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ABSTRACT

ARTICLE INFO

This study provides the first systematic assessment of glacial lake hazards
in Panjshir Province, Afghanistan, where rapid glacier retreat has
facilitated the formation and expansion of numerous glacial lakes and
intensified downstream risk. Using Landsat and Sentinel-2 imagery, a 5-m
DEM, and GIS-based morphometric extraction, 135 glacial lakes were
identified and evaluated through a composite Glacial Lake Outburst Flood
Risk Index (GLOFRI). Six key parameters—Ilake area, outlet slope, glacier
proximity, dam type, cascade configuration, and elevation—were used to
calculate normalized hazard scores. GLOFRI values ranged from 0.0162 to
0.575 and were classified by the Equal Interval method into three hazard
levels. Results show that four lakes (2.96%) fall within the high-risk
category, primarily characterized by relatively large surface areas,
unstable moraine dams, steep outlet slopes, and direct proximity to active
glaciers. Fifty-nine lakes (43.70%) were classified as medium-risk and
seventy-two (53.33%) as low-risk. Spatial analysis confirms that high-risk
lakes are clustered immediately downstream of glacier fronts and
connected to steep, confined valleys, representing the most immediate
threat to communities, infrastructure, and irrigated land in Panjshir. The
resulting prioritized inventory of potentially dangerous glacial lakes
provides an essential baseline for monitoring, early-warning development,
and GLOF-focused disaster risk reduction, and it offers a transferable
framework for glacial lake hazard assessment in other data-scarce
mountain regions.
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INTRODUCTION

In recent decades, climate change has accelerated glacier melt and promoted the growth of

glacial lakes in cryospheric regions, increasing the volume of water stored in these systems.
Glaciers and their associated lakes are critical freshwater sources that sustain ecosystems and
support livelihoods in many mountain valleys. According to the 2025 UNESCO World Water

Development Report, approximately two billion people worldwide rely on mountain water

resources, including glaciers and seasonal snow, for drinking water, agriculture, sanitation,
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and income generation (UNESCO, 2025). In Afghanistan, millions of people in mountainous
provinces such as Badakhshan, Panjshir, Bamyan, and Nuristan depend on glacial meltwater
and snowmelt for domestic use, farming, and livestock rearing.

One of the most severe hazards associated with glacier retreat is glacial lake outburst
floods (GLOFs), which occur when natural dams—particularly unconsolidated moraine
dams—fail and release large lake volumes over short timescales. Such events can endanger
thousands of people and cause extensive damage to infrastructure, farmland, and
livelihoods. A recent study estimated that more than 300,000 people in Afghanistan are
potentially exposed to GLOF hazards (Taylor et al., 2023), highlighting the vulnerability of
mountain valleys and downstream regions connected to glacier-fed rivers.

Panjshir Province, located in the Hindu Kush—Himalayan mountain ranges, is an entirely
mountainous region with numerous glaciers and expanding glacial lakes. Its population,
estimated at around 173,000 in 2021, is largely concentrated along valley floors and depends
heavily on glacier-derived water resources (EUAA, 2020). The GLOF threat in Afghanistan is
already evident. On 12 July 2018, failure of a glacial lake at about 4,500 m a.s.l. in Peshghor
Valley, Panjshir, generated a debris-laden flood that travelled roughly 14 km downstream,
killing at least ten people and destroying houses, roads, and fertile agricultural lands. An
investigation by the Ministry of Energy and Water, in collaboration with the SERVIR-HKH
initiative at ICIMOD, showed that ice melt within the moraine and subsequent seepage and
overtopping led to catastrophic dam failure (ICIMOD, 2019). On 13 June 2025, the failure of a
natural reservoir in the Taghanak highlands of Andarab District, Baghlan Province, destroyed
five villages, more than 120 houses, over 2km?2 of farmland, dozens of orchards, five mosques,
bridges, and hundreds of livestock; timely evacuation prevented human casualties, but
economic and environmental losses were severe (AMU TV, 20253; ThermMedia, 2025b).

These eventsillustrate the growing risk posed by glacier retreat and glacial lake instability
in Afghanistan and underscore the need for systematic monitoring and preventive measures.
The Intergovernmental Panel on Climate Change (IPCC, 2021) has emphasized that rising
global temperatures are increasing both the number and volume of glacial lakes, thereby
intensifying the likelihood of GLOFs. Despite this, Afghanistan lacks a comprehensive,
nationwide scientific assessment of potentially dangerous glacial lakes, and GLOF hazards
are only weakly incorporated into national development and disaster-preparedness
strategies (Taylor et al., 2023). In contrast, neighbouring Hindu Kush—Himalayan countries
such as Nepal, Bhutan, and India have established national GLOF risk management
programmes that combine monitoring, modelling, and early-warning systems (Aggarwal,
2016; United Nations [UN], 2012).

Globally, numerous studies have demonstrated that integrating remote sensing,
Geographic Information Systems (GIS), and modelling techniques is effective for glacial lake
monitoring and GLOF hazard assessment. In the Himalaya, moraine-dammed lakes have
been shown to be particularly hazardous due to their structural instability and propensity for
sudden, high-magnitude floods (Ives et al., 2010; CBS News, 2018a; TOLO News, 2018b;
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Xinhua Net, 2018¢). Wang et al. (2011) used satellite imagery and topographic analysis in
Tibet to identify more than 120 potentially dangerous glacial lakes, while Allen et al. (2016)
combined remote sensing and hydrological modelling to map GLOF hazard in Nepal,
highlighting the extreme vulnerability of downstream communities. These studies
demonstrate the utility of RS—GIS approaches for identifying and classifying potentially
dangerous glacial lakes.

