow depletion and associated lake development in the catchment. 

2022 and 2025 had different snow conditions and lake evolution patterns (Figure 8). In both 
years, initial lake expansion coincided with declining fSCA during early summer, suggesting that 
seasonal snowmelt was an important source of inflow. However, the subsequent trajectories 
diverged. In 2022, the lake reached its maximum extent around mid-August and then gradually 
contracted through late summer despite consistent snowmelt (Figure 8a). In 2025, rapid and near-
complete snow depletion was accompanied by rapid lake expansion through June and July. The lake 
reached a similar maximum extent as in 2022 on a comparable seasonal timeline but instead 
culminated in abrupt drainage on August 22, 2025 (Figure 8b). The daily temperature comparison 
shows higher temperatures in 2025 compared to 2022 (Figure 8c). 
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Figure 8. Seasonal evolution of lake area, fractional snow-covered area (fSCA), and air temperature for 2022 and 
2025. (a) lake area and fSCA time series for 2022, characterized by gradual lake growth and seasonal contraction 
without abrupt drainage. (b) Time series of lake area and fSCA during the 2025 melt season, showing progressive 
lake expansion followed by abrupt drainage on 22 August 2025 (vertical line). (c) Comparison of daily air 
temperature for the summer season, showing higher temperatures in 2025 compared to 2022. 

3.5. Potential GLOF Trigger 

Topographic analysis based on the SRTM DEM indicates that the lake catchment is characterized 
by steep and highly variable terrain, with a mean slope of approximately 30° and local slopes reaching 
up to 68° (Figure 9a). Steep slopes surround the lake, forming near-vertical headwalls in several 
locations above the lake basin (Figure 9b). The High Mountain Asia permafrost dataset indicates a 
high probability (0.99) of near-surface permafrost occurrence within the lake catchment. Such 
conditions are conducive to slope instability and mass movements, particularly during warm periods 
where sub-surface ice may begin to thaw. However, comparison of pre- and post-event PlanetScope 
true- and false-color imagery reveals no clear evidence of a large landslide or coherent debris deposit 
on the slopes surrounding the lake (Figure 10a,b). No distinct scar or accumulation feature is 
detectable at PlanetScope resolution, suggesting that a major slope failure was unlikely to have 
directly initiated the outburst. While small, localized mass movements below the detection threshold 
of the imagery cannot be entirely excluded, there is no optical evidence to support a landslide-
dominated trigger. 
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Figure 9. Terrain context of the breached glacial lake and surrounding catchment. (a) Slope derived from the 
SRTM DEM, with the pre-GLOF lake outline overlain highlights the steep and topographically complex terrain 
surrounding the lake. (b) Google Earth image of the same area shows the lake position relative to adjacent high-
slope regions and near-vertical cliff walls in the upper catchment. 

The optical evidence suggests that the 2025 GLOF was driven by meltwater inflow from seasonal 
snow leading to overtopping or erosion and dam failure rather than by a large landslide trigger. GPM 
IMERG daily precipitation time series shows several short-duration precipitation events during 
August 2025 (Figure S5), suggesting moist soils as well as runoff inputs to the lake. Fresh snowfall on 
August 20, as shown by PlanetScope imagery, at higher elevations within the steep, rapidly draining 
catchment and its disappearance by August 22 (Figure S4) implies meltwater input prior to the 
outburst. Although ERA5-Land temperature time series indicates above-freezing air temperatures 
during this period (Figure S5), the coarse spatial resolution (~9 km) of the reanalysis product may 
overestimate temperatures at the high elevations. The rapid melt of the fresh snowfall likely 
produced short-term inflow pulses to the lake, increasing hydrostatic pressure on the moraine dam 
and enhancing overtopping or erosional failure potential prior to the outburst. 

Post-event imagery shows near-complete drainage of the lake, accompanied by widespread 
exposure of lakebed sediments and dam breach at the lowest point along the lake margin (Figure 
10b). A narrow, elongate corridor of light-toned disturbed material extends downstream from the 
breach, following a pre-existing topographic low. 

 

Figure 10. Pre- and post-event PlanetScope imagery of the glacial lake showing morphological changes 
associated with the 2025 GLOF. (a) The pre-event image shows the intact lake with the pre-GLOF lake outline 
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indicated. (b) The post-event image shows drained lake, breach point at the lowest lake margin, and a 
channelized flood-eroded and reworked sediment corridor extending downstream from the breach. 

