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Abstract

This study projects future water demand scenarios in the Upper Indus Basin, focusing on reference, high population growth,
increased irrigation, and lower population growth scenarios. The baseline scenario indicates a significant rise in water
demand from 35.74 billion cubic meters (BCMs) in 2020 to 60.28 BCM by 2035, driven by population growth and increased
domestic water consumption. High population growth exacerbates this demand, reaching 62.96 BCM by 2035. This research
aims to address domestic water needs under various growth scenarios, considering factors such as population growth rate
and per capita consumption. The study employs integrated hydrological modeling to simulate water demand under different
socioeconomic conditions. Key methods include analyzing baseline water demand, projecting future scenarios, and evaluat-
ing the impact of increased irrigation and population growth on water resources. Results reveal that without intervention,
stagnant water supply management will lead to severe water shortages. Increased irrigation, influenced by a 3% growth in
irrigated land, pushes agricultural water demand to 56.37 BCM by 2035. Mitigation efforts, such as a 15% reduction in
domestic water consumption, could decrease overall demand to 51.23 BCM by 2035. Further reductions are explored through
a 50% cut in agricultural water consumption, involving efficient irrigation techniques. The study highlights the critical role
of technology and farmer awareness in achieving these reductions, despite current irrigation scheme losses of 20%. A lower
population growth scenario shows a contrasting trend, with water demand decreasing to 49.11 BCM by 2035, attributed to a
1.8% population growth rate and decreased per capita consumption to 82 m* per day. These findings underscore the impor-
tance of proactive water management strategies, technological advancements, and demographic considerations in addressing
future water demand challenges in the Upper Indus Basin. This research provides proper insight into the impact of varied
socioeconomic scenarios on water resources and the necessity for strategic interventions.

Keywords Water demand - Water supply - Upper Indus Basin - Integrated hydrological modeling - WEAP (water evaluation
and planning) model - Socioeconomic scenarios

< Megersa Kebede Leta Zulgarnain Jehan
megersa.leta@ju.edu.et gcv2389@giki.edu.pk
Sareer Ahmad Izhar Ahmad
gev2341 @giki.edu.pk gcv2339@giki.edu.pk

Muhammad Waseem 1

muhammad.waseem @ giki.edu.pk Department of Civil Engineering, Ghulam Ishaq Khan

Institute of Engineering Sciences and Technology,

Hira Wahab Topi 23640, Pakistan

gev2340@gikiedu.pk 2 Faculty of Civil and Environmental Engineering, Jimma
Abdul Qadeer Khan Institute of Technology, Jimma University, 378 Jimma,
gcv2386@giki.edu.pk Ethiopia

Published online: 19 December 2024 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13201-024-02310-3&domain=pdf
http://orcid.org/0000-0001-7898-9451

5 Page 2 of 17

Applied Water Science (2025) 15:5

Introduction

Around 2.4 billion people, or more than one-third of the
world's population, reside in water-stressed nations. By
2025, this proportion is projected to increase to two-
thirds (Vorosmarty et al. 2010). A long-term water crisis
is being brought on by large changes in yearly flows in
rivers throughout the world, together with a decline in
snowfall and an increase in glacier melt. This will have an
impact on the availability of water for residential and agri-
cultural use as well as the world's water resources (Gosling
and Arnell 2016). Urbanization, economic development,
and population expansion are all contributing to increased
demand for freshwater supplies. In addition to population
expansion and other administrative strategies, one of the
most major variables impacting the availability of sur-
face water and groundwater resources is climate change
(Zohrabi et al. 2017). In addition, the Himalayan glaciers
are receding more quickly as a result of climate change,
which has an impact on river flows and groundwater
recharge (Xu et al. 2009). The availability of fresh water
per person decreases as a result of these causes worldwide,
especially in emerging nations where water management
has not received priority (Bakken et al. 2016).

