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Abstract: Torrents play an essential role in water resources through rainfall in arid to semi-arid
mountainous regions, serving large populations worldwide, and are also crucial in maintaining the
downstream environment. The natural flows (floods, ephemeral flows) in arid hill regions result in
potential hydrological fluctuations caused by climate change. However, the feasibility of eventual
storage in remote hilly catchments would force a more sudden change. The current study was
conducted in the lower part of the Khirthar National Range in the Sindh province of Pakistan, with
the aim to explore spatial runoff storage sites for sustainable development to mitigate the impacts
of climate change in arid areas. In total, 83 years of precipitation data were used to estimate water
availability, along with satellite imagery for LULC pre- and post-monsoon conditions, delineation of
watersheds, and identification of potential runoff storage locations and return periods, using Remote
Sensing (RS)/Geographical Information System (GIS) 10.5.1, HEC-HMS 3.1, and Origin Pro 9.0 for
statistical approaches. The model delineated two potential watersheds: Goth Sumar, covering an area
of 61.0456 km2, wherein ten cascading reservoirs were identified, and Goth Baro, covering an area
of 14,236 km2, wherein two cascading reservoirs were identified. Different storage capacities were
determined for the cascade-type reservoirs. The maximum live volumetric potential storage of the
reservoirs varies from 0.25 to 1.32 million cubic meters (MCM) in the villages of Baro and Sumar.
The return periods have been estimated at 5, 10, 20, 25, 50, and 75 years, corresponding to 12.35,
16.47, 21.43, 21.72, 25.21, and 40.53 MCM for Goth Sumar, while Goth Baro’s storage capacity has
been estimated at 2.88, 3.84, 5.00, 5.06, 5.88, and 9.45 MCM, respectively. All results obtained were
authenticated using accuracy assessment, validation, and sensitivity analysis. The proposed potential
storage sites were recommended for a planning period of five years. The live storage capacity of
the identified cascade reservoirs can be improved by raising the marginal banks and developing the
spillways to control inlet and outlet flow in order to maintain internal pressure on the reservoir banks.
The stored water can be used for climate-friendly agricultural activities to increase crop production
and productivity. The proposed study area has extensive experience with flood irrigation systems
and rainwater harvesting to sustain agriculture due to rainfall being the only water resource (WR)
in the region. However, the study area has enormous potential for surface runoff WRs, especially
during the rainy season (monsoon); the current 2022 monsoon is showing flooding. The modeling
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approaches of Remote Sensing, GIS, and HEC-HMS play an important role in delineating watershed
areas, developing hydrographs, and simulating water availability for different return periods by
minimizing cost and time.

Keywords: watersheds; cascade reservoirs; climate change; integrated water resource management;
remote sensing; hydrological modeling

1. Introduction

Water reservoirs lead to sustainable development in the water and agriculture sector
for the enhancement of livelihood and socioeconomic conditions [1,2]. Many watersheds
create solitary or cascade reservoirs. The active management of reservoirs sustains the
apportionment of water resources, which mitigates the regional water scarcity problems,
manages flood hazard situations, and leads to integrated water resource management [3–5].
Climatic variations have led to the importance and need for water-harvesting techniques
for agriculture practices, which vary according to the physiography of the land cover and
the magnitude of the precipitation [6,7].

Global warming represents a threat to hydrological cycles [8,9] and geomorphological
processes [10], and has similar adverse effects on water resource management, especially
in the watersheds of hilly tracts. Previous plans have become no longer feasible in the
changing environment. Accordingly, adaptive operational management rules have been
widely developed to mitigate the adverse impacts of climate change [11,12]. Abera and Shu-
mate [13] suggested that cascade reservoirs may play an important role in improving power
generation and water supply. The ideal operational management of cascade reservoirs un-
der the paradigm of global warming is a significant issue in the planning and management
of water resources because of the increasing population and rapid economic growth.

