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Mapping of potential storages
and rainwater harvesting sites in
arid region of Indus basin using
analytical hierarchy technique
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Water, an essential element for rainwater harvesting (RWH), plays a pivotal role in addressing water
scarcity and enhancing community resilience. This study conducted a comprehensive analysis of
water storage in the Pothowar region, which spans approximately 23,204 square kilometers across
five districts: Islamabad, Rawalpindi, Chakwal, Attock, and Jhelum. The objective was to assess the
availability, demand, and utilization of water reservoirs using GIS technology to identify potential
storage sites. The study utilized advanced tools, starting with the acquisition of a 12.5 m Digital
Elevation Model (DEM) from ALOS PALSAR, followed by data refinement using the Fill tool. Flow
direction analysis and watershed delineation in ArcGIS 10.8.2 revealed 6,508 sub-watersheds and
outlets. An Analytical Hierarchy Process (AHP) model was employed to assign weights to factors
such as soil, land use, rainfall, stream order, drainage density, and slope, enabling the classification
of suitability classes. The results indicated that 41% of the region was classified as moderately
suitable, with 3.79% rated as very highly suitable, 44.81% as highly suitable, and 10.40% as not
suitable. Specific mini dam sites were proposed based on suitability, with 121 outlets classified as
very highly suitable, 3,655 as highly suitable, 2,188 as moderately suitable, and 690 as not suitable.
This comprehensive analysis enhances the understanding of the region’s hydrological dynamics,
supporting informed decision-making for sustainable water resource management aligned with
both developmental and environmental objectives. By combining advanced geospatial tools and

a collaborative approach, this study offers a cutting-edge framework for regional water resource
management.
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Water is a vital natural resource for all life on Earth and is crucial to human growth in the socioeconomic
sphere. Growing populations, shifting climatic patterns, rising global temperatures, and frequent droughts put
more pressure on finite water supplies Chiew et al.! Herrera-Pantoja and Hiscock?. The UN General Assembly
recognized the importance of water conservation initiatives and in late 2003 passed a resolution declaring the
years 2005 to 2015 as the international Decade for Action-Water life Assembly®.

The strain on water resources is being exacerbated by climate change in conjunction with rising water
demands due to urban and agricultural expansion. Based on projections, it is estimated that by 2020, around 250
million people in Africa may experience increased levels of water stress. This could result in yield losses of up to
50% in specific locations and pose serious risks to agricultural productivity and food availability Change et al..
Globally, precipitation has changed due to climate change in terms of both volume and seasonal patterns as well
as year-to-year variability Easterling et al.>. These changes in the distribution of rainfall will be most noticeable
in arid and semiarid regions Weltzin et al.%. In these areas, water availability and timing play a crucial role in
regulating agricultural output Nanwal and Rajanna’, biogeochemical cycles Austin et al.8, primary productivity
Huxman et al.’, and the timing of growth and reproduction Singh and Kushwaha'® Walther et al.'’.

Water shortage is a persistent problem in the world’s arid and semi-arid region (ASARs), affecting both the
availability of drinking water and agricultural needs. These regions, which make up about 50 million km?, or
35% of the planet’s geographical surface, are confronted with several difficulties Ziadat et al.12, In the meantime,
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scientists from all across the world have looked at a number of different strategies to address the water shortage
Rahman!?. Rainwater has long been acknowledged as an essential renewable water sources Li et al.'%. If properly
collected and stored, it can augment surface and groundwater deficits during times of water scarcity, improving
water security to meet a variety of demands. Rainfed agriculture is the norm, but farmers face challenges from
unpredictable weather and harsh environments. People in arid places have devised a variety of techniques to
collect rainwater for crops and cattle due to the poor and unpredictable rainfall. Pakistan is strongly dependent
on distinct seasonal monsoon precipitation. It was classified as a water-stressed nation in 2007 and has been
experiencing water scarcity since 1991, with a per capita accessibility of 1000 m® Raza et al.'. Nonetheless, the
area is still susceptible to flooding hazards Zhao et al.'®.

Rainwater harvesting (RWH) techniques have been widely adopted by researchers worldwide as a means of
improving an area’s surface and groundwater production Weltzin et al.%: Vohland and Barry'”,Ammar et al.!®. The
process of collecting, storing, and using rainfall runoff for agricultural and drinking uses is known as rainwater
harvesting Kadam et al.!>,Ammar et al.'®. A number of writers, including Campisano et al.?’, Basinger et al.?!,
Christian Amos et al.?2, and Weltzin et al.%, have examined the development of RWH systems. Many climatic
conditions and applications around the world have shown the effectiveness of RWH systems in conserving water,
including Australia Rahman et al.?3, the USA Basinger et al.?!, Brazil Ghisi et al.>, the UK Ward and Butler?,
Italy Campisano et al.%, West Asia and North Africa Ziadat et al.!2.