In Afghanistan, however, research remains limited. Gardelle et al. (2011) conducted a
regional-scale remote sensing study that identified glacial lakes across the Hindu Kush—
Himalayan region, including Afghanistan, and classified some as potentially dangerous. The
2011 ICIMOD report similarly drew attention to emerging GLOF risks in Afghan mountain
valleys, particularly in Badakhshan and Panjshir, and Maharjan (2018) stressed the need for
regional-level attention to this hazard. Nevertheless, Panjshir still lacks a dedicated,
province-scale assessment of glacial lakes and their GLOF potential, and the absence of
accurate spatial data continues to constrain effective risk-reduction strategies (Taylor et al.,
2023).

Given the presence of several glacial lakes in Panjshir, the documented occurrence of
catastrophic floods, and the relatively large downstream population, there is a clear need for
a systematic, remote sensing-based analysis of glacial lake distribution and outburst
susceptibility. The availability of multi-temporal satellite imagery (e.g., Landsat, Sentinel,
Google Earth) and digital elevation models (DEMs) makes Panjshir an appropriate case study
for such an assessment.

Accordingly, the main objective of this study is to identify glacial lakes in Panjshir
Province and assess their potential GLOF hazard using remote sensing and GIS-based spatial
analyses. Specifically, the study addresses the following questions:

1. Which glacial lakes in Panjshir exhibit the highest potential for GLOF occurrence?

2. What are the key geographical and physical characteristics of lakes with significant
GLOF hazard potential?

By answering these questions, the research develops a risk-classification framework for
glacial lakes in Panjshir and provides scientific evidence to support GLOF risk management
and disaster risk reduction at the local and national levels.

METHODS AND MATERIALS

This section describes the data sources, analytical tools, and procedures used to identify
glacial lakes in Panjshir Province and to assess their susceptibility to outburst flooding. The
study integrates multi-temporal optical satellite imagery, a high-resolution digital elevation
model (DEM), and ancillary spatial datasets within a GIS environment to construct a
consistent glacial lake inventory and derive key morphometric and topographic parameters.
Remote sensing techniques are used to delineate lake extents and glacier—lake relationships,
while GIS-based spatial analysis supports parameter extraction, index calculation, and hazard
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mapping. Together, these methods provide a transparent, reproducible framework for
evaluating potentially dangerous glacial lakes in a data-scarce, high-mountain context.

Research Design

The research was designed as a spatially explicit, GIS-based hazard assessment that proceeds
from lake inventory compilation to multi-criteria risk evaluation. First, core spatial datasets
were assembled, including multi-temporal Landsat and Sentinel-2 imagery, a 5-m DEM,
administrative boundaries, glacier outlines, and the drainage network for Panjshir Province.
Optical imagery was pre-processed and used, in combination with the DEM, to delineate
glacial lakes, filter out non-glacial water bodies, and generate a harmonized inventory. Lakes
smaller than the predefined minimum area threshold were excluded to focus on basins with
plausible outburst potential.

In the second stage, the DEM and derived layers were used to extract morphometric and
environmental parameters for each mapped lake, including lake area, outlet slope, elevation,
dam type, glacier proximity, and cascade configuration. These six parameters were then
grouped into discrete classes, normalized, and combined through a weighted multi-criteria
scheme to calculate a Glacial Lake Outburst Flood Risk Index (GLOFRI) for each lake. Finally,
GLOFRI values were classified into hazard levels and mapped across the province, providing
a spatially coherent representation of potentially dangerous glacial lakes and supporting the
interpretation of their distribution in relation to downstream exposure.

Study Area

The study area of this research is Panjshir Province, located in northeastern Afghanistan. It is
a mountainous and elevated region situated on the southern slopes of the Hindu Kush range,
sharing borders with the provinces of Badakhshan, Nuristan, Laghman, Kapisa, Parwan, and
Takhar. Panjshir is characterized by a cold mountain climate with snow-rich winters, which
provides favorable conditions for the formation and persistence of glaciers (Gardelle et al.,
2011).
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Figure 1. Geographical location of the study area
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The distinctive geographical features of this region include towering mountain ranges,
narrow and deep valleys, and fast-flowing rivers. Most of the province lies above 3,000 meters
above sea level, with some peaks in the northern highlands of Panjshir rising above 5,000
meters. These topographic and climatic conditions create a suitable setting for the formation
of glacial lakes, particularly moraine-dammed lakes.

As a result of recent climate-driven glacier retreat, a significant number of glacial lakes
have emerged in the high-altitude regions of Panjshir (Leitzell, 2021). Although these lakes
are often located in remote and rugged upstream areas, the downstream settlements,
agricultural lands, roads, and critical infrastructure are exposed to potential glacial lake
outburst floods (GLOFs). The sudden failure of natural dams of these lakes could trigger
severe and catastrophic floods, causing substantial human and economic losses (Taylor et al.,
2023).