Globally, agricultural practices increased tremendously in the second half of the
20th century [14,15]. Surface and groundwater availability has widely been increased
using integrated interventions in watersheds, leading to an increase in agricultural
productivity, an improvement of people’s socio-economic conditions, and a reduced
migration rate [3,4]. Agriculture is the backbone of Pakistan, which contributes to 19.5%
of GDP, 42% of labor force, 64% of export earnings, and 62% of people’s livelihoods
(Economic Survey, 2016–2017). Pakistan is using about 90% of its water for the agriculture
sector. In the present study area, a large part of WR potential is not being evaluated
or developed to be used profitably by the local communities, instead being dumped as
waste in the Arabian Sea through the Indus River. In order to fully exploit the economic
potential of arid and semi-arid regions, the conservation and sustainable management
of their WRs are of paramount importance [16]. The country is under threat of water
scarcity [17]; water availability has decreased from 5260 to 935 m3/capita over the last
70 years [18]. The gradual increase in the population of the country is the main factor for
the reduction in water availability per capita. The growing population may be controlled
by introducing national-level programs with the coordination of the stakeholders [19].
Researchers have projected that the figure will decline to 500 m3/capita if immediate
actions are not taken at the national level [18]. The water requirement per person per day
for domestic chores is about 50 liters, whilst 2600 to 5300 liters is required per person per
day for food production [17]. Sullivan et al. [20] revealed in their study that Pakistan is a
water-scarce country, and food security is directly connected to water security; indeed, the
aforementioned figures indicate that about 50–100 times more water is required for food
production as compared to domestic chores per person. The irrigated area of Pakistan
contributes to about 90% of agricultural food production, with the balance contributed by
dryland rainwater-harvesting regions with minimal rainfall (World Bank, 2006) [21]. The
situation urgently requires major investment in the water sector.
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Wide-ranging hydrological studies have been conducted to examine the natural water
storage, and evaluating sites for irrigation purposes is the key to strengthening dryland
farming [22]. Dryland agriculture practices are threatened by uncertainties in spatial-
temporal water accessibility and crop yield. Forecasting at the field scale remains a great
challenge [23]. A limited area of dryland is suitable for hosting a supplementary irrigation
system with water-harvesting techniques, through enhancement of the micro-level storage
reservoirs for the limited population [3]. The main benefits of using minor reservoirs
include maximizing the quantity of reservoirs and ensuring local water availability. Indeed,
they are considered to be the only economical and feasible way to supply more water for
various purposes in order to improve economic development and reduce poverty [24].

Surprisingly, Pakistan has the fourth-highest rate of water consumption in the
world. After 2005, the reports reveal that the availability of water has reduced to below
1000 m3/capita, which presents a major challenge for Pakistan, as no other country’s
economy is more water demanding (UNDP 2016) [25]. Water has an economic worth
of about $70 billion, which is thrown into the sea annually due to the unavailability of
appropriate water storage capacity. A water-starved nation, which has a foreign reserve
of just $20 billion, cannot tolerate wasting water in the sea without using it [26]. Pakistan
has experienced many erratic droughts and extreme floods. The Sindh province had its
worst droughts in the years 1871, 1881, 1899, 1931, 1947, and 1999. A particularly severe
period of drought occurred at the national level in 1999–2000, extending to 2002, which
severely influenced arid, precipitation-dependent regions, especially the south-western
hilly track region of the Indus Basin in the Sindh province of Pakistan, well known as
Kohistan [26].

The Kohistan region, extending about 310 km from Baluchistan to Sindh, is a poorly
developed area in terms of harnessing its WRs [27], with scant rainfall and a scattered
population subsisting on an average income below the poverty level (under $1/day) [28].
Many torrents in the region feed into water bodies, such as Hamal, Manchar, and Keenjhar
Lake, located in the foothills. The Kohistan region has vast water resource potential, which
is neither being assessed nor developed for productive utilization by the existing people,
instead being left to run off to the Arabian Sea as waste. To fully exploit the economic
potential of arid and semi-arid regions, conservation and sustainable management of its
water resources are of prime importance [16,27].

Torrential floods are extremely destructive natural disasters, causing enormous dam-
age to the agricultural system, people’s livelihoods, and other human activities. In partic-
ular, reservoirs must become more resilient to such damage. However, inconsistency in
the intensity of precipitation patterns increases the risk of flooding. Managed reservoir
infrastructures and climatic forecasting systems are needed in the current era. In light of
this, the present study was designed to investigate potential spatial runoff locations for
cascade reservoirs.