There are many approaches to gain understanding of rainwater harvesting (RWH) and its possible uses, and
one important tool for describing RWH buildings is geospatial technology. Studies by

De Winnaar et al.?’, Jasrotia et al.?8, Weerasinghe et al.?’, and Mahmoud et al.’* demonstrate the critical
role that this technology plays in not only locating but also conserving and monitoring rainwater harvesting
sites. Furthermore, Hashim and Sayl*! and Muneer et al.*? show that GIS (Geographic Information System)
and remote sensing have developed into extremely efficient methods for evaluating and managing surface and
ground- water resources.

These studies highlight the value of thematic layers processed with GIS in identifying possible RWH and
groundwater recharge zones. Research by Saranya and Saravanan’, Patra et al.**, Ajay Kumar et al.*®, and
Khudhair et al.*® shows the usefulness of such strategies. Additionally, current research has highlighted how
well an integrated strategy using GIS and MCDA (Multi Criteria Decision Analysis) can simplify and precisely
define water storage and recharge zones. The studies by Mohammed and Sayl¥’, Asgher et al.%, Jhariya et al.*,
and Zahirani et al.** all demonstrate this. By using these approaches, researchers want to improve our knowledge
of RWH potential and support strategies for managing water resources in a sustainable manner, emphasized by
Hashim and Sayl*! and Muneer et al.>* study.

The amalgamation of Artificial Intelligence (AI) with Remote Sensing and Geographic Information Systems
(GIS) signifies a cutting-edge method for pinpointing possible locations for rainwater harvesting systems. For
this purpose, it holds great promise to combine machine learning techniques like Boosted Regression Tree (BRT)
Naghibi et al.%!, Classification and Regression tree (CART) Dastorani et al.*2, Random Forest (RF) Sarvani et
al.**, WOE Tahmassebipoor et al.*, and Support Vector Machine (SVM) Sarvani et al.*>. Numerous techniques
have been devised to enhance the process of choosing RWH structures.

While field surveys are still the most often used method for small regions, there are many obstacles in
determining where various RWH technologies should be installed on the regional scale.

When rainwater harvesting (RWH) systems are implemented, a number of parameters are taken into account
to guarantee their efficacy and efliciency. Data from satellite remote sensing is a useful instrument that provides
quick and informative baseline information on characteristics including soil type, geomorphology, lineaments,
and land use/cover. GIS approaches help to enable the integration of these thematic layers Selvam et al.*> and
Rejani et al.*®.

The main obstacles to the successful application of RWH technology include variations in precipitation
patterns, drainage network features, soil properties, geological condition, vegetation cover, and land use/cover
(LULC). Novel strategies and socioeconomic circumstances are also significant contributors to these challenges.
For example, biophysical characteristics like slope, runoft depth, land, use soil texture, and stream order
were used to find potential dam sites. These results help planners, decision-makers, and hydrologists allocate
resources and create policies to alleviate water scarcity and enhance living conditions in arid areas. Analytical
Hierarchy Process (AHP) using inputs such as rainfall, slope, lithology, lineament, soil texture drainage network,
and LULC. The study was carried out in District Kohat, Pakistan. The findings showed that, according to AHP,
about 44% of the research area was extremely suited for rainwater collection, whereas 32% was advised by WOE.

To address the problems with water resources, the Pothowar Region—which includes places like Islamabad,
Rawalpindi, Chakwal Attock, and Jhelum—needs to map its storage facilities and rainwater collecting systems.
The study sought to determine possible locations for the construction of reservoirs, check dam and ponds by
evaluating the availability, demand, and consumption patterns of the current water resources. The research
conducted a thorough assessment of rainwater harvesting capacity, including surface runoff harvesting and
groundwater recharge strategies, by utilizing criteria such as LULC, drainage density, rainfall, stream order, and
slope. A thorough mapping method to find and rank good sites for storage and rainwater harvesting systems was
created by integrating GIS technology. In order to maximize water management in the Pothohar Region, this
all-encompassing approach provides a methodical strategy that ensures sustainable water access and resilience
to future water challenges.

Materials and methods

Study area

The study area (Fig. 1) includes Arid districts including Attock, Rawalpindi, Islamabad, Jehlum, and Chakwal
in Punjab-Pakistan. It is located in the semi-arid Pothowar region, which spans latitude 32°10’ to 34°9’ N and
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1. Geographical location of study area (Map created using ArcGIS 10.8.2 https://www.esri.com).

Rank 1 2 3 4 5 6 7 8 9 10
Criterion Rainfall | Slope Soil erosion | LULC Soil type | Elevation | SOC RWHs Roads Towns
Scale 1 2 3 4 5 6 7 8 9

Extremely Moderate Strong Very Very
Importance | Equal Weak Weak Plus Strong Plus Very Strong Strong Extreme

Table 1. Rank assigned to each parameter.

longitude 71°10° to 73°55” E Malik et al.*”. Covering 23,204 square kilometers and rising to altitudes of 150-1,100
meters, it is located on the Pothowar Plateau and is bounded to the east and west by the Jhelum and Indus
rivers. With the Salt Range to the south and the Margalla Hills to the north, the topography is characterized
by undulating landscapes. The average annual rainfall is between 380 and 500 mm, with the monsoon season,
which runs from July to October, being the wettest time of year. The climate varies from semi-arid to sub-humid
subtropical continental. Rashid and Rasul?®.

