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ABSTRACT

The rapid deglaciation in the Upper Indus Basin (UIB) significantly impacts local landscapes, watersheds, and basin-wide hydrology.
While creating new opportunities, such as emerging landscapes and hydrological changes, deglaciation simultaneously heightens
the risk of glacio-hydrological hazards in adjacent and downstream regions. With limited available land for agriculture and settle-
ments, communities around glaciers expand human activities toward newly formed floodplains and deglaciating valleys, necessi-
tating a comprehensive understanding of associated risks and vulnerabilities. This study employs Geographical Information System
(GIS) and Remote Sensing products for a multicriteria hazards susceptibility assessment in the Shigar Valley, located in the down-
stream of major Himalayan glaciers — the Baltoro (63 km) and Biafo (67 km) glaciers. The research reveals that 28.3% of the valley
is highly susceptible to multiple hazards, emphasizing the urgency of informed decision-making in the region. Only 0.03% area lies
in the very low susceptible category, 9.7% in the low susceptible, 60.6% in the moderately susceptible, and 1.04% in the very highly
susceptible categories. These findings highlight the need for proactive measures, adaptive strategies, and sustainable development
in the Shigar Valley to mitigate the escalating risks posed by deglaciation and changing hydrological patterns.
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1. Introduction

The Hindukush-Karakoram-Himalayan (HKH) region,
one of the most geologically active and environmen-
tally sensitive areas on our planet, has consistently
been the focus of various scientific investigations,
primarily due to its inherent geological complexi-
ty, climatic variability, and susceptibility to natural
hazards (Richardson and Reynolds 2000; Wang et al.
2021; Chowdhury et al. 2021; Kropacek et al. 2021).
Cryo-hydro-climatic dynamics in the Upper Indus
Basin (UIB), have been producing severe consequenc-
es in the proximal areas as well as in the Lower Indus
Basin throughout history in the form of water short-
ages and catastrophic flooding (Lutz et al. 2016; Ish-
aque et al. 2022; Yao and Khan 2022). Following the
history’s most devastating flooding in 2010 (Khattak
et al. 2012), the recent floods of 2022 resulted into
the displacement of millions of people when almost
two third of the country was under water (Saifi et al.
2022). With only a gap of 2 years, several areas in the
HKH region were recently hit by severe flash floods in
April 2024, causing widespread damages especially to
standing crops, agricultural land, and other proper-
ty. Besides such large-scale catastrophic flooding, the
local communities have been suffering the impacts
of these changes in the form of glacial lake outburst
floods (GLOFs), water stress associated with fluctu-
ating and uncertain snowmelt, landslides, and river
blockages etc. (Igbal et al. 2014; Gao et al. 2021).

The Shigar Valley in Pakistan is one of the most
dynamic areas in the HKH exposed to a complex set of
hazards, challenging its inhabitants and the environ-
ment. This valley is not only home for the local pop-
ulation but also a region of great cultural, economic,
and ecological significance. Yet, it is distressed by
multiple natural hazards, including landslides, gla-
cial lake outburst floods (GLOFs), earthquakes, and
avalanches, which pose a constant threat to the lives
of the local and downstream populations, as well as
to the infrastructure, and sustainability of the valley
(Sangha et al. 2019; Kumar et al. 2018; Kumari et al.
2016). Located in the Karakoram Range, this valley is
aregion characterized by diverse topographic, climat-
ic, and geological conditions. Its location near the con-
verging boundaries of the Indian and Eurasian tecton-
ic plates makes it particularly susceptible to seismic
events (Mondal et al. 2021). Moreover, the presence of
numerous glaciers in the region increases the risk of
GLOFs, a hazard that has claimed lives and caused sig-
nificant damage in the past (Bajracharya et al. 2015;
Shrestha et al. 2019). Landslides, often triggered by a
combination of factors including precipitation, thaw-
ing of permafrost, and seismic activity, further com-
pound the vulnerability of the area being (Adhikari
et al. 2019; Bajracharya et al. 2020). In addition, ava-
lanches represent a constant threat to transportation
routes and residential areas, especially during the
winter months (Bhutiyani et al. 2008).