Pakistan is confronted with significant obstacles con-
cerning food, water, and economic stability. It is totally
dependent upon the water of the Indus River and the
related groundwater systems. It manages the Indus Basin
Irrigation System (IBIS), the biggest continuous irrigation
system in the world, which helps the country with food
production, energy production, and stock, residential, and
industrial supplies (Briscoe et al. 2005). Water managers
confront a difficult and time-consuming task in predicting
future seasonal inflows and the ensuing seasonal alloca-
tion, delivery, and distribution of surface water resources
across the IBIS (Ahmad et al. 2018). Changing resource
availability is one of the basin's water security concerns
(Khan et al. 2020; Archer et al. 2010; Stewart and Podger
2018; Immerzeel and Bierkens 2012), an increase in rival
consumers' demands and sedimentation's loss of storage
capacity (Yu et al. 2013; Kirby et al. 2050; Al-Saidi and
Elagib 2017; Rajbhandari et al. 2015; Kara and Schwen-
tick 2011; Nepal and Shrestha 2015; Lutz et al. 2016;
Laghari et al. 2012).

The Tarbela Dam, the largest earth-filled dam globally,
is one of the two reservoirs on the Indus River managed by
the Water and Power Development Authority (WAPDA).
Tarbela Dam has a storage capacity of 7,400.89 million
cubic meters of water and can generate 3,478 MW of
power. It serves multiple purposes including flood control,
hydropower production, and water storage. Consequently,
water scarcity in the Tarbela Reservoir negatively impacts
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both hydropower generation and agricultural output. Cur-
rently, the majority of climate change research focuses
on understanding its effects, managing water resources
in response to climate change, and developing policies to
mitigate these effects while ensuring maximum sustain-
ability (Arnell et al. 2011; Wiltshire et al. 2013; Olmstead
2014; Zhang and Balay 2014). Ehsani (Ehsani et al. 2017)
asserted that taking into account the effects of a prospec-
tive climate change will likely increase the reservoir's
operational reliability. The river flow will shift seasonally
due to climate change (Brekke, et al. 2009; Matonse et al.
2013).

The impact of climate change on future water resources
has been the subject of several research. Some of these
research also focused on some socioeconomic variables
including population expansion and rising income as key
drivers of future rises in water stress. Climate change is
projected to have diverse geographical effects; some will
likely have higher stress while others may see less stress
(Vorosmarty et al. 2000; Oki and Kanae 2006; Gerten
et al. 2011; Fung et al. 1934; Arnell 2004; Alcamo et al.
2007). Many international researchers have combined
socioeconomic issues with various methodologies for
assessing water resources. For instance, the distribution of
water resources within a basin is planned using the Water
Resources Management Model (WRMM) (Cutlac and
Horbulyk 2011). The Spatial Agro Hydro Salinity Model
(SAHYSMOD) is an integrated method for addressing
physical, hydrological, and socioeconomic challenges in
a basin. The method may be applied to conduct a more
thorough analysis of water resources and create a long-
term sustainable structure (Inam et al. 2017). The Water
Evaluation and Planning (WEAP) model research predicts
water demand by taking into account factors and climate
change scenarios outlined by the IPCC. According to the
projection of population growth the amount of water used
per person, per day is expected to increase from 82.9m?
in 2015 to 120m? in 2050 (Amin et al. 2018). The Mod-
ular Simulator (ModSim) is a tool that helps with both
short-term and long-term planning, strategies creation,
and water allocation analysis in the management of river
basins (Ashraf Vaghefi et al. 2015). The Water Evalua-
tion and Planning (WEAP) model has been widely used
in basins as the most frequently utilized water allocation
model, over the past few decades (Yates et al. 2009). In
order to allocate water resources under various socioeco-
nomic and climate change scenarios, WEAP has shown to
be an effective technique (Mohd Firdaus Hum and Abdul
Talib 2016). The water requirements for urban and envi-
ronmental sectors up to 2050 were forecasted using the
WEAP model developed by Rayej (2012), taking into
account factors such as population growth and the effects
of climate change. The study reveals that urban water
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demands escalated rapidly with population expansion
scenarios, whereas the impact was less pronounced under
regional climate change scenarios.