Preliminary analyses of satellite imagery reveal that Panjshir hosts a considerable
number of glacial lakes, some of which are situated in locations with high GLOF risk potential
(SERVIR, 2019). This situation underscores the necessity for detailed and comprehensive
hazard assessments. The geographical location of the study area (Panjshir Province) and the
boundaries of its districts are illustrated in Figure 1.

Data Used

In this research, a combination of remote sensing datasets and reference geospatial sources
was utilized to identify, extract, and conduct spatio-temporal analyses of glacial lakes in
Panjshir Province, as well as to perform accurate GLOF risk assessments. These datasets
include:

Landsat 8 and Landsat 9 (OLI/TIRS) imagery: To ensure accurate detection of glacial lakes,
the Normalized Difference Water Index (NDWI) was applied to multispectral imagery with a
spatial resolution of 30 meters. These datasets were particularly valuable for assessing and
monitoring temporal variations in glacial lake dynamics. Nevertheless, given that snow-
covered surfaces may exhibit spectral properties similar to water in NDWI results, the
Normalized Difference Snow Index (NDSI) was subsequently employed to mask such areas
and enhance classification accuracy.

Sentinel-2 (MSI) imagery: With its higher spatial resolution (10-20 meters) and more refined
spectral band configuration, Sentinel-2 imagery was utilized for the precise delineation of
glacial lake boundaries and for detailed analysis of their spectral characteristics. This dataset
was particularly important for mapping small-sized lakes and those located within complex
or rugged topographic settings, where higher accuracy was required.

Digital Elevation Model (DEM) with 5-meter resolution: This high-resolution DEM
provides more detailed topographic information compared to standard DEMs such as SRTM
(30 m) or ASTER (30 m). It was used for:
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v Precise extraction of lake outlets (outlet detection)
v Calculation of slope, elevation, and morphological characteristics of lakes
v Delineation of watershed boundaries

Base maps and reference geospatial data: Including vector layers such as administrative
boundaries, rivers, roads, and settlement locations, compiled from sources such as
OpenStreetMap, Google Earth, and the Afghanistan National Statistics and Information
Authority (NSIA). These datasets were used to analyze the potential impacts of floods on
human settlements and critical infrastructure.

Data Analysis

A remote sensing and GIS workflow was used to identify glacial lakes in Panjshir Province,
derive key morphometric parameters, and evaluate their outburst susceptibility using a
composite Glacial Lake Outburst Flood Risk Index (GLOFRI). Multi-temporal Landsat 8/9 and
Sentinel-2 imagery, a 5 m DEM, and supporting spatial datasets were processed in four
stages: (1) satellite data preprocessing, (2) glacial lake identification, (3) parameter
extraction, and (4) computation and mapping of the risk index (Figure 2).
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Figure 2. Flow chart of the potentially GLOFs analysis in Panjshir Province
Stage 1: Preprocessing of Satellite Data

Landsat and Sentinel-2 images were corrected for geometric and atmospheric effects.
Sentinel-2 Level-2A products were used directly, whereas Landsat scenes were processed
with standard ENVI routines, then all imagery was reprojected to a common UTM coordinate
system to align with the DEM and vector layers.

Stage 2: Identification of Glacial Lakes Geography

Water bodies were mapped using spectral indices such as the Normalized Difference Water
Index (NDWI) and Normalized Difference Snow Index (NDSI). Empirical thresholds and visual
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inspection were combined to separate open water from snow, ice, and shadow. The binary
water masks were converted to polygons and edited in GIS to remove non-glacial water
bodies, yielding a cleaned inventory of glacial lakes.

Stage 3: Morphometric Parameters Calculation of Lakes

Six parameters were selected, based on previous studies, to represent intrinsic lake
properties and external controls on GLOF susceptibility (Fujita et al., 2013; Iribarren Anacona
et al., 2014; lves et al., 2010; Allen et al., 2016; Wang et al., 2011). Lake surface area (with
lakes = o0.015 km? treated as higher-volume), outlet slope (mean slope within 100 m
downstream classified as < 8°, 8-15°, > 15°), and altitude (< 4,200 m; 4,200-5,200 M) were
derived from the 5 m DEM. Glacier proximity was expressed as the distance from each lake
to its active parent glacier; lakes directly connected to, or within soo m of, a glacier were
treated as more hazardous because of potential ice or rock-avalanche impacts, and were
initially coded 0.1 versus o for disconnected lakes before inverse normalization (Zehra Jawaid,
2017). Dam type distinguished structurally unstable moraine-dammed from relatively stable
rock-dammed lakes (lves et al., 2010). Cascade configuration recorded the number of
upstream lakes (o, 1-2, = 3), indicating the potential for stepwise or chain-reaction failures
(Allen et al., 2016).

Stage 4: Supplementary Analyses and Identification of (PDGLsS)

The six parameters—Lake Area (A), Outlet Slope (H), Glacier Distance (S), Altitude (Alt), Dam
Type (D), and Cascade Configuration (P)—were combined to quantify relative GLOF
susceptibility, identify potentially dangerous glacial lakes (PDGLs), and analyse their spatial
patterns. To make parameters measured in different units comparable, min-max
normalization was applied to those directly proportional to hazard:

X — Xmi
xi=—mm (1)

Xmax - Xmin

where X'is the normalized value of parameter X, Xis the observed value for a given lake, and
Xminand Xpaxare the minimum and maximum values of that parameter across all lakes. For
Glacier Distance, which is inversely related to hazard, inverse normalization was used:

X—-X
i = @

Xmax - Xmin

so that shorter glacier—lake distances correspond to higher hazard values.