Understanding and mitigating these hazards are
critical for the resilience and long-term survival of
the communities residing in the Shigar Valley and the
downstream communities. As climate change accel-
erates, the frequency and magnitude of these hazards
are likely to increase, making it imperative to adopt
advanced methodologies for assessing vulnerability
and risk in this region (Clark-Ginsberg et al. 2021;
Jaiswal et al. 2010). This study seeks to address this
pressing need by employing advanced Multi-criteria
Hazard Assessment (MHA) methods, leveraging the
power of Geographic Information Systems (GIS) and
Remote Sensing (RS) technologies to provide a com-
prehensive understanding of the vulnerability of the
Shigar Valley to a range of natural hazards.

The existing literature on hazard assessment in
the Shigar Valley provides valuable insights but lacks
the comprehensive, integrated approach required
to address this multifaceted challenge. Past studies
have often focused on individual hazards in isolation
or have relied on limited data sources and tradition-
al vulnerability assessment methods, which may not
capture the complex interplay of factors affecting the
region’s vulnerability to multiple hazards (Mokarram
et al. 2021; Yang et al. 2021). Furthermore, the land-
scape is continuously evolving, both due to natural
processes and human activities, making it essential to
have up-to-date, accurate, and dynamic information
for effective hazard assessment and risk management
(Kaur etal. 2019).

The utility of GIS-based susceptibility maps cas-
cades into illuminating the geographical distribution
of multi-hazard risks for the perusal of decision-mak-
ers and stakeholders. The techniques range from
overlay analysis and weighted overlays to the efficacy
of machine learning algorithms (Chen et al. 2018; Li
et al. 2020). These utilities manifest their worth in
guiding the scale of land-use planning, infrastructure
development, disaster management and response,
and targeted mitigation measures (Wenwu Chen and
Zhang 2021; Piao et al. 2022; Ha-Mim et al. 2022;
Kornejady et al. 2019). Multi-hazard analyses entail
the integration of various factors and methodolo-
gies to assess the susceptibility of an area to multi-
ple hazards simultaneously. These analyses employ
advanced techniques such as Geographic Information
Systems (GIS) and Remote Sensing (RS) to incorpo-
rate diverse parameters such as topography, geology,
climate, land use, and infrastructure into the assess-
ment process (van Westen 2000; Abella et al. 2008;
Olaya Calderon et al. 2024). By considering multi-
ple hazards in conjunction, these analyses provide
a more comprehensive understanding of the overall
risk landscape, allowing for better-informed deci-
sion-making and proactive risk reduction strategies
(Jaiswal et al. 2010; Kaur et al. 2019). Furthermore,
multi-hazard analyses enable the identification of
synergies and interactions between different haz-
ards, which may exacerbate overall risk levels (Ward
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et al. 2020; Pham et al. 2021). This holistic approach
is particularly crucial in regions like the Shigar Valley,
where various hazards coexist and intersect, neces-
sitating a nuanced understanding of their combined
impacts on local communities and ecosystems. By
conducting multi-hazard analyses, researchers and
stakeholders can effectively prioritize resources,
implement targeted interventions, and enhance the
resilience of vulnerable areas to a wide range of natu-
ral hazards. However, it is important to recognize that
GIS-based multi-hazard assessments encounter sev-
eral challenges, including issues of data heterogeneity,
uncertainty, and the compelling need for the evolution
of advanced modeling methodologies (Ujjwal et al.
2019; Ward et al. 2020; Pham et al. 2021).

The purpose of this study is to utilize advanced
multi-criteria decision analysis methods, integrating
Geographic Information Systems (GIS) and Remote
Sensing (RS) products, to assess the vulnerability of
the Shigar Valley, Himalayas, Pakistan, to a spectrum
of natural hazards. This research aims to perform a
comprehensive analysis of various natural hazards
in the Shigar Valley by incorporating multi-crite-
ria, including topography, geology, climate, land use,
and infrastructure, in the vulnerability assessment
process, enabling a holistic understanding of the
region’s susceptibility to hazards. The methodology
for multi-criteria hazard susceptibility assessment
in the Shigar Valley integrates geographical consider-
ations and the unique conditions of the Shigar Valley.
The criteria for hazard mapping are formulated with a

specific focus on the valley’s characteristics, recogniz-
ing its importance in the execution of Multi-Criteria
Decision Analysis (MCDA). The assessment criteria
are established through a comprehensive review of
relevant literature and consultations with experts.
The literature review aims to gather information
applicable to GIS-based MCDA, drawing from primary
sources obtained through reputable research data-
bases (Belay et al. 2022). Different MCDA method-
ologies, including Analytic Hierarchy Process (AHP),
Analytic Network Process (ANP), Technique for Order
of Preference by Similarity to Ideal Solution (TOPSIS),
and Weighted Sum Model (WSM), are explored for
assessing multi-hazard susceptibility.