The Indus River, along with its tributaries (Kabul, Jhe-
lum, Chenab, Ravi, Beas, and Sutlej), constitutes the larg-
est irrigation system worldwide. Encompassing an area
of 1,140,000 square kilometers, the Indus River system is
classified as a transboundary basin (Frenken 2011). The
Indus River Basin in Pakistan extends from the Himala-
yan Mountains in the north to the arid alluvial plains of
Sindh Province in the south, where it eventually empties
into the Arabian Sea (Steenbergen et al. 2015). The Indus
Basin covers 520,000 km in Pakistan making up roughly
65% of the country’s overall land area. The Indus Basin and
its tributaries heavily depend on the melting of snow and
glaciers to supply 50% of their base flow (Mukhopadhyay
and Khan 2015). However, this crucial water source is being
affected by the melting of glaciers (Amin et al. 2018). Water
stress conditions are predicted to worsen in Pakistan as a
result of hydrological and socioeconomic variables, since
water demand is expected to rise by 2.5% by 2025. One of
the nations in the world with the biggest water shortages
is Pakistan (Akbar et al. 2021). Pakistan's water supplies
are deteriorating at an alarming rate. Several studies have
been conducted to assess the water quality of the aquifer,
beneath the Indus River and analyze the hydrology of the
Indus River Basin (Hussain, et al. 2017). The majority, 74%
of the water, in the Indus River is directed toward irrigation
canals making it the main source of water for agriculture
in Pakistan. However, there is a shortfall of 11% in terms
of water availability, for irrigation compared to the amount
needed by crops (Yaqoob 2016). The most significant obsta-
cle to increasing agricultural yields is a lack of water, while
climate unpredictability has disrupted Pakistan's cropping
pattern (Asif 2013). Groundwater is being over-exploited in
order to fulfill water needs, which is continuously depleting
groundwater in canal commands. By the end of 2025, Khan
et al. (2008) predicted that groundwater levels in the Indus
Basin will drastically fall from 10 to 20 m. The groundwater,
in the Central Indus Basin (CIB), has been depleted because
of population growth and excessive use, for livestock and
agriculture (Hassan et al. 2017). The Thal Doab region faces
significant pollution concerns, affecting approximately 76%
of its area. High salt concentration renders some tube well
water unsuitable for irrigation in the area (Shah and Ahmad
2015). The Hunza River Basin employed the runoff model to
predict daily flow and examine the effects of climate change
(Tahir et al. 2011). Under the strain of an ever-increasing
water demand in the basin, these studies have not provided
a complete analysis of the water demand and supply, in a
basin (Amin et al. 2018).

To assess the future availability of water, for water man-
agement, in the Upper Indus basin (UIB), our focus was

not limited to hydrological modeling alone. We also delved
into examining the demand and supply conditions surround-
ing it. The primary objective of the study is to enhance our
understanding of the water demand and supply management
system for our study area. Additionally, it aims to investigate
how a combination of climatic changes could impact irriga-
tion consumption in the long run, ultimately affecting the
availability of water, in the UIB region. The findings from
this research will be valuable for comprehending and strate-
gizing the country’s water resources in a manner across all
sectors while also considering the implications of develop-
ment and climate change.

Materials and methods
Study area

The present study includes seven districts in Khyber Pakh-
tunkhwa: Dera Ismail Khan, Tank, Lakki Marwat, Bannu,
Karak, Hangu, and Kohat on the Indus River as shown in
Fig. 1. The study area encompasses approximately 20,409
square kilometers and had a population of 8.0 million as per
the 2017 census. The Upper Indus Basin encompasses the
northern regions of Pakistan, particularly the province of
Gilgit-Baltistan. Originating from the Tibetan Plateau, the
Indus River flows through this mountainous terrain, shaping
the landscape and providing essential water resources to the
region. The Upper Indus Basin holds strategic importance in
terms of water management, ecology, and local livelihoods.
This area plays a crucial role in the hydrological dynamics
of the broader Indus River system. Upper Indus Basin is
roughly situated between approximately 31° to 33° N lati-
tude and 70° to 72° E longitude. The Upper Indus Basin has
a harsh climate with cold winters, featuring temperatures
well below freezing and frequent snowfall in the higher
elevations. Summers are relatively short and can be cool,
even at higher altitudes. Precipitation is generally low, and
much of it comes as snow during the winter. Glacial melt-
water from the significant glaciers in the region is crucial
for river flow during the warmer months. The high altitude
of the basin, ranging from approximately 3,000 to 8,000 m,
contributes to its challenging climate and influences the cold
temperatures experienced throughout the area.

