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Abstract: Snow avalanches are a type of serious natural disaster that commonly occur in snow-
covered mountains with steep terrain characteristics. Susceptibility analysis of avalanches is a
pressing issue today and helps decision makers to implement appropriate avalanche risk reduction
strategies. Avalanche susceptibility maps provide a preliminary method for evaluating places that
are likely to be vulnerable to avalanches to stop or reduce the risks of such disasters. The current
study aims to identify areas that are vulnerable to avalanches (ranging from extremely high and low
danger) by considering geo-morphological and geological variables and employing an Analytical
Hierarchy Approach (AHP) in the GIS platform to identify potential snow avalanche zones in
the Karakoram region in Northern Pakistan. The Advanced Space-borne Thermal Emission and
Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM) was used to extract the
elevation, slope, aspect, terrain roughness, and curvature of the study area. This study includes the
risk identification variable of land cover (LC), which was obtained from the Landsat 8 Operational
Land Imager (OLI) satellite. The obtained result showed that the approach established in this study
provided a quick and reliable tool to map avalanches in the study area, and it might also work with
other glacier sites in other parts of the world for snow avalanche susceptibility and risk assessments.

Keywords: susceptibility analysis; avalanche; risk reduction strategies; ASTER GDEM; risk
assessments; geo-morphological

1. Introduction

In recent years, global warming has increased due to many anthropogenic activities,
and consequently, frequent and unusual calamities associated with temperature, rainfall,
and snowfall sometimes turn into stern natural disasters [1]. Snow avalanches are a well-
known hazard type and are defined as a sudden release of snow masses and ice from slopes,
sometimes containing portions of rocks, soil, and vegetation, damaging lives, infrastructure,
and ecosystems and, thus, are considered ‘white death’ in glacier regions [2]. Avalanche is
a natural phenomenon that develops because of a complex interaction between snowpack,
terrain, and meteorological conditions [3], commonly occurring during or after heavy
snowfall [4]. After snowfall, more new layers of snow develop that add more weight
to the existing snow layers, which are called snowpack [5], and this large mass of snow
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slips down through a steep slope and gathers the snow in its path, thus resulting in the
development of ‘avalanches’. Many avalanche incidents have happened over the last thirty
years and impacted approximately 70,000 individuals and communities [6]. The northern
region of Pakistan lies within the mountainous range of the Karakoram and Hindu Kush
Himalayan range and has several of the longest glaciers present in polar places like Siachen,
Hispar, Baltora, Batura, Yenguta, Chianti, Trich, and Atrak. Three of the world’s seven
largest glaciers are in Pakistan’s northern region [7].

Due to the inaccessibility of this region, conducting field surveys and evaluating
avalanche activity are difficult tasks [8]. Climate change has serious impacts, resulting in
the melting of glaciers globally as well as in Hindu Kush, Himalayas, and Karakoram, and
their melting rate has been increasing over time due to the rise in mean temperature by
0.6 ◦C in Pakistan between 1901 and 2007 [9]. Rising temperatures are rapidly melting
glaciers in Pakistan’s northern mountain ranges and have resulted in the formation of 3044
glacial lakes in this area (UN Report). The major incidents and loss of lives from 2010 to
2022 are presented in Table 1, while the damage to infrastructure caused by these incidents
is frequent and even larger (Figure 1). In recent years, the area received its heaviest snow
spell in its 100-year history, isolating the region from the rest of the country [1]. To create an
inventory of glacier types and measure ice reserves in the area, a basic understanding of the
historical activities of glaciers is imperative, especially for studying their surge mechanisms.
Overall, this area represents a region with a high potential for snow avalanche occurrences,
and understanding the relationship between glaciers and avalanches in this area is crucial
for formulating effective risk assessment and mitigation strategies.

Table 1. Avalanche accidents and associated fatalities in the study area.

Date/Year Latitude Longitude Type Fatalities Source

16 February 2010 35.41191 72.94035 Snow Avalanche 120
4 July 2012 35.49801 76.75336 Ice and Rock Avalanche 140 [10]

14 January 2020 34.82701 74.35855 Snow Avalanche 65
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The development of avalanche susceptibility maps is an important step in determining
avalanche risk and preventing the loss of life and property. It helps decision makers and
planners to implement appropriate avalanche risk reduction strategies. AHP has most often
been used in the production of avalanche susceptibility maps using multiple static terrain
criteria (elevation, slope, aspect, and curvature) [2,4]. The use of satellite remote sensing
in conjunction with the AHP technique ensures the formulation of a comprehensive and
scientifically rigorous approach to studying such phenomena [11]. GIS-based Multi-Criteria
Decision Analysis (MCDA) using the AHP model (MCDA-AHP) based on hierarchical
weighing was conducted to develop a comprehensive avalanche susceptibility map of
these glaciers in Pakistan. This will help us to understand hazard factors and devise and
implement effective mitigation measures.
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2. Materials and Methods
2.1. Study Area