This analysis will establish risk zones within the
Shigar Valley, which can serve as a foundation for
informed decision-making and the development of
hazard-specific risk reduction strategies. By achiev-
ing these objectives, this study aims to offer a com-
prehensive and up-to-date understanding of the
vulnerabilities that the Shigar Valley faces, enabling
local authorities, policymakers, and stakeholders to
enhance proactive measures for disaster risk reduc-
tion and sustainable development.

2. Study area
The Shigar Valley is located in the central part of

the Karakoram Range stretching from 35°29'14"
N to 35°23'54" N latitude and 75°41'56" E to and

35°00°N

75°12'30°E 76°15'0"E
N

£ £
(=] (=]
@ | | ©
3 A

Legend

B Major places

—— Drainage pattern

[ shigar boundary

Elevation

— High : 8546

- Low : 1979 40
=z
o
ob -4
@ : . ’ )

75°12'30°E

76°15'0°E

Fig. 1 (a) Location map of the study area. Elevation was calculated in ArcGIS using SRTM data, while the boundary layers

were obtained from DivaGIS.com.
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75°44'57" E longitude (Fig. 1a). The Shigar Valley
shares a border with China and is characterized by
high peaks such as K-2 (8611 meters), Broad Peak
(8047 meters), Angel Peak (6858 meters), and Skil
Brum (7360 meters) with a population of 75 thou-
sand according to the census of 2017 (Abbas et al.
2017). The valley consists of several small villages
situated on alluvial fans, terraces, and gentle slopes
along the river and its tributaries at altitudes ranging
from 2300 m (Marapi) to 3050 m (Askole) (Schmidt
2008). It is one of the best tourism destinations in the
northern areas of Pakistan (Khan et al. 2023).

The Shigar River drains the valley and is supple-
mented by numerous smaller tributaries flowing
from the surrounding mountains, primarily sourced
from glaciers. This river takes its origin from the His-
par glacier situated at the base of the Haramosh and
Kanjut Sar peaks in the Shigar valley. A vital tributary
of the Shigar River originates from the Baltoro Gla-
cier near Masherbrum Peak, flowing westward to join
the main channel. This river drains the meltwaters of
the significant Baltoro and Biafo glaciers in the Kara-
koram Range. The catchment area is shaped by gla-
ciers, with a deep upper valley that widens near the
mouth. A small river island forms at the junction of
the main river and the Baltoro Glacier tributary. The
high-altitude, low-rainfall catchment area is sparsely
vegetated, and human habitation is limited. The val-
ley is characterized by moraines and glacial deposits

resulting from the presence of these glaciers (Seong
et al. 2009). Additionally, the Shigar Valley hosts
several glacial lakes, often formed by the meltwater
originating from the surrounding glaciers (Ali et al.
2023).

Shigar Valley’s physiography is distinguished by
its numerous landforms (Fig. 1b), which include val-
leys, mountains, glaciers, and river systems (Ali et
al. 2023; Fatima et al. 2022). This area was selected
for this study because of geophysical settings mak-
ing it susceptible to a variety of natural hazards and
the fact that it is home to a considerable population.
Geologically, the area spans the northern end of the
Kohistan-Ladakh Island Arc (KLIA) and the southern
edge of the Asian plate. The Main Karakoram Thrust
(MKT), situated at the northern suture and pass-
ing through the Shigar Valley, acts as a dividing line
between the meta-sediments of the Asian plate and
the volcano-clastic rocks of the KLIA. Seismic activity
not only makes it susceptible to earthquakes but also
induced landslides and historically the area has been
hit by severe landslide t (Calligaris et al. 2017). Fur-
thermore, the area is highly susceptible to snow ava-
lanches and glacial hazards. Several disastrous events
can be noted from history such as the debris flow
on Jul 27, 2000, which destroyed 124 houses, and a
gigantic glacial flow on Apr 7, 2012 that took the lives
of 139 people along with infrastructure and livestock
damages (Gilany and Igbal 2017).