Various studies on integrated approaches have been conducted worldwide. Cascading
reservoirs are used to manage dangerous flooding situations, mitigate the effects of climate
change, regulate water supply and power generation, change crop patterns, improve the
ecosystem, and create a more friendly environment [3,5,10,18,23,29–33].

The present study aims to investigate the spatial identification of cascade reservoirs for
maximizing water availability through modeling approaches, for the sustainable develop-
ment of feasible sites in the study area. The people in the study area live on their small pieces
of land and carry out farming practices through spate irrigation and rainwater-harvesting
systems. During the dry spells, the local people have no food staples through the farming
base, which increases poverty in the study area, so the people migrate with their animals to
the irrigated areas of the Indus River. The sustainability of the local people is our prime aim;
to this end, the present study was designed to explore spatial runoff storage sites for water
harvesting and mitigation of climate change’s impact on their sustainable development, in
order to reduce poverty and improve the people’s socioeconomic conditions.
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2. Materials and Methods
2.1. Study Area

The proposed study area is a subpart of the lower Kohistan arid mountainous region
situated in the Khirthar National Range, Sindh Province of Pakistan. It is located between
26◦6′59.36′′ and 24◦58′7.7′′ N and between 67◦16′16.49′′ and 67◦56′30.98′′ E, over an area of
5273.25 km2. The study area is hilly, with torrents combining to drain into their catchments.
There are steep, rugged, relatively barren, and bald hills, with high relief and a dendritic
form of drainage. The climate in the region is relatively humid, with bearable summers and
mild winters. The mean annual precipitation is in the range of 150–250 mm, and the wet
months are July to September. The minimum and maximum temperatures are −1.00 and
52.00 ◦C, corresponding to winter and summer, respectively. The average wind velocity is
10.00 km/h (PARC. 2010). The humidity ranges from 30% to 85%. The evaporation rate
varies spatially, ranging from 2000 to 2100 mm annually. The torrent beds and valleys have
very high infiltration rates and good permeability, with intensive rains disappearing in a
matter of hours(Figure 1).
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2.2. Data Collection and Preparation

The precipitation data were collected from various sources, including the Pakistan
Meteorological Department, Surface Water Hydrology (Water and Power Development
Authority), and the Rod-Kohi/Spate irrigation project Dadu Component (Pakistan Agri-
cultural Research Council). When updating the precipitation dataset, it was found to be
missing some data. The missing precipitation data were estimated using statistical analysis,
and then the dataset was updated again (Table 1). We integrated meteorological data
covering 83 years (from 1933 to 2013, daily basis) with hydrological modeling (HEC-HMS
version 3.3) over the study area.
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Table 1. Source and satellite image information accumulation and preparation.

Satellite/Spacecraft ID Sensor ID Path/Row Year Month Spatial Resolution/Grid Cell
Size (m)

Landsat 5 TM 152-153/42-43 2010 September 30

Landsat 8 OLI-TIRS 152-153/42-43

2013 September 30
2014 September 30
2015 September 30
2016 September 30
2017 September 30
2018 September 30

OLI—Operational Land Imager; TIRS—Thermal Infrared Sensor; TM—Thematic Mapper.