Weights (w) were assigned to each parameter according to their relative importance in GLOF
hazard assessment. Following Khanal et al. (2015), Lake Area, Outlet Slope, Glacier Distance,
and Altitude were given weights of 0.20, 0.17, 0.13, and 0.17, respectively; Dam Type was
assigned o.20 to reflect the instability of moraine dams (lves et al., 2010), and Cascade
Configuration received a weight of 0.13 (Allen et al., 2016). The overall hazard of each lake
was computed using the GLOFRI as a weighted linear combination of normalized
parameters:
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GLOFRI = w,A" + wyH' 4+ wsS' + wyAlt' + wpD' + wp P’ 3)

where A’, H', S', Alt’, D', and P’denote the normalized parameter values. The resulting
GLOFRI values were classified using the Equal Interval method into three hazard classes with
aninterval of 0.2 (Table 1).

Table 1. Classification of Glacial Lake Hazards Based on Risk Index Intervals

No. Classification GLOF Risk Index
1 High Hazard (Rank 1) 0.4—0.6

2 Moderate Hazard (Rank 2) 0.2-0.4

3 Low Hazard (Rank 3) 0-0.2

This classification enabled the identification of lakes requiring urgent monitoring and
mitigation. The classified GLOFRI values were then integrated into the GIS environment to
produce spatial hazard maps (Figures 3 and 4), showing the distribution of high-, medium-,
and low-risk glacial lakes across Panjshir Province and supporting downstream risk analysis.

FINDINGS

This section presents the main findings of the glacial lake inventory and GLOF hazard
assessment for Panjshir Province and interprets themin light of regional cryospheric change.
First, we describe the spatial distribution and morphometric characteristics of the 135
identified glacial lakes, including their altitudinal range, dam types, and relationships to
surrounding glaciers. We then report the results of the single-parameter analyses and the
composite Glacial Lake Outburst Flood Risk Index (GLOFRI), highlighting the classification of
lakes into high-, medium-, and low-hazard categories and the spatial clustering of potentially
dangerous lakes along key drainage corridors. Finally, these results are discussed in
comparison with previous glacial lake and GLOF studies from the wider Hindu Kush-
Himalaya region, with particular attention to implications for local risk, data-scarce hazard
assessment, and evolving conditions under climate change.

Characteristics and spatial distribution of glacial lakes in Panjshir

Based on the Remote sensing and GIS analysis, we identified 135 glacial lakes in Panjshir
Province that meet the morphometric and topographic criteria for inclusion in the GLOF
hazard assessment. The lakes are overwhelmingly concentrated between 4,200 and 5,200 m
A.S.L, with 127 lakes (94%) in this elevation band and only 8 lakes (6%) below 4,200 m. No
lakes in the inventory occur above 5,200 m. This clustering in the mid-high elevation belt is
consistent with regional inventories in the Hindukush—Himalaya, where the most rapidly
evolving lakes tend to form at or just below contemporary glacier termini (e.g., Gardelle et
al., 2011; Azizi & Lane, 2025).The province-wide spatial distribution of these 135 glacial lakes
is shown in Figure 3.
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Figure 3. Geographical location of the recognized glacial lakes in Panjshir province

In terms of dam type, 23 of the mapped lakes are moraine-dammed, whereas the
remaining 112 are bedrock, landslide or mixed-dammed. Moraine-dammed lakes were
treated as intrinsically higher hazard owing to their unconsolidated, ice-rich dam material
and susceptibility to piping, overtopping and incision, in line with previous work in the
Himalaya and Andes (Emmer et al., 2016; lves et al., 2010; Richardson & Reynolds, 2000).

Lake—glacier connectivity further constrains hazard potential. Eight lakes are directly
connected to an active glacier or occupied the glacier margin at the time of analysis; six lakes
are within o-5oo m of a parent glacier; and 12 lakes lie more than 5oo m from the nearest
glacier. Lakes with direct or near-direct ice contact have the highest potential for rapid
expansion, ice- or rock-avalanche impact, and sudden changes in inflow, as demonstrated in
Nepal and Tibet (Allen et al., 2019; Khadka et al., 2021).

Outlet slope was derived from a 5 m DEM and classified into three hazard classes: 39 lakes
(29%) have low downstream slopes of 0-8°, 72 lakes (53%) have intermediate slopes of 8-
15°, and 24 lakes (18%) have steep slopes >15°. Steeper slopes amplify the erosive capacity
of an outburst flood and increase the likelihood of dam incision or breach, especially for
unconsolidated moraine dams (Kougkoulos et al., 2018; Rounce et al., 2016).

