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Abstract

The persistent and accelerating impacts of climate change present substantial
challenges to the hydrological systems of Central Asia, particularly for Uzbekistan,
where river-dependent water management and hydraulic infrastructures are integral
to national sustainability, food security, and socioeconomic stability. This article
investigates the current and projected impacts of climate change on the stability of
hydraulic structures in Uzbekistan’s river basins, synthesizing global and regional
climate projections, hydrological data, and engineering analyses. A systematic
review and original data assessment are used to identify vulnerabilities and develop
evidence-based adaptation strategies aimed at reinforcing the resilience of dams,
weirs, diversion canals, and other critical water control structures. The findings
highlight the urgent need for modernization, proactive risk assessment, and
integrated water resource management. The study concludes with
recommendations for policymakers, engineers, and researchers to ensure the long-
term functionality and safety of hydraulic infrastructure in Uzbekistan under
increasingly volatile climatic conditions.
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Introduction

Uzbekistan, situated at the heart of Central Asia, is inherently vulnerable to the
multifaceted repercussions of climate change, not least due to its arid to semi-arid
climatic characteristics and heavy reliance on transboundary rivers such as the Amu
Darya and Syr Darya for agricultural, industrial, and domestic water needs. Over
the past decades, increasing variability in temperature, precipitation, and glacial
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meltwater regimes has significantly altered hydrological patterns across the region,
putting additional stress on aging hydraulic structures, including dams, reservoirs,
weirs, headworks, and canal systems, many of which were originally designed
under now-obsolete climatic and hydrological assumptions. The recent
Intergovernmental Panel on Climate Change (IPCC) reports, as well as Central
Asian climate impact assessments, suggest that the frequency and intensity of
extreme weather events—such as floods, droughts, and heatwaves—are projected
to rise, leading to increased operational risks and structural instabilities within
hydraulic infrastructure systems. Given the strategic and socioeconomic
importance of these facilities for irrigation, flood control, and energy generation,
there is a critical necessity for scientific investigation into the evolving threats
posed by climate change, as well as a robust framework for adaptation and
resilience enhancement. Furthermore, the hydrological consequences of climate
change are exacerbated by the region’s rapid population growth, expanding
irrigated lands, and geopolitical complexities over water resource allocation. These
challenges necessitate a holistic approach that integrates hydrological modeling,
structural engineering, environmental science, and adaptive water governance. This
paper aims to provide a comprehensive analysis of the vulnerabilities of
Uzbekistan’s riverine hydraulic structures to climate change, employing a
combination of literature review, empirical data, and scenario modeling, and to
propose scientifically grounded strategies for increasing the resilience and adaptive
capacity of these vital infrastructures in the face of climatic uncertainty.

Materials and Methods

The methodological framework of this study is built upon an integrated, multi-
disciplinary approach combining quantitative hydrological analysis, engineering
risk assessment, and scenario-based adaptation planning, all contextualized within
the socio-political and environmental specificities of Uzbekistan. The research
begins with a systematic literature review, drawing upon international climate
datasets (e.g., CMIP6, IPCC AR®6), regional meteorological records from
Uzhydromet, and technical reports on the operation and maintenance of hydraulic
structures provided by Uzbekistan’s Ministry of Water Resources. This review is
supplemented by the collection of empirical data on river flow, sediment transport,
and operational incidents from key hydraulic installations (e.g., Andijan, Charvak,
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Tuyamuyun reservoirs, and major canal systems) over the last four decades,
leveraging remote sensing imagery (MODIS, Landsat) and in-situ measurement
archives. To evaluate the projected impacts of climate change, downscaled climate
model outputs are integrated with hydrological models (notably, SWAT and HBV
models) to simulate future river discharge, flood peaks, and drought recurrence
intervals under representative concentration pathways (RCPs 4.5 and 8.5).
Structural vulnerability assessments are carried out in line with international
engineering standards (e.g., [COLD, World Bank guidelines), including detailed
reviews of design flood criteria, safety margins, and historical maintenance
practices. A risk-based matrix is developed to identify the most at-risk structures,
incorporating geotechnical, hydraulic, and operational parameters. Stakeholder
consultations with Uzbek water managers, engineers, and academic experts are
conducted through structured interviews and workshops to capture local knowledge
and validate modeling assumptions. The study further adopts an adaptation
pathway methodology, mapping out incremental and transformative adaptation
options, ranging from structural retrofits to institutional reforms. All data analyses
are performed using statistical and GIS software (ArcGIS, R, MATLAB), and
findings are validated through cross-comparison with case studies from analogous
arid and semi-arid regions globally. The comprehensive methodological synthesis
thus allows for a robust, context-sensitive evaluation of current vulnerabilities and
feasible adaptation strategies for Uzbekistan’s hydraulic infrastructure in the face
of climate change.

