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Abstract

Water scarcity is a critical concern in arid and semi-arid regions, with implications for ecological
stability, public health, and sustainable resource management. The Girnar Wildlife Sanctuary, Gujarat,
presents a case where ecological fragility intersects with cultural and religious pressures. This study
employs satellite remote sensing and GIS-based approach to characterize water stress parameters
within the sanctuary. Key spectral indices along with Land Use and Land Cover (LULC) were
integrated through Weighted Overlay Analysis (WOA) to generate Water Scarcity Vulnerability Index
(WSVI). Strong geographical variation within the sanctuary is revealed by the data, which show
ecological resilience with lower vulnerability and higher vegetation cover and soil moisture.
Conversely, peripheral zones dominated by barren lands and built-up areas emerge as hotspots of
ecological stress and water scarcity, exacerbated by anthropogenic activities and limited perennial
water sources. Seasonal dependence on streams and reservoirs further underscores vulnerability of
both flora and fauna, potentially intensifying human—wildlife conflict during dry periods. This research
highlights urgent need for integrated conservation strategies, including artificial waterhole creation,
watershed restoration, and regulation of pilgrimage-related activities. By advancing geospatial
framework, the study not only informs targeted water management and bio-conservation in Girnar but
also offers methodological template for other protected areas.

Keywords: Conservation, ecological resilience, GIS, sustainable water management, water scarcity
vulnerability

INTRODUCTION
Freshwater is a vital resource for all life forms, serving a fundamental role in human health,
agricultural productivity, and the maintenance of the
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ecological balance. Despite the extensive coverage
of water on the Earth’s surface, approximately only
0.70% is accessible and suitable for direct human
utilization, with groundwater constituting the bulk
of this usable resource. The quality of the freshwater
is characterized by its physical, chemical, and
biological properties. However, the processes of
rapid urbanization, industrial development, and
inadequate waste management have increasingly
contributed to the contamination of water sources
with harmful chemicals and pathogens [1-5].

Water scarcity poses a significant challenge in
Junagadh, India, a region characterized by arid and
semi-arid conditions. To address this issue effectively,
there is a pressing need for a comprehensive spatial
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analysis of water scarcity vulnerability using advanced remote sensing and GIS techniques. Remote
sensing provides up-to-date, large-scale data on parameters, like rainfall, vegetation, soil moisture, and
surface water bodies, while GIS allows integration and spatial analysis of these factors to map
vulnerable zones. Together, they help identify hotspots of water stress, understand underlying causes,
and support effective planning and management strategies for sustainable water resource use in the arid
and semi-arid conditions of Junagadh. The problem at hand entails integrating multi-temporal satellite
data and GIS analysis to accurately assess the spatial distribution and drivers of water scarcity
vulnerability in Junagadh. This research aims to develop a robust methodology for identifying
vulnerable areas and informing targeted water resource management strategies [6—12].

In humid regions, like Junagadh, Gujarat, groundwater is often the primary source of drinking water,
a challenge intensified during large gatherings, like the five-day Girnar Parikrama, which is a
circumambulation around Girnar Mountain where people begin to walk in a chartered path, reflecting
deep faith, endurance, and devotion. Therefore, thorough spatial monitoring and assessment of water
sources before and after such events is essential for public health safety [13—17].

The Girnar Hills in Junagadh attract thousands of pilgrims during the Girnar Parikrama, creating
significant demands on local water resources. Pilgrims depend on natural springs, wells, and temporary
water stations, which may introduce microbial and chemical contaminants [18]. Previous studies
indicate variable water quality parameters in Junagadh district, including high total dissolved solids
(TDS), electrical conductivity (EC), microbial contamination, and salinity issues from seawater
intrusion. Globally, numerous studies have assessed water scarcity using hydrological or socioeconomic
indicators, but few have integrated multi-index remote sensing parameters with spatially explicit
vulnerability modeling in culturally and ecologically sensitive semi-arid landscapes. This study,
therefore, presents a novel geospatial framework that bridges ecological monitoring and water
management, contributing to the growing international discourse on remote sensing — based
environmental vulnerability assessment [19-21]. This study aims to investigate the composite metrics
of environmental water stress parameters, providing a comprehensive spatial analysis of water scarcity
vulnerability in Junagadh, facilitating evidence-based decision-making and sustainable water resource
management practices. The results will enhance our understanding of anthropogenic impacts and
support the development of effective water safety strategies during large-scale events [22—26].