4. Discussion 

4.1. Climatic and Cryospheric Controls on the 2025 GLOF 

Among the wide range of documented GLOF trigger mechanisms, dynamic mass movements 
into lakes, such as landslides, avalanches, rockfalls, or glacier calving, are widely recognized as the 
dominant trigger type [7,24,53]. Such mass movements can rapidly displace lake water and generate 
high-energy displacement waves that overtop and erode moraine dams [10,14]. Hydrometeorological 
extremes, including intense rainfall or rapid ice and snowmelt during exceptionally high 
temperatures, can destabilize dams by abruptly raising lake levels and increasing hydrostatic 
pressure on dam structures [59–61]. In addition to these dynamic triggers, more gradual processes 
may lead to GLOFs, including continuous lake level rise resulting in overtopping or hydrostatic 
failure, as well as internal degradation mechanisms such as seepage, piping, and the thawing of ice-
cored or permafrost-rich moraine materials that weaken dam stability over time [10,20,61,62]. 

The 2025 Talidas GLOF was most likely driven by a combination of anomalous climatic and 
cryospheric conditions rather than a discrete external trigger. Summer 2025 represented an extreme 
climatic outlier relative to the 2000-2024 baseline, characterized by a sustained positive thermal 
departure throughout the melt season. These persistently warm conditions likely enhanced 
catchment-wide snowmelt, accelerated lake growth, and resulted in unusually prolonged snow-free 
periods. The sustained rise in lake level would have progressively increased hydrostatic pressure on 
the moraine dam, promoting overtopping or erosional incision even in the absence of a sudden 
impact trigger. 

In addition to meltwater input, permafrost conditions within the high-elevation catchment may 
have further contributed to dam destabilization. The high probability of permafrost suggests the 
presence of frozen ground and potentially ice-rich moraine materials within the lake basin and 
surrounding terrain. Prolonged snow-free conditions, combined with anomalously warm conditions 
across much of the summer, would have increased surface energy absorption, promoting ground 
warming and potential permafrost degradation [13,63]. Degradation of permafrost in steep alpine 
terrain can increase the likelihood of rockfalls and slope failure, while thawing of ice-rich moraine 
materials may reduce structural cohesion and enhance internal seepage and erosion [64]. Although 
no clear optical evidence of slope failure was observed in the catchment, progressive weakening of 
frozen or ice-rich dam materials and increased erosional susceptibility under sustained hydrostatic 
pressure remain plausible contributing factors. 

Short-term hydrological pulses immediately prior to the outburst may have provided an 
additional destabilizing factor. The presence of fresh snow on August 20 on the upper slopes, 
followed by its disappearance by August 22, indicates a likely rapid melt event before the GLOF. In 
a steep, fast-draining catchment, rapid melt events can generate meltwater inflow over short 
timescales [64]. In addition, precipitation events during this period would have further increased 
catchment wetness and inflow to the lake. These short-lived melt and rainfall pulses, acting on an 
already stressed lake system, likely increased hydrostatic pressure on the moraine dam and 
contributed to overtopping or erosional breach. 

In summary, the 2025 Talidas GLOF was most likely the result of compound climatic and 
cryospheric forcing. Lakes of comparable extent were observed in earlier years (e.g., 1994, 2004, and 
2022) without documented outburst, indicating that maximum lake area alone did not control failure. 
In particular, during 2022-2024, the lake evolved more gradually, reached peak extent in mid-August, 
and subsequently contracted without abrupt drainage, while seasonal snow persisted throughout 
much of the summer, suggesting comparatively cooler melt-season conditions. In contrast, the 2025 
lake exhibited rapid expansion, reached a similar maximum extent on a comparable seasonal 
timeline, and then underwent abrupt drainage. This divergence in behavior points to the importance 
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of environmental preconditioning in 2025 but also to the unpredictable nature of GLOF events. The 
concurrence of sustained warm temperatures, early and prolonged snow depletion, potential 
permafrost-related weakening of moraine materials, and short-term late-season inflows likely 
enhanced meltwater inflow and hydrostatic pressure while progressively reducing dam stability, 
ultimately leading to overtopping or erosional breach. 

4.2. Implications for Remote Sensing-Based GLOF Monitoring and Early Warning 

Remote sensing has emerged as an essential tool for the detection and monitoring of glacial lakes 
in remote, high-mountain regions where ground-based observations are limited or logistically 
impractical [65,66]. Multi-temporal satellite imagery enables systematic tracking of lake evolution, 
identification of changes in surrounding terrain, and assessment of potential GLOF hazards [67]. 
Advances in high-resolution optical and radar datasets have further improved the ability to 
reconstruct lake growth histories, evaluate geomorphic conditions, and quantify downstream 
impacts [68–70]. The increase in spatiotemporal resolution of satellite imagery and the number of 
available data sources (Figure 3) will improve monitoring and predicting GLOF risks. The integration 
of remotely sensed observations with climate and cryospheric data has also enhanced understanding 
of how meteorological forcing influences lake behavior and GLOF occurrence [14,25]. 