The study was conducted in the Karakoram–Himalaya mountain range, located
between the borders of Pakistan, India, China, and Afghanistan, and stretches over
∼500 km in a NW to SE direction (Figure 2). The region includes four peaks higher
than 8000 m a.s.l and some of the largest glacier exteriors in the polar region, such
as Siachen, Hispar, Baltoro, Batura, Yenguta, Chiantar, Trich, and Atrak. Three out of
seven of the world’s biggest glaciers are in Pakistan. The Karakoram range in the region
is particularly prone to avalanches due to its rugged topography, high altitudes, and
abundant snowfall. This mountain range is host of all three glaciers under this study
(Figure 2). The Hispar Glacier (36◦04′60′′N and 75◦15′60′′E) is in central Karakoram,
stretching over 53 km and spans larger than 500 km2 with a height range of around
3100–7500 m (https://documents.worldbank.org/curated/pt/127761468197388108/pdf/
67668-WP-Glacier-Report-PUBLIC.pdf, accessed on 31 October 2023). The Hispar Glacier
is influenced by the long rainy season, with significant melting from late June to early
October [12], and comprises both pure and particulate ice supraglacial lakes. The Saltoro
Mountains are also known as a modularization of the Karakoram Mountains that encom-
pass the Gayari Glacier (35◦12′49′′N and 77◦06′34′′E). It is in the middle of the Karakoram,
on the other side of the Siachen Glacier, one of the world’s longest glaciers outside of
the polar regions. The valley’s temperature fluctuates between 14 ◦C and 34 ◦C in the
summertime but drops to −50 ◦C in the wintertime and reaches 10 m of snowfall, with
an annualized rate of 6–7 m. Snowstorms travel at rates of up to 300 km/h [12]. The
Batura Glacier is situated in Pakistan’s Gilgit-Baltistan area, in the upper Hunza Valley
(36◦31′59′′N, 74◦38′59′′E), as shown in Figure 1, and is also roughly 57 km long. Batura
Glacier is situated directly north of the Batura Muztagh, a sub-range of the Karakoram
mountain range that comprises the quartiers of Batura Sar (7795 m), the 25th highest peak
on Earth.
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2.2. Methodology Chart

Reliable inventory and data are essential for such studies, as data availability is very
difficult in such areas. The six factors were chosen based on their significance to avalanche
occurrences, as well as availability of data. The flow chart of the research framework is
shown in Figure 3. The avalanche susceptibility map was split to use the natural breaks,

https://documents.worldbank.org/curated/pt/127761468197388108/pdf/67668-WP-Glacier-Report-PUBLIC.pdf
https://documents.worldbank.org/curated/pt/127761468197388108/pdf/67668-WP-Glacier-Report-PUBLIC.pdf
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i.e., Jerks’ method, divide the population into four susceptibility thresholds: very low, low,
high, and very high.
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2.3. Remote Sensing and Ground Data

Satellite images are always regarded as the first option for data acquisition in glacier
avalanche investigations due to ease of availability, coverage, and excellent spatial, spec-
tral, and temporal resolutions. Two remote sensing satellite instruments, Landsat 5 (TM)
and Landsat 8 (OLI), were utilized as remote sensing data sources for the assessment of
avalanche susceptibility in glaciers during the last ten years from 2012 to 2022. The data
characteristics of these satellites are provided in Table 2.

Table 2. Satellites and characteristics of data used in the study area.

Locations Year Satellite Spectral Resolution Spatial Resolution (m) Cloud Coverage

Hispar, Batura,
Gayari Glaciers

2012 Landsat 5 (TM) 1–7 30 × 30 0–5%
2022 Landsat 8 (OLI) 1–7 30 × 30 0–5%

The first form of the remotely sensed data used was the Digital Elevation Model
(DEM), which is regarded as an essential input in glacier avalanche research modeling.
The Terra Advanced Space-borne Thermal Emission and Reflection Radiometer (ASTER)
and Global Digital Elevation Model (GDEM) with 30 × 30 m resolution were derived
and downloaded from USGS Earth Explorer (https://earthexplorer.usgs.gov, accessed on
24 May 2023).