The districts are known as Barani areas because much of the region’s agriculture is rainfed and is heavily
dependent on rainfall due to the lack of irrigation infrastructure, with the exception of a few tube wells Rashid
and Rasul. The plateau’s topography is highly variable, with peaks, troughs, and basins. Rivers like Swan and
Hao drain the plateau. The Salt Range, which starts close to the Jhelum district and stretches into the Bannu
and Dera Ismail khan Districts to the south, has peaks that can reach 1,525 meters in height and an average
height of roughly 671 meters. The Pothowar Plateau is known for its multicolored and culturally varied terrain.
The area is home to a variety of soil types that are formed from sandstone and shale formations, including
colluvial, mixed material, loess, and alluvial Aziz et al.** and Malik et al.¥’. Drought is a serious danger to crop
production, especially wheat, and food security in the area because the region is rainfed. Long-term drought
conditions are made worse by insufficient rainfall, highlighting how susceptible the populace is to food shortages
and agricultural difficulties.

Methodology
The present study employs a research methodology that is methodical and comprehensive, with the goal of
comprehensively evaluating the present state of storage facilities and rainwater harvesting practices within the
selected area. In addition, possible locations for rainwater collection are methodically evaluated and prioritized
using the Analytical Hierarchy Process (AHP) technique. Table 1 displays the major and minor significance
Selvam et al.*>. Rainfall, LULC, Slope, Drainage Density, Soil Map, and Stream Order are the six main criteria
shown in Fig. 2.

The multi-influencing factor Eq. (1) is used to reclassify these factors based on their applicability to rainwater
collection and to identify their major and secondary priority levels.
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Fig. 2. Conceptual flow chart of methodology.

Sentinel-2 Analysis ready data

10 m

Copernicus Open Access Hub

LULC Map

ERA-5 L Rainfall data

11,132 m

GEE

Rainfall map

ALOS PAL- SAR DEM

125m

Earth Data

Elevation, Slope, Density

N O S

Soil Data

Survey Point Data

Ahmad, et al. "Agro-ecological zones of Punjab, Pakistan." (2019)

Soil textured map

Table 2. Description of data set used in study.

X+Y

where X and Y denote significant and minor factors, respectively.

Every criterion is assigned a weight that corresponds to its respective importance. For every criterion,
spatial data is collected and analyzed. Potential locations are then compared and ranked based on how well they
perform across these parameters using the AHP approach. The spatial data layers are combined and analyzed
using GIS, enabling the visualization and spatial analysis of the results. With the use of this methodical approach,
policymakers can identify priority areas for rainwater gathering, contributing to the Pothowar Regions
sustainable water management and increased resilience to climatic variability.

Datasets

Several datasets, which are enumerated in Table 2, were employed to thoroughly evaluate the appropriateness
of possible locations for rainwater collection. These datasets contain rainfall data from meteorological records,
digital elevation model for slope analysis, high resolution satellite images for classifying land use and cover,
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hydrological data for drainage density estimates, and geographic datasets for determining stream order. The
amalgamation of these heterogeneous datasets facilitates a multifaceted evaluation, integrating meteorological,
topographical, and hydrological aspects to pinpoint the most advantageous sites for the installation of rainwater
harvesting infrastructure.

Data acquisition and processing

The collecting and preprocessing of Sentinel-2 Analysis Ready Data (ARD) comprised stages to guarantee
precise and functional satellite imagery with a spatial resolution of 10m. The first step in obtaining ARD was
gaining access to the information from the Copernicus Open Access Hub. Following acquisition, processing was
done to produce Level-2A deliverables, which included geometric corrections, cloud masking, and atmospheric
correction. Through the reduction of cloud cover and atmospheric interference, these adjustments improved the
quality of the images. Radiometric normalization was then used to guarantee uniformity between scenes and
dates. For Sentinel-2 ARD data to be dependable and comparable, preprocessing was essential. This allowed for
efficient monitoring of changes in land cover, agricultural practices, and environmental research. Mosaicking
and projection were post processing processes used to create a unified and standardized dataset.

The results of this study were obtained by the acquisition of ALOS PALSAR 12.5 m DEM datasets. First,
due to its wider swath coverage and superior resolution, a DEM from ALOS PALSAR 12.5m resolution was
employed for analysis. The PALSAR (Phased Array L-band Synthetic Aperture Radar) sensor is part of the ALOS
(Advanced Land Observing Satellite) mission. Data from ALOS PALSAR is usually available with a resolution
of 12.5 meters.

Hydrology analysis

The direction of water flow at each grid cell was indicated by the flow direction grid that was created from
the DEM using the D-8 rule. The flow direction grid was then used to create a flow accumulation grid, which
collected flow from upstream cells for stream ordering analysis. Stream segments within the study area were
defined by applying flow accumulation criteria to get a threshold value of 300 m. The Strahler method (1-8) was
used in the stream ordering procedure to assign numerical values to stream segments according to tributary
hierarchy. Using GIS tools, segmentation of the indicated stream cells was carried out starting upstream from
the discharge point. This hierarchical structure supports watershed management and conservation initiatives by
assisting in the classification of rivers and hydrological analysis.