The Talidas GLOF event demonstrates the value of high-temporal-resolution satellite 
observations for capturing the complete life cycle of a hazardous glacial lake. The PlanetScope time 
series allowed detailed tracking of lake area changes at sub-weekly intervals, documenting the 
evolution of the lake through July and early August 2025, and the abrupt disappearance following 
catastrophic drainage. The results highlight the importance of monitoring not only lake areas but also 
their rate of change and surrounding geomorphic conditions, meteorological variability, and seasonal 
snow dynamics, all of which provided important context for understanding the rapid lake expansion 
and drainage. 

These findings suggest that remote-sensing-based GLOF monitoring frameworks should move 
beyond a sole focus on maximum lake size. Greater emphasis should be placed on tracking the 
trajectory of lake growth, evaluating dam and catchment characteristics, and identifying potential 
triggering processes such as landslides, avalanches, glacier calving, anomalous meteorological 
conditions or gradual dam degradation. Historical lake behavior, as documented through multi-
decadal satellite records, can provide critical context for assessing which lakes are exhibiting 
anomalous or hazardous development patterns, such as rapid lake growth. Incorporating indicators 
such as early snow cover depletion in lake catchments, anomalously warm temperatures, rapid or 
sustained increases in lake area, and observable geomorphological changes into routine monitoring 
protocols can improve the ability of remote sensing to support early-warning systems and proactive 
risk management. This study illustrates how dense time-series observations, when combined with 
climatic and cryospheric information, offer a practical and scalable foundation for GLOF surveillance 
in data-scarce mountain environments. 

4.3. Limitations and Future Directions 

Although this study benefited from high spatial resolution (3 m) PlanetScope imagery for 
mapping lake outlines, several sources of uncertainty remain. Manual delineation using high-
resolution imagery reduces area estimation errors relative to coarser-resolution sensors, but shoreline 
mapping can still be affected by snow cover, cast shadows, turbid water, and variable illumination 
conditions [71–73]. Our analysis relied primarily on optical imagery, which is inherently constrained 
by cloud cover and seasonal weather conditions [66]. Nevertheless, the daily temporal resolution of 
PlanetScope imagery provided a sufficiently dense record to capture lake evolution and seasonal 
snow dynamics with minimal temporal gaps. 

While pre- and post-event imagery allowed us to rule out external mass movement as a likely 
trigger of the 2025 GLOF, optical data alone are insufficient to fully diagnose failure mechanisms such 
as internal piping, ice-core degradation, or progressive dam weakening. The absence of in-situ 
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observations limits direct validation of remote-sensing-based interpretations and prevents detailed 
characterization of the dam structure and channel erosion processes. In addition, our interpretation 
of melt-season climatology relies on ERA5-Land reanalysis data (~9 km resolution), which may not 
fully resolve strong elevational gradients and microclimatic variability within small catchments. 
Previous studies have shown that ERA5 temperatures can overestimate observed values during pre-
monsoon and monsoon periods in complex mountain terrain, reflecting limitations in representing 
fine-scale temperature fluctuations [74–76]. 

Future work could address these limitations through the integration of complementary datasets 
and methods. Synthetic Aperture Radar (SAR) imagery offers an all-weather alternative to optical 
observations and could enable more consistent monitoring of lake extent and surrounding slope 
conditions, particularly during periods of persistent cloud cover. Multi-temporal DEMs derived from 
stereo optical imagery or radar interferometry would allow estimation of volumetric changes in the 
lake basin and adjacent terrain, improving understanding of pre-failure lake dynamics and 
geomorphic precursors. Targeted field investigations, where feasible, would further strengthen 
interpretations by providing direct information on dam composition, subsurface conditions, and 
potential GLOF triggers. 

Further, reconstruction of the 2025 GLOF, including post-breach flood routing, sediment 
transport analysis, and channel evolution mapping, would enhance understanding of downstream 
impacts and process dynamics. Combining optical time series, SAR observations, DEM analysis, and 
hydrodynamic modeling represent a promising pathway for improving the physical interpretation 
of GLOF processes and advancing remote-sensing-based early-warning frameworks in high-
mountain regions. 

5. Conclusion 

This study documented the seasonal evolution and abrupt drainage of a moraine-dammed 
glacial lake in the Talidas catchment using a multi-sensor remote sensing framework. High-
resolution PlanetScope imagery captured the full life cycle of the lake during the 2025 melt season, 
revealing initial lake formation in mid-June, sustained expansion through July and early August, and 
near-complete drainage on August 22, 2025. The lake reached a maximum area of 0.052 km2 prior to 
the outburst, expanding by more than a factor of four over two months. Multi-decadal analysis using 
Landsat (1992-2018) and PlanetScope (2017-2024) imagery shows that lake formation in this 
catchment has historically been intermittent and short-lived, with no clear evidence of abrupt 
drainage events prior to 2025, highlighting the anomalous nature of the 2025 GLOF. 