STUDY AREA

The Girnar Hills, located in Junagadh district, Gujarat, form a distinctive ecological and cultural
landscape at the edge of the Kathiawar Peninsula. The area encompasses Mount Girnar, an ancient
volcanic massif rising to about 1,117 m above sea level, and is designated as the Girnar Wildlife
Sanctuary (GWS) since 2008 to conserve its rich biodiversity, including the Asiatic lion (Panthera leo
persica). The region experiences a semi-arid climate with an average annual rainfall of ~900 mm,
characterized by short monsoons and prolonged dry periods. The sanctuary’s terrain comprises hilly
slopes, rocky plateaus, and seasonal streams, such as the Madhuvanti and Saraswati, with Deccan Trap
and alluvial aquifers that are prone to depletion and contamination. Vegetation is mainly dry deciduous
forest dominated by Tectona grandis, Anogeissus latifolia, Acacia catechu, and Boswellia serrata. Girnar
also holds major religious significance, attracting thousands of pilgrims during the annual Girnar
Parikrama a 36 km circumambulation around the hills (Figure 1) which exerts additional stress on local
water resources. This intersection of ecological fragility and anthropogenic pressure makes the area
ideal for studying spatial water scarcity vulnerability using remote sensing and GIS approaches [27—
30].

MATERIALS & METHODOLOGY

Methodology for this study will employ an integrative and comparative approach to capture the
environmental dynamics. Satellite remote sensing was used in deriving the water stress-related
parameters, which ultimately yielded the Water Scarcity Vulnerability regions around the Girnar
Parikrama regions.
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Figure 1. A geological map depicting the study area index along with Land use features and the
lithological units.

The calculated physicochemical parameters were plotted as thematic layers to understand the spatial
distribution of hydrochemistry, using ArcGIS Pro 3.4.3®. Correlations between multiple spectral
indices and their correlative regression approach in GIS were explored through overlay analysis and
Water Quality Index (WQI) modeling.

Indices for Water Scarcity Vulnerability Characterisation

Normalized Difference Vegetation Index (NDVI)

NDVI was used to assess vegetation health and density. Healthy vegetation typically indicates adequate
water availability, while stressed vegetation may signal water scarcity. It is calculated using the reflectance
values in the red (R) and near-infrared (NIR) portions of the electromagnetic spectrum, according to the
formula:

NDVI = (NIR — R)/(NIR + R)

Modified Normalized Difference Water Index (MNDWI)

The Normalized Difference Water Index (MNDWI) is a remote sensing index designed to monitor changes
in water content of vegetation and detect open water bodies. MNDWTI is calculated using the reflectance values
in the Visible-GREEN and shortwave infrared (SWIR) or green light portions of the electromagnetic spectrum:

MNDWI = (Green + NIR) /(Green — R)

Soil Moisture Index (SMI)

Studying soil moisture measurements across time offers valuable information about extended patterns
in water availability. One of the methods to derive soil moisture involves using the relationship between
NDVI and Land Surface Temperature (LST) as shown in the expression below.

SMI = (NDVI — NDVI Min) * (LST Max — LST)
/ (NDVI Max — NDVI Min) * (LST Max — LST Min)
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Analyzing soil moisture data over time provides insight into long-term trends in water availability.
This temporal analysis helps to understand the impact of climate change on soil moisture levels and
vulnerability to water deficits.

Evapotranspiration

Remote sensing-based ET maps offer valuable spatial and temporal data on water loss from
evapotranspiration, which is important for evaluating vulnerability to water scarcity. The surface energy
balance method is widely used in remote sensing-based ET estimation. The Surface Energy Balance
Algorithm for Land (SEBAL) is one such model. SEBAL uses LANDSAT 8 satellite imagery to
estimate ET by solving the surface energy balance equation:

AE=Rn—-G-H

where:
e AE is the latent heat flux (ET).
e Rn is the net radiation at the surface.
e G is the soil heat flux.
e H is the sensible heat flux.

Monitoring water balance in various regions heavily relies on ET maps, as they provide valuable
insights into the amount of water lost to the atmosphere.

Land Use and Land Cover (LULC)

At first, the false color composite from the Sentinel 2 image was created, and the LULC classes were
identified by visual interpretation, followed by the creation of a training sample signature file to be used
in Supervized image classification. The Supervized Classification technique with an ML-aided Support
Vector Machine (SVM) classifier was used to classify the satellite image into appropriate land use and
land cover classes with respect to the study area.

