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. INTRODUCTION

Climate change is increasingly disrupting global hydrological systems, leading to heightened risks of both drought and
extreme precipitation events. These phenomena threaten the stability and productivity of agricultural systems, especially
in arid and semi-arid regions (IPCC, 2023). Reclamation systems—which include irrigation, drainage, and water
management infrastructure—are fundamental to sustaining agricultural outputs and managing water resources. Yet many
of these systems were designed under past climatic assumptions and now require adaptation to withstand increased
climatic volatility.

Central Asia, particularly the Aral Sea basin, is at the epicenter of these challenges. The region is characterized by a harsh
continental climate, limited renewable water resources, and a high dependency on irrigated agriculture. Intensifying
droughts and variable precipitation patterns strain outdated irrigation systems and exacerbate problems such as
salinization, land degradation, and poor water quality. Recent decades have also witnessed declining river flows, largely
due to glacial retreat in upstream countries and increased water withdrawals (Sievers, 2002; Spoor & Krutov, 2003).

Reports from the World Bank (2020) and FAO (2021) confirm that Central Asia’s average annual temperature has
increased by 1.5-2°C since the 1960s, with projections indicating potential rises up to 5°C by 2100. Precipitation trends
are expected to become increasingly erratic, with extended dry spells interspersed with intense rainfall. In Uzbekistan,
for instance, over half of irrigated land is already moderately to severely salinized, mainly due to inefficient drainage and
poor irrigation practices (Qadir et al., 2009).

Il. BACKGROUND

Numerous international studies and regional programs have addressed the challenges and opportunities of adapting
reclamation systems to climate change. Research from the International Water Management Institute (IWMI), FAO, and
the World Bank has emphasized the vulnerability of post-Soviet irrigation infrastructure in Central Asia to climatic stress.
For instance, IWMI's research in Uzbekistan and Turkmenistan has highlighted the inefficient use of irrigation water and
the need for data-driven planning.

Several studies have addressed the vulnerability of irrigation systems and the necessity for adaptation under climate
change in arid regions. Micklin (2007) chronicles the decline of the Aral Sea due to excessive irrigation withdrawals.
Qadir et al. (2009) and FAO (2021) discuss the widespread problem of salinization and waterlogging in Central Asian
irrigated lands. The Global Water Partnership (2022) outlines climate-smart water management approaches. Moreover,
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World Bank assessments have highlighted the inefficiency of infrastructure and the potential of precision agriculture in
mitigating climate impacts (World Bank, 2020).

Regional projects such as the “Central Asia Nexus Dialogue Project” and the UNECE’s National Policy Dialogues on
Integrated Water Resources Management have explored climate-resilient infrastructure and policy coordination
mechanisms. Moreover, the Aral Sea Basin Program (ASBP), supported by multiple development partners, has long
focused on ecological restoration and efficient water use within one of the world’s most impacted transboundary basins.

In the scientific literature, modeling studies such as those by Forkutsa et al. (2012) and Jalilov et al. (2018) have shown
the effectiveness of combined irrigation modernization and institutional reforms. Practical insights from these studies are
vital for designing adaptive measures suited to the complex water-energy-agriculture nexus in the region.

This article builds upon such foundational work while focusing specifically on actionable adaptation strategies for
reclamation systems-particularly as they relate to the increasing intensity and variability of climatic extremes across
Central Asia.

11l. METHODOLOGY AND DISCUSSION

To support the adaptation of reclamation systems in Central Asia to climate extremes, a multidisciplinary and multiscale
methodological approach is proposed. This methodology combines spatial analysis, system diagnostics and stakeholder
engagement. It is designed to assess current vulnerabilities, project future risks, and evaluate the effectiveness of
adaptation strategies.

Applying this methodology to the Aral Sea basin, a region emblematic of ecological and hydrological mismanagement,
reveals a complex interplay between legacy infrastructure, climate vulnerability, and governance challenges. The basin’s
upstream-downstream dynamics and history of over-extraction underscore the urgency of coordinated planning and
adaptive management.

Preliminary assessments from prior regional studies indicate that a large share of reclamation infrastructure is operating
below design efficiency, with losses of up to 40% in some areas due to leakage, evaporation, and poor maintenance. This
is further exacerbated by climate-driven reductions in glacial runoff and inconsistent precipitation patterns.

