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Abstract

Pakistan's water-related problems, such as severe floods, severe droughts, and the depletion of
freshwater supplies, have gotten worse due to climate change. The 2022 floods underscored Pakistan's
vulnerability to climate-induced disasters, resulting in significant human and economic losses.
Innovative, technologically advanced solutions that improve climate resilience and water security are
needed to address these issues. This paper explores the role of technological innovations, such as early
warning systems, smart water management, advanced water treatment, structural flood resilience, and
community-based technologies, in mitigating water-related risks and ensuring sustainable resource
management.

In addition to highlighting how these innovations could support global frameworks such as the Paris
Accord and the Sustainable Development Goals (SDGs), the report also identifies obstacles to their
implementation, such as governance, technical, and budgetary issues. In order to scale up these
solutions, policy proposals emphasize the significance of community involvement, public-private
partnerships, and international cooperation. Pakistan can create a resilient water future by
incorporating these technologies into national strategies, especially through programs like the China-
Pakistan Economic Corridor (CPEC). This study emphasizes how urgently more funding, research, and
cooperation are needed to address the increasing effects of climate change on water security.
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1. Introduction

Despite having an abundance of water
resources, Pakistan is experiencing a severe water
scarcity as a result of inadequate storage facilities,
bad water governance, and the negative effects of
climate change. The country’s water consumption
is expected to reach 338 km? by 2025, compared to
240-258 km? of available water. Currently, 74% of
the available surface water and 83% of the
groundwater are utilized, primarily for agriculture,
which is an unsustainable ratio for a water-stressed
nation [1].

Water security is a complex issue shaped by
competing demands across industrial, agricultural,
hydropower, and domestic sectors. Climate change
further exacerbates these challenges by altering
water availability and intensifying extreme weather
events. The devasting floods of mid-2022
exemplify this impact. Pakistan experienced 243%
more rainfall than the historical average, driven by
shifting monsoon patterns and rising global
temperatures [3]. Excess moisture in the
atmosphere led to unprecedented downpours,
overwhelming natural and artificial drainage
systems.

Glacial melt compounded the crisis. The
Himalayan, Karakoram, and Hindu Kush Mountain
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ranges, home to some of the world’s largest
glaciers, are witnessing accelerated ice loss due to
global warming. In 2022, a combination of
excessive glacial melt and heavy monsoon rains
caused rivers and reservoirs to exceed capacity,
resulting in widespread flooding. The Indus River
overflowed, inundating villages and agricultural
land. Unplanned urbanization and poor drainage
systems further worsened urban flash floods, while
rural areas suffered extensive damage. About
18,000 square kilometers of agricultural area were
under water, including 45% of Pakistan's main
export, cotton. A vast amount of infrastructure was
destroyed, including 1,460 medical facilities, 269
bridges, and 6,700 km of highways. With 750,000
cattle dead and USD 2.3 billion in crop losses, the
agricultural and livestock sectors suffered
enormous setbacks that had a significant impact on
livelihoods and food security [2].

This paper aims to explore the role of
technological innovations in addressing water
security challenges exacerbated by climate change.
It examines the potential of advanced tools and
techniques, including remote sensing, early
warning systems, smart water management
solutions, and sustainable infrastructure, to mitigate
the impacts of extreme weather events such as



Pak. J. Engg. Appl. Sci. Vol. 33, Special Issue July, 2025

floods and droughts. The scope of this study
encompasses both urban and rural contexts,
emphasizing strategies for preparedness, response,
and long-term adaptation.

11 The Ripple Effects of Climate

Change: Lessons from
Pakistan's Devastating 2022
Floods

A clear example of how climate change is
escalating catastrophic weather occurrences and
having a ripple effect on water supply, ecosystems,
and economy was provided by the floods of 2022.
The changed rainfall patterns, glacial melt, and
increased riverine and urban flooding seen in
Pakistan are all clear signs of climate change,
highlighting the urgent need for mitigation and
adaptation measures to deal with these issues.
Record-breaking monsoon rainfall fell in multiple
pulses over a wide region of Pakistan starting in
mid-June 2022 and lasting until late August. By the
end of August large parts of the country were
submerged. The country's long river, the Indus,
overflowed its banks over thousands of square
kilometers, and the heavy rains caused landslides,
flash floods in cities, and GLOF. During this time,
Pakistan received 243% more rainfall than average,
making August the wettest month on record since
1961 [3]. Approximately 6700 km of roads, 269
bridges, and 1460 medical facilities were
destroyed; 18 590 schools suffered damage; 750
000 cattle perished; and approximately 18,000
square kilometers of cropland—including about
45% of the country's main export, cotton—were

lost. Food crop losses amounting to approximately
US$2.3 billion [3].