Analytical hierarchy process (AHP)

According to Arumugam et al.*, the Analytical Hierarchy Process (AHP) is quite useful for identifying ground
water potential zones. According to Kiker et al.>!, AHP is a well-known multicriteria decision-making technique
that is essential for creating hierarchical structures of criteria and sub-criteria and giving weights to each
component in decision-making processes. According to Miller et al., AHP makes complex decision-making
simpler by enabling the quantification of criterion relevance through pairwise comparisons. Using a scale of
1-9 for pairwise comparisons, AHP calculates weights via eigenvalues and eigenvectors to ascertain the relative
importance of criteria Feizizadeh et al.?2. AHP also evaluates consistency using the consistency ratio (CR), which
guarantees the validity of the decision-making procedure, as highlighted in Eq. (2).

C.R = CI/RI @)

The Eq. (2) is representing consistency relationship where CI denotes consistency index and RI indicates random

index. Table 3 shows the scale of importance for pairwise comparison. The consistency connection evaluates

logical inconsistencies in the decision maker’s or judgements’ decisions and makes it easier to determine possible

events. Chen et al.*. According to Park et al.>* and Saaty®>, it depicts the likelihood that the matrix judgements

were created at random. The Consistency Index and Random Index are the primary determinants of the CR.
)\max —n

Cl=—="—7" )

Equation (3) shows the Consistency Index (CI) where n represents the matrix’s order and A is the principle or
highest eigen vector of the computed matrix.

Rank | Definition Explanation

1 Equal Importance Two criteria contribute equally to the objective criteria

3 Low Importance of One Over Another | Judgments and experience slightly favor one criterion over another

5 Strong or Essential Importance Judgments and experience strongly favor one criterion over another

7 Established Importance A criterion is strongly favored, and its dominance is established in practice

9 Absolute or High Importance The evidence favoring one criterion over another is of the highest probable order of affirmation
2,4,6,8 | Intermediate Values Represent degrees of importance be- tween the adjacent ranks or judgement

Table 3. Scale of importance for pairwise comparison.
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Fig. 3. Parameters used for the AHP (a) slope (b) drainage density (c) LULC (d) soil classes (e) rainfall
distribution. (Map created using ArcGIS 10.8.2 https://www.esri.com).

Table 4 yields the RI value Pramanik®, which corresponds to the matrix dimension. A consistency ratio
of less than 0.10 confirms that the comparison results are acceptable. An overview detailing the key factors
prepared for Analysis using the AHP is provided herein.

Slope

The topography of the area, which is expressed in terms of slope, affects the vertical movement of water that has
permeated into the groundwater table. The slope value and the infiltration rate are directly correlated Abijith et
al.%” in steep slopes, surface runoff movement is high and infiltration is slow; in low slope areas, runoff is low
and infiltration is high. According to the criterion, the lowest weight is given to the steepest slope range because
of its weak ability to permeate the soil mass, and vice versa Mogaji et al.*®. Slope data were calculated in ArcGIS
10.8.2 for every grid cell of the Digital Elevation Model (DEM), with the 12.5 m spatial resolution of the DEM
influencing accuracy and precision. Slopes as high as 77 degrees were found in the investigation; these slopes
represented changes in elevation in relation to changes in distance at particular places was selected to calculate
the slope (Fig. 3a).

Stream order

A systematic framework for assessing the hierarchical structure of stream networks is provided by the addition
of stream order as a parameter in the Analytical Hierarchy Process (AHP) for watershed evaluation. To calculate
the stream order, Arc GIS 10.8 was used. Using the Strahler technique, stream order, which ranges from 1 to
8 provides a numerical depiction of the relative significance and connection of various segments within the
watershed.
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Rainfall

Rainfall intensity, dispersion over space and time, and impact on groundwater potential all play a major role
in determining how much groundwater recharge occurs. The generation of surface runoff is significantly
influenced by the precipitation characteristics Khan et al.>. ERA-5 L rainfall data obtained from Google Earth
Engine, covering the temporal range of 2012 to 2022, was used to create the rainfall map. This dataset, which has
a resolution of 11,132 meters, provides comprehensive information necessary for precise rainfall estimation in
the area of interest. From 2012 to 2022 (Fig. 3e), the estimated annual rainfall varied between 615 and 1325 mm.
With ArcGIS 10.8.2, the resulting rainfall map was made.

Drainage density

The planimetric arrangements of streams that a drainage system carves into the surface of the ground is known
as the drainage pattern. On the surface of the ground, the drainage aggregates create a pattern that is tailored to
lithological, structural, and topographic constraints Change et al. (2014). A high drainage density number denotes
a comparatively high stream density, which causes a storm to react quickly and increases runoff production Pal
et al.%0. Using the kernel density tool in ArcGIS 10.8.2, drainage density analysis was performed on the ALOS
PALSAR 12.5-meter Digital Elevation Model (DEM). The values produced by this operation ranged from 0 to 8.