Finally, a subset of lakes is organized in cascade configurations, where multiple lakes are
hydrologically connected along the same flow path. Although Panjshir dataset does not
contain a large number of large cascade systems, the presence of upstream lakes above some
candidate lakes was explicitly encoded in the hazard index, recognizing the potential for
stepwise, chain-reaction failures (Aggarwal et al., 2017; Emmer, 2017).
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Overall, Panjshir lake population is dominated by small to medium-sized lakes at mid-
high elevations, with a minority of moraine-dammed and glacier-connected lakes that
geomorphologically resemble lakes implicated in past GLOFs elsewhere in High Mountain
Asia (Bajracharya et al., 2020; Shrestha et al., 2023).

Single-parameter hazard patterns

The single-parameter assessment isolates the contribution of individual morphometric
and environmental factors before integrating them into the composite GLOFRI (Glacial Lake
Outburst Flood Risk Index).

Lake surface area: Lakes with an area =0.015 km? were treated as potentially dangerous,
reflecting their capacity to store sufficient water to generate damaging discharges. Although
the exact frequency distribution by size class is not reported in detail, the inventory contains
only a small number of larger lakes, and most lakes fall close to the lower threshold. This
contrasts with basin-scale studies that often use higher area thresholds (0.02—-0.1 km?) and
thereby under-represent small but rapidly forming lakes (Aggarwal et al., 2017; Azizi & Lane,
2025; Islam & Patel, 2022).

Outlet slope: The outlet slope classification shows that nearly one-fifth of the lakes (24; 18%)
exhibit steep downstream gradients >15°, placing them in the high-risk class. These lakes are
prone to rapid erosion and incision of the dam during overtopping events, potentially leading
to full dam breach. In contrast, 39 lakes (29%) with gentle outlet slopes (0-8°) are less
susceptible to catastrophic erosion, although they remain vulnerable to other triggers such
as ice- or rock-avalanche waves.

Distance from parent glacier: Among the 26 lakes that are either glacier-connected or
located within 5oo m of a parent glacier, 8 are directly attached to glacier ice and 6 lie within
o-500 m, placing them in the “very high” and “high” hazard classes, respectively. The
remaining proximal lakes (>500 m) still retain potential for glacier-related triggers but at
reduced probability. This pattern mirrors findings from Nepal, Bhutan and the wider
Hindukush—Karakoram—Himalaya (HKH), where the vast majority of documented GLOFs
have originated from lakes in direct or near-direct contact with retreating glacier termini
(Allen et al., 2019; Bajracharya et al., 2020; Khadka et al., 2021; Wang et al., 2013).

Elevation: The strong clustering of lakes between 4,200-5,200 m —with no lakes above 5,200
m — indicates that Panjshir lakes occupy the transition zone where glacier mass loss and
meltwater input are currently most active. This altitudinal range coincides with rapid lake
growth zones documented in the central Himalaya and Tibetan Plateau (King et al., 2019;
Zhang et al., 2015), reinforcing the expectation that continued warming will preferentially
enlarge lakes in this band.

Dam type: Of the 135 lakes, 23 are moraine-dammed and were classified as high hazard for
dam-type alone, while the remaining 112 non-moraine-dammed lakes were placed in a lower
hazard class. This is consistent with regional statistics from High Mountain Asia, where more
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than 9o% of recorded GLOFs have been linked to moraine- orice-dammed lakes (Bajracharya
et al., 2020; Harrison et al., 2018; Shrestha et al., 2023).

Cascade configuration: Lakes situated downstream of one or more upstream lakes received
higher single-parameter scores, acknowledging the potential for cascading failures. Even if
individual lakes are only moderately hazardous, their configuration in a cascade can lead to
compound GLOF process chains, as shown in Nepal and the eastern Himalaya (Gouli et al.,
2023; Sattar et al., 2023).

Taken together, the single-parameter analysis already isolates a small but distinct subset
of lakes that combine hazardous characteristics: moderate—large area, steep outlet slopes,
short glacier—lake distances, moraine dams, and cascade positions. These lakes predictably
re-emerge as the highest-risk class when the normalized and weighted parameters are
integrated into the composite index.

Composite GLOFRI-based hazard classification

Using normalized and weighted parameters, the GLOFRI values for the 135 lakes range from
0.0162 to 0.575. Equal-interval classification of the index yields three hazard levels:

o High-risk: 4 lakes (2.96%)
e Medium-risk: 5g lakes (43.70%)
e Lowe-risk: 72 lakes (53.33%)

The locations of these four high-hazard, GLOF-prone lakes within Panjshir drainage
network are shown in Figure 4, and detailed map views of the four high-hazard lakes,
including outlet morphology, dam characteristics, and surrounding terrain, are presented in
Figure 5.

GLIMSID  AF358476701906
Longitude 70.190647
Latitude 35.847609

GLIMSID  AF355796701820
Longitude 70.182090
Latitude 35.579652

GLIMSID  AF355084700621
Longitude 70.062174
Latitude 35.508406

GLIMSID  AF353195698643
Longitude 69.864368
Latitude 35.319532

Figure 4. Location of Four Glacial Lake Outburst Flood—Prone Lakes in Panjshir Province
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Figure 5. Detailed view of the four GLOF-prone glacial lakes, showing their parameter
values at a large scale

The small proportion of high-risk lakes is consistent with the expectation that only a limited
subset of lakes combine multiple unfavorable conditions, yet the absolute number is still
significant considering the narrow valley floors and high downstream exposure in Panjshir.
High-risk lakes are characterized by:

e areas at or above the =0.015 km2 threshold,

o steep outlet slopes (>15°),

e moraine dams with visible instability indicators (steep distal faces, irregular
crests),

 direct or very short (<500 m) connections to active glaciers, and

e insome cases, the presence of upstream contributing lakes.

