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ABSTRACT

The Tien Shan and Pamir mountains serve as critical water towers for Central Asia, supplying meltwater to
major rivers like the Amu Darya and Syr Darya, which are vital for downstream countries such as Uzbekistan
and Turkmenistan. This review synthesizes recent literature on glacier retreat, revealing substantial mass losses
of 14-30% since the mid-20th century, with projections of 45-81% area reduction by the end of the century
under high-emission scenarios. Initial melt increases river flows, but long-term declines—potentially 5-31% in
annual streamflow by mid-century—threaten irrigation-dependent agriculture, hydropower, and water security
in these arid nations. Qualitative impacts include heightened risks of food insecurity, economic losses up to
1.3% of regional GDP annually, and potential geopolitical tensions over transboundary resources. Adaptation
strategies, such as improved irrigation efficiency and regional cooperation, are essential but face
implementation challenges. This review highlights the urgency for integrated policy responses to mitigate
these implications.

INTRODUCTION

Central Asia's hydrological systems are profoundly influenced by the cryosphere in the Tien Shan and Pamir
mountains, which span Kyrgyzstan, Tajikistan, and Uzbekistan. These glaciers act as natural reservoirs,
releasing meltwater during dry seasons to sustain the Amu Darya and Syr Darya rivers, providing over 90% of
water resources for approximately 22 million people in the region (Zou et al., 2019). Downstream nations
Uzbekistan and Turkmenistan, characterized by arid climates and heavy reliance on irrigated agriculture, are
particularly vulnerable to changes in upstream glacier dynamics (Luo et al., 2018). The impending glacier
retreat, driven by atmospheric warming, poses a significant threat to water availability, agricultural
productivity, and overall water security in these already water-stressed regions (Hoelzle et al., 2017).
Specifically, these mountain systems contribute significantly to the watersheds feeding the densely populated
oases of the arid lowlands (Cariou, 2021), making them indispensable for regional water supply. A general
warming trend of 1-2 °C has been observed in Central Asia since the beginning of the 20th century, potentially
impacting regional temperature, evaporation, and precipitation regimes (Rakhmatullaev et al., 2010). This
warming has already led to a notable decrease in Tajikistan's glaciated area, from 6.0% in the mid-20th century
to approximately 4.8% by 2014, signaling substantial cryospheric changes that directly influence riverine
systems (Gulakhmadov et al., 2020).

Climate change has accelerated glacier melt, with observed retreats four times the global average in the Tien
Shan, leading to a 27% mass loss from 1961 to 2012 (Muccione & Cassara, 2019). Consequently, this ongoing
glacial retreat poses significant threats to regional water security, food production, and ecological stability in
Central Asia (Fu et al.,, 2017) (Kattakulov et al., 2021). Specifically, the rapid warming has altered
precipitation patterns, shifting from snow to rain and diminishing the overall snow cover, especially in the
Middle Tien Shan Mountains (Chen et al., 2016). These shifts are critical because the Tien Shan's glacial
meltwater is integral to the freshwater supply, irrigation, and hydropower generation for transboundary regions
highly susceptible to climate change (Kaliyeva et al., 2021) (Ahmad et al., 2025). As a result, the scarcity of
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water resources is emerging as a primary constraint on regional development in Central Asia, exacerbating
existing vulnerabilities (Kattakulov et al., 2021). Compounding these challenges are issues such as low water
use efficiency and rapid population growth, which intensify the demand for dwindling water resources
(Kulmatov & Khasanov, 2023). Moreover, poor water management practices, including infrastructure issues
like sedimentation and inadequate operation of hydraulic systems, further exacerbate water scarcity,
particularly in downstream countries like Uzbekistan (Rakhmatullaev et al., 2010).

This review examines the long-term implications for water availability in Uzbekistan and Turkmenistan,
drawing on recent studies to analyze quantitative projections and qualitative socio-economic effects. By
synthesizing data from hydrological models, climate reports, and regional analyses, it identifies key trends,
risks, and adaptation needs.