Soil

One of the key factors influencing how surface water percolates into the groundwater aquifer is the texture
of the soil Abijith et al.’”. The kind of soil has a major influence on where Rainwater Harvesting (RWH)
systems intended for irrigation should be installed. It affects how well water is absorbed and distributed, which
affects how well crops are hydrated Akinci et al.%!. Using on-site field surveys, soil samples were collected for
characterization and curve number selection. The samples were then examined to determine the various soil
classes. The curve number equation was used to determine the curve number, runoff, and possibility of soil
retention. ArcGIS 10.8.2 was used to create the soil map (Fig. 3d), which was divided into seven different classes.

LULC

Surface runoft, infiltration, and evapotranspiration are hydrologic components that are greatly influenced by the
kind of land cover and land utilization Pramanik®. The land use and land cover of a region are important factors
in ground water recharge potentiality because they influence the type of land cover that initially allows water
to enter the aquifer following a rainfall event Nag et al.®>. Using the Support Vector Machine (SVM) technique,
the Land Use and Land Cover (LULC) map (Fig. 3c) was created from Sentinel-2 Analysis Ready Data (ARD)
in ArcGIS 10.8.2.

Results

The Pothowar Region’s mapping of storage facilities and rainfall harvesting (RWH) systems provided extensive
insights into local water management practices. With the aid of geographic Information system (GIS) methods,
we were able to recognize and define different kinds of water storage facilities.

Watershed delineation

The Pothowar region, which covers five districts (Islamabad, Rawalpindi, Attock, Jhelum, and Chakwal) and an
area of about 23,204 square kilometers, was the focus of a thorough watershed investigation and the identification
of possible locations for rainwater collection. Hydrological techniques were used to refine study results using
Digital Elevation Model (DEM) data with a spatial resolution of 12.5 m, which was obtained from the ALOS
PALSAR website of the Alaska Satellite Facility, as indicated in Fig. 4a. By removing depressions and guaranteeing
a realistic depiction of the terrain, the Fill tool used to the DEM helped create a more accurate representation
of terrain, which is essential for hydrological study. A detailed analysis of the DEM was carried out to evaluate
topographical elements affecting the direction of water flow in the area. The results were graphically displayed
on maps using a numerical coding technique frequently used in hydrological modeling and GIS. This coding
technique provided a thorough picture of flow patterns inside the districts by assigning values, such as 1, 2, 4, 8,
16, 32, 64, and 128 to geographic directions or combinations thereof. Figure 4b shows that a value of 1 suggests
a flow in the east, a value of 2 indicates a flow in the northeast, a value of 4 indicates a flow in the north, and so
on. In Fig. 4c, the study shows 6,508 carefully placed pour stations along the stream network. These points are
crucial for comprehending the locations of water discharge within the watershed. Based on precise parameters,
such as the locations of the watershed’s outflow sites and the lowest places along its border, these pour points
were included. As seen in Fig. 4d, which corresponds to the districts of Islamabad, Rawalpindi, Attock, Jhelum,
and Chakwal, the analysis identified six separate basins: Bunha, Haro, Kahan, Kanchi, Rashi, and Soan, with
the Soan basin being the largest. Basin streams, rivers, and associated district boundaries were identified by
examining flow direction obtained from the DEM data, which allowed for a thorough evaluation of the region’s
topographical and hydrological features.

In addition, sub-watersheds were drawn in the Pothowar region, showing how large hydrological domains
were divided into smaller drainage basins, as seen in Fig. 4e. By precisely defining the limits of the watershed,
this segmentation—achieved through a methodical procedure that employed flow direction data and well-
placed pour points—improved our understanding of the patterns of water transport and distribution. Every
watershed that has been discovered functions as a separate entity, with surface water converging towards a focal
point, like a river or lake.
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Surface runoff movement

In order to graphically depict the intricate hydrological dynamics of the Pothowar region, our research made use
of cutting-edge GIS methods. After thorough examination, we reveal an extensive network of streams spanning
76,495.99 kilometers and 266,847 distinct streams. We precisely calculate surface runoff with a defined threshold
of 100 by using specialized GIS techniques such as stream network design, linking, and ordering tools, allowing
targeted investigation of locations with substantial runoff potential. Streams are color-coded systematically in
our cartographic representation, which is shown in Fig. 5.

The darker hues highlight 8th -order streams, which is suggestive of their important importance in the
hydrological framework of the region. Conversely, paler colors indicate the smaller basins created by streams of
the first through third order. We provide a thorough grasp of the hydrology of the Pothowar region by focusing
our analytical attention on streams that are between the fourth and eighth orders.

The Map of the Location of the Weather Station in the Pothowar region, Fig. 6, shows where weather stations
are located strategically to provide essential meteorological data for the region. Every station is prominently
shown and identified on the map, acting as a key location for gathering meteorological data. Comprehensive
studies of the region’s precipitation pattern, temperature fluctuations, and climatic trends are made easier with
the use of this data.

