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Abstract

Water scarcity is an escalating environmental and governance challenge, driven by climate change, groundwater
depletion, rising demand, and institutional fragmentation. Despite increasing evidence of hydrological stress, many
governance frameworks lack climate-responsive allocation rules, coordinated monitoring systems, and effective
mechanisms for transboundary cooperation. This study assesses the key climatic, hydrological, and socio-economic
drivers of water scarcity, identifies governance deficiencies across shared river basins, and proposes evidence-based
regional collaboration mechanisms to support sustainable and climate-resilient water management. A qualitative policy
analysis was conducted using international water law instruments, global water assessments, integrated water
management guidelines, climate vulnerability reports, and transboundary treaty evaluations. Documents were analysed
across four dimensions: recognition of water scarcity, integration of scientific evidence, incorporation of scarcity
assessments in planning, and institutional enforcement capacity. The findings reveal major governance gaps, including
weak climate adaptation provisions, inconsistent monitoring, limited groundwater regulation, and inadequate ecological
flow protection. These shortcomings heighten conflict risks and undermine basin-wide resilience. Strengthening regional
cooperation through joint basin institutions, climate-informed allocation frameworks, shared monitoring systems,
groundwater collaboration, and ecological flow standards is critical for achieving adaptive and sustainable water
governance under increasing climatic pressures.
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Aims And Background

Water scarcity has emerged as a defining environmental and development challenge of the 21st century, driven by the
combined pressures of climatic change, demographic expansion, and unsustainable resource use. Global assessments
show that climate change is altering precipitation patterns, intensifying droughts, and disrupting hydrological cycles,
thereby undermining the reliability of water supplies across continents'. These climatic shifts are compounded by
increasing water demand from population growth, agricultural intensification, and industrial development, which continue
to elevate pressure on already stressed freshwater systems?.

The ecological and socio-economic consequences of water scarcity are profound. Persistent droughts alter land—
atmosphere interactions, disrupt seasonal water availability, and heighten the vulnerability of both ecosystems and
communities®. In groundwater-dependent regions, declining aquifer levels documented through satellite-based
assessments illustrate the accelerating depletion of subsurface water reserves and the long-term risks posed to agricultural
and urban water security®. These hydrological stresses contribute to deteriorating water quality, particularly in developing
regions where pollution, sedimentation, and inadequate treatment infrastructure have compromised freshwater
ecosystems>. Beyond biophysical drivers, water scarcity has also become intertwined with political, social, and regional
stability. Evidence from conflict-affected regions demonstrates how prolonged droughts, declining water availability, and
institutional weaknesses can contribute to socio-political tensions and migration pressures®. These dynamics underscore
the need for robust governance systems capable of managing scarcity, mediating competing demands, and ensuring
equitable access to water resources.

At the policy level, debates regarding the nature and severity of water scarcity persist. Some scholars emphasise that
scarcity is not solely a physical phenomenon but often the result of governance and management failures, in which
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institutions are unable to allocate, protect, or distribute water effectively’. This perspective highlights the importance of
addressing systemic inefficiencies and strengthening institutional capacity. Similarly, evolving conceptual frameworks,
such as the blue—green water paradigm, emphasise the need to expand water management beyond traditional surface water
approaches by incorporating soil moisture, rainfall capture, and ecological water flows into planning systems®. These
conceptual advances align with calls for integrated, cross-sectoral strategies that recognise the interconnectedness of water
systems, ecosystems, and climate dynamics.

Persistent gaps in water governance including the lack of climate-responsive allocation rules, fragmented institutional
coordination, inadequate transboundary monitoring, and limited integration of groundwater and ecological flow
protections significantly weaken regional capacity to manage escalating water stress. These shortcomings are becoming
more critical as climate change, population growth, and rising water demand intensify pressure on shared freshwater
systems. In response, this study examines the climatic, hydrological, and socio-economic drivers of water scarcity,
evaluates the limitations of existing governance frameworks, and proposes evidence-based strategies to strengthen
regional cooperation and advance climate-resilient water management. The study pursues the following specific
objectives: (i) to analyse the key climatic, hydrological, and socio-economic drivers contributing to regional water
scarcity; (ii) to evaluate the strengths and weaknesses of existing national and transboundary water governance
frameworks; (iii) to identify critical gaps in monitoring, allocation mechanisms, institutional capacity, and ecological
integration, and (iv) to propose evidence-based, regionally coordinated strategies for sustainable and climate-resilient
water governance.

Experimental

Study Design

This study employed a qualitative research design focused on the systematic analysis of hydrological science,
international water law, transboundary agreements, and integrated water management guidelines. The purpose was to
evaluate how current water governance frameworks address the growing challenge of water scarcity and to identify
opportunities for strengthening regional collaboration. Scientific evidence on climate-induced hydrological stress was
used to assess the adequacy and responsiveness of legal and policy mechanisms governing shared water resources. Key
documents included global assessments, binding legal conventions, and regional treaties that collectively shape
contemporary water governance.