Glacier Dynamics and Melt Trends

Glaciers in the Tien Shan and Pamir have undergone significant retreat due to rising temperatures and altered
precipitation patterns. Historical data indicate a 20-30% reduction in glacier extent over the past 50 years, with
97% of Tien Shan glaciers retreating between the 1960s and 2010s, and some small ones vanishing entirely. In
Kyrgyzstan alone, over 16% of glaciers have been lost in the last 50 years, exacerbating regional drought risks.
This accelerated shrinkage is projected to continue, with some models forecasting a 43% to 81% decrease in
glacier coverage in parts of the Pamirs and Himalayas by 2100, which will significantly impact future water
availability in Central Asia (Narama et al., 2009). This rapid glacial melt initially augments river flows,
leading to an immediate increase in water availability, but this phenomenon is transient, as it presages a
longer-term decline in water resources once the ice reserves are significantly depleted (Shahgedanova et al.,
2020). The continued reduction in glacial volume is anticipated to decrease overall water flow in critical river
systems, with projections indicating potential reductions of 2-5% in the Syr Darya basin and 10-15% in the
Amu Darya basin by 2050 if current trends persist (Kulmatov & Khasanov, 2023). Such declines are
particularly concerning for Central Asia, a region already grappling with increased water consumption, rapid
population growth, and the complex impacts of climate change on water resources (Wang et al., 2022)
(Berndtsson & Tussupova, 2020). The interdependencies between upstream and downstream countries in
Central Asia further complicate water management, as upstream nations like Kyrgyzstan and Tajikistan
prioritize hydropower, while downstream nations such as Uzbekistan and Turkmenistan depend on water for
agricultural irrigation (Didovets et al., 2021). This dichotomy frequently results in political tensions and
necessitates robust, regionally coordinated water management strategies (Fallah et al., 2024).

Projections under Representative Concentration Pathway 8.5 scenarios forecast severe losses: 52-93% of
glacier area on the eastern slopes and 70-81% on the western slopes by 2095, with corresponding ice-water
storage reductions of 46-94%. Furthermore, a 2015 study warns that an additional 2°C summer temperature
rise could halve the Tien Shan's ice volume by the 2050s. These trends are driven by increased melt rates and a
higher frequency of extreme events, such as glacial lake expansions at rates exceeding 3% per year. The
average glacier melt contribution to total runoff is estimated at 30-37%, with an imbalance contribution of 8—
16%, indicating that current melt rates exceed accumulation (Bolch et al., 2021). Compounding this issue,
models suggest that by the end of the century, glaciers in High Mountain Asia could lose between 29 + 12%
and 67 + 10% of their total mass relative to 2015, with considerable regional variability (Rounce et al., 2020).
These projections underscore the urgent need for adaptive water management strategies, especially given that
glaciers serve as crucial water storage systems on seasonal, mid-term, and long-term scales (Gan et al., 2015).

Impacts on Streamflow and Water Availability

Glacier melt initially augments river flows, contributing 4-61% to streamflow in major basins, with ice melt
alone accounting for 1-22% historically. However, as glaciers diminish, long-term streamflow declines are
anticipated, particularly on the western slopes feeding Central Asia. For the Amu Darya and Syr Darya,
projections indicate a 5% overall reduction by 2066—2095 under RCP8.5, with seasonal shifts including earlier
peak flows by 42 days and 15-21% drops in high-flow volumes during summer irrigation periods. These
changes are particularly critical given that glacial meltwater sustains streamflow during drought conditions and
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provides essential water resources for drinking, irrigation, and hydropower generation in regions like the
Hindu Kush Himalaya (Shokory et al., 2025).

In Uzbekistan and Turkmenistan, these changes could result in 13-31% flow reductions by 2041-2050,
compounded by potential diversions like Afghanistan's Qosh Tepa Canal, which may siphon up to 30% of
Amu Darya water. The UN World Water Development Report 2025 projects a 30% loss of freshwater
resources by 2050 if unchecked, threatening the rivers' average annual flows of 74 km3 (Amu Darya) and 37
km3 (Syr Darya). Contrasting regimes show eastern slopes (e.g., Tarim River) gaining 28% in flow, while
western slopes face deficits of 0.8-5.3 billion cubic meters annually (Carleton et al., 2024; Vanham et al.,
2022). These regional disparities in hydrological response necessitate differentiated adaptation strategies,
emphasizing the urgent need for transboundary water governance frameworks to mitigate potential conflicts
and ensure equitable resource distribution across Central Asia.