Weighted Overlay Analysis (WOA)

Utilizing the outcomes of all the above five spectral indices, these were then subjected to the
Analytical Hierarchy Algorithm (AHP), where, by statistical calculations, specific weights for the five
parameters were assigned, which will be taken as input for the WOA process. Using the Raster
calculator, the sum of the product of the assigned weight for respective parameters was calculated, and
a new index named Water Scarcity Vulnerable Index (WSVI) was derived.

The Water Scarcity Vulnerability Index (WSVI) combines multiple remote sensing indices and
environmental data to deliver a thorough assessment of water scarcity vulnerability. By merging
data from NDVI, MNDWI, LULC, Evapotranspiration, and Soil Moisture maps, WSVI provides a
comprehensive understanding of water availability, demand, and distribution across various
regions.

RESULTS

The integration of LULC, vegetation indices, water indices, soil moisture, and evapotranspiration
analysis provides a multi-dimensional understanding of ecological dynamics in the Girnar Wildlife
Sanctuary. These results, when synthesized into the WSVI, reveal critical insights into spatial
heterogeneity, ecological resilience, and areas of vulnerability to water scarcity.

The LULC analysis demonstrates that the Girnar wildlife sanctuary is dominated by vegetation cover,
reflecting its designation as a protected forest ecosystem (Figure 2). Out of 31.03 km?2 area, 0.053% is
covered by Water body, 42.56% is covered by Moderate Vegetation, 2.70% is covered by Dense
Vegetation, 1.47% is covered by Builtups, and rest of the area, i.e., 53.21% is covered by Barren lands
Dense to moderate forest patches are concentrated within the core hilly region of Girnar, whereas barren
lands and built-up areas are more prominent along the peripheries, particularly near Junagadh city and
pilgrimage corridors.
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Figure 2. Map depicting the Land Use and Land Cover of the sanctuary, generated using the
SVM Classifier of Supervized Classification algorithm

NDVI values indicate healthy vegetation in the dense forested areas, confirming the ecological vitality
of core zones. However, lower NDVI values are prominent in peripheral regions, where vegetation stress
is attributed to human encroachment, grazing, and infrastructural expansions (Figure 3).

The low values of MNDWI highlight the extreme scarcity of perennial surface water bodies in the
sanctuary (Figure 4). Seasonal rivers, small reservoirs, and ephemeral streams are the only sources of
surface water within the sanctuary. These are highly dependent on monsoon recharge, making the
sanctuary ecologically vulnerable during prolonged dry seasons.

Soil moisture distribution is highly heterogeneous, with valleys and lower elevations showing
relatively higher SMI values, while the steep central hills exhibit low values due to rapid runoft and
reduced infiltration (Figure 5). Such micro-topographic control on soil moisture not only governs
vegetation productivity but also impacts faunal habitat suitability.

Evapotranspiration values are highest in dense forest patches, signifying active vegetation
transpiration (Figure 6). While this reflects healthy vegetation functioning, it simultaneously points to
substantial water loss from the system. In contrast, barren, and built-up areas record very low ET,
indicating negligible ecological productivity.

The synthesized WSVI map (Figure 7) synthesizes the above indicators and reveals clear spatial
differentiation in vulnerability. Core forested and valley regions exhibit low to very low vulnerability,
owing to better vegetation cover, higher soil moisture, and ecological resilience.

In contrast, the peripheral barren lands and built-up areas exhibit high to very high vulnerability,
strongly linked to anthropogenic disturbance and water scarcity.
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Figure 3. Spectral index, i.e., NDVI, generated using NIR and VIS-Red band ratios depicting
the vegetation health over the sanctuary.
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Figure 4. Spectral index, i.e., MNDWI, depicting the plant moisture and water abundance
within the sanctuary, generated using SWIR & VIS-Green band ratios.

DISCUSSIONS

The spatial patterns observed in vegetation health, soil moisture, and evapotranspiration collectively
underline the fragile ecological equilibrium of the Girnar Wildlife Sanctuary. While the core zones
maintain ecological resilience through dense vegetation and better water retention, peripheral regions
are under significant stress due to expanding urbanization, pilgrimage activities, and agricultural
encroachment.
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The high NDVI zones provide crucial habitats for herbivores, thereby indirectly supporting predator
populations, such as the Asiatic lion (Panthera leo persica), which has been recorded within the Girnar
landscape.
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Figure 5. Map depicting the moisture content in the soil calculated using the band ratio method
provided NDVI and LST as functions.
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the SEBAL model.
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Figure 7. The resultant map of Water Scarcity Vulnerability Index derived through Weighted Overlay

method using the above five parameters.