2.4. Evaluation of Avalanche Impact Variables and Formation of Thematic Layers

The structure and stability of the snowpack are determined by consecutive snowfall
under meteorological circumstances. The bulk of avalanches arise when the snowpack be-
comes too weak to maintain its material or when other pressures (natural or anthropogenic)
surpass the snowpack’s strength. Avalanche activity is influenced by meteorological pa-
rameters such as snowfall, temperature, wind speed, wind direction, and precipitation, as
well as elevation, terrain roughness, and ground snow cover [13,14]. Overall, important
characteristics of avalanche occurrence in terrain include aspect, slope, land cover, terrain
roughness, elevation, and curvature. Each one of these factors is taken as a data layer and
is discussed below.

2.4.1. Slope

The occurrence of avalanches depends on the steepness of the slope. They are triggered
when the slope angles meet a specific range. Generally, snow avalanches start from terrain
that is steeper than about 30◦–45◦; however, they can initiate on a mild slope of 25◦ as

https://earthexplorer.usgs.gov
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well as steep slope of 60◦ [3]. When the slope exceeds an angle of 45◦, the chances of
avalanches increase because snow cannot be retained effectively [12]. This means that most
skier-triggered avalanches happen on slopes that are 30◦ to 45◦ [15].

2.4.2. Aspect

The angle of the slope of the terrain surface is designated as an aspect that has a direct
influence on snow destabilization. The stability of snowpack is largely affected by the
orientation of slopes with respect to the sun. The reported data of the Austrian and Swiss
areas indicate that 50% of all avalanches occur on the northern side (NW–E–NE) of the
aspect [16]. Slopes that are in shadow (dark slopes) receive little radiant energy, and for
this reason, they remain frozen. In general, north-facing slopes of the northern hemisphere
are characterized by strong temperature gradients, thus forming weak layers of snow or
poor snow strata [12]. Thus, aspect metadata layer was used and divided into nine classes:
N, NE, SE, S, SW, W, NW, and Flat for this study.

2.4.3. Elevation

Elevation does have a strong association with the occurrence of avalanche-origin zones.
At higher elevations, meteorological parameters (precipitation, temperature, and wind) are
highly linked with avalanche formation and initiation in such areas.

2.4.4. Curvature

The other essential element promoting avalanche is curvature, which represents shape
of the slope. Slopes are generally classified as concave, convex, or flat curvatures. Although
avalanches can occur in any type of curvature, concave slopes have a higher avalanche
potential than convex and flat slopes [17]. The curvature also influences the speed of the
snow flow or shift. Straight slopes cause higher acceleration in snow mass after avalanche
occurs, while convex curvature produces stress in the glacier, which promotes shearing
and break instability and, as a result, increases chances of initiation of avalanches. Concave
curvature, on the other hand, causes avalanche deformation, which helps prevent minor
rock avalanches. In this study, curvature raster was reclassified into 3 classes: concave
(<−0.2), flat (−0.2–0.2), and convex (0.2<). This classification represents terrain features
based on their curvature values.

2.4.5. Terrain Roughness

The roughness of the terrain underneath the snowpack is decisive for the occurrence
of snow gliding and subsequent wet-snow avalanches. Roughness can act as a stabilizing
factor [18]. Grassy, abandoned meadows are especially prone to snow gliding, while fallen
logs, snapped trees, and large rocks can prevent the formation of small avalanches by
supplying structural support, but not extreme ones. This computation is carried out for
each cell in the DEM.

2.4.6. Land Cover

Avalanche occurrences are also affected by the kind of land cover. Because ice/snow
cover and barren slopes are more vulnerable to snowpack instabilities than places with
plants. The greatest value was awarded to ice/snow cover followed by bare, rocky, and
moraines slopes.

2.5. MCDA-AHP Model

AHP is applied to compute the evaluations of varying factors based on their im-
portance to decision makers. This approach is based on the examination of 2 factors in
pairs. The AHP model was constructed by Saaty in 1980 [19], and one of the important
advantages of the AHP model is its ability to evaluate quantitative as well as qualitative
criteria and alternative approaches in an equal order to accommodate differences [20]. An
AHP approach tackles decision-making difficulties by organizing them in a hierarchy [21].
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For the primary phase when employing the AHP model [22], the first step is to identify
the unstructured problem and decide what kind of material is needed. Begin at the top
with the objective and make your way through different levels to the least number in 2nd
step. In 3rd step, a pairwise ranking system of a set of criteria is created utilizing Saaty’s
importance scale (Table 3) to estimate eigenvectors and eigenvalues.

Table 3. Saaty’s scale of AHP relative importance value.