Remote sensing was used to download seven satellite images of Landsat 5 and Landsat 8
(corresponding to 2010 and from 2013 to 2018, respectively), and the Digital Elevation Model
(DEM) was used through the USGS earth explorer. The images covering path 152–153, row
42–43 in the study area for September for the respective years had an image resolution of
30 × 30 (Table 1). Images for extreme floods, below average precipitation (dry), and average
precipitation were utilized, corresponding to 2010, 2013–2013, and 2016–2018, respectively.
Arc-GIS 10.5.1 was used for geo-processing the image classification, and HEC-Geo-HMS was
utilized for the delineation of the watersheds in the study area. Landsat image data were
compared with data pertaining to the real situation at ground level, which were recorded
in the primary data collection and GPS dataset. HEC-HMS 3.3 was used for land surface
hydrological model simulations. Precipitation data were used to develop a hydrograph and
determine water availability in the study area at 5, 10, 20, 25, 50, and 75 years for the different
return periods. The stepwise details of the methodology are elaborated in Figure 2. Google
Earth Pro was used to delineate the shape files of the study area. The detail of the units are
described in detail in the each narration.
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The collected satellite images were orthorectified against data from the 1984 World
Geodetic System (WGS-1984) and zones 42 and 43 of the Universal Transverse Mercator
projected coordinate system. The sensors used in the 2010 image were Thematic Mapper
sensors, whilst those used in the 2013 to 2018 images were Enhanced Thematic Mapper
(ETM+) sensors. All sets of images have the same 30 m resolution and are in separate
spectral bands. Color Composite Images (CCI) of all sets with a minimum of eight spectral
bands have been created. We formed mosaics comprising both scenes of each year’s
image in order to obtain complete sets of images for the study area. The supervised
image classification method was applied to each set of mosaics, drawing five classes from
each image. These classes are barren land, settlement, vegetation, water bodies, and
wetland. Further geo-processing work has been conducted on the water bodies, revealing
the potential runoff storage sites for the current study.

2.3. Accuracy Assessment, Validation, and Sensitivity Analysis

The focus of the current study was an accuracy assessment using techniques in which
random points on the classified layer were populated by ArcGIS 10.5.1. The image was
corrected accordingly by awarding 50 points per class. We validated these points in Google
Earth Pro by converting them to Kml format using the conversion tool. The GPS training
data were used to verify the accuracy of the LULC detailed map from Google Earth Pro
by overlaying the original image of each year. The Google Earth Pro image was converted
to a shapefile for accuracy assessment using ArcGIS. Finally, we populated the confusion
matrix with points (random, GPS trot, and training points) using the Spatial Analyst tool.
In addition, the confusion matrix was estimated using statistical techniques. The SCS-
CN method is an empirical technique for estimating precipitation runoff volume from
precipitation in small watersheds, and CN is an empirically derived parameter used to
calculate the direct runoff from a precipitation event. CN depends on the soil type, its
condition, and the land use and land cover (LULC) of an area. Precise knowledge of these
factors was not available for the study area; therefore, a set of values was selected to analyze
the sensitivity of the model to changing CN values (Soomro et al., 2019).

3. Results

As described in the methodology, the present study was conducted in two different
locations under the subpart of the Khirthar National Range shown in Figure 1. The maps
were delineated for spatial and temporal image analysis of Land Use and Land Cover,
and were categorized into five classes accordingly. During this process, we focused on
the core objective of the study: to investigate appropriate locations for potential runoff
storage. Data of water bodies were obtained over a diverse temporal area for the study
period, corresponding to 2010 and 2013–2018. The classification results for the water bodies
are illustrated herein. The delineated maps in Figures 3 and 4, extracted from the image
for 2010, show extreme wet spells; indeed, 2010 ranks as the highest flood year from the
dataset of 81 years. The results reveal that water bodies reflect weather conditions based
on variations in precipitation patterns.

The delineated map in Figure 3, located in the Union Council Mole, at Goth Sumar
Watershed, covers an area of 61.0456 km2. The map shows that the cascade reservoir
contains ten connected storage points. The outlets are shown with double yellow lines,
with outlets through the development of spillways. The cumulative storage capacity of the
reservoir is estimated at 1.320 Million Cubic Meters (MCM) (Figure 3 and Table 2). The
water availability is estimated at 12.35, 16.47, 21.43, 21.71, and 40.52 MCM, corresponding to
5, 10, 20, 25, and 75 years for the different return periods, respectively (Figure 5a). Graphical
representations of the area volume curve for the Goth Sumar cascade reservoir are shown in
Figure 6a,l. The figures illustrate the area in acres, elevation in ft, and live storage in acre-ft.
Figure 6i shows that Reservoir 9 has the minimum storage capacity (700 acre-ft), covering
80 acres of land at an elevation of 822 ft. Meanwhile, Figure 6j shows that Reservoir 10
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has the maximum storage (about 135 acre-ft), covering 33 acres of land at an elevation of
1095 ft.
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Table 2. Water availability and storage capacity.