Dataset used

Detailed information on the dataset used for the WEAP
model is shown in Table 1. An ArcGIS-generated distance
to river map of the research region is displayed in Fig. 2. The
land cover dataset archives of the MODERATE-resolution
Imaging Spectroradiometer (https://earthexplorer.usgs.gov/)
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Fig. 1 The study areas geographical location display all the districts and the primary Indus River, in the Indus River region

Table 1 Datasets that the water evaluation and planning model utilizes

Data Description

Sources

Meteorological data (1995-2020) Precipitation, Evapotranspiration

Hydrological data (2000-2020)  River Discharge data

Land cover data (2022)

Information About Demograph-
ics (1995 —2020)

Land cover from MODIS

demand, for water, in agriculture

Data related to land usage, population dynamics,
growth rates, water consumption levels, and the

Pakistan Meteorological Department (PMD), KPK

Water and Power Development Authority KPK, Indus
River System Authority, KPK

USGS (https://eartheplorer.usgs.gov/)

The Pakistan Bureau of Statistics, in Islamabad has

released a set of reports, on the development statis-
tics of KPK

were used to get the land cover data. The research area’s land
cover classifications are depicted in Fig. 3.

WEAP modeling

A complete software program for managing and planning
water resources is called WEAP (Water Evaluation and Plan-
ning System). Numerous water-related issues, such as pollu-
tion, flooding, droughts, and lack of water, are modeled and
evaluated using the WEAP model (Mugatsia 2010). With
the use of WEAP's scenario-based methodology, users may
assess the effects of various policies and tactics in a range
of potential future scenarios.

Watershed water management is an area where WEAP
excels. It may be used to simulate the intricate relationships
that exist between natural and man-made systems, such as
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the processes of rainfall and runoff, the supply and demand
for water, and infrastructural functions. WEAP uses embed-
ded algorithms to model rainfall-runoff processes in basins
and sub-basins using climatic time-series data. This enables
the evaluation of climate change's effects on water supplies
and the creation of adaptation plans (Mangoro 2021). The
schematic input data utilized for the WEAP modeling are
displayed in Fig. 4.

The WEAP model offers five approaches to calibrate
the model, including (1) the rainfall-runoff method, (2)
a simplified approach, for irrigation demands only, (3)
the soil moisture method, (4) the MABIA method which
stands for 'control of irrigation needs, in agriculture,' and
(5) the plant growth method. The rainfall-runoff technique
was selected for this study's model calibration because
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it assumes that demand locations have simplified evapo-
transpiration, rainfall, and crop growth processes. Demand
sites that are not related to agriculture are also included.
The starting point for WEAP modeling is the inclusion
of layers that encompass all the nodes related to supply
and demand. Through the use of transmission lines and
nodes, the schematic view connects all spatial aspects. A
schematic depiction of the lower Indus River Basin is pre-
sented in Fig. 5. The research area's demand locations for
cattle, homes, and irrigation are known as point features.
The demand locations are connected to the water supply
by a transmission link. The districts of Bannu, Lakki Mar-
wat, Dera Ismail Khan, Tank, Hangu, Karak, and Kohat
serve as both domestic and agriculture demand sites. To
address the unique requirements of each district, water
demand for livestock was also taken into account across
all districts. The Indus River serves as the primary source
of water supply.

Water requirements and demand estimation

The research area's various sectors' present and future water
needs were evaluated. The disaggregated-based method in
the WEAP model was used to analyze water demand across
all industries. The estimation of water needs for cattle, agri-
cultural, and residential use served as a gauge for the socio-
economic dynamics present in the region. The amount of
water required by each sector was broken down into indi-
viduals, hectares, and heads, and this information was then
multiplied by the sector's yearly water usage rate.