Fig. 1 (b) Pictures captured by the first author during a recent visit to the study area in November 2023. The left image depicts Arando
Village in the Shigar Valley, an area prone to recurrent flash floods in recent years. These floods have caused substantial damage, including
sedimentation on agricultural land and accelerated erosion. The right image showcases a newly discovered granite complex near Bisil, Shigar,
presenting potential economic prospects. However, this area is also susceptible to landslides and avalanches.
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2. Methodology

This study recognizes the importance of selecting
factors influencing susceptibility to various hazards,
including elevation, slope, flow accumulation, rain-
fall, distance from river, topographic wetness index,
land use, lithology, normalized difference vegetation
index (NDVI), curvature, distance from fault, stream
power index, aspect, distance from road, and drainage
density.

2.1 Data collection and preprocessing

Different sources and methods were used to extract
and process the data for different factors considered
for the multicriteria analysis. Several factors related
to the characteristics of physical landscape (Tab. 1)
were extracted from digital elevation model (DEM).
These factors include elevation, slope, curvature,
slope aspect, stream power index, flow accumulation,
and drainage density. Curvature is classified into three
classes: concave slope (negative value), flat plane (val-
ue —0.1 to 1.0), and convex slope (value greater than
0.1) (Gizaw et al. 2023). The stream power index cal-
culates the erosive force of water in rivers or streams
which was also extracted from the DEM (Okoli et al.
2023; Olii et al. 2023). Likewise, flow accumulation
was extracted from DEM. The topographic wetness
index (TWI) quantifies terrain moisture availability.
TWI was obtained from DEM (Moharir et al. 2023)
using ArcGIS and divided into 5 groups. Drainage den-
sity was also extracted from DEM with 250 m inter-
vals (Ozegin et al. 2023; Upwanshi et al. 2023).

Tab. 1 Description of spatial data for different parameters.

(= =N ===

Elevation

ALOS-PALSAR DEM

12.5 m2 resolution DEM image

Slope

ALOS-PALSAR DEM

12.5 m2resolution DEM image

Distance to fault

ALOS-PALSAR DEM

12.5 m2 resolution DEM image

Aspect

ALOS-PALSAR DEM

12.5 m2 resolution DEM image

Flow
accumulation

ALOS-PALSAR DEM

12.5 m2 resolution DEM image

Distance to river

ALOS-PALSAR DEM

12.5 m2 resolution DEM image

Drainage density

ALOS-PALSAR DEM

12.5 m2 resolution DEM image

Curvature ALOS-PALSAR DEM | 12.5 m2 resolution DEM image
LULC Sentinel-2 image 10 m2 resolution from USGS
NDVI Sentinel-2 image 10 m2 resolution from USGS
Soil type FAO Soil shape files

Geology Geological map 1:50,000 from GSP

Lithology Geological map 1:50,000 from GSP

Topographic
wetness index

ALOS-PALSAR DEM

12.5 m2 resolution DEM image

Distance to road

Topgraphical map

1:50,000 from GSP

Rainfall

Metrological
department

30-years data from PDM

Data for rainfall was collected for local meteorolog-
ical stations from the Pakistan Meteorological Depart-
ment (PMD) Lahore head office (Tab. 1). Rainfall was
mapped using the Inverse Distance Weightage (IDW)
method in ArcGIS (Al-Taani et al. 2023; Li et al. 2023)
and classified into three classes. Proximity to rivers
provides valuable insights into flood risk (Majeed et
al. 2023; Shekar and Mathew 2023). In this study, five
classes, with intervals of 250 m extracted from DEM,
were generated in ArcGIS (Fig. 2).

Land use and land cover (LULC) and NDVI data
were acquired using Sentinel-2 satellite imagery and
supervised image classification, six classes - glaciers,
water bodies, agricultural land, vegetation cover, and
built-up areas - were identified (Belazreg et al. 2023;
Bandyopadhyay et al. 2023; Meshram et al. 2023).
Lithology layer ws created using the geological sur-
vey data in ArcGIS (Farhat et al. 2023; Mushtaq et
al. 2023), while soil type layer was generated from
the Food and Agriculture Organization (FAO) shape
files.