Through scenario modeling, plausible futures show that without adaptation, agricultural productivity could decline by
15-25% in southern Uzbekistan and Turkmenistan by 2050. However, integrating efficient irrigation technologies and
improved drainage systems could stabilize or even increase productivity under the same climatic stressors.

The stakeholder engagement component is particularly vital in this region. Many water users lack awareness of the impact
of climate change on water security or have limited capacity to implement new practices. Therefore, participatory
approaches-like water schools, demonstration farms, and digital extension services-must complement technical
interventions.

In terms of risk management, incorporating digital monitoring tools and early-warning systems into reclamation planning
allows for faster response to floods, salinity, or crop failure. These tools are already being piloted in parts of the Syrdarya
basin with support from international organizations and show promise for wider application.

This integrated methodological framework offers a structured pathway to adapt reclamation systems to current and future
climate challenges. By combining technical diagnostics, stakeholder input, predictive modeling, and real-world testing,
it allows for informed, context-sensitive decision-making. In the Aral Sea basin and broader Central Asia, such a
framework is essential not only for building climate resilience but also for fostering regional cooperation and sustainable
land use planning.
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IV. RESULTS
Impacts of Climate Extremes on Reclamation Systems

Prolonged droughts diminish surface and groundwater availability, reduce the reliability of irrigation supplies, and
intensify competition among users. Water shortages accelerate soil salinity due to insufficient leaching of salts,
particularly in lowland basins with shallow groundwater (FAO, 2021). The declining performance of traditional surface
irrigation systems under drought conditions leads to reduced crop productivity and ecological stress.

Conversely, extreme rainfall events cause severe flooding, erosion, and waterlogging. Existing drainage systems—often
poorly maintained or under-capacity—cannot cope with the sudden influx of water, leading to infrastructure failures and
land degradation. Additionally, runoff from storms often carries pollutants and sediments, contaminating water supplies
and clogging canals.

Climate change has also intensified other environmental stressors. Rising temperatures have increased crop
evapotranspiration rates, raising irrigation demands. Upstream glacier melt in the Tien Shan and Pamir mountains
provides short-term water surges but threatens long-term river flow reduction. Wind erosion and dust storms—common
across the desiccated Aral Sea basin—further impair agricultural lands and reclamation facilities.

These problems are compounded by shifts in pest dynamics, emerging diseases, and vegetation stress—all of which affect
how water is managed at the farm and basin level. The Aral Sea basin illustrates the cascading consequences of
unregulated irrigation and poor drainage, where decades of over-extraction and inefficient water use have led to one of
the world's worst ecological disasters (Micklin, 2007).

These interconnected climate-induced stressors compound existing vulnerabilities in reclamation systems, making
comprehensive adaptation essential for their continued functionality.

Strategies for Adaptation

Technological Modernization. Adopting modern irrigation technologies—such as drip, sprinkler, and subsurface
systems—can significantly enhance water use efficiency. These methods deliver water directly to plant roots, reducing
evaporation and runoff. Advanced sensors, satellite data, and remote-control systems enable precision irrigation based
on real-time field data (GWP, 2022). The integration of automation, such as programmable valves and remote-control
systems, enables adaptive water distribution in response to real-time field conditions.

These technologies are especially valuable in drought-prone areas where water savings are essential. They reduce
operational inefficiencies and provide flexibility under fluctuating climatic conditions. Technological modernization
should be prioritized in government-supported programs and pilot projects, particularly in water-scarce regions like the
Aral Sea basin. In Uzbekistan, pilot projects in the Fergana Valley and Khorezm regions have shown that precision
irrigation systems can reduce water consumption by up to 30% while maintaining yields.

Improvement of Drainage and Water Regulation. Adaptation to extreme rainfall requires improved drainage capacity.
Controlled or regulated drainage systems can modulate water tables and reduce both drought and flood risks. Constructing
multipurpose reservoirs helps capture excess stormwater for later use during dry spells. Additionally, enhancing natural
infiltration through permeable surfaces and conservation agriculture practices mitigates runoff and supports groundwater
recharge (FAO, 2021).

These measures provide resilience against both extremes-flooding and drought-by smoothing seasonal water variability
and improving system flexibility. Investment in green infrastructure and nature-based solutions can offer long-term,
sustainable alternatives to solely engineering-based approaches. Kazakhstan’s Southern region has invested in
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rehabilitating drainage collectors and incorporating natural wetlands into the hydrological network to mitigate flood risks
and store excess runoff.