Importance Definition Explanation

1 Equal Importance Contribution to the objective is equal
9 Extreme Importance One attribute is of the highest possible order of affirmation
3 Moderate Importance The attribute is slightly favored over another
5 Strong Importance The attribute is strongly favored over another
7 Very Strong Importance The attribute is very strongly favored over another

2, 4, 6, 8 Intermediate Values When compromise is needed

The consistency of the entire decision-making process in AHP depends on the con-
sistency of the individual comparisons made by the decision maker in compliance with
the criteria. Whether the comparisons are consistent is evaluated by the consistency ratio
(CR). CR was calculated using the method established by Saaty (1988) [23] and provided
in Equation (1). CR is determined to assess the coherence with the pairwise comparison
matrix, and it ought to be below 0.1.

CR =
CI
RI

(1)

Here, CI stands for consistency index, and RI stands for random consistency index.
The consistency index defines the departure from coherence, as in Equation (2).

CI =
λmax − n

n− 1
(2)

While λmax is the greatest component, N is the comparability matrix’s value. The
consistency index should not exceed 0.1 or 10%. For RI, the judgment-based preferences
were applied to rate the priority at the level for each component; following Table 4 calculate
and sum their evaluation values to figure out their total priority.

Table 4. Random consistency index.

N 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

R 0 0 0.5 0.9 1.1 1.2 1.3 1.4 1.4 1.4 1.5 1.5 1.5 1.5 1.5
I 0 0 8 0 2 4 2 1 5 9 1 3 6 7 9

The result is a combination of factor weighting and factor prioritization rankings. The
factor weight values in the pairwise comparison matrix were determined, and the resultant
values were obtained using Equation (3).

Z =
n

∑
j=1

(WiXi) (3)

2.6. Avalanche Susceptibility Mapping

The MCDA-AHP model was used in ArcGIS platform to generate avalanche suscepti-
bility maps for three glaciers. The evaluation provided for each class of parameters is based
on known avalanche sites. The avalanche occurrence factors were determined using a
pairwise comparison matrix, and the centroid values were determined; then, the occurrence
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factors were scored on a scale of 1 to 9. The weight values of the factors were calculated
after the pairwise comparison matrix. The CR value is utilized in the MCDA-AHP model
to reflect the regularity of the pairwise comparison matrix assessments, and it should be
less than 0.1.

Avalanche susceptibility index (ASI) was calculated using Equation (4), which is
the summation of the avalanche factors. Each factor is multiplied by its corresponding
weight, and these products are then summed to obtain the ASI, providing a comprehensive
assessment of avalanche susceptibility.

ASI =
n

∑
i=1

(0.40× S) + (0.28× C) + (0.14× A) + (0.09× TR) + (0.05× E) + (0.03× GC ) (4)

where S, C, A, TR, E, and GC represent slope, curvature, aspect, terrain roughness, elevation,
and ground cover.

3. Results
3.1. Hispar Glacier

The avalanche-forming characteristics of the Hispar Glaciers were studied while
determining the avalanche occurrence parameters, and this aspect is taken as a major
consideration when evaluating any avalanche risk regions [18]. Most of the avalanche
terrain within the research region faces north and remains dangerous year-round. The
windward slopes consolidate snow comparably quickly, while the lower-side slopes take
longer [24]. ASTER GDEM V3 is used to create an aspect, which is then divided into nine
groups. North and southeast classes were found more vulnerable to avalanche occurrence
(Figure 4), as observed in other studies [25].

In general, it is recognized that most of the avalanche activity happened at slope angles
ranging from 30◦ to 50◦. The slope of the glacier ranges from 28◦ to 60◦, depending on
snow thickness and water level [15]. The slope inclination influences the probability and
amplitude of avalanches. Because of erosive or geo-morphological circumstances, slope
inclination is also influenced by vegetation cover [13]. The slope was derived by using
the adaptation of cell values to their neighbors in ASTER GDEM V2. The slope data were
then categorized into five groups and used in the current structure. The terrain has an
indirect effect on the incidence of snow avalanches. With increasing altitude, the density
of snowfall rises. During the winter period, the high-altitude regions receive the highest
snowfall and snow cover. Rain may fall at lower altitudes at the start of the winter season
and throughout the spring. Wind velocity frequently increases with elevation, and so does
the volume of snow supplied by the air [26]. The ASTER GDEM V2 was classified into six
elevation classes with elevation differences ranging from 3800 to 6200 m (Figure 4).

Another avalanche-contributing factor is curvature [27]. Avalanches are more preva-
lent on convex slopes, but they can occur on concave and flat slopes as well. In ASTER
GDEM V2, curvature was determined by computing the second derivative of the elevation
values with respect to the x and y coordinates of each source cell, considering the cell’s area.
This process allowed for the characterization of terrain features based on their convex or
concave curvature. A curvature map was generated and classified into three categories:
Concave, Flat, and Convex (Figure 4); however, flat curvature was dominant in the study
area. Convex regions accelerate the downward motion of snow cover and are regarded as
fragile, whereas concave regions are regarded as sturdier. Plains have a moderate impact
on the incidence of snow avalanches.