Another crucial geological characteristic in mul-
ticriteria hazard assessment, distance from fault, is
measured in intervals of 200 meters using the geo-
logical survey of Pakistan data, with five classes gen-
erated in ArcGIS (Faryabi 2023; Ke et al. 2023; Kumar
et al. 2023). Additionally, distance from road was
extracted from 1 : 50,000 topographic map.

2.2 Analytical Hierarchy Process (AHP) method

Susceptibility maps based on AHP provide a quanti-
tative representation of areas vulnerable to various
threats (Hu et al. 2018). It involves pairwise compari-
sons of criteria and sub-criteria to determine their rel-
ative relevance. A preference scale, inspired by Saaty
(2008) and Kursunoglu et al. (2021), is employed to
assign weightings reflecting the perceived importance
of each factor. The AHP-based susceptibility evalua-
tion relies on the collection and preparation of spa-
tial data, organized within the hierarchical structure
of the AHP framework (Bui et al. 2019; Javidan et al.
2021). Pairwise comparison matrices and weight-
ings are utilized to assign priority scores to locations
based on their susceptibility to threats. Higher scores
indicate greater vulnerability, aiding decision-making
by highlighting areas requiring targeted risk reduc-
tion actions (Cheng et al. 2020; Lee and Seo 2016;
Youssef and Pourghasemi 2021).

The consistency ratio in AHP is a critical metric
assessing the dependability of decision-makers’ judg-
ments during pairwise comparisons of criteria and
alternatives (Scapozza and Bartelt 2003). It is cal-
culated as the Consistency Index (CI) divided by the
Random Index (RI) (Scapozza et al. 2019).

The CI measures the degree of consistency in the
pairwise comparison assessment. It is determined
by comparing the largest eigenvalue (A_max) of the
matrix to its order (n), expressed as:
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Fig. 2 Layers for multicriteria hazards susceptibility assessment. Detail methods and sources of data have been discussed in the methodology

description.

Consistency Index (CI)

Consistency ratio = Random Index (RI)

The Random Index (RI) serves as a reference value
to estimate the consistency level of randomly generat-
ed matrices, ensuring the reliability of decision-mak-
ing judgments. If the calculated CR is close to or less

than 0.10, the judgments are considered reasonably
consistent and acceptable. However, if the CR exceeds
0.10, it suggests inconsistencies in the pairwise com-
parisons, requiring further scrutiny or revisions.

The CR is computed to ensure consistent judg-
ments, defining the ratio. If the calculated CR is less
than or near 0.10, judgments are deemed reasonably
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Tab. 2 Conversion of language preferences into numerical scores.

Importance of scale Example in detail

1 Equally important Both variables are equally significant
3 Moderately important One variable is slightly significant

5 Strongly important One variable is strongly significant

7 Very strongly important One variable is dominantly significant
9 Absolutely important One variable is entirely significant
2,4,6,8 Intermediate Intermediate value

Tab. 3 Random index values to calculate consistency ratio.

0 0 0.58 0.90 1.12

1.24 1.32 1.41 1.45 1.49 1.45 1.49

consistent and acceptable. A CR exceeding 0.10 indi-
cates inconsistencies, necessitating further inspection
or revisions.

Decision-makers use a scale created by Saaty, rang-
ing from 1 to 9. These scale values are logarithmically
separated to maintain qualitative comparisons. Tab.
2 illustrates the numerical scale used to convert lan-
guage preferences into numerical score values (Reh-
man et al. 2022).

Tab. 3 presents random index values used to cal-
culate the consistency ratio. The CI, expressing the
degree of consistency in pairwise comparisons, is
determined by comparing A_max to its order (n). The
Random Index (RI) is a reference value assessing the
consistency level of randomly generated matrices.

2.3 Multi-hazards weight assignment

Weights assigning is a crucial step in developing the
multi-hazards index map to reflect the varying degrees
of risk in the research area with high degree of accu-
racy. In this study, we employed a weighted overlay
in ArcGIS, to ensure integration of multiple hazard
factors. Given the region’s varying susceptibility to
different hazards, each hazard category was carefully
considered. This integrated approach ensures that the
contribution of each hazard factor is adequately con-
sidered in the multi-hazards index map. The following
weights were assigned to different hazards based on
experts’ observations drawing from different litera-
ture sources (Park et al. 2018; Rehman et al. 2022).