Return Period Goth Sumar
(MCM)

Goth Baro
(MCM)

5 12.35 2.88

10 16.47 3.84

20 21.43 5.00

25 21.72 5.06

50 25.21 5.88

75 40.53 9.45

Storage Capacity 1.32 0.25 
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Figure 5. Graph of water availability for various return periods: (a) Goth Sumar and (b) Goth Baro.

Similarly, another cascade reservoir containing two storage points has been delineated
in the watershed of Goth Baro, Union Council, and Tehsil of Thana Boula Khan. The
area of the watershed contains 14.2326 km2, with a live cumulative storage capacity of
0.25233 MCM (Figure 4 and Table 2). Both storage points are located at the same elevation
of 469 ft, as the bed (depression) elevation of Reservoir A is 459 ft, and that of Reservoir B
is 456 ft. Reservoir A covers an area of 18 acres, with a storage capacity of about 70 acre-ft,
and Reservoir B covers an area of 21 acres, with a storage capacity of more than 120 acre-ft
(Figure 6k,l). We estimate the water availability to be 2.88, 3.84, 5.00, 5.02, and 9.45 MCM at
5, 10, 20, 25, and 75 years for the different return periods, respectively (Figure 5b). However,
the storage capacity in both cases may be expanded by raising the walls and strengthening
the periphery bunds, and developing the spillway to manage the flow system.
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Figure 6. Multiple graphical representations, showing the area, volume, and curve of the proposed
Cascade Reservoirs. (a) Area volume Curve Goth Sumar Reservoir-1. (b) Area volume Curve Goth
Sumar Reservoir-2. (c) Area volume Curve Goth Sumar Reservoir-3. (d) Area volume Curve Goth
Sumar Reservoir-4. (e) Area volume Curve Goth Sumar Reservoir-5. (f) Area volume Curve Goth
Sumar Reservoir-6. (g) Area volume Curve Goth Sumar Reservoir-7. (h) Area volume Curve Goth
Sumar Reservoir-8. (i) Area volume Curve Goth Sumar Reservoir-9. (j) Area volume Curve Goth
Sumar Reservoir-10. (k) Area volume Curve Goth Sumar Reservoir-A. (l) Area volume Curve Goth
Sumar Reservoir-B.

4. Discussion

The research area is spread over an uneven landscape of around 5273.25 km2 in
the southwest Khirthar Nation range of Sindh province, Pakistan. The study area is a
completely rain-fed area, and under these harsh conditions, the people depend on the
precipitation pattern and, consequently, rainwater harvesting for their agriculture and
livelihoods. The identified potential reservoirs may be designed for the 5 year return
period with the least investment and the maximum return of the financial benefits at
the heights of the hill of Khirthar National Range. Furthermore, the long-term results
would be strengthened socio-economic conditions for the people and reduced poverty and
migration. The cascade reservoirs can manage the flood risk from one reservoir to another
by distributing the inflow and outflow pressure and managing discharge [29]. In our review
of several other studies, we found some interesting results. Heryani et al. [21,22] conducted
a study to develop water management strategies and irrigation systems for highland
agriculture purposes. The study revealed changes in crop yield and determined the need to
enhance irrigation systems through water-harvesting techniques in the highlands. Similarly,
Martel et al. [30] conducted research at three different sites in Canada. The model was tested
in the cascade flow network for hydrology, achieving a result comparable to agriculture
models by handling an easy operating system without any calibration. The cascade-
type reservoirs operated efficiently by coordinating the stakeholders, for a multi-objective
agricultural and socio-economic ecosystem [5]. As a result of cascade reservoirs from
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watershed management, variations in soil properties and methods may affect the quality
of food in a developing ecosystem, consequently improving human health and people’s
socio-economic conditions [31]. The sediment load is reduced in cascade reservoirs [10].
Water conservancy plans are beneficial for the stakeholders to mitigate the dry and wet
spell impacts on the region [3,8,12,18,32]. Managing proper water supply for different
chores, power generation, and sustaining the environment by improving the ecosystem are
the main outcomes of the reservoirs. In cascade reservoir operation, the subsystems are
intricately connected and organized through the concept of a nexus [33].