Every district had requirements for residential water that
included both rural and urban regions. The district-level
total water demand was determined using the 2020 popu-
lation census (Table 2). Water consumption for the refer-
ence scenario was estimated using each district's rate of
population increase (Table 2). Both rural and urban regions
needed 60 gallons of water per person every day (Amir and
Habib 2015). The crop water requirement was calculated by

@ Springer



5 Page 6 of 17 Applied Water Science (2025) 15:5
Fig.3 Land use land cover clas- 70°0'0"E 70°40'0"E 71°20'0"E 72°0'0"E
sification of study area . a . .
=z
z g
e- B
N a
3
4
z o
° o
e | -
s &
& ©
™
z
¢ o
° o
£ P
o~ ™
™
Land Use Land Cover
- Water body
Il Trees/vegetation z
£ - Crops/Agriculture 4
o "R
?‘ B [ ] BareLand -
& I it up Area °
T — (lometers
0 15 30 60 90 B Range Land
A L Ll A
70°0°0"E 70°40'0"E 71°20°0"E 72°0'0"E

utilizing the crop values obtained from Food and Agricul-
tural Organization (FAO) statistics and relevant literature
taking into account the farmland conditions (Frenken 2011).
The literature and PMD were used to determine the values
of evapotranspiration and effective precipitation. Next, tak-
ing into account the farmed areas and patterns in UIB, the
irrigation water requirement was computed.

Future water demand and scenarios’ development

Since the data from 2020 were thorough enough to create
the socioeconomic and IPCC climate change scenarios, they
were used as a reference year or baseline year for the overall
water demand for the major sectors (agricultural, livestock,
and household usage). The reference scenario pertains to
the standard operating procedures that were developed
based on the water demand and climate conditions for the
period of 2020-2035. Every socioeconomic and meteoro-
logical scenario was created using the water demand and
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meteorological conditions for the years 2020-2035. The
average population growth rate for each district in the ref-
erence scenario is displayed in Table 2. The most crucial
aspect of WEAP modeling is the creation of all additional
scenarios (Fig. 6).

Two different management scenarios were suggested
to assess the impact of climate change on the future water
demand situation. These scenarios focused on reducing both
drinking water consumption and basic irrigation water con-
sumption. Additionally, four exploitation scenarios were
proposed, including the reference scenario, population
growth and increased irrigation demand. The development
of these scenarios was based on the climate forecast data,
for the research region (Moss et al. 2010). The following
scenarios were employed in the study:

1. Reference scenario describes the current account that
made use of all real-time data. There was a little increase
in the demand for water.
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Fig.4 Schematic input data used for the WEAP modeling (Asghar et al. 2019)

2.

In the scenario of population growth, all the other factors
were kept the same, as in the reference scenario. With a
3.5% rise, in the current rates of growth.

The irrigation requirements have risen; all other factors
are derived from the baseline scenario, where there has
been a 3% expansion in the area under irrigation.
Management scenarios: This scenario was suggested to
be applied to domestic and agricultural water demand
and supply. These include three sub-scenarios focused
on the household and agricultural sectors:

All other metrics were based on the reference scenario,
with a 15% drop in basic water use.

I.  Asareference scenario, all other parameters were
kept the same, but the amount of water used for
agriculture and irrigation was reduced by 5%.

II. The current growth rates were reduced by 1.8%,
and all other factors were applied in the same way
as in the reference scenario.

Calibration process of the WEAP model

First, historical data from 1995 to 2008 (Monthly data) were
used to calibrate the WEAP model. Next, data from 2008 to
2020 were used for validation. Five approaches were consid-
ered for the calibration phase, and the rainfall-runoff approach
and the irrigation needs only simplified coefficient method,
the soil moisture method, the MABIA method, and the plant
development method were the ones selected. In order to
accomplish model calibration, parameters were then found,
and their adjustable ranges were ascertained. The availability
of data that satisfied the requirements of the rainfall-runoff
technique was the primary factor in the decision to use it for
model calibration.
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Table 2 The district-wise population and growth rate

District Population Growth rate (%)