Flood Weight (40%)

The study area, situated in a high-risk zone, experi-
ences frequent flooding events and therefore it was
assigned the highest weight (40%) to conduct a final
multi-hazards susceptibility map.

Landslide Weight (30%)
A weight of 30% was assigned to landslides due to the
region’s topographical characteristics aligning with

the observed vulnerability of the area to slope failures
and associated risks.

Earth Snow Avalanches Weight (25%)

Considering the substantial risk of snow avalanches,
particularly at higher steep slopes, a weight of 25%
was assigned acknowledging the threats associated
with this landscape.

Earthquake Weight (5%)

While earthquakes contribute to the overall hazard
profile, the weight assigned to this factor was set at
5%. This decision reflects the seismic activity in the
region but acknowledges that other hazards pose
comparatively greater risks.

Using weighted overlay analysis, the individual haz-
ard indices were integrated to generate an overall sus-
ceptibility index map, depicting the varying degrees
of susceptibility across different areas (Rahman et al.
2022). The resulting polygons were then converted
into a projected coordinate system to facilitate the
calculation of areas corresponding to different sus-
ceptibility categories using the field calculator tool in
ArcGIS.

3. Result and discussion

Flood hazards, exacerbated by glacial-fed drainage
and the formation of glacial lakes in the upper catch-
ment of the Shigar River and its tributaries, pose a sig-
nificant threat in the study area, making it susceptible
to Glacial Lake Outburst Floods (GLOFs) (Campbell
2004; Batool et al. 2016). To comprehensively assess
flood susceptibility, detailed mapping was conduct-
ed, integrating multiple factors (Afreen et al. 2022)
such as elevation, slope, flow accumulation, rainfall,
distance to river, drainage density, topographic wet-
ness index, land use, soil type, lithology, NDVI, and
curvature.
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The resultant flood susceptibility index map pro-
vides insights into the vulnerability of the study area,
particularly concerning the very high and high catego-
ries (Fig. 3a). Notably, the downstream region in the
densely populated lowland exhibits a pronounced
susceptibility to floods. Conversely, areas character-
ized by very low flood susceptibility are limited and
predominantly situated in high steep slopes. A signif-
icant portion of the landscape falls within the moder-
ately to low susceptible categories.

Statistically, the analysis reveals that a total of
59.3 km?, constituting 1.04% of the total area, falls
under the very highly susceptible category in terms
of flood hazards. The heightened flood risk in this
region is compounded by its dense population and its
role as the primary cultivation zone in the valley. Sim-
ilarly, 1604.9 km? or 28.3% of the area is classified as
highly susceptible (Tab. 4), primarily concentrated in
the floodplains of the main Shigar River and its major
tributaries. These zones, observed through inventory

(a). Flood susceptibility index

A

Flood Index
[ very Low
I ow
[ Medium
I High
I very High

(b). Landslides susceptibility index

Fig. 3 Flood and landslide susceptibility index maps. The maps were created in ArcGIS using the relevant layers.
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points and previous studies, have experienced fre-
quent inundation events (Gilany and Igbal 2016). In
particular, several major villages are located with-
in the high to very high susceptible zones, including
Chaqpo, Tissar, Churtron, Haiderabad, Lansa, Marapi,
Churka, Alchori, Qulpur, and Kashmal.

Landslides, with the second-highest weight in the
hazard susceptibility index, emerge as a frequent and
impactful hazard within the study area. A comprehen-
sive approach to landslide hazard mapping involved

the consideration of ten key parameters, including
lithology, soil type, slope, land use, distance to road,
distance to river, distance to fault, elevation, aspect,
and precipitation. The intricate interplay of these
factors in the region’s topography and climatic condi-
tions establishes a substantial susceptibility to land-
slides, as corroborated by existing literature (Hewitt
1999; Calligaris et al. 2017).