The role of SRS and GIS in such types of studies has been fundamental. Indeed,
these technologies have unlocked a new chapter of research, enabling the retrieval and
development of a complete selection of maps along with comprehensive information, which
helps with decision-making when designing natural resource studies that require less time
and investment and achieve higher accuracy. t also provides appropriate knowledge of
simulation and adjustments [34–38]. The availability of exceptional and reliable rainfall
information is greatly beneficial for the majority of hydrological investigations and the
design, improvement, and management of water asset frameworks.

5. Conclusions

The present study was conducted in the subpart of Khirthar National Park (KNP),
Sindh province, Pakistan. Due to its location between the plateau of Baluchistan and the
Sindh Plain, diverse topographical conditions can be found in KNP, consisting of large
open areas covered by hills, which represent syncline and anticline topography. The
current study concluded that temporal satellite images play a prominent role in analysis
for spatiotemporal studies using remote sensing and a GIS modeling approaches instead of
a general survey or conventional mapping. In the current study, 12 potential storage sites
have been identified in the form of two cascade reservoirs at different locations to store a
1.57 MCM volume of water. However, the maximum potential of water varies during the
different return periods of 5, 10, 20, 25, 50, and 75 years. Goth Sumer Watershed spreads
over 61.046 km2 and has one identified cascade reservoir with ten potential runoff storage
capacity points of 1.320 MCM storage capacity. The watershed is estimated to be able to
produce 12.35 to 40.53 MCM of water from 5 to 75 years for the different return periods.
Meanwhile, the watershed of Goth Baro, spreading over 14.23 km2, has one identified
cascade reservoir with two storage points with a total storage capacity of 0.25 MCM. The
water potential of this watershed ranges from 2.88 to 9.45 MCM from 5 to 75 years for
the different return periods. Both cascade storage reservoirs are proposed for the 5 year
return period. The study area has vast potential for surface WRs during the wet (monsoon)
seasons, as described through the return period.

The current research addresses one of the water scarcity and food security solutions to
mitigate the upcoming worsening situation of climate change by identifying the potential
watersheds and natural storage depressions in the hilly range of the study area. This may
be strengthening/rehabilitating and upscaling the identified natural depressions using the
advanced technologies of hydrological and remote sensing modeling, while planning and
managing water through alternate energy pumping systems feeding into the agricultural
lands using high-efficiency irrigation systems. Consequently, land leveling, appropriate
irrigation methods, and re-estimation of crop water requirements with proper scheduling
may increase crop and water productivity.

Such efforts would facilitate the people in hilly arid areas to play a role in sustainable
regional food security, thereby improving their socio-economic conditions, reducing the
migration rate, and alleviating poverty. Researchers, academia, and stakeholders can all
play an important role.

Component-wise planning and management of the reservoirs may play an impor-
tant role in improving crop production and socio-economic sustainability. Water may be
captured in the natural depressions during precipitation through runoff. The quality and
quantity of the stored water depend on the physiography of the soil conditions and rainfall
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variability. The stored water could be used with the managed operational system as an
alternative source of energy for domestic and agricultural purposes. The pumped water
could be managed with a highly efficient irrigation system for crop purposes as well as
maintaining the environmental ecosystem of the region. The stored water could be further
percolated to contribute to a groundwater aquifer in order to increase the yield and quality
of crops, or may be utilized as an alternative source of water during dry periods.

The current study represents a small part of efforts to contribute to the water sector;
the government may have to make minor investments in small reservoirs at the regional
level to develop dryland areas to become more sustainable. This would reduce the water
scarcity issues and the upcoming burden of the migration of people along with livestock
from the hilly regions to the irrigated and industrial areas.

The water scarcity issues must be urgently addressed to mitigate the future impact of
the water situation in the country. The task is challenging and extremely sensitive, as well
as extensive in scope.
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