Spatial analysis indicates that these four high-risk lakes are located in upper catchments
where steep longitudinal profiles, confined channels and short distances to settlements
converge to create highly efficient flood pathways. Although the manuscript does not name
these lakes explicitly in the results section, their locations coincide with known GLOF-prone
tributaries that have already produced damaging events historically, as reported by national
agencies and previous case-study work.

Medium-risk lakes, which constitute nearly 44% of the inventory, typically exhibit
intermediate combinations of parameters—moderate area, moderate slopes, larger glacier—
lake distances, or more stable bedrock dams. These lakes may not be immediately critical but
should be prioritized for periodic monitoring and time-series change detection, as migration
of a few key parameters (e.g., rapid area expansion, development of supraglacial
connections, or increased mass-movement activity on surrounding slopes) could push them
into the high-risk class within a short time frame (Emmer et al., 2016; Rounce et al., 2016).
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Low-risk lakes, which make up just over half of the inventory, are generally small, located on
gentle slopes, structurally constrained by bedrock or well-buttressed landform dams, and
hydrologically disconnected from glaciers. While individually unlikely to trigger catastrophic
outbursts under current conditions, they still contribute to cumulative downstream flood
peaks under extreme precipitation or snowmelt events and may evolve into more hazardous
configurations under sustained glacier retreat.

Comparison with regional assessments in the Hindukush region of Afghanistan: Panjshir-
specific findings align closely with, but also add nuance to, recent regional-scale assessments
for the Hindukush region of Afghanistan. Azizi and Lane (2025) applied a 13-factor, AHP-

based multi-criteria framework to 2,596 lakes (z0.01 km?) and identified 162 candidate lakes,

of which 36 were classified as high-susceptibility and 54 as medium-susceptibility. Similar to
the present study, they found that:

e Moraine- and debris-ice-dammed lakes dominate the high-hazard classes,

e The most susceptible lakes are concentrated between 4,500-5,000 m a.s.l.,
and

e Smaller lakes (0.01—0.04 km?2) comprise a surprisingly large share of high- and
medium-hazard lakes.

Panjshir analysis adopts a somewhat coarser parameter set but arrives at qualitatively
similar conclusions: high-risk lakes are generally small to moderate in area but are structurally
and topographically unfavorable (steep, moraine-dammed, glacier-proximal). However, the
use of a slightly higher minimum area threshold (0.015 km2 vs. 0.01 km?) likely results in the
omission of the smallest, but potentially rapidly growing, lakes documented by Azizi and
Lane (2025) across the wider Hindukush. This suggests that Panjshir assessment may still be
conservative with respect to emerging micro-lakes forming in recently deglaciated
overdeepenings.

Another point of convergence is the importance of glacier-lake connectivity and
surrounding mass-movement potential. In both studies, lake-surrounding topographic
triggers (rock/debris fall, snow-ice avalanches) and glacier proximity receive high weights in
the multi-criteria frameworks, reflecting the empirical observation that more than 70% of
recorded GLOFs in High Mountain Asia are linked to mass-movement impact or rapid inflow
events (Allen et al., 2019; Harrison et al., 2018; Shrestha et al., 2023). Panjshir GLOFRI
similarly prioritizes lakes that combine steep contributing slopes, short ice distances, and
unstable dams.

Methodologically, the regional Hindukush study employs a more extensive factor set (13
vs. 6) and explicitly quantifies freeboard proxies, downstream slopes at standardized
distances, and watershed properties using high-resolution DEMs. Panjshir study, in contrast,
applies a smaller but computationally efficient parameter set that can be implemented with
limited data and institutional capacity. This trade-off between completeness and practicality
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is important for Afghanistan, where national agencies operate under severe resource
constraints. The convergence of high-hazard lake locations between the two approaches
supports the robustness of Panjshir results while also highlighting the value of integrating
additional factors in future updates.

Implications under continued climate warming and regional risk context

Panjshir Province has already experienced destructive glacial lake outburst floods in
recent years, and the four high-risk lakes identified here are situated in catchments with
substantial exposure of settlements, arable land, and linear infrastructure. The concentration
of medium-risk lakes upstream of densely populated valley floors implies that even moderate
outburst events could have severe cascading impacts on housing, roads, irrigation networks
and hydropower or small weir structures.

The dominance of lakes at 4,200-5,200 m and the presence of glacier-connected lakes
indicate that continued warming will likely drive further lake expansion, increased meltwater
inflows and potentially the formation of new proglacial basins. Regional glacier inventories
already document substantial mass loss and terminus retreat across Afghanistan’s Hindukush
ranges (Gardelle et al., 2011; Maharjan et al., 2021; Shokory & Lane, 2024), implying that the
current hazard classification is a moving target rather than a static state.