2. Problem Statement

About 19.5% of Pakistan's GDP comes from
agriculture, which also employs 42% of the labour
force, generates 64% of export revenue, and
supports 62% of the nation's population. In
Pakistan, the agricultural sector uses the most
water—more than 90%. Pakistan's water supply is
already below the 1000 m3/person scarcity
threshold, and regional climate change could make
matters worse [11].

The following issues must be addressed
immediately in light of growing water scarcity: (i)
extending the capacity of water storage; (ii)
reducing water waste at all levels; (iii) boosting
water productivity; (iv) creating a suitable
regulatory framework for surface and groundwater
management; (v) developing and putting into
practice suitable crop zoning and cropping patterns;
and (vi) rationalizing the pricing structure for water
usage in all sectors.

The Falkenmark Indicator shows how the
population and the amount of water available are
related. A nation is considered to be water-stressed
if its per capita water resources are less than 1700
m3. Water shortage occurs when the country's per
capita water availability falls below 1000 m3, and
absolute water scarcity occurs when it goes below
500 m3/person [4]. Pakistan would reach the
extreme water scarcity line by 2025 if the current
trend continues, since this indication shows that the
country crossed the water scarcity line in 2005 [5].

Table 1: Water Shares of Provinces According to Water Accord 1991 [6]

-

Province Total (MAF)
Punjab 37.07 18.8? 55.94
Sindh* 33.94 14.82 48.76
KP 3.48 2.30 5.78
Civil Canals** 1.80 1.20 3.00
Baluchistan 2.85 1.02 3.87
Total 77.34 37.01 114.35

+1.80 +1.20 + 3.00

*Including flood flows & future storage** Ungauged civil canals above the rim stations

Table 2: Water Storage Capacity (MAF) [8]

Reservoir

Live Storage Capacity

Storage Loss
Year 2025

m Year 2013 Year 2013

Tarbela 9.69 (1974)
Mangla (post raising) 8.24 (2012)
Chashma 0.72 (1971)
Total 18.65

6.58 (68%) = 3.11(32%) @ 4.16 (43%)
7.39(90%) = 0.85(10%) = 1.16 (20%)
0.26 (36%) = 0.46 (64%) = 0.64 (78%)
14.23 (76%) = 4.42 (24%) = 5.96 (37%)
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Figure 3: Trend of population v/s per capita water availability
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Fig. 1: Trend of population v/s per capita water availability [11].

Inadequate storage is one of the main causes
of water scarcity. Pakistan has considerably less
water storage per person than the majority of other
nations. The per capita storage of Australia and
USA is over 5000 m3, China 2200 m3, Egypt 2362
m3, Turkey 1402 m3, Iran 492 m3 while in Pakistan
itis only 159 m3. The storage capacity of the Aswan
High Dam on the Nile River is around 1000 days,
the Colorado and Murray-Darling Rivers have 900
days, respectively, India has 320 days and Africa's
Orange River has 500 days, while Pakistan has only
30 days [7]. Due to inadequate storage facilities,
Pakistan lost more than 89 MAF of water during the
floods of 2010, 2012 and 2014, besides having
devastating effects on infrastructure, crops,
livestock and people. In 2022, Pakistan lost
approximately 140 MAF of water.

Seasonal variations over Pakistan's northern
regions cannot be replicated by the climate models
currently in use. Nonetheless, when the minimum
temperature increased, there was a steady rise in
both temperature and precipitation. Climate change
will provide two significant challenges: (i) more
frequent floods and droughts, and (ii) reservoirs'
inability to hold enough water to be moved to the
dry seasons and dry years [9]. The cryosphere and
the reliant water supply are expected to be severely
impacted by climate change [10]. Different
temperature changes in the area and the Basin have
been reported by a number of studies. In the
mountainous regions of the Upper Indus Basin, the
mean temperature showed a non-significant upward
trend. For the years 1960-2007, it was noteworthy
in Sindh (+0.44 °C), Punjab (+0.56 °C), and
Baluchistan (+1.5 °C) [11].