The results of the study elucidate that a significant
portion of the study area, 1459 km? which makes

(a). Snow avalanches susceptibility

i

N

A

(b). Earthquake susceptibility

Legend
A  Earthquake_Points
®  Places

[ | shigar

Earthquake Index

I very High

Fig. 4 Earthquake and snow avalanches susceptibility index maps. The maps were created in ArcGIS using the relevant layers.
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25.8% of the total land, is characterized by a high sus-
ceptibility to landslide hazards (Tab. 4). The resultant
landslide susceptibility index map provides a rep-
resentation of vulnerability distribution across the
study area (Fig. 3b). The susceptibility to landslides
demonstrates an escalating trend toward higher
elevations and steeper slopes, accentuating the top-
ographic influence on landslide occurrence. Within
the highly susceptible zones, notable villages such as
Hoto, Daso, Demal, Haiderabad, and Arandu are sit-
uated, underscoring the threat to populated areas.
A substantial yet distinct portion, comprising 64.6%
of the total, falls within the moderately susceptible
classification. This delineation reflects the nuanced
topographic hostility inherent in the region.

Despite the prevalence of moderately susceptible
areas, a closer examination reveals that only a select
few out of approximately 50 villages are positioned in
the high to very high susceptible zones. This under-
scores the concentrated nature of landslide vulner-
ability, with specific communities facing heightened
risks. Navigating the landscape challenges posed by
landslides necessitates a tailored understanding of
the localized susceptibility patterns, enabling tar-
geted mitigation efforts and community resilience
strategies.

In exploring the hazards prevalent in our study
area, snow avalanches emerge as a significant concern
(Hewitt 1988; Hewitt et al. 2011; Hasson et al. 2014;
Gilany and Igbal 2017), demanding a detailed evalu-
ation (Shroder et al. 2011). We adopted a thorough
approach, considering twelve factors like slope, dis-
tance to fault, lithology, and others to create a Snow
Avalanche Susceptibility Index (Ali et al. 2023). The
susceptibility index, depicted in Tab. 3, assigns differ-
ent levels ranging from low to very high vulnerability.

Examining the map (Fig. 4a), it’s evident that high
and very high susceptibility zones cluster in elevated
terrains, primarily in the upper northern and north-
western parts of our study area. Zooming in, villages
such as Wazir Pur, Churka, Hasnupi, and others fall
within these high-risk zones. These findings high-
light the localized nature of avalanche susceptibility,
emphasizing that certain communities face elevated
risks due to where they’re situated.

On the flip side, most low-lying regions show-
case low susceptibility. This spatial distribution of

susceptibility levels points to areas where avalanche
risks are comparatively lower, providing valuable
insights for targeted safety measures and communi-
ty planning. Breaking down the stats, areas with very
high susceptibility cover 40.7% of the total land, while
high susceptibility areas account for 11.8%. On the
lower end, low susceptibility areas make up 2.35%.
This statistical breakdown gives us a clearer picture
of the varying risk levels across the landscape. Our
assessment of snow avalanche susceptibility helps
uncover the mix of factors influencing risk. Identify-
ing high-risk zones and areas of lower susceptibility
is vital for crafting safety measures tailored to spe-
cific communities. This down-to-earth understanding
is crucial for decision-makers working to safeguard
our communities from the challenges posed by alpine
hazards.

In our study, our primary aim was to create a
comprehensive picture of the risks in the Shigar
Valley by looking at multiple hazards simultaneous-
ly. We achieved this by assigning weights based on
expert opinions from existing literature, ensuring a
well-rounded analysis (Zhou et al. 2016; Rehman et
al. 2021; 2022). By doing this, we move beyond just
individual hazards and gain a holistic understanding
of how various threats come together, influencing
the overall risk profile of the study area. Our holis-
tic approach allows us to look at the bigger picture,
giving us insights into how different hazards interact.
This in-depth exploration provides a detailed view
of vulnerability, crucial for managing and planning
human activities in the region.

Looking at the results, the susceptibility of the
study area to combined hazards is quite worrisome.
A significant portion of the valley, about 28.3%, falls
into the highly susceptible category, and an addi-
tional 1.04% is classified as very highly susceptible
(Tab. 4). These areas are predominantly along the
floodplains of the Shigar River and its tributaries,
which are crucial zones for human activities (Fig. 5).
Moving beyond the high susceptibility zones, we find
that approximately 60% of the total land in the study
area is moderately susceptible to multi-hazards. This
moderate susceptibility is spread throughout the val-
ley, presenting challenges for a range of activities. It’s
not just about the extremes; even the moderate risk
areas demand attention and planning. In contrast,

Tab. 4 Area susceptible to various hazards and overall multi-hazards susceptibility index.