Bannu District 1,357,890 1.94

Lakki Marwat District 1,040,856 2.42
Dera Ismail Khan District 1,829,811 1.30
Tank District 470,293 1.63
Hangu District 528,902 0.32
Karak District 815,878 2.46
Kohat District 1,234,661 1.78
Results

Model calibration and validation

During this investigation, we found that the crop coefficient
was the parameter that had an impact on fine tuning the
model. To evaluate how well the model performed during
both calibration and validation periods, we relied on two
indices: the coefficient of determination (R?) and the Nash
Sutcliffe efficiency index (NSE). These indices provided
us with insights, into the models performance (Gupta and
Kling 2011). During the calibration and validation period,
the Nash Sutcliffe efficiency index and coefficient of deter-
mination achieved values are shown in Table 3:

The findings demonstrated that the streamflow in the
research region had been accurately predicted by the
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WEAP model, and comparable findings were published
byKhan et al. (2017). Excellent agreement was seen
between the calibration result and the model's validation
result (Fig. 7).

Reference scenario

The reference scenario's water demand simulation and analy-
sis are displayed in Fig. 8. This simulation served as the
basis for the computation of all additional possibilities, such
as increased irrigation and population expansion. The total
findings indicated that the water demand will rise to 60.28
billion cubic meters (BCM) by 2035 from the 2020 water
demand of 35.74 billion BCM.

Higher population scenario

Figure 9 illustrates the contrast, in water demand, between
reference and high population growth scenarios. Water
demand under the reference scenario was 35.74 BCM in
2020 and is expected to reach 60.28 BCM in 2035. In con-
trast, by 2035, the water demand in the scenario with the
highest rate of population growth had climbed to 62.96
BCM. The very high population growth rate (3.5%) and the
projected rise in daily water usage from 100 m3 per capita
by 2020 to 120 m3 per capita by 2035 serve as justifications
for the increase in household water for UIB. Due to the study
area's steady population expansion, the population growth
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Table 3 Performance statistics
for calibration and validation
results NSB R?

Statistics

Stream flow 0.85 0.86
calibration
(1995-2008)

Stream flow 0.83 0.85

validation
(2008-2020)

scenario's residential water consumption is expected to be
greater than reference scenarios in the future. In the scenario
where population growth's high, no assessments were made
regarding any modifications, to the water delivery system.
The future projections suggested that if nothing changed
in water supply management, there would be serious water
scarcity concerns.

Increased irrigation demand scenarios

The water requirement for agriculture will rise from 42.88
BCM in 2020 to 56.37 BCM in 2035 if the growth rate of

irrigated land increases by 3%. Figure 10 depicts the pro-
gressive increase in water consumption in the agriculture
sector, based on projections for the period 2020-2035.
Increased need for irrigation is a result of population expan-
sion as well.

Management scenarios
The scenario of reduced water usage, in households

A 15% decrease in each district's home water usage was pro-
jected in this scenario. The decline may be the consequence
of public education campaigns and information exchange
on water conservation. It is also anticipated that other tech-
nological methods to lessen losses would be developed. For
instance, whether in an urban or rural area, the water supply
must match the demand node. Since the demand for water
in rural areas is always lower than that in urban areas, the
distribution of water in rural areas must differ from that in
urban areas. The results indicate that even though water
usage decreased by 15% the demand for water in all seven
districts also decreased. In 2035, the total amount of water
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and validation processes

demanded was 51.23 MCM (million cubic meter), compared
to over 9.5 MCM, in the reference scenario (Fig. 11).

The decrease in irrigation/agriculture water consumption
scenario

Agriculture water demands may be decreased by 50% by
implementing various water saving measures. This scenario
was created in response to the low irrigation efficiency in
the research region. The existing irrigation schemes are said
to have a 20% loss (Shaikh et al. 2015). Farmers have the
potential to decrease water consumption by applying their
expertise in adopting irrigation methods like pivot, drip and
sprinkler systems and embracing precision agriculture prac-
tices. The introduction of modern irrigation schemes and the
management of leaks and losses through canal lining will
lower the demand for water. Figure 12 illustrates the varia-
tion in water demand between the reference scenario and the
scenario with lower basic irrigation water usage.