These weather stations’ strategic placement improves the area’s ability to forecast weather patterns, which
helps several industries, including environmental management, agriculture, and disaster preparedness.
Furthermore, the addition of datasets related to roads, motorways, and highways enhances the usefulness of the
map by offering a more comprehensive framework for comprehending environmental elements that could affect
travel and the development of infrastructure in certain regions. The area of every sub-watershed is calculated
using the ArcGIS 10.8.2 software. Table 5 shows the average rainfall. The sub-watershed area and the average
yearly rainfall are multiplied to find the maximum runoff catchment areas. After that, evapotranspiration and
storage changes are taken into consideration when calculating the net runoff values (MAF) for each district
using observed precipitation data. This meticulous methodology offers a scientific comprehension of the water
resources in every area, facilitating well-informed decision-making for the management of water resources. The
findings of a hydrological analysis customized to the unique features of the Pothowar region are shown in Figs.
7 and 8.

Mapping existing water features

A complex network of water reservoirs is formed by 58 strategically placed small dams in the Pothowar region,
as shown in Fig. 9a. This dataset, which comes from the Pothowar Irrigation Department, offers comprehensive
details on these dams, which are essential for customized storage options meeting the demands of homes, farms,
and livestock. These small dams, seen in Fig. 9b, are crucial components of water infrastructure because they
store water for use in agriculture, livestock, and human consumption, among other uses.

These reservoirs, which are positioned strategically throughout the landscape, greatly increase agricultural
output and create a reliable source of water. Using 10-meter resolution imagery from Sentinel-2 Dynamic World
V1 obtained through Google Earth Engine, these reservoirs are clearly defined, high lighting their strategic
location based on stream orders between 4 and 8, as seen in Fig. 9c. Sentinel-2 10m datasets and high resolution
elevation data combined improve our knowledge of the local terrain, making it possible to precisely identify and
map the reservoirs that are vital to effective water management. The accurate identification and characterization
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Fig. 5. Water Movement Pattern of Pothowar Region, Pakistan. (Map created using ArcGIS 10.8.2 https://ww
w.esri.com).

of water reservoirs is made possible by the use of cutting-edge satellite imagery and geospatial analysis tools like
Google Earth Engine, which greatly aids in the accomplishment of sustainable development objectives in the
area.

Potential sites for rainwater harvesting

Using a large dataset, an AHP map has been precisely created to pinpoint possible locations for rainwater
collection in the Pothowar Region of Pakistan. This dataset includes important variables like LULC, Drainage
Density, Rainfall, Soil, Stream Order, and Slope. Each variable is given a weighted influence of 20 percent,
indicating its importance in identifying appropriate places. Stakeholders can use the resulting AHP map as a
tactical tool to identify the best locations for rainwater harvesting systems in the area.

The map provides a nuanced perspective by giving equal weight to numerous spatial elements, which helps
with informed decision making for sustainable management of water resources. The AHP Map studies have led
to the stratification of the Pothohar Region into four distinct suitability categories, as shown in Fig. 10. Table 6
shows AHP areas and outlets. About 10.40% of the area is categorized as “Not Suitable,” denoting unfavorable
circumstances primarily brought on by urbanization.

Furthermore, 41% of the region is classified as “Moderate Suitable,” indicating that careful planning might
make rainwater collecting a respectable possibility. Significantly, 44.81% of the area is classified as “High Suitable;”
suggesting a strong future for rainwater collecting due to ideal drainage density, higher rainfall, favorable land
use, raised stream patterns, and appropriate slopes.

Finally, the “Very High Suitable” group, which makes up 3.79% of the overall area, has a tiny but noteworthy
section. These sites provide ideal circumstances for sustainable water resource management projects, making
them excellent places to start rainwater gathering operations.

Pothowar region’s proposed mini dams are categorized according to their suitability for collecting rainwater,
and each category is associated with a specified number of outlets. Of these, the 121 exits are found in the
extremely well-suited mini dams shown in Fig. 11, which are ideal for collecting rainwater. By comparison,
the small dams listed in Fig. 12 as extremely suited had a total of 3655 exits, which is a significant amount.
Furthermore, small dams classified as rather acceptable. Figure 13 yield 2188 outlets, but those classified as
unsuitable Fig. 14 yield 690 outlets for rainwater gathering.

With its tiered classification system, rainwater collecting capabilities in the region are comprehensively
outlined, offering useful assistance for targeted and strategic decision-making processes. Through the process of
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Average Yearly Rainfall (615-1325 mm)

District Net Runoff (MAF) | No. of Watersheds | Area (Sq. Kms)
Attock 2.557 1768 6478
Rawalpindi | 2.540 1207 4874

Islamabad | 0.507 176 902

Jhelum 1.429 932 3126

Chakwal 2.706 2425 6632
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Table 5. Average Yearly Rainfall.

classifying small dams according to their capacity to collect rainwater, stakeholders can more efficiently assign
resources and set priorities for the adoption of sustainable water management methods in the Pothowar Region.

Statistical analysis of field survey for RWH

A thorough field survey was conducted in the Pothowar region, with the primary goal of identifying suitable sites
for Rainwater Harvesting (RWH). The survey covered large areas in Chakwal, Attock, and Rawalpindi districts.
Through diligent data collection and analysis (as mentioned Table 7), potential RWH implementation sites with
favorable characteristics were identified. Figures 15, 16, 17, 18, 19 and 20 summarize the survey findings, which
provide helpful insights into the suitability and viability of various sites for rainwater harvesting initiatives in
the region.