Integrated analysis of lake dynamics, seasonal snow cover, and temperature indicates that the 
2025 event was most consistent with compound climatic and cryospheric forcing rather than a 
discrete external trigger. Summer 2025 was characterized by persistently warmer conditions relative 
to the 2000-2024 baseline, rapid seasonal snowmelt within the catchment, and early and prolonged 
snow-free conditions. These factors likely enhanced meltwater inflow and increased hydrostatic 
pressure on the moraine dam. The absence of identifiable landslide scars or impact deposits signals 
in pre- and post-event imagery further supports an overtopping or erosion-dominated failure 
mechanism driven by continuous lake growth and hydrostatic pressure rather than sudden 
displacement waves. The possible presence of permafrost within the catchment suggests an 
additional preconditioning mechanism, whereby sustained warm conditions may have weakened 
ice-rich moraine materials and reduced dam stability over the melt season. Short-term hydrological 
pulses associated with precipitation shortly before the outburst may have provided an additional 
hydrological input to an already critically filled lake. 

This study demonstrates the critical value of high-temporal-resolution satellite observations for 
reconstructing hazardous glacial lake evolution in remote, data-scarce mountain regions. The 
integration of optical imagery (PlanetScope and Landsat), MODIS-based snow cover data, ERA5-
Land temperature reanalysis, and permafrost probability datasets provided a comprehensive, multi-
dimensional framework for diagnosing potential GLOF controls without field observations. This 
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highlights the growing role of multi-sensor remote sensing as a practical and scalable tool for GLOF 
monitoring and post-event forensic analysis in inaccessible alpine terrain. The results also have direct 
implications for remote-sensing-based GLOF monitoring and early-warning efforts. The Talidas case 
shows that indicators such as extreme temperatures, rapid and persistent snow depletion, lake 
expansion, and geomorphic observation of lake surroundings may collectively signal elevated 
outburst risk. Incorporating time-series analysis of snow dynamics, climatic anomalies, and lake 
growth trajectories can substantially improve the identification of anomalous and potentially 
hazardous lake evolution. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. Figure S1: False color composite of PlanetScope image from August 04, 2025, 
showing multiple lakes upstream of the Talidas settlement. The lake at the highest elevation drained out on 
August 22, 2025, while the lakes below overflowed due to the flood wave but remained structurally intact and 
did not undergo catastrophic drainage; Table S1: Summary of remote sensing and reanalysis datasets used in 
this study, including sensor/source, temporal coverage, spatial resolution, and specific applications in the study; 
Table S2: Performance metrics for independent temporal validation of the Random Forest snow classification 
using manually digitized validation polygons from June 20, July 2, and July 21, 2025; Figure S2: Number of snow-
free days in the lake catchment during the June-September period for 2000-2025 derived from MODIS 
observations. The horizontal blue line indicates the mean number of snow-free days for the 2000-2024 baseline. 
The chart shows that 2025 experienced the highest number of snow-free days in the 26-year record, reflecting 
exceptionally early and sustained seasonal snow depletion; Figure S3: Seasonal evolution of fSCA within the 
lake catchment for the 2022-2025 melt seasons. All years show rapid snow depletion during early summer 
followed by low and stable values in July-August. The 2025 season exhibits consistently lower fSCA and earlier 
transition to near-snow-free conditions compared to the preceding years; Figure S4: False color composite of 
PlanetScope image from August 20, 2025, showing fresh snow on the higher elevation slope upstream of the 
lake, which disappeared in addition to the drainage of the lake by the August 22, 2025, image; Figure S5: Daily 
areal-mean precipitation over the lake catchment during August 2025 derived from GPM IMERG V07 dataset 
and daily temperature derived from ERA5-Land dataset. The precipitation pulses preceding the outburst 
suggest additional short-term hydrometeorological inflow and moist soil. 
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ETM+ Enhanced Thematic Mapper Plus 
fSCA Fractional Snow-covered Area 
GIS Geographic Information System 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 March 2026 doi:10.20944/preprints202603.0519.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.0519.v1
http://creativecommons.org/licenses/by/4.0/


 17 of 18 

 

GLOF Glacial Lake Outburst Flood 
GPM Global Precipitation Measurement 
IMERG Integrated Multi-satellitE Retrievals 
MODIS Moderate Resolution Imaging Spectroradiometer 
NIR Near Infrared 
OLI Operational Land Imager 
RF Random Forest 
SAR Synthetic Aperture Radar 
SCA Snow-covered Area 
SD Standard Deviation 
SRTM Shuttle Radar Topography Mission 
TM Thematic Mapper 
USGS United States Geological Survey 
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