The United Nations estimates that two-thirds
of the world's population may be under water stress
by 2025, and that 1.8 billion people may live in
regions with complete water scarcity. Food supply,
energy production, public health, and economic
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stability are all impacted by this dilemma. To
handle these issues, conventional water
management techniques are no longer adequate.
Ineffective  distribution networks, antiquated
infrastructure, and insufficient monitoring are
frequently their mainstays. Technology-driven
solutions and innovation are essential to ensuring
water security.

Technological innovation is pivotal in
addressing water security challenges intensified by
climate change. Modern technology provides
practical ways to track, control, and lessen the
effects of water problems brought on by climate
change. Water resource management has been
transformed by remote sensing and satellite
photography, which offer real-time information on
water quality and availability. For example, the
creation of multitemporal and multispectral
datasets, like SEN2DWATER, makes it possible to
analyse how water supplies have changed over time
and helps make well-informed decisions in
response to climatic variability [12].

For disaster preparedness, early warning
systems (EWS) are essential, especially in areas
that are vulnerable to drought and flooding. The
effectiveness of EWS has increased and prompt
responses to water-related disasters are now
possible because to the innovative approaches in
water security that have resulted from the merging
of technological and community practice research
with climate finance economics [13].

The Internet of Things (IoT) and artificial
intelligence (Al) are two examples of smart water
management solutions that maximise water
utilisation and distribution. In the context of
climate-induced water scarcity, these technologies
increase water consumption efficiency, lower
losses, and guarantee equitable distribution [14].
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3. Technological Innovations in

Water Security

Technological innovations are critical to
addressing water security challenges by enhancing
prediction, management, and resilience against
water-related crises.

1. Early Warning Systems: Flood monitoring
and prediction have been revolutionised by the
use of satellite data, the Internet of Things
(IoT), and artificial intelligence (AI). IoT
devices  enable  real-time  water-level
monitoring, satellite imagery provides vast
spatial data for flood risk assessment, and
artificial intelligence (Al) algorithms analyse
big datasets to anticipate flooding trends. These
resources are essential for creating efficient
early warning systems that help communities
anticipate and lessen the effects of flooding.
For instance, early warning systems that
combine Al with hydrological data have shown
promise in areas of the world that are
vulnerable to flooding, such as Pakistan [15].

2. Smart Water Management: Water utilisation
in urban areas, industrial processes, and
agricultural is optimised via smart water
management technologies. While smart
irrigation systems use sensors and weather data
to reduce water waste in agriculture, digital
water meters allow for exact monitoring of
water consumption. A case study in Spain
demonstrated that smart irrigation systems
reduced water use by 25-40% without
affecting crop yield [16]. Similarly, advanced
metering systems in urban settings have been
shown to significantly enhance water
conservation.

3. Advanced Water Treatment and Recycling:
For the treatment and recycling of wastewater,
technologies like floating treatment wetlands
(FTWs) and reverse osmosis (RO) are
essential. FTWs utilize plants to remove
contaminants from contaminated water bodies,
whereas RO systems efficiently desalinate and
purify water for reuse. Recycling industrial
wastewater is becoming more widely
acknowledged for its ability to save water
resources and lessen environmental pollution.
Furthermore, FTWs have shown promise in
enhancing the quality of the water in
contaminated lakes.

4. Structural Innovations for Flood Resilience:
Flood risks are reduced by flood-resilient
infrastructure, such as levees and embankments
built using cutting-edge materials. Wetlands
restoration is one example of a nature-based
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solution that supports these initiatives by
improving ecosystem services and absorbing
excess water. According to a study on nature-
based flood management strategies, wetland
restoration is a good way to lower peak flood
flows.

5. Community-Based Technologies: Affordable
technologies, such as rainwater harvesting
systems and groundwater recharge wells,
empower rural communities to manage water
resources effectively. While recharge wells
refill aquifers for sustainable usage, rainwater
collection lessens dependency on surface
water. According to studies, these community-
based strategies improve local resilience and
water availability in areas with water scarcity.

4. Challenges and Considerations

While  technology  offers  promising
solutions, there are challenges and considerations to
address:

I. A lot of advanced water technologies are
expensive. To prevent escalating
socioeconomic inequality, it is imperative to
guarantee fair access to these breakthroughs.