Document Selection And Scope

Five categories of documents were examined to capture the multidimensional nature of water scarcity and required
governance responses. These included international legal instruments such as the UN Convention on the Law of the Non-
navigational Uses of International Watercourses’; global scientific assessments from the United Nations World Water
Development Report 2024!%; technical and institutional guidance from the Global Water Partnership’s Integrated Water
Resources Management Framework'!; transboundary water treaties exemplified by the Indus Waters Treaty'?; and climate
science reports such as the IPCC Sixth Assessment Report — Working Group II' (Ref. 13). Together, these documents
provide the legal, scientific, and technical foundations necessary for evaluating regional governance approaches to water
scarcity.

Analytical Framework

The analytical framework employed in this study comprised four thematic dimensions adapted from established
environmental policy analysis approaches. First, it examined the recognition of water scarcity in policy definitions by
assessing whether legal instruments and treaties explicitly address scarcity, hydrological stress, or climate-driven
variability, noting that documents such as the UN Watercourses Convention emphasize equitable utilisation but provide
limited scarcity-specific guidance. Second, it evaluated the integration of ecological and hydrological evidence in
governance, particularly the incorporation of scientific findings from sources such as the IPCC (Ref. 13) and UNESCO
(Ref. 10). Third, it reviewed the inclusion of water scarcity assessments in development and planning, including the
operationalization of frameworks like IWRM (Ref. 11) within national and regional policies, with attention to drought
management, environmental flows, and groundwater sustainability. Finally, it assessed the strength and clarity of
institutional and enforcement mechanisms, drawing on examples such as the Indus Waters Treaty'?, which contains
detailed provisions for conflict resolution and joint monitoring. Together, these dimensions enabled a systematic
comparison between hydrological science and governance practice, revealing both areas of alignment and significant gaps
that constrain effective regional collaboration.

Inclusion And Exclusion Criteria

Documents were included if they contained binding legal or procedural requirements governing shared freshwater
resources, provided scientifically validated data on water availability, climate impacts, or ecosystem vulnerability, or
offered widely recognised technical standards and governance models applicable to water-resource planning.
Documents were excluded if they focused exclusively on water quality, energy-sector development, or national water-use
regulations without relevance to scarcity, transboundary management, or regional cooperation.

Data Extraction And Synthesis

Each document was systematically reviewed to extract key information relevant to regional water scarcity and
governance. This included identifying hydrological indicators that signal scarcity and stress, examining water allocation
rules and legal principles guiding shared water use, and assessing the strength of institutional cooperation mechanisms
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established for transboundary management. The documents were also analysed for their coverage of climate-change
vulnerability, particularly how changing hydrological patterns affect water availability, and for the best practices they
recommend in support of integrated, sustainable water resources management.

Extracted provisions were compared against scientific evidence presented by the IPCC (Ref. 13) and UNESCO (Ref. 10).
The analysis synthesised how well current governance structures reflect ecological and hydrological realities and whether
they support effective, sustainable regional water collaboration.

Results And Discussion

Hydrological Drivers And Patterns Of Water Scarcity

The findings indicate that global water scarcity is being shaped by a combination of climatic variability, hydrological
imbalance, population expansion, and groundwater depletion. Climate-driven alterations in precipitation and temperature
patterns continue to intensify drought frequency and reduce annual water availability across regions!®. Multimodal
projections reveal that exposure to severe water scarcity will increase under most climate scenarios, particularly in basins
with high irrigation demand and limited storage capacity'®. As shown in Fig. 1, climate change, groundwater depletion,
population growth, agricultural expansion, and hydrological variability interact to intensify hydrological stress across
regions.
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Fig. 1. Global hydrological stress and water scarcity drivers

Additionally, groundwater-dependent regions remain among the most vulnerable, as aquifer recharge declines while
withdrawals accelerate. Nearly four billion people face severe water scarcity for at least one month each year,
underscoring the magnitude of the global challenge'>. These key hydrological drivers are summarised in Table 1, which
provides an overview of the principal forces shaping current scarcity patterns.

Table 1. Major hydrological and climatic drivers of water scarcity

Driver Description Key impacts
. Altered precipitation patterns, higher Reduced surface water availability;

Climate change . ; . . 13

temperatures, increased evaporation intensified drought frequency
. Increased domestic, industrial, and agricultural

Population growth - na ’ gricuttu Greater pressure on freshwater systems!®
demand
Declining recharge rates; increased extraction Falling groundwater levels; reduced long-

Groundwater stress . 10
to meet growing needs term storage

Agricultural High irrigation requirements in food production | Over-extraction of river and aquifer

demand systems systems'®

Hyglro} lecal Increased seasonal and annual fluctuations Reduced pre(li;ctablllty and reliability of
variability water supply

Spatial Distribution Of Water Stress And Governance Gaps

Water scarcity is uneven globally, with the most severe stress occurring in arid climates, rapidly urbanising regions, and
transboundary basins where competing national priorities intersect. Many water treaties were developed prior to modern
climate science and lack mechanisms for adaptation. The Indus Waters Treaty'?, for instance, remains operational but
does not incorporate climate resilience frameworks.