Furthermore, both this study and the regional Hindukush assessment emphasize the
increasing role of small lakes in future GLOF risk. Under warming conditions, small
supraglacial and marginal ponds can rapidly coalesce and deepen into large proglacial lakes
over decadal time scales, as shown in Nepal, Bhutan and Tibet (King et al., 2019; Rounce et
al., 2016; Thompson et al., 2012; Zhang et al., 2015). By explicitly including lakes down to
0.015 km?, Panjshir inventory begins to capture this emerging class, but continued
monitoring with higher temporal frequency is required to track their evolution.

From a policy perspective, the identification of just four high-risk but nearly half medium-
risk lakes has important implications for prioritization. High-risk lakes warrant immediate,
site-specific investigation, including detailed bathymetric surveys, dam stability
assessments, and, where feasible, engineering feasibility studies for lake-level lowering or
structural reinforcement. Medium-risk lakes should be integrated into a provincial
monitoring framework that couples periodic satellite-based change detection with
opportunistic field visits, leveraging community observations and low-cost sensor networks.
Such a tiered approach is consistent with regional best practice in GLOF risk management
(Bajracharya et al., 2020; ICIMOD, 2011).

Limitations and avenues for future refinement

While Panjshir assessment provides a robust first-order hazard classification, several
limitations need to be acknowledged when interpreting the results and comparing them with
more data-rich regional studies.
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First, the analysis relies entirely on remotely sensed data and a 5 m DEM. In steep, high-
relief terrain, DEM errors can significantly affect computed slopes, apparent freeboard
proxies and watershed delineations, which in turn propagate into the GLOFRI. Systematic
biases in slope and elevation may especially affect the classification of lakes near hazard
category thresholds.

Second, lake area and dam type were derived from optical imagery, which can be
affected by seasonal snow cover, shadowing and mixed pixels along narrow shorelines.
Misclassification is most likely for very small lakes near the threshold and for complex debris-
covered glacier surfaces, where distinguishing between supraglacial ponds, proglacial basins
and saturated debris can be challenging (Azizi & Lane, 2025; Emmer et al., 2022).

Third, the current GLOFRI uses a limited parameter set relative to more elaborate
frameworks (e.g., 13-factor systems in recent Hindukush and Himalayan studies; Azizi &
Lane, 2025; Das et al., 2024; Khadka et al., 2021). Certain potentially important variables—
such as lake depth, internal ice content of moraine dams, seismicity, and detailed freeboard
geometry—could not be incorporated due to data limitations. Their omission means that
some lakes may be under- or over-classified, particularly where deep, narrow basins or
heavily ice-cored moraines are present.

Fourth, the weighting scheme, while grounded in published literature and expert
judgment, remains inherently subjective. As shown in other AHP-based GLOF studies, small
changes in factor weights or class thresholds can shift individual lakes between hazard
categories (Rinzin et al., 2021; Wang et al,, 2011). Sensitivity analyses and alternative
weighting strategies could further test the robustness of the GLOFRI.

Finally, the assessment is temporally static. It captures lake conditions at the time of the
most recent imagery but does not explicitly model future evolution under different climate
scenarios. Given the high rates of glacier mass loss documented in Afghanistan and across
High Mountain Asia, incorporating transient glacier—lake evolution models or at least
periodic re-assessment (e.g., at 5-year intervals) would substantially improve forward-
looking risk estimates (Allen et al., 2022; Field et al., 2021).

Despite these limitations, the present study provides a valuable, internally consistent
baseline for GLOF hazard in one of Afghanistan’s most exposed mountain provinces. When
combined with regional-scale analyses and future field validation, it can underpin a risk-
informed prioritization of monitoring, early-warning, and structural mitigation measures in
Panjshir and beyond.

CONCLUSION

This study provides the first systematic and spatially explicit assessment of potentially
dangerous glacial lakes in Panjshir Province, offering a quantitative baseline for
understanding cryospheric hazard in one of Afghanistan’s most vulnerable mountain regions.
Using an integrated remote sensing and GIS framework, 135 glacial lakes were identified,
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mapped, and evaluated through a multi-parameter hazard index. The analysis shows that
glacial lakes in Panjshir are neither rare nor marginal features; rather, they constitute a dense
and evolving high-mountain water storage system with clear implications for downstream
risk. The lake inventory reveals a pronounced altitudinal and geomorphic control on lake
occurrence. A total of 127 lakes, representing about 94% of the inventory, are clustered within
a narrow elevation band between roughly 4,200 and 5,200 m, while only 8 lakes are found
below 4,200 m and none above 5,200 m. Within this population, dam type and glacier
connectivity emerge as critical structural factors: 23 lakes are moraine-dammed and thus
inherently fragile, whereas 112 are constrained by rock or more stable mixed dams. In
parallel, 8 lakes are directly attached to active glacier termini and a further 6 lie within o—500
m of glacier fronts, placing 14 lakes in configurations where mass-movement or ice-
avalanche impacts are physically plausible. The composite hazard classification condenses
these morphometric and environmental attributes into a clear risk spectrum. Of the 135 lakes,
4 (2.96%) are categorized as high hazard, 59 (43.70%) as medium hazard, and 72 (53.33%) as
low hazard. High-hazard lakes consistently combine larger surface areas above the 0.015 km?
threshold, moraine dams, steep outlet slopes exceeding 15°, and close glacier—lake coupling,
often in headwater positions feeding confined, steep channels. Medium-hazard lakes, which
constitute nearly half of the inventory, typically have moderate areas, intermediate outlet
slopes between 8° and 15°, or less fragile dam types but still occupy dynamic high-elevation
settings. Low-hazard lakes are predominantly small, rock-dammed, and situated on gentler
slopes of 0-8°, yet they remain part of the broader hydrological system and may evolve over
time.