Landscape and Soil-Based Solutions. Soil and landscape interventions, including mulching, conservation tillage,
agroforestry, and terracing, improve water retention and reduce erosion. These strategies increase the resilience of
agricultural landscapes under both dry and wet extremes (GWP, 2022).

These practices not only enhance the adaptive capacity of reclamation systems but also improve ecosystem services and
biodiversity. Incentivizing farmers to adopt soil-based adaptation measures through training and subsidies could yield
broad environmental and economic benefits. In Tajikistan’s mountainous areas, terracing combined with tree planting
has reduced soil erosion and enhanced moisture retention, benefiting both agriculture and surrounding ecosystems.

Adaptation strategies span from high-tech irrigation solutions to low-cost land-based practices. The success of these
measures depends on contextual implementation, stakeholder involvement, and alignment with local climatic,
geographic, and institutional realities. A balanced approach combining technology with ecological restoration offers the
best path forward for resilient reclamation systems. In Central Asia, where multiple countries share water resources,
cooperation across borders will be essential to implement large-scale adaptation strategies that ensure regional water and
food security.

Monitoring, Modeling and Risk Management

As climate variability intensifies, the sustainability of reclamation systems increasingly depends on the region’s ability
to anticipate, respond to, and manage emerging risks. Monitoring, modeling, and risk management serve as the backbone
of any effective adaptation strategy-providing the information and tools necessary to guide investments, reduce
vulnerability, and build long-term resilience.

Monitoring. Effective monitoring forms the foundation of climate adaptation. It enables timely detection of shifts in

weather patterns, hydrological conditions, and system performance. In reclamation systems, this includes real-time
observation of water levels, flow rates, salinity concentrations, and soil moisture. Remote sensing technologies-such as
satellite imagery and drones-are increasingly being used alongside Internet of Things (1oT) sensors to collect granular
data with high spatial and temporal resolution.
Real-time monitoring helps identify early warning signs of both drought and flood, allowing operators to adjust water
allocation, prevent infrastructure failure, and inform farmers of appropriate actions. Investments in open-access data
platforms and shared regional monitoring systems are essential in transboundary basins like the Aral Sea. Standardizing
indicators across countries can improve coordination and equitable decision-making. Uzbekistan has begun integrating
automated gauging stations in several irrigation canals to improve monitoring of water flow and losses, which supports
fairer distribution among farms and provinces.

Modeling. Climate and hydrological models simulate the potential future impacts of changing climate conditions,
supporting proactive planning. These models help estimate water supply and demand under various scenarios, identify
critical stress points, and assess the potential benefits of different adaptation strategies.

By visualizing future risks, models allow stakeholders to avoid maladaptation and prioritize infrastructure investments
that remain effective under a range of possible climate futures. While modeling capacity is improving, the region still
faces gaps in locally calibrated models and in integrating socio-economic dimensions. Support from international
agencies and local scientific institutions is needed to strengthen model accuracy and accessibility. A multi-country
modeling effort led by CAREC and international partners has developed basin-scale simulations of climate change
impacts on the Syrdarya, helping decision-makers weigh investment trade-offs.

Risk Management. Risk management includes a broad set of tools-from insurance and contingency planning to
vulnerability assessments and emergency response systems. It seeks not only to reduce exposure to hazards but also to
improve the capacity to recover from shocks.
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Key strategies include:

. Risk mapping of vulnerable areas;

. Scenario planning for drought or flood events;

. Insurance schemes for crop losses and infrastructure damage;
. Emergency protocols for coordinated responses.

Proactive risk management reduces recovery costs and ensures continuity of agricultural production during extreme
events. However, limited institutional capacity and funding constrain its implementation in many parts of Central Asia.
Governments should integrate risk management into national adaptation strategies and rural development policies.
Creating public-private partnerships can help extend insurance coverage and build community resilience. Tajikistan’s
government, in partnership with GIZ, has piloted community-level flood preparedness programs, including training for
local water user associations and the installation of early warning systems.

Monitoring, modeling, and risk management are not standalone tools-they are interdependent pillars that support
informed, flexible, and forward-looking adaptation planning. When institutionalized within national and regional water
governance frameworks, these tools can help Central Asian countries transform uncertainty into actionable insight. This
is especially crucial in the context of the Aral Sea basin, where climatic risks are transboundary in nature, and where the
stakes-for agriculture, public health, and regional stability-are exceptionally high.