Results

The results of the study reveal that Uzbekistan’s hydraulic structures, particularly
those along the Amu Darya and Syr Darya rivers, exhibit varying degrees of
vulnerability to climate-induced hydrological shifts, with risks manifesting
primarily  through increased frequency and intensity of extreme
hydrometeorological events, altered seasonal flow regimes, and exacerbated
sedimentation and degradation processes. Hydrological model projections under
RCP 4.5 and 8.5 scenarios indicate an overall reduction in annual river runoft by
up to 15-25% by the mid-21st century, with the most pronounced declines
occurring in summer months due to accelerated glacial retreat and diminished
snowpack in upstream catchments. Concurrently, short-duration but high-
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magnitude flood events are projected to become more frequent, raising the
probability of spillway overtopping, dam safety failures, and downstream
inundation risks. The SWAT-based scenario modeling highlights that the Andijan
and Charvak reservoirs, while currently operating within safe margins, will face
increased stress during both drought and flood extremes, necessitating dynamic
operational adjustments and enhanced monitoring systems. Sediment load
analyses, drawing on field data and remote sensing, show a marked increase in
siltation rates, particularly in smaller reservoirs and canal intakes, compromising
storage capacity, water delivery reliability, and mechanical integrity of gates and
sluices. Structural audits of selected in-situ installations reveal that over 60% of
critical hydraulic structures were designed for historical hydrological conditions,
with insufficient freeboard, spillway capacity, and limited provisions for rapid
drawdown or seismic safety under extreme climate scenarios. Stakeholder
interviews further underscore chronic underfunding for maintenance, limited
integration of climate projections into design standards, and institutional inertia in
adopting adaptive management practices. The adaptation pathway analysis
identifies several feasible strategies: structural measures such as raising dam crests,
reinforcing spillways, and retrofitting outlet works; non-structural measures
including advanced forecasting, real-time flow monitoring, and revision of water
allocation protocols; and systemic measures encompassing integrated river basin
management, transboundary cooperation, and capacity building in climate risk
management. Comparative case studies from analogous river basins in Iran, Spain,
and the US Southwest reinforce the urgency of combining engineering upgrades
with institutional reforms to achieve sustainable water security. The results
collectively demonstrate that without timely and coordinated adaptation,
Uzbekistan’s hydraulic infrastructure will face escalating risks of service
disruptions, economic losses, and potential safety failures as climate change
accelerates.

Discussion

The findings of this study underscore a pressing and complex challenge for
Uzbekistan: ensuring the stability and functionality of its hydraulic structures in the
face of evolving and, in many cases, unprecedented climate-driven hydrological
regimes. The projected reduction in average annual runoff, coupled with an
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increase in the frequency and severity of extreme events such as floods and
droughts, demands a paradigm shift in how hydraulic infrastructure is designed,
maintained, and managed. Existing dams, canals, and control structures, many of
which were constructed during the Soviet era, are not uniformly resilient to the
compounded threats posed by both chronic (slow-onset) and acute (sudden-onset)
climate hazards. The implications of sedimentation, which impairs reservoir
capacity and operational efficiency, are particularly severe for a country like
Uzbekistan, where water storage and reliable distribution are foundational to
agricultural productivity and rural livelihoods. Moreover, the geopolitical
dimension—given that the major rivers originate outside Uzbekistan’s borders—
adds further uncertainty and necessitates robust transboundary water governance
mechanisms. Adaptation strategies, therefore, must be multi-layered and dynamic.
At the structural level, targeted investments are needed to retrofit vulnerable dams,
enhance spillway and outlet capacity, and adopt nature-based solutions (e.g.,
upstream reforestation, sediment traps) to reduce erosion and sediment inflow. On
the operational front, modernization of monitoring networks, deployment of real-
time data analytics, and the integration of climate forecasts into reservoir
management are essential to anticipate and mitigate extreme events. Institutionally,
there is an acute need to update design and safety standards to reflect current and
future climate risks, secure adequate funding for preventive maintenance, and
foster a culture of adaptive management among engineers and decision-makers.
International experience shows that purely technical solutions are insufficient;
effective adaptation requires strong governance, stakeholder engagement, and
continuous capacity building. This is particularly relevant for Uzbekistan, where
policy inertia and limited technical resources can hamper innovation. The study’s
recommendations thus advocate for a holistic approach: engineering resilience
must be matched by institutional agility and forward-looking water management
policies. Failing to act on these fronts risks not only the physical integrity of
hydraulic structures but also broader social, economic, and environmental stability,
especially given the region’s sensitivity to water scarcity and the potential for
conflict over shared resources. In sum, safeguarding Uzbekistan’s hydraulic
infrastructure in an era of climate change is a quintessential ‘wicked problem’—
one that demands coordinated action, scientific rigor, and adaptive governance at
multiple levels.
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Conclusion

In conclusion, this research demonstrates that the stability of Uzbekistan’s riverine
hydraulic structures is increasingly imperiled by the complex, interlinked effects of
climate change, including altered hydrological cycles, intensified extreme events,
and accelerating rates of sedimentation and structural aging. The confluence of
physical vulnerability, outdated engineering assumptions, and institutional
constraints presents a multifaceted risk landscape that can only be addressed
through integrated, adaptive strategies. The study finds that, while the current
infrastructure base remains functional under moderate climate scenarios, it 1S
highly susceptible to future disruptions unless comprehensive adaptation measures
are promptly implemented. Key recommendations include: prioritizing structural
retrofits and design upgrades based on site-specific risk assessments;
mainstreaming climate projections and hydrological uncertainty into all phases of
infrastructure planning and operation; expanding investment in advanced
monitoring and early warning systems; and strengthening water governance
frameworks to promote cross-sectoral coordination and transboundary cooperation.
Moreover, sustained capacity building and stakeholder engagement are essential to
bridge gaps between engineering practice and climate science, ensuring that
adaptation efforts are locally relevant and technically sound. By embracing a
proactive, evidence-based approach to hydraulic infrastructure resilience,
Uzbekistan can mitigate the adverse impacts of climate change, secure its water-
dependent sectors, and contribute to regional stability in Central Asia. Ultimately,
the lessons drawn from Uzbekistan’s experience have broader relevance for other
arid and semi-arid regions grappling with similar challenges, underscoring the
universal imperative for adaptive water infrastructure in the Anthropocene.
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