Socio-Economic Implications

Uzbekistan and Turkmenistan's economies, dominated by agriculture (e.g., cotton production), allocate 88—
92% of water to irrigation, much of which is lost through inefficient systems like Turkmenistan's Karakum
Canal. Reduced water availability could lead to yield declines, food insecurity, and annual GDP losses of 1.3%
regionally, with up to five million people displaced by 2050 due to water stress. Qualitatively, communities
face heightened vulnerability, with experts warning of a shift from water abundance to scarcity post-2050 peak
melt, necessitating agricultural diversification away from water-intensive crops (KC et al., 2022). These shifts
are further exacerbated by climate change, which is projected to decrease annual average snow-covered area
and river flow, thereby altering high-altitude stream sources and reducing downstream water availability,
particularly in the mid to late 21st century (Azizi & ASAOKA, 2020). Moreover, declining water resources in
the Amu and Syr Darya basins are anticipated to increase reliance on rainfall runoff, even as glacier ice and
seasonal snow diminish, further stressing already vulnerable hydrological systems (Su et al., 2022).

Health and livelihood impacts are pronounced in rural areas, where erratic flows increase flood risks initially
and drought thereafter, exacerbating poverty and migration. In Uzbekistan, heatwaves and reduced irrigation
water disrupt crop cycles, while Turkmenistan contends with desertification amplified by local methane
emissions.

Geopolitical and Environmental Consequences

As downstream users consuming 83% of basin water, Uzbekistan and Turkmenistan depend on upstream
cooperation with Kyrgyzstan and Tajikistan for equitable sharing. Declining flows may intensify
transboundary disputes, especially with hydropower dams altering seasonal releases. Environmentally, the Aral
Sea's ongoing shrinkage—already 90% lost—worsens dust storms and ecosystem degradation, affecting
biodiversity and human health (Berndtsson & Tussupova, 2020; Chen et al., 2018). This situation is
compounded by rapid population growth and climate change impacts, which are projected to further exacerbate
the precarious water management situation in the region, potentially leading to increased conflict over water
resources (Berndtsson & Tussupova, 2020). Effective transboundary water management strategies are crucial
to mitigating these conflicts, particularly given the historical context of poor water management causing
significant economic losses in Central Asia (Rakhmatullaev et al., 2010). The vulnerability of Central Asian
water resources is further underscored by the historical susceptibility to environmental shortages, where any
increase in water consumption intensifies the frequency and severity of these shortages (Boer et al., 2021). A
lack of collaboration among Central Asian nations in managing shared water resources further exacerbates
these challenges, potentially leading to substantial economic repercussions (Azimov & Avezova, 2022).
Furthermore, the degradation of water infrastructure and ongoing land reforms also contribute to the
complexity of water management in Central Asia, requiring comprehensive regional approaches to address
these multifaceted issues (Stucker et al., 2012).

Adaptation Strategies and Challenges

Initiatives like the GEF-UNDP-UNESCO project in Uzbekistan focus on cryosphere monitoring, knowledge
platforms, and policy integration to build resilience. Recommendations include drip irrigation, reservoir
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expansion, and drought-resistant crops, alongside regional forums for data sharing. Challenges persist due to
aging infrastructure, political fragmentation, and insufficient funding, underscoring the need for
interdisciplinary research and international support (Abou-Shady et al., 2023; Zin et al., 2025).

CONCLUSION

The melting of glaciers in the Tien Shan and Pamir mountains presents a profound and urgent challenge to
water security in Central Asia, particularly for downstream nations like Uzbekistan and Turkmenistan. While
initial melt temporarily increases river flows, this phenomenon is transient, foreshadowing significant long-
term declines in water availability. Projections indicate substantial reductions in annual streamflow,
threatening the agricultural backbone, hydropower generation, and overall water security of these arid regions.

The implications extend beyond mere hydrological changes, encompassing severe socio-economic impacts
such as heightened risks of food insecurity, potential economic losses up to 1.3% of regional GDP annually,
and the displacement of millions due to water stress. Geopolitically, the diminishing water resources
exacerbate existing tensions over transboundary rivers, making effective regional cooperation critical.
Environmentally, the ongoing shrinkage of the Aral Sea and increased desertification underscore the cascading
ecological consequences.

Addressing these multifaceted challenges necessitates immediate and integrated adaptation strategies. These
include improving irrigation efficiency, developing drought-resistant crops, expanding water storage
infrastructure, and fostering robust regional water governance frameworks. Despite these efforts, significant
obstacles remain, including aging infrastructure, political fragmentation, and insufficient funding. Ultimately,
safeguarding regional stability and ensuring sustainable water resources requires not only continued scientific
research and localized modeling but also a concerted, collaborative effort among Central Asian nations and
international partners to implement effective and equitable solutions.
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