Policy Recommendations

Adapting reclamation systems to climate change is not just a technical requirement-it is a strategic imperative for Central
Asia, particularly in the Aral Sea basin. This region exemplifies the consequences of unsustainable water use and poor
adaptation: the dramatic shrinkage of the Aral Sea, widespread land degradation, salinization, and increased climate
vulnerability. As droughts intensify and extreme precipitation events grow more unpredictable, agriculture and rural
livelihoods in this region are under severe threat.

Policymakers in Central Asia must prioritize a coordinated and regional approach to adaptation. The shared nature of the
region’s river basins, especially the Amudarya and Syrdarya, means that unilateral strategies will fall short. Instead,
collective action is necessary to modernize and adapt reclamation infrastructure in a way that ensures long-term water
security, food production, and environmental sustainability.

Policymakers must act decisively to support adaptation at multiple levels:

A) Institutional Strengthening and Targeted Financing (Aral Sea Context):

Governments should increase investment in climate-resilient reclamation infrastructure, especially in lower basin areas
like Karakalpakstan and Khorezm where water scarcity and salinity are most acute. Strengthening local water governance,
improving coordination among basin agencies, and providing technical support for agricultural clusters are essential.

B) Regional Water Governance and Cooperation:

Effective transboundary water governance is crucial for the Amudarya and Syrdarya basins. Establishing binding
agreements and improving the role of regional bodies such as the International Fund for Saving the Aral Sea (IFAS) can
help facilitate joint infrastructure development, coordinated water allocation, and basin-wide climate adaptation planning.

C) Integration with National and Regional Climate Policies:

Adaptation strategies for reclamation systems must be embedded in each country’s National Adaptation Plans (NAPs)
and Nationally Determined Contributions (NDCs) under the Paris Agreement. International climate finance (e.g., from
the Green Climate Fund) should be leveraged to support large-scale projects in vulnerable areas like the Aral Sea basin.
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D) Empowerment of Local Communities and Farmers:
Local actors must be given the tools and autonomy to implement adaptation strategies. Capacity-building programs
should be expanded to train farmers in water-saving irrigation practices and sustainable land use. Integrating traditional
knowledge, particularly from indigenous communities affected by the Aral Sea’s degradation, will enhance the
effectiveness and cultural relevance of these interventions.

E) Monitoring, Research, and Innovation:

Establish region-wide monitoring systems to track climate impacts on reclamation infrastructure, water availability, and
land productivity. Utilize remote sensing technologies and regional databases (e.g., from ICARDA or SIC ICWC) to
inform policy and ensure adaptive management. Research institutions across the region should collaborate on testing new
crops, irrigation methods, and landscape rehabilitation techniques.

The future of reclamation systems in the Aral Sea basin and Central Asia depends on immediate, coordinated, and well-
financed adaptation strategies. By linking science with policy, fostering transboundary cooperation, and placing local
communities at the center of decision-making, the region can overcome its climate challenges and turn its legacy of
environmental degradation into a story of resilience and sustainable development.

By aligning technical innovation with supportive policy frameworks, Central Asian countries can transform their
reclamation systems into engines of resilience-ensuring food security, economic stability, and environmental
sustainability in a rapidly changing climate.

V. CONCLUSION

The accelerating pace of climate change is reshaping the hydrological dynamics of Central Asia, threatening agricultural
sustainability and the livelihoods of millions. As prolonged droughts, erratic precipitation, rising temperatures, and
environmental degradation, such as the desiccation of the Aral Sea, compound existing water management challenges,
the role of reclamation systems becomes even more critical. Without timely adaptation, these systems risk becoming
obsolete, further exacerbating land degradation, water scarcity, and regional food insecurity.

Central Asia stands at a crossroads. The legacy of Soviet-era infrastructure, while once pivotal, is no longer sufficient to
meet the demands of a climate-stressed future. Incremental adjustments are no longer adequate; what is needed is a
comprehensive, forward-looking transformation that integrates technological innovation, ecosystem-based approaches,
community engagement, and cross-border cooperation.

Policy responses must be guided by the recognition that adaptation is not merely a response to environmental change but
a strategic investment in long-term resilience. Upgrading irrigation and drainage systems, restoring degraded landscapes,
and building capacity for climate-informed decision-making are essential pillars of this transformation.

Ultimately, the future of reclamation systems in Central Asia hinges on the political will to act, the vision to integrate
science and policy, and the cooperation to manage shared resources equitably. By embracing a holistic adaptation agenda,
the region can turn its vulnerability into an opportunity-positioning itself as a leader in climate-resilient water and land
management.
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