Roughness can act as a stabilizing factor [15]. The terrain roughness restricts the
snowpack’s continuous slide and prevents the formation of a continuous tiny depth, which
is truly required for major avalanche breaking [5]. Grassy, abandoned lands create a
favorable environment for avalanche formation [28,29], while fallen logs, snapped trees,
and large rocks provide structural support to check minor avalanches but are not effective
for big ones. Avalanche susceptibility classification based on roughness assesses terrain
features. Class 1 signifies low roughness with gentle slopes and sparse vegetation. Class 2
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has slightly rougher terrain with gentle slopes and some vegetation. Class 3 has moderately
rough terrain with mixed vegetation. Class 4 has steep slopes and dense vegetation, while
Class 5 features extremely steep slopes and dense, potentially impenetrable vegetation,
creating significant snow flow obstacles. Higher roughness reduces avalanche likelihood;
lower roughness increases susceptibility. Overall, terrain roughness was categorized as
‘low’. The incidence of avalanches is also determined by the kind of land cover. Ice/snow
cover and bare slopes are far more vulnerable to avalanche structural instability than
vegetation [30]. The study area is not diverse in this regard; thus, the land cover was
divided into two types of ice/snow and others, which include stony, bare, and mountain
ranges, as shown in Figure 4.
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3.2. Batura Glacier

Aspect is regarded as among the most important aspects of avalanche develop-
ment [13]. Aspect does have a significant influence on the snowpack’s everyday durability
in Batura Glacier. The characteristics and distribution of dark slopes or weak layers can be
crucial for assessing avalanche susceptibility. Weak or unstable layers within the snowpack
can contribute to avalanche initiation and propagation [30]. This is because the exposure
to the sun is lower in that direction, which causes the snowpack to become more active.
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The direction of the wind also helps in the accumulation of snow on these slopes. Other
directed slopes encounter the sun’s rays, which causes the melting of snow and reduces the
susceptibility of avalanches [18]. Furthermore, breezy slopes are sustained by less snow
than downwind slopes with greater snow masses, which might enhance the probability of
avalanches [15,22,31]. Figure 5 shows that the aspect is classified into nine groups, and the
south and north aspect was found to be more prone to avalanche occurrence.
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The Batura Glacier is situated in the upper Hunza Valley in the Gilgit-Baltistan area of
Pakistan. Six avalanche-forming characteristics were studied while determining the avalanche
occurrence parameters. It is reported that avalanches typically occur on slopes at 28◦ and
45◦ [4,32]. The slope is derived using the adaptation of cell values to their neighbors in ASTER
GDEM V2. The slope data are then categorized into five groups, with 40◦ to 50◦ slopes
receiving the highest grade and <10◦ slopes receiving the lowest, as shown in Figure 5.

Elevation does not really enhance the likelihood of an avalanche happening. Yet, it
is, indeed, closely related to climate characteristics that raise the danger of avalanches,
including wind direction, temperature, snowfall level, and rainfall [27,31,33]. As elevation
increases, temperatures lower, snow remains accessible for avalanches for a longer amount
of time (this study includes both the lowest and highest altitudes of 3716 and 7748 m
(Figure 5)), and higher altitudes have more susceptibility for avalanches in the region.

Curvature is regarded as an important factor in avalanche identification. Avalanches
are more likely to happen on convex slopes because of glacier fragility than on concave or
flat slopes, but they can happen on both [32]. In this study, the curvature is divided into
three classes, as indicated in Figure 5d, and unlike the Hispar Glacier, there was variation
in the curvature of the area.

The roughness of a setting may consequently have a detrimental influence on snowfall
by adding stress and intensifying snow ablation processes throughout rugged terrain. Val-
ues between rough surfaces and smooth surfaces cause snow avalanches. The ruggedness
method is employed to determine terrain roughness in this research [3]. Overall roughness
values in the research region are divided into five groups and indicate the very low to very
high values of terrain roughness, as shown in Figure 5. The importance of ground cover in
avalanche incidence has been discovered. The ground cover in the current research region
is devoid of vegetation and consists mostly of stony mountain ranges, batten areas, and
other bare areas. Similarly, the current research region’s land cover is divided into two
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categories, snow and others (barren, rocky, moraines), which clearly shows the higher snow
coverage at Batura Glacier (Figure 5).