2. Strong cybersecurity measures are necessary to
guard against data breaches and unauthorized
access while gathering and storing vast
volumes of sensitive data pertaining to water
management.

3. Clear rules and governance structures are
required when integrating technology into
water management in order to guard against
abuse and guarantee the prudent use of
information and resources.

4. Certain advanced water treatment technologies
might have an impact on the environment. A
thorough assessment of the environmental
impact is necessary.

5. Discussion

In Pakistan, a nation dealing with serious
issues made worse by climate change,
technological advancements have enormous
potential to improve water security. Early warning
systems that facilitate prompt evacuations and
catastrophe preparedness, such Al-based flood
forecasting models, can drastically lower the
economic and human costs of floods. Digital water
meters and intelligent irrigation systems are
examples of smart water management technology
that can optimize water use in urban and
agricultural settings, minimizing waste and
guaranteeing sustainable use. By reusing treated
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wastewater for industry and agriculture, advanced
water treatment and recycling technologies offer a
solution to manage finite freshwater supplies.
Community-based technology enable rural
populations to manage water resources locally,
while structural advances and nature-based
solutions provide the twin benefits of reducing
flood risks and protecting ecosystems.

Despite these encouraging prospects, a
number of obstacles prevent these advances from
being widely adopted. Since many of these
technologies demand large upfront investments,
financial restrictions continue to be a major
obstacle. Implementation is hindered by technical
issues, such as a lack of local knowledge to run and
maintain sophisticated systems. The procedure is
made more difficult by governance problems like
disjointed institutional frameworks and lax
enforcement of water management regulations. It
will take a coordinated effort that includes
legislative changes, capacity building, and financial
incentives to address these issues.

The Sustainable Development Goals
(SDGs), especially SDG 6 (Clean Water and
Sanitation), SDG 13 (Climate Action), and SDG 15
(Life on Land), are strongly aligned with the
adoption of technical breakthroughs. By
strengthening climate resilience and encouraging
sustainable water management techniques, these
technologies also support international agreements
like the Paris Accord. Pakistan can satisfy its
international commitments and get closer to a

sustainable future by incorporating these

technologies into its water management plan.

6. Policy Implications and
Recommendations

To scale up technological innovations for
water security, Pakistan needs to adopt a strategic
and inclusive approach:

1. The financial and technical assistance required
to deploy modern technologies can be obtained
through partnerships with  development
partners and international organizations.
Programs under the Paris Accord and the Belt
and Road Initiative can help mobilize resources
and share information.

2. Promote Public-Private Partnerships (PPPs)
can help close the budget gap and promote
innovation by including the private sector.
Adoption can be accelerated by providing
incentives to companies who invest in water-
efficient infrastructure and technologies.
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3. To guarantee the applicability and efficacy of
water management systems, local populations
must be included in their conception and
execution. Programs for education and
awareness can enable communities to make
good use of reasonably priced technologies,
such as rainwater collection systems.

4. These technical solutions should be
specifically included in national water policies.
These innovations can be widely implemented
by aligning them with the China-Pakistan
Economic Corridor (CPEC) efforts, which can
take use of the infrastructure and investment
channels already in place.

5. Building the knowledge required to install and
maintain modern technologies requires
technical seminars and training programs for
local engineers, water managers, and
legislators.

6. Putting money into research and development
can result in the creation of affordable,
regionally tailored solutions. Innovation
requires partnerships between academic
institutions, research facilities, and business
stakeholders.

7. Conclusion

In light of climate change, technological
advancements are essential for tackling Pakistan's
water security issues. Innovative approaches to
improving  resilience  against  water-related
calamities and guaranteeing sustainable resource
management include early warning systems,
intelligent water management, and nature-based
solutions. However, strategic measures are required
to overcome obstacles like budgetary limitations, a
lack of technical know-how, and governance
concerns.

International collaboration, public-private
partnerships, and active community involvement
are necessary for scaling up these technologies.
Synergies for wider adoption can be produced by
incorporating these technologies into national
policy and utilizing programs like CPEC. Reducing
the effects of climate change on Pakistan's water
resources requires sustained investment in research,
capacity building, and cooperation. Pakistan may
move closer to a safe, resilient, and sustainable
water future by implementing these policies.
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