Discussion

This study employs the AHP in combination with GIS tools to identify the potential sites for rainwater
harvesting and water storage in the Pothowar region of the Indus Basin. The findings of this research contribute
to the broader discourse on sustainable water resource management in water-scarce regions and offer valuable
insights for future research and practical applications. In the context of rapid technological evolution, traditional
water management strategies are no longer sufficient to meet the growing demands for water. The integration
of multiple factors, including rainfall, slope, drainage density, and land use has provided deep understanding
to hydrological dynamics, which is critical for effective water resource management in any region. The AHP
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Fig. 7. Surface Runoff in Pothowar (Map created using ArcGIS 10.8.2 https://www.esri.com ).

has emerged as a widely accepted tool for complex decision-making processes in water resources planning,
natural resources allocation, land selection, and agriculture land suitability®>-%°. It simplifies decision-making by
enabling comparisons between the various criteria, facilitating more objective analysis.

The watershed delineation process was critical in understanding region’s hydrological features and application
of GIS-based tools and multi-criteria decision-making (MCDM) approaches enabled a comprehensive and
systematic assessment of potential RWh sites.

While AHP-based studies on agricultural land suitability in Pothowar region have been conducted, few
address the challenges of water availability and the potential for RWH. Studies such as those by Shahid et al.%’,
Ghafoor et al.?8, Ismail et al.®® have examined the impact of climate change and land use in the Soan River basin.
However, they do not specifically focus on rainwater harvesting and water storage solutions. Similarly, studies
like those by, Israr et al.”?, Javed and Siddiqui’* employed MCDA for various management practices in Pothowar
plateau but did not concentrate on site identification for water storage and harvesting. This highlights the gap
in research focused on water storage assessments and potential site identification in rainfed regions such as
the Pothowar. Moreover, existing literature often lacks the integration of multiple spatial layers necessary for
effective decision-making in such diverse environments.

The precipitation data presented in Fig. 3b reveals a significant variation in rainfall, with values ranging
from 615 mm to 1325 mm annually. Although rainfall is a crucial factor for rainwater harvesting, it is important
to note that high-intensity rainfall over shorter durations often results in increased runoff, thereby reducing
its effectiveness for infiltration’?. In contrast, low intensity rainfall over longer periods generally has higher
infiltration rates, making it more suitable for micro-catchmet development’®. A thorough understanding of
impact of rainfall on infiltration rates is crucial for refining rainwater harvesting strategies.

Slope is another critical factor influencing the success of rainwater harvesting. The study classified the
region’s slope into different categories, ranging from 0° to 77°, to evaluate the suitability for water harvesting.
Previous studies have suggested that flatter terrains with slopes of less than 5% are most favourable for rainwater
harvesting. Our findings align with these suggestions, with the most suitable slope for rainwater harvesting
in the study area identified as being between 0° and 3.3°. This highlights the importance of terrain steepness
in controlling runoff and infiltration, as steeper areas generally encourage faster runoff and less infiltration,
reducing their potential for storage.

The drainage density of the region was analysed to assess its effect on groundwater recharge potential. Regions
with higher drainage densities, often associated with steeper terrains, exhibit lower infiltration capacities, which
aligns with previous studies indicating that higher drainage densities lead to increased runoff and reduced
groundwater recharge potential®>. Conversely, areas with lower drainage densities are characterized by higher
infiltration rates, making them more suitable for water harvesting. The classification of drainage density into
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ponds. (Map created using ArcGIS 10.8.2 https://www.esri.com).

five categories from extremely low to very high, reveals that areas with low drainage density are more conducive
to groundwater recharge, reinforcing the importance of drainage density in suitability models for rainwater
harvesting.

Land use and land cover (LULC) also play a significant role in determining the feasibility of rainwater
harvesting. The study classified the region’s LULC into different categories such as built-up areas, barren land,
forests, croplands, and water bodies. According to the classification, croplands make up 32.08% of the study area,
followed by built-up areas at 27.68%, and forested areas at 23.69%. Croplands, grasslands, and forested areas
typically offer the best conditions for water infiltration, as they have lower runoft coefficients and contribute
to higher groundwater recharge®”-’2. Built-up areas, with their impermeable surfaces, reduce infiltration and
increase stormwater runoff, making them less suitable for rainwater harvesting but more suitable for water
storage. This distinction is crucial for guiding land-use planning decisions. By identifying these land-use
categories, the study offers actionable insights for prioritizing areas that can optimize water management efforts.
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https://www.esri.com).

Analytical Hierarchy Process Total Area and Outlets

Sr.No | AHP Category Percentage | No. of Outlets
1 Not Suitable 10.40 690

2 Moderate Suitable | 41.00 2188

3 High Suitable 44.81 3655

4 Very High Suitable | 3.79 121

Table 6. Analytical hierarchy process total area and outlets.

One of the key contributions of this study is its comprehensive approach to integrating multiple hydrological
and land use factors, offer a more robust framework for decision-making. The use of high-resolution 12.5 m DEM
data and detailed land use mapping provides a significant advantage over other studies that have relied on more
generalized datasets. This high-resolution data allows for more accurate flow direction analysis and watershed
delineation, leading to a more detailed and reliable identification of potential sites for rainwater harvesting sites.