3.3. Gayari Sector Glacier

Aspect is an important factor in determining avalanche vulnerability. The sun-facing
side has become steadier quite rapidly after a short duration of instability, but the shaded
slopes stay unstable for a longer period. ASTER GDEM generated an aspect map, which
is also divided into numerous classes, as illustrated in Figure 6a. Because the north and
northeast classes received the highest rating, the majority of avalanche slopes in the research
region face north and remain risky all year. Although altitude has little significant impact
on avalanche initiating, this does affect snowfall, wind velocity, and temperature, each of
which has an impact on snow avalanches.
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Avalanches originate on slopes exceeding 30◦, with only a few occurring on slopes
just under 25◦. The force that tends to occur on these slopes is usually too low to cause
an avalanche [34]. Because the quantity of snow accumulation on steep slopes (45–55◦) is
quite low, minor avalanches are common on these slopes. The slope map was constructed
using ASTER GDEM and divided into five categories, as shown in Figure 6b. The >50◦

class received the highest slope, while the <10◦ class received the lowest.
Snow at lower elevations generally begins to melt due to warm, moist air. Avalanches

have been documented between 2700 and 6000 m in the Indian Himalayas, with most
avalanches occurring between 5000 and 5600 m in the higher Himalaya zone. The height
of the research region ranges from 3832 to 7236 m. The formation zone of all dangerous
avalanches in the research region, meanwhile, is over 5100 m. The elevation was divided
into five categories, as shown in Figure 6c.

Curvature describes the morphology of the slope. Convex slopes promote snow cover
fragility, whereas concave slopes aid in snow cover stabilization [17]. The curvature map
was created using ASTER GDEM and divided into three types, Convex, Flat, and Concave,
as illustrated in Figure 6d. The convex curvature received the most importance, the concave
had the lowest importance, and the flat received a medium amount of importance.
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The roughness of a setting may consequently have a detrimental influence on snowfall
by adding stress and intensifying snow ablation processes throughout rugged terrain.
The roughness of the environment may, therefore, have a negative impact on snowfall
by causing additional stress and boosting snow-melting activities along rocky terrain.
The MCDA-AHP approach and its application to mapping avalanche susceptibility are
classified into five categories, which indicate very low roughness at <0.39 and very high
roughness at >0.60, as shown above in Figure 6e.

The extensive forest cover reduces the consequences of avalanches. By keeping the
snow mostly on the slopes, plant cover could restrict the quantity of snow accessible for
avalanches. The higher Himalayan region’s land cover is indeed not conducive to reducing
the risk of snow avalanches. The land cover in the current research region is devoid of
vegetation and consists primarily of stony moraines, barren areas, and other bare areas.
The current research area’s land cover is classified as snow and others (rocky, moraines,
barren), as illustrated in Figure 6f, which indicates that the year 2012 has more snow cover
than the year 2022.

3.4. Snow Avalanche Susceptibility

Avalanche susceptibility assessment necessitates an examination of both topographical
and climatic factors. The ASTER GDEM V2 and Landsat 8 images are utilized to establish
many inputs and topographical characteristics for avalanche susceptibility mapping using
curvature, slope, elevation, aspect terrain roughness, and ground cover. According to
their importance, each factor was defined and rated numerically (Table 5), and finally,
priorities were synthesized for each layer through a pairwise comparison matrix with
weight values using the MCDA-AHP approach, as shown in Table 6. The ASI is divided
into four susceptibility perimeters (very low, low, high, and very high) to produce an
avalanche susceptibility map of the study area using the AHP method, as presented in
Figure 7. The zones of avalanche vulnerability, the slope with high peaks in comparison to
where the slope peak is visible and where we have an extremely low slope, is the major
determinant in avalanche risk.

Table 5. Assigning the ratings for each thematic layer/criterion.

Thematic Layer Category Rating Weight

Slope

<20◦ 1

0.40
12–28◦ 3
28–45◦ 9
45–55◦ 5

>55 3

Elevation (m)

<3800 1

0.05
3800–5000 3
5000–5600 7
5600–6200 5

>6200 2

Aspect

Flat 1

0.14

North or Northeast 9
East or South 3

Southeast 5
West and Southwest 2

Northwest 7

Curvature
Concave 2

0.28Flat 3
Convex 5

Terrain Roughness

<0.39 2

0.09
0.39–0.46 5
0.46–0.53 4
0.53–0.60 7

>0.61 3

Land Cover
Snow/Ice 5

0.03Other (Rocky, Barren, Marines, etc.) 3
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Table 6. MCDA-AHP approach pairwise comparison matrix with weight values for each layer.