“Lower population scenario

Figure 13 illustrates the contrast, in water consumption
between scenarios, with reference population growth and
reduced population growth. The reference scenario pre-
dicts that the water consumption would rise from 36.89
MCM in 2021 to 60.28 MCM in 2035. In contrast, by
2035, the water demand in the scenario with slower
population increase had dropped to 49.11 MCM. The

Fig.8 Water use per year 5
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Fig.9 Water consumption per

year for the household sector in
scenarios with substantial popu-
lation increase (2020-2035) and
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Fig. 10 The irrigation sector's
future projections and rising
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Increased Irrigation Demands

irrigation demand scenarios
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comparatively slower rate of population increase (1.8%)
and the reduction in daily water usage from 100 m3 per
capita by 2020 to 82 m3 per capita by 2035 serve as jus-
tifications for the domestic water reduction for UIB. Due
to the decrease in population within the research area, the
amount of water needed by households in the future is
lower in scenarios where population growth is slower than
in reference scenarios.

2025 2030 2035

Years

Exploitation of unmet water demand and various
management scenarios

The findings of the exploitation scenarios indicate a sharp
rise in the demand for water. Consequently, the water sup-
ply and demand analysis of the UIB was compared using
the various management scenarios that were established.
The reference scenario and possible management scenarios
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Fig. 11 Projections of annual
water demand for basic home
water usage scenarios (2020—
2035) as a point of reference ad
reduction

Fig. 12 Annual water needs
under consideration, as well as
reductions in irrigation water
use scenarios (2020-2035)

(lower home water consumption, lower irrigation water
consumption, and lower population scenarios) are depicted
in Fig. 14, along with the unfulfilled water demand in the
extraction (rapid population expansion, increasing need for
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irrigation). There is a rise in water demand even in manage-
ment situations when consumption rates are dropping. This
is due to the relatively rapid expansion of the population and
the increasing amount of irrigated land in the study area.
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Fig. 13 Comparing the water
consumption, between reference
and reduced population growth
scenarios from 2020, to 2035
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Birhanu et al.(Birhanu et al. 2019) utilized the WEAP mod-  system could guarantee 100% coverage of water demand by
el's high (4.6%), medium (3.8%), and low (2.8%) population ~ 2025. Figure 15 demonstrates how the study region might
growth rates to simulate Addis Ababa's water demand pro-  benefit from various possible management scenarios as
jections. According to their analysis, no water management  an adaptation. The unmet water demands in the reference

@ Springer



5 Page 14 of 17

Applied Water Science (2025) 15:5

scenario were anticipated to reach 53.64 BCM in 2035 if no
adaptation measures were implemented. According to the
exploitation scenarios, by 2035, the unmet water demand
will rise to 56.11, 31.58 BCM. No mitigation strategy was
used in the scenarios of rapid population expansion and ris-
ing irrigation demand. There is no way that adjustments to
socioeconomic and climatic change scenarios may lead to
a serious scarcity of water in the Thal Doab. The unmet
water needs are projected to drop to a significantly lower
level under the possible management scenarios. In order to
effectively plan water resources and ensure food security, the
what-if scenarios technique may be used to assess the cur-
rent and forecast water demand/supply situation in various
basins throughout the world.