Our findings reveal that 41% of the region is moderately suitable, while 44.81% is classified as highly suitable
for rainwater harvesting. The identification of 121 outlets as "very highly suitable" for mini dams provides
actionable recommendations that can guide future infrastructure development in the region. These results
underscore the considerable potential for implementing water storage solutions in the Pothowar region, offering
promising implications for improving water security in similar regions.

Additionally, the study contributes new aspects of existing reservoirs by demonstrating that even in regions
with significant rainfall, factors such as terrain steepness and land use must be considered when determining
the viability of rainwater harvesting. The integrated approach is a step forward in improving the effectiveness of
water resource management strategies in the region.

This research aligns with key findings from the literature, particularly those emphasizing the role of GIS-
based decision-support systems in water resource management. The results support the idea that GIS-based
techniques, when coupled with AHP model, offer a robust framework for addressing water scarcity. By
incorporating factors such as soil type, land use, and stream order, drainage density into the suitability analysis,
this study deepens the existing knowledge of critical factors that influence rainwater harvesting sites selection.
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Fig. 11. Delineated proposed very highly suitable mini dams/pond. (Map created using ArcGIS 10.8.2 https://
www.esri.com).
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Fig. 12. Delineated proposed highly suitable mini dam/ponds. (Map created using ArcGIS 10.8.2 https://www
.esri.com).

Compared to other studies in the field, this research offers a more localized and detailed analysis of water
resource management in the specific context of the Pothowar region. While many studies provide general
frameworks for suitability analysis, few have utilized high-resolution geospatial data or focused on such a
specific geographical region. The integration of AHP with GIS is gaining widespread application across various
sectors, including watershed management, farming, and soil health assessment’>,Ramalho et al., 2021). Several
studies in Pakistan have also demonstrated the successful application of GIS combined with AHP, such as, Jamali
et al.”® who identified suitable locations for an underground reservoir in the northern Pakistan, and Shahid, et
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Fig. 13. Delineated Proposed Medium Suitable Mini dams/ponds. (Map created using ArcGIS 10.8.2 https://w
ww.esri.com).

al.%, estimated runoff in Soan River basin. The integration of local dynamics and stakeholder involvement in the
decision-making process further distinguishes this study from more generic approaches.

Despite its contributions, this study has some limitations. While it identifies sites with the high potential for
rainwater harvesting, it does not address the long-term sustainability of these sites. Issues such as soil erosion,
biodiversity impacts, and climate change impact, variation in stream flows, changes in land use over time should
be considered in future research to ensure that the identified sites are not only suitable in the short term but also
maintain their effectiveness over time.

Future research could refine the suitability model by incorporating climate change projections, particularly
regarding rainfall patterns, extreme weather events, and stream flow changes, which may alter the long-term
viability of identified sites. Additionally, incorporating socioeconomic factors such as community engagement,
population density, and access to infrastructure could provide a more comprehensive understanding of the
feasibility of rainwater harvesting in the region.

Conclusions

In conclusion, this study presents a detailed and systematic approach to identifying potential water storage sites
in the Pothowar region, contributing new insights to the field of water resource management. By integrating
GIS tools, local features, and AHP, it provides a valuable decision-support framework that can be applied not
only in the Pothowar region but also in other similar regions facing water scarcity. We precisely define potential
rainwater harvesting sites by incorporating various parameters such as rainfall, land use and land cover (LULC),
soil characteristics, drainage density, slope, and runoff movement. Mini dams classified as highly suitable
provide a significant percentage of outlets (44.81% of total area), indicating their potential to significantly
contribute to rainwater harvesting efforts. Furthermore, moderately suitable mini dams cover 41.00% of the
area, while those deemed unsuitable still cover 10.40%, demonstrating the diverse roles these structures play in
water management strategies. Furthermore, our analysis of proposed mini dams in the region yields valuable
statistics. Our findings contribute to literature and are offer valuable insights for policymakers and practitioners
in water management and contribute to more resilient, sustainable water management strategies. The results not
only provide actionable recommendations for the Pothowar region but also offer a transferable methodology
that can be applied to other regions.
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esri.com).

Rainfall Low 1 Low Suitable
High 2 High Suitable
g}clrr:llg:) aTK;ceies 4 Very High Suitable
LULC Grass Flooded Vegetation, Crops | 3 High Suitable
Bare 2 Moderately Suitable
Water, Built up 1 Low Suitable
Sandy Loam, Loam 1 High Suitable
Soil Clay Loam, Medium Clay 2 Moderately Suitable
Sandy 3 Low Suitable
Clay, Heavy Loam 4 Very Low Suitable
Very low 1 Very High Suitable
Low 2 High Suitable
Drainage Density
Moderate 3 Medium Suitable
High 4 Low Suitable
0-33 1 Very High Suitable
34-69 2 High Suitable
Slope 7-11.17-22 3 Medium Suitable
23-28 4 Low Suitable
29-37,38-77, 5 Very Low Suitable

Table 7. Parameters suitability using AHP for RWH in Pothowar.
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Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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