Layers S C A TR E LC Weight Value

S 1 2 3 5 7 9 0.404
C 1/2 1 3 4 5 7 0.281
A 1/3 1/3 1 2 3 5 0.143

TR 1/5 1/4 1/2 1 2 3 0.085
E 1/7 1/5 1/3 1/2 1 2 0.054

LC 1/9 1/7 1/5 1/3 1/2 1 0.033

Consistency Ratio 0.0178
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Another factor is the aspect in which classes in the north and southeast are thought to
be more vulnerable to avalanche occurrence. Table 7 below reveals a significant increase
in susceptibility to snow avalanches in 2022 compared to 2012, as indicated by the sus-
ceptibility percentages (53%). This heightened vulnerability can be attributed to diverse
meteorological influences and the impact of climate change over the past decade. The
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application of snow avalanche susceptibility mapping through satellite remote sensing
employing the Analytic Hierarchy Process (AHP) technique has proven instrumental in
discerning these shifts, enabling a more comprehensive understanding of avalanche dy-
namics, and emphasizing the pressing need for adaptive measures in affected regions. To
compare the susceptibility, we selected Hispar, Batura, and Gayari Sector Glaciers as our
expanded areas of interest.

Table 7. The table represents the area and percentage of Hispar Glacier for 2012 and 2022.

Glacier Classes Area km2 Percentage

Hispar 2012

Very low 50.3 12.65
Low 28.61 7.20
High 136.61 34.37

Very high 182.01 45.76

Hispar 2022

Very low 52.71 13.25
Low 25.03 6.29
High 106.95 26.92

Very high 212.84 53.52

The ASI is divided into four susceptibility perimeters, which are as follows: very low,
low, high, and very high (Figure 7). South and north aspect classifications are thought to
be more prone to avalanche occurrence. The slope’s peaks, in contrast to areas of evident
slope peaks and low slopes, are the key factors in avalanche susceptibility zones. Also, the
slope with peaks is the major component in avalanche hazard, as opposed to the location
where the slope peaks are not visible and there is an exceptionally low slope. Contour lines
show the elevation of Batura Glaciers, as shown in Figure 7b. Table 8 shows very low, low,
high, and very high susceptibility with the area and the percentage of Batura Glacier. In
2012, low susceptibility was 6.06%, and very high susceptibility was 48.46%, as shown in
Table 8. In 2022, the very highly susceptible area was 40.41%.

Table 8. The table represents the area and percentage of Batura Glacier for 2012 and 2022.

Glacier Classes Area km2 Percentage

Batura 2012

Very low 16.24 13.08
Low 7.46 6.06
High 40.70 33.56

Very high 60.57 48.46

Batura 2022

Very low 10.04 15.95
Low 20.18 7.93
High 45.11 35.67

Very high 51.11 40.41

The Gayari avalanche is situated at an extremely high altitude and is challenging
to reach, as well as being close to the borders between India and China in Pakistan’s far
northeast. The existence of a decent slope as well as the formation of a small thickness
are, indeed, the two primary avalanche-causing conditions. Snow accumulation in the
Gayari region meets both criteria: slope (35–50◦) and crack activity were detected in 2012
at approximately 900 m elevation upstream from either glacier terminal. Consequently,
susceptibility was greater in 2012 than in 2022, as shown in Figure 7c. The green dots in
this figure represent the serious avalanche event that happened on 7 April 2012 in the
Gayari Sector near Siachen Glacier, causing 129 soldier and 11 civilian causalities. Contour
lines show the elevation of the area. The most susceptible area in 2012 was 60.57 km2 with
48.46% susceptibility, as shown in Table 9.
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Table 9. The area and percentage of Gayari Glacier for 2012 and 2022.