Discussion

Water shortage impacts 120 million individuals, in Pakistan
during times of the year. It is noteworthy that 85% of these
individuals reside in the Indus Basin illustrating the serious-
ness of this issue (Mekonnen and Hoekstra 2016). Pakistan
is among the dry nations with a meager 15% yearly river
flow capability for water storage (Janjua et al. 2021). By
2010, Pakistan's per capita water availability has dropped
from 5,260 m3 in 1951 to 1,050 m3 (Bhatti and Nasu 2010).
By 2025, there will be an estimated 32% water deficit, which
would result in a 70 million tons food scarcity (Marsily and
Abarca-del-Rio 2016). An important part of Pakistan's agri-
cultural economy is the groundwater sector. It was projected
that climate change will have extremely negative economic
repercussions on Khyber Pakhtunkhwa (KPK) province
agriculture. The Indus Basin Irrigation System (IBIS) is
expected to experience increased scarcity due to the effects
of climate change on river flow, especially in the down-
stream regions where river flows are decreased during the
dry season. The rising temperatures and decreasing rainfall
in the area will have an impact on farming practices. The
Pakistan Agricultural Research Council has recognized that
improving agricultural efficiency in Pakistan faces several
challenges, with water management being one of the top pri-
orities for reforms among six identified areas (Aslam 2016).
Pakistan, a lower riparian nation, would have less access
to water as a result of India's construction of various water
storage facilities on transboundary rivers. Water security
will be the focus, in the coming years. The Pakistan Water
and Power Development Authority (WAPDA) has proposed
upgrading the waterways throughout IBIS with the goal of
reducing water losses by 5 million acre-feet (MAF)(Ahmed
et al. 2007). After considering scenarios of climatic changes,
we conducted an analysis to suggest practical water manage-
ment practices and policies, for both current and future water
supply needs.

@ Springer

A comprehensive study on water demand was conducted
to ensure sustainable water supply in the future, utilizing
various management and exploitation scenarios. Initially,
the study determined the water demands of each sector in
the research region. Subsequently, it identified the poten-
tial impacts of exploiting factors such as rapid population
growth, increasing irrigated land, and the effects of climate
change. The study then formulated multiple management
plans aimed at mitigating these impacts, including strategies
to reduce water usage across industries.

In one scenario with a 3.5% high population growth rate,
the estimated water demand in the UIB was found to be
56.11 BCM. This highlights how external factors such as
population growth and climate change are influencing the
future water demand in the region. Rapid population expan-
sion, coupled with rising irrigation needs and the effects
of climate change, has led to a consistent increase in water
demand. The study underscores the urgency of implement-
ing effective water management strategies. One proposed
approach involves integrating water resource modeling to
inform policies, including both exploitation scenarios and
future management plans. To determine the optimal man-
agement strategy for the research region, a comprehensive
analysis was conducted, comparing various scenarios (refer
to Fig. 13). This thorough examination enables the identifi-
cation of the most suitable approach to address the region's
water management needs. Toure et al. (Ahmed et al. 2007)
conducted this study, while Saraswat et al. (Saraswat et al.
2010) utilized the WEAP model to estimate water demand in
the Klela Basin, situated in Mali. The researchers considered
socioeconomic and climate change scenarios. Projected that
water consumption would increase from 76 million cubic
meters (MCM) under the reference scenario to 224 MCM by
the year 2050 (Saraswat et al. 2017) observed similar find-
ings in a research done in Kathmandu Valley. The research
focused on integrated urban water management under vari-
ous circumstances. They discovered that a 6% rise in popu-
lation will raise water consumption from 135 to 150 L per
capita per day.

Conclusion

In conclusion, the simulation and analysis of water demand
indicates a significant increase from 35.74 BCM in 2020
to 60.28 BCM in 2035 under the reference scenario. The
high population growth scenario further amplifies this
demand, reaching 62.96 BCM by 2035, particularly driven
by increased domestic water needs. The study underscores
potential water shortages if no changes are made to the
water supply system. Implementing a 15% reduction in
domestic water consumption, through education and tech-
nology, proves effective in mitigating demand, reducing it
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to 51.23 BCM by 2035. For agriculture, a 3% growth in
irrigated land leads to increased water demand, reaching
56.37 BCM by 2035. However, by adopting water con-
servation strategies and improving irrigation efficiency, a
50% reduction in agricultural consumption is achievable,
showcasing the impact of technological advancements and
farmer awareness. The comparison with a lower popula-
tion growth scenario reveals a contrasting trend, with a
decrease in water demand to 49.11 BCM by 2035. This
reduction is attributed to a lower population growth rate
and decreased per capita water consumption, emphasizing
the importance of demographic factors in water demand
projections. In summary, the findings thus emphasize the
critical role of population growth, water conservation
strategies, and technological interventions in shaping
future water demand scenarios. Consideration of these
factors is crucial for sustainable water management and
averting potential shortages.
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