These quantitative patterns underpin several key scientific contributions. First, the study
demonstrates that a relatively parsimonious set of six parameters—lake area, outlet slope,
glacier distance, elevation, dam type, and cascade configuration—can be combined into a
transparent index that successfully isolates a small number of critical lakes while preserving
information on a much larger “buffer” of medium-risk systems. Second, by linking hazard
scores to specific spatial configurations, the work highlights that risk is not solely a function
of lake properties but of their position within glacier-lake—channel-valley chains. High- and
medium-hazard lakes draining into narrow, densely settled valleys constitute priority
corridors for early warning and emergency planning. Third, the study shows that such an
assessment is feasible in data-scarce, conflict-affected regions, offering a transferable
template for other Afghan basins.

In the context of climate change, the findings underscore that Panjshir's glacial lake
system is at a transitional stage. The dominance of lakes in the 4,200-5,200 m band, the
presence of 14 glacier-proximal lakes, and the 23 moraine-dammed basins indicate that both
lake formation and structural destabilization are already well underway. As glaciers continue
to retreat and permafrost degrades, the number of lakes, their surface areas, and their
internal stress regimes are likely to change in ways that progressively shift some of today’s
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medium-hazard lakes into the high-hazard category. The current classification should
therefore be viewed as a dynamic baseline rather than a static endpoint.

Finally, this work has direct implications for risk governance and future research. The
identification of 4 high-hazard and 59 medium-hazard lakes provides a clear, ranked list for
prioritizing field investigations, detailed hydraulic modelling, and, where appropriate,
engineering interventions. At the same time, the full inventory and hazard index can inform
land-use planning, infrastructure siting, and the design of community-based early-warning
systems. Future studies should build on this foundation by incorporating lake volume
estimates, dam internal structure, and explicit flood routing into the analysis, and by
extending the approach to neighbouring basins. In doing so, they will help transform glacial
lakes from hidden, poorly understood threats into quantifiable, manageable components of
regional climate-risk strategies.

RECOMMENDATIONS

The assessment of 135 glacial lakes in Panjshir Province, including the classification of 4 lakes
as high hazard and 59 as medium hazard, provides a quantitative basis for translating
scientific results into targeted risk reduction measures. The recommendations below are
explicitly grounded in these findings and are intended to support technically sound and
realistic management actions in a data-scarce, high-mountain context.

Prioritised management of high-hazard lakes: The four lakes classified as high hazard
should be treated as immediate priorities for detailed site investigations. This includes field-
based verification of dam type and condition, basic bathymetric surveys to approximate
stored volume, and preliminary scenario-based outburst modelling to estimate potential
peak discharges and downstream impact corridors. For these lakes, authorities should
develop lake-specific emergency preparedness plans, including trigger thresholds (e.g., rapid
lake-level rise, observed dam deformation) and predefined response protocols.

Structured monitoring of medium-hazard lakes: The 59 medium-hazard lakes represent a
latent risk portfolio that is likely to evolve under continued glacier retreat and permafrost
degradation. These lakes should be included in a structured remote-sensing monitoring
programme focused on lake area change, seasonal water-level indicators, and glacier—lake
connectivity. Medium-hazard lakes located along hydrological pathways to densely
populated valley floors should be flagged as “priority monitoring sites” and revisited at
regularintervals (e.g., every 2—3 years) using consistent satellite and DEM products.

Integration of hazard information into spatial planning and infrastructure design: The
spatial patterns identified in this study—particularly the alignment of high- and selected
medium-hazard lakes with steep drainage channels and inhabited floodplains—should be
translated into practical hazard maps and risk zones. These products should be used to guide
location and design standards for new or rehabilitated infrastructure (roads, bridges,
irrigation schemes, housing) in downstream corridors. Where critical infrastructure already
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lies within likely GLOF pathways, options for protective works or rerouting should be
systematically evaluated.

Targeted early-warning and community preparedness in exposed valleys: Downstream
communities located along the main flood transmission corridors from the identified high-
and priority medium-hazard lakes should be the focus of targeted preparedness measures.
These may include low-cost, locally maintainable lake-level or rainfall observation points at
critical sites, simple alert protocols linking upstream observers and local authorities, and
community-based evacuation planning and drills. Emphasis should be placed on a clear
understanding of evacuation routes and safe assembly points in the narrow valley settings
typical of Panjshir.

Advancing process understanding and capacity for future assessments: Finally, the
presentindex-based assessment should be seen as a first step rather than an endpoint. Future
work in Panjshir should aim to improve estimates of lake volume and dam internal structure,
expand hydrodynamic modelling for a subset of representative lakes, and refine hazard
weighting schemes as new field data become available. Building technical capacity within
Afghan institutions to repeat and extend this type of analysis—both temporally (e.g., every
3-5 years) and spatially (to other basins)—will be essential for sustaining an evidence-based
approach to managing glacial lake outburst flood risk under a changing climate.
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