Glacier Classes Area km2 Percentage

Gayari 2012

Very low 16.24 13.08
Low 7.46 6.06
High 40.70 33.56

Very high 60.57 48.46

Gayari 2022

Very low 10.04 15.95
Low 20.18 7.93
High 45.11 35.67

Very high 51.11 40.41

4. Discussion

The study area is exceptionally complicated; steep slopes, insufficient accessibility, and
severe weather conditions make it extremely challenging to map avalanche susceptibility
in the region. Human actions and decisions govern the fatal avalanche patterns in high
mountains [5] that contributed to about three-quarters of the avalanche deaths due to
improper camp placements and failure to forecast snow avalanches. The main components
affecting the avalanche formation were determined as slope, elevation, aspect, vegetation
index, and curvature profile, and then these parameters were arranged hierarchically
according to the literature and nature of the study area [6,7]. However, a parameter value
may dominantly affect the occurrence of a snow avalanche while the effect of the other
parameter may disappear on the snow avalanche occurrence [8]. Thus, it is not easy to
conclude the exact criteria for such a complicated fact of nature [9]. The avalanche hazards
and frequency in the study area, especially in the Batura and Gayari Glaciers, are common
and cause huge losses of life and infrastructure as the Karakoram Highway lies in the region
that connects the ancient Silk Road and serves as a vital transportation route in Pak China
Economic Corridor (CPEC) and is critical to the economic development of the country. The
AHP approach is commonly used for decision-making and is broadly utilized in natural
hazard situations [31–35]. According to the classification study and AHP technique, in 2012,
Gayari was declared as the most susceptible glacier, while in 2012, Hispar was the second
most avalanche-suspectable glacier. Batura had moderate susceptibility in 2012 and 2022
(Figure 7). The current study was preceded by several processes, including the creation of a
snow avalanche inventory map, production and analysis of avalanche occurrence terrain
characteristics, the building of a pairwise comparison matrix, the estimation of variable
weighting factors, and susceptibility mapping.

The results also showed that the slope factor had the maximum weight value [11,36],
and ignorance of the behavior of the avalanche slopes could be the main reason for the
avalanche accidents in the region [37], while other factors like terrain roughness, aspect,
and curvature also contributed; however, most of these are essential factors, and they are
constant over time [6,9]. Land cover and elevation were found to have low significant
contributing values and relevant avalanche vulnerability variables.

Limitations and Future Prospective of Avalanches Susceptibility Mapping

Important snowpack data sets needed for avalanche susceptibility mapping include
snow depth, snowpack density, snow layer thickness and interfaces, snowpack tempera-
ture, snowpack hardness, snow crystal types, and snowpack stability, along with historical
avalanche data and weather data. However, due to several limitations, we were not able to
integrate and analyze these diverse data sets for avalanche mapping. This includes spatial
variability as snowpack conditions vary significantly over short distances, and this spatial
variability can lead to large uncertainties and temporal and spatial data gaps concerning the
mapping of avalanche activity [38] if based on limited data points. [39] identified similar
challenges with observation networks. This inaccessibility of the areas of the Himalayas and
Karakoram ranges is more complex due to its dynamic geomorphology/geosystem [40].
The most important is a limitation of equipment and sensors due to resource constraints,
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resulting in unavailability or limited availability of data in most of such regions, including
our study area. There is no single weather station installed in the study area as harsh
environments and limited accessibility pose challenges for establishing meteorological and
ground monitoring stations [41]. Despite the challenges, ongoing research and advance-
ments in technology continue to enhance our understanding of snowpack conditions and
avalanche risk. Currently, remote sensing technology has made significant strides over the
past few decades, emerging as the principal approach for large-scale and high-precision
snow monitoring, providing an improved quantitative measure of avalanche activity and
dynamics. To overcome such limitations, scientists often use a combination of field ob-
servations, remote sensing data, and advanced computer modeling, which include both
statistical models that interpret available data and physical models that generate new data
that would otherwise not be available from field observations to improve the accuracy of
avalanche forecasting and mapping.

Future research should be focused on dealing with the detection of small avalanches
and the differentiation between slab and loose snow avalanches, as well as between wet
and dry snow avalanches. These challenges can be achieved from a combination of new
sensor systems, improved automatic avalanche detection methods, and an improved
understanding of the electromagnetic properties of snow in avalanche debris. The technical
integration of remote sensing data into operational avalanche forecasting is seen as the next
future challenge.

5. Conclusions

The AHP model based on GIS has been proven to be appropriate for mapping the
avalanche susceptibility of glaciers in the Karakoram range of Pakistan, which has more
glacial ice than any other country on Earth outside the polar regions. The results confirm
that the region has hotspots with high risks of avalanche development and related disasters.
Overall, more than 50% of areas have high susceptibility. As the region is a tourist area and
construction is increasing rapidly, it will be appropriate to implement precautionary mea-
sures and develop mitigation strategies, and local governments, especially, should make
proper preparedness plans in case of any disaster. Such a map cannot prevent avalanches;
however, its appropriate use may decrease avalanche casualties. Decision makers may
utilize this avalanche susceptibility map to optimize planning and management and secure
mobility throughout the area. Regrettably, this study encounters limitations due to the un-
availability of snow characteristics data in the study area, especially avalanche conditioning
factors. The collection of dynamic meteorological characteristics would be useful for even
more specific and accurate mapping along with the integration of snowpack characteristics
like seismic setting, faults, geology, flood, and other anthropogenic factors in future studies,
which was not possible in current work due to the unavailability of data. Not even a
single ground weather station was available, and this is a big concern that needs to be
addressed by governments and other relevant organizations. In our future research, the
scope of the study will be expanded to investigate the avalanche hazard risk considering
all these characteristics.
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