The low MNDWI and high ET in forested areas indicate the dual challenge of ecological productivity
and water loss. High evapotranspiration increases ecosystem water demand, which, under semi-arid
conditions and climate variability, could lead to unsustainable water stress. Similarly, the observed low
soil moisture in steep slopes highlights vulnerability to erosion and vegetation degradation, which may
further diminish ecosystem resilience.

These findings align with previous research in semi-arid protected areas emphasizing that
anthropogenic pressure combined with natural scarcity intensifies ecological vulnerability. Moreover,
the reliance of wildlife on seasonal water bodies increases the potential for human—wildlife conflict,
particularly during dry periods when animals move toward human settlements in search of water. These
high-vulnerability zones are ecologically critical, as they represent potential hotspots for habitat
degradation and wildlife stress. The alignment of WSVI hotspots with anthropogenic pressure zones
underscores the compounded impact of human activity and natural scarcity, echoing findings from
vulnerability assessments in other protected areas of India.

The results highlight the urgent need for integrated management interventions. Strategies — such as
artificial waterhole creation, watershed restoration, and rainwater harvesting — can mitigate seasonal
scarcity. The sanctuary’s high ET values in forested areas indicate robust ecological productivity, but in
the absence of water management interventions, this could lead to unsustainable ecosystem water
demand. Similarly, the observed low soil moisture in hilly slopes reveals vulnerability to erosion and
vegetation degradation, further weakening ecosystem resilience. Regulating pilgrimage-related
expansion and monitoring water quality before and after large gatherings — like the Girnar Parikrama —
are also critical for sustainable coexistence between human and ecological systems.

In a broader context, the geospatially derived WSVI framework presented in this study demonstrates
the potential of multi-index remote sensing approaches to identify vulnerability hotspots and guide
conservation policy. By combining ecological, hydrological, and anthropogenic dimensions, the
approach offers a replicable model for other semi-arid protected and pilgrimage landscapes globally.
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CONCLUSIONS

This research carries significant implications for ecological integrity, societal welfare, and
environmental policy. By integrating multi-criteria remote sensing indices, the study addresses a critical
gap in understanding water scarcity vulnerability within ecologically sensitive landscapes such as the
Girnar Wildlife Sanctuary. The results highlight spatial heterogeneity in vegetation health, soil moisture,
evapotranspiration, and water availability, with the core forested zones displaying resilience while
peripheral built-up and barren areas emerge as hotspots of ecological stress. These findings hold direct
relevance for local governance entities, such as the Junagadh Nagar Palika, the Gujarat Pollution
Control Board, and regional forest and water management authorities, enabling more strategic resource
allocation for habitat conservation and conflict mitigation.

From a societal perspective, the study underscores the importance of ensuring water security in and
around the sanctuary, especially during peak pilgrimage periods, such as the Girnar Parikrama, when
human pressure intensifies. The vulnerability of peripheral zones necessitates proactive interventions,
such as artificial waterhole creation, watershed restoration, and regulation of ad hoc water supply
systems, to safeguard both wildlife and public health.

The insights also provide a strong basis for NGOs and public health agencies to develop targeted
awareness campaigns and sanitation strategies that account for temporary and often stressed water
sources during such events.

At the policy level, the findings advocate for embedding hydrological and ecological monitoring
within protected area management frameworks, thereby linking conservation planning with sustainable
religious tourism practices. Scientifically, this research advances interdisciplinary discourse by
demonstrating the utility of geospatial indices (NDVI, MNDWI, SMI, ET, and WSVI) in diagnosing
landscape-level vulnerabilities.

Moreover, it establishes a scalable methodological framework applicable to other semi-arid protected
areas and pilgrimage landscapes across India. Ultimately, the study aspires to inform evidence-based,
community-centric action plans that secure both biodiversity conservation and sustainable resource use
in the Girnar region.
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  N D V I = ( N I R − R ) / ( N I R + R )


  M N D W I = ( G r e e n + N I R )   / ( G r e e n − R )


  S M I =  ( N D V I − N D V I   M i n ) ∗  ( L S T   M a x − L S T )


                            /   ( N D V I   M a x − N D V I   M i n ) ∗ ( L S T   M a x − L S T   M i n )


                            /   ( N D V I   M a x − N D V I   M i n ) ∗ ( L S T   M a x − L S T   M i n )


  λ E = Rn − G − H