Similarly, while the UN Watercourses Convention provides foundational principles equitable use, no significant harm,
and cooperation its limited global ratification restricts its applicability®. These gaps create vulnerabilities during periods



27 Dr. Pijush Kanti Tripathi et al.

of hydrological stress. The main governance deficiencies identified are presented in Table 2, with an added Source column
clarifying the origins of each insight.

Table 2. Governance gaps identified in transboundary water management

Glovern‘ance Identified gap Implications
dimension
. . . . . Higher conflict risk during droughts and
Climate adaptation | Absence of climate-responsive allocation rules £ 13 & &
extreme events
Environmental Limited incorporation of ecological flow L T
. . Riverine ecosystem degradation
flows requirements in older agreements
. o . . . . Lower transparency and trust amon
Joint monitoring Weak or inconsistent data-sharing mechanisms OWe P 9 y &
riparian states
Inadequate conflict-resolution or compliance Weakened effectiveness of water
Enforcement . S
mechanisms treaties
Institutional Unequal technological and financial capacities Imbalanced negotiation power and
capacity among states implementation capacity'°

Economic And Ecosystem Service Implications

Water scarcity directly affects agriculture, hydropower, industrial output, and municipal supply systems. Declining water
availability increases production costs and heightens food insecurity, while undersupplying hydropower systems and
drought-sensitive industries!!.

Ecosystems similarly experience stress, as reduced environmental flows degrade aquatic habitats, wetlands, and riparian
corridors. Insights from socio-hydrology highlight that human behaviour, institutional structure, and environmental
changes interact recursively, often intensifying water crises when governance systems fail to adapt'®. Consequently,
economic and ecological vulnerabilities are intertwined, requiring governance mechanisms that integrate hydrological
science and adaptive planning.

Alignment With International Water Governance Commitments

International water governance instruments such as the UN Watercourses Convention® and the IWRM Framework!!
provide normative and technical foundations for collaborative water management. However, the uptake of these principles
remains uneven, with significant implementation gaps.

UNESCO’s (Ref. 10) global analysis emphasises that integrated and climate-responsive approaches are still lacking in
many regions. Similarly, critical evaluations of IWRM highlight challenges in operationalisation, including institutional
fragmentation and insufficient political support!”'8,

Need For Strengthened Regional Collaboration

The results demonstrate that tackling water scarcity especially in transboundary basins requires coordinated regional
strategies that integrate climate projections, joint monitoring, environmental flow requirements, and adaptive allocation
rules. Shared institutions and basin-wide governance bodies play a critical role in reducing disputes and enabling equitable
management. Figure 2 illustrates how coordinated regional mechanisms joint basin institutions, climate-informed
allocation frameworks, shared monitoring systems, groundwater cooperation, regional data networks, and environmental
flow requirements integrate to form a climate-resilient water governance architecture.
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Fig. 2. Recommended regional collaboration mechanisms for climate-resilient water governance
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The combined evidence reveals a widening mismatch between increasing hydrological stress and the limited capacity of
existing governance systems to respond effectively. Climate change is accelerating water scarcity faster than institutional
reforms are being implemented, making adaptive, science-based, and cooperative governance frameworks a necessity
rather than an option.

Conclusions

This study demonstrates that water scarcity is intensifying across regions due to the combined effects of climate change,
hydrological variability, population growth, groundwater depletion, and rising agricultural demand. While these pressures
are well-documented scientifically, the analysis reveals that current governance frameworks remain fragmented, outdated,
and insufficiently adaptive to evolving climatic and hydrological realities. Existing treaties and national policies often
lack climate-responsive allocation rules, robust monitoring systems, coordinated groundwater management, and
environmental flow protections, leaving transboundary basins particularly vulnerable. The findings highlight the urgent
need for strengthened regional collaboration built on shared data, joint institutions, and integrated management
approaches. Recommendations derived from the study emphasise establishing basin-level governance bodies, adopting
climate-informed allocation mechanisms, creating shared monitoring and early warning systems, and integrating
ecological flow requirements into future agreements. Together, these mechanisms offer a pathway to more coordinated,
equitable, and climate-resilient water governance. Addressing water scarcity will require not only technical solutions but
also political commitment, institutional cooperation, and long-term planning. A shift toward adaptive, science-based, and
regionally integrated governance frameworks is essential to safeguard water security, ecological integrity, and sustainable
development for future generations.
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