Very high

C wedm | owe
ris s vt | e | At | ige | st | sige | vt | e | et | e

Floods 1.73 0.030 550.2 9.70 3436.0 60.7 1604.9 28.3 59.3 1.04
Landsides 1.61 0.020 494.8 8.70 3654.5 64.6 1459.7 25.8 40.3 0.70
Avalanches 135.50 2.300 2410.1 42.65 2304.5 40.7 667.8 11.8 132.8 2.35
Earthquake 0.34 0.005 866.3 15.30 3507.1 61.9 1229.1 21.7 58.7 1.03
Multi-hazard 1.73 0.030 548.6 9.70 3432.0 60.8 1602.1 28.3 59.2 1.04
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Fig. 5 Multi-hazards susceptibility index of the study area. The map was created using weighted overlay in ArcGIS combining

all the hazards susceptibility indices.

the low and very low susceptibility categories cover
a relatively small proportion of the total land. Most
of these areas are located in uninhabited high moun-
tains and glacial terrain.

Understanding the dynamics of highly susceptible
zones along with moderately and less susceptible are-
as is crucial for adapting resilient strategies. The val-
ley’s vulnerability is not just about the extreme risks
but also about managing day-to-day activities in areas
that might seem less risky but still demand attention.
Balancing these aspects is key to ensuring a secure
and sustainable future for the Shigar Valley.

4. Conclusion

In undertaking a comprehensive multi-hazard sus-
ceptibility assessment for the Shigar Valley, our study
has provided invaluable insights into the complex risk
landscape of this region. As we conclude, it becomes
evident that navigating the hazards in the Shigar Val-
ley requires a nuanced understanding and strategic
planning to foster sustainable resilience. Our research
delved into individual hazards, uncovering the specif-
ic threats posed by floods, landslides, snow avalanch-
es, and earthquakes. By carefully mapping suscepti-
bility indices for each hazard, we laid the groundwork
for a detailed exploration of the challenges faced by
the Shigar Valley.

Floods emerged as a recurrent and severe hazard,
particularly in lowland areas adjacent to the Shigar

River and its tributaries. The susceptibility mapping
illuminated the vulnerabilities of densely populated
regions, emphasizing the need for targeted risk reduc-
tion strategies and preparedness measures. Land-
slides, with their significant weight in the susceptibili-
ty index, showcased a substantial portion of the study
area as highly susceptible. The distribution of vulner-
abilities revealed a correlation with higher elevations
and steeper slopes, impacting villages like Hoto, Daso,
Demal, Haiderabad, and Arandu. The susceptibility
map for snow avalanches unveiled high and very high
susceptibility in the elevated regions, affecting villag-
es like Wazir Pur, Churka, Hasnupi, Daso, Dasonid,
Doka, Zil, and Surungo. Low susceptibility prevailed
in low-lying areas, emphasizing the need for specif-
ic mitigation strategies based on local terrain. Given
the historical significance of earthquakes in the HKH
region, our earthquake susceptibility assessment
indicated considerable vulnerability. Highly suscepti-
ble zones were concentrated in populated southern
and southwestern lowlands, emphasizing the need for
resilient infrastructure and emergency preparedness.

Moving beyond individual hazards, we adopted
a holistic approach by combining all hazards into a
multi-hazard susceptibility index. Assigning weights
based on expert opinions enabled us to capture the
interconnectedness of these threats. This approach
not only identified highly susceptible zones but also
highlighted moderate risk areas that demand atten-
tion for comprehensive hazard planning. Our inte-
grated analysis painted a concerning picture, with a
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substantial area classified as highly and very highly
susceptible. Balancing the need for development and
human activities in these areas requires meticulous
planning, emphasizing the importance of communi-
ty awareness and engagement. As we conclude, it is
imperative to consider our findings in guiding sus-
tainable development and resilience strategies in the
Shigar Valley. Additionally, our study emphasizes the
need for ongoing monitoring and adaptive manage-
ment to address the dynamic nature of hazards in this
region. In navigating the multi-hazard landscape of
the Shigar Valley, our research lays the groundwork
for informed decision-making, fostering a resilient
future for the communities that call this vulnerable
yet picturesque landscape home.
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