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Abstract 

Central Asia, encompassing vast steppes and deserts across Kazakhstan, Uzbekistan, 

Turkmenistan, Kyrgyzstan, Tajikistan, and parts of Afghanistan and China, is undergoing profound 

transformations due to anthropogenic climate change. This research article synthesizes recent observational 

data, model projections, and interdisciplinary studies to examine key trends in temperature, precipitation, 

and extremes, alongside their cascading effects on arid ecosystems, water resources, agriculture, and human 

societies. Findings reveal a regional warming of approximately 1.2°C since the mid-20th century, 

northward expansion of desert climates by over 100 km since the 1980s, and shifts in Köppen classifications 

toward hotter, drier regimes. These changes exacerbate desertification, reduce snowpack by 20%, and 

threaten biodiversity and food security. Projections under high-emission scenarios (SSP5-8.5) indicate up 

to 6°C warming by 2100, underscoring the urgency for transboundary adaptation strategies. This analysis 

highlights Central Asia's vulnerability as a climate hotspot, with implications for global ecological stability. 
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development 

Introduction 

Central Asia's landscapes, characterized by expansive steppes and hyper-arid deserts 

such as the Karakum and Kyzylkum, cover over 80% of the region's territory and support unique 

ecosystems and pastoral economies. These arid and semi-arid zones, influenced by continental 

climate dynamics and the westerlies, are highly sensitive to global warming. The 

Intergovernmental Panel on Climate Change (IPCC) identifies Central Asia as one of the world's 

most vulnerable regions to climate change, with temperatures rising faster than the global 

average—approximately 0.36–0.42°C per decade since 1979. Recent studies document compound 

impacts, including desert expansion and hydrological disruptions, driven by greenhouse gas 

emissions. This article reviews these trends, drawing on observational records (1950–2019), 

reanalysis data, and Coupled Model Intercomparison Project (CMIP5/6) projections, to elucidate 

ecological and socio-economic ramifications. By integrating geography, climatology, and 

environmental science, it aims to inform policy for resilient arid landscapes. 

Observed and Projected Climate Trends 

1. Temperature and Precipitation Dynamics 

Central Asia has experienced robust warming, with a mean increase of 1.2°C from 1950 

to 2019, particularly pronounced in winter and over mountainous terrains (Qing et al., 2021). This 

warming correlates with a 20% decline in snow depth, especially in the Tien Shan and Pamir 

ranges, where colder months have warmed more rapidly in the last two decades. Precipitation 

trends are heterogeneous: overall increases occur in eastern Afghanistan and northern 

Kazakhstan, but decreases in Tajikistan and western Kyrgyzstan contribute to regional drying 

(Knoche et al., 2017). 
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The self-calibrated Palmer Drought Severity Index 

(scPDSI) reveals drier conditions in central 

Kazakhstan, southwestern Afghanistan, and 

Turkmenistan, with a linear temperature-

precipitation relationship of 0.05 mm/day per °C 

warming (Wu et al., 2016). Such a quantified 

linkage highlights the heightened climate 

sensitivity of Central Asian arid zones, consistent 

with documented temperature rises across the 

region since the late‑20th century (Zhang et al., 

2021) (Fallah et al., 2024). Projected climate 

scenarios indicate that the hotter, drier subtypes of 

the arid Köppen zones will continue to expand, 

while cooler tundra zones contract, thereby 

intensifying desertification and drought risk in the 

Central Asian steppes (He et al., 2021). 

Köppen climate classifications underscore 

these shifts. From 1981–2010, dominant categories 

include cold deserts (BWk) and steppes (BSk), but 

migrations toward hot deserts (BWh) and from cold 

steppes (BSk) to cold deserts (BWk) indicate 

aridification. Since the 1980s, desert climates have 

expanded northward by 100–160 km in mid-

latitudes, from southern Kazakhstan into 

Uzbekistan, Kyrgyzstan, and the Junggar Basin, 

driven by rising temperatures and reduced summer 

precipitation (Guglielmi, 2022). 

 

 

Climate Type Shift Observed Change (1980s–2020) Implications for Arid Zones 

BWk (Cold Desert) to BWh (Hot Desert) Widespread in lowlands 

Increased 

evapotranspiration, 

desertification 

BSk (Cold Steppe) to BWk (Cold Desert) 
Northward in 

Kazakhstan/Uzbekistan 

Loss of grasslands, soil 

degradation 

Dfc (Subarctic) to Dfb (Warm Summer 

Subarctic) 
High elevations Altered snowmelt timing 

 

Projections from CMIP6 models under SSP2-4.5 and 

SSP5-8.5 scenarios forecast 2–6°C warming by 2100, 

with wetter conditions in CMIP6 relative to CMIP5 

but amplified extremes. Tundra and ice cap zones 

in the Amu Darya and Syr Darya basins may shrink 

by over 60%, intensifying aridity (И et al., n.d.). 

2. Extreme Events and Compound Risks 

The frequency of heat extremes has surged: 

summer days (>35°C) and tropical nights 

(>20°C) have increased by over 10 days per 

year since 1990, while icing days (<0°C 

maxima) have declined by 15 days. Dust 

storms, linked to land degradation and drying, 

have intensified in arid regions like Iran's 

deserts, affecting air quality and visibility. 

Compound events—such as heatwaves 

coinciding with droughts—pose high risks, 

with a 7% precipitation decline (1940–2015) in 

Mongolia exacerbating steppe 

desertification(Guglielmi, 2022). 

Impacts on Steppes and Desert 

1. Desertification and Landscape Shifts 

Arid expansion has converted semi-arid 

steppes into full deserts, with significant 

hotspots of degradation in Central Asia. Solar 

radiation and surface pressure explain a 

substantial portion of negative vegetation 

changes, pushing ecosystems near aridity 

thresholds. In the Central Kazakh Steppe, 

warming favors southern sub-arid species over 

boreal ones, signaling biome shifts from forest-

steppe to pure steppe. Larch forests in eastern  

 

Kazakhstan face retreat, mirroring global 

semiarid dieback (Chen, 2019; Zhang et al., 

2021). 

Dust storms and sand encroachment threaten 

vast arid lands, while the Aral Sea's 

desiccation—exacerbated by irrigation and 

warming—has unleashed toxic salts onto 

steppes. Projections indicate extended dry 

spells by 2025–2049, accelerating soil erosion 

and habitat fragmentation (Opp et al., 2024). 

2. Hydrological Alterations 

Glaciers in Central Asia, vital for river runoff, 

have shrunk significantly since the early 2000s, 

with increased lake outbursts posing flood 

risks. Snowmelt timing shifts earlier, boosting 

short-term runoff but reducing summer flows 

in downstream deserts. Water stress is acute: 

withdrawals match availability in 

Turkmenistan and Uzbekistan, with 

evaporation rising due to warming. By 2050, 

basins feeding Central Asian steppes may see 

substantial warming, displacing millions of 

climate migrants (Didovets et al., 2021). 

3. Ecological Consequences 

Biodiversity in steppes and deserts is under 

siege. Precipitation declines and 

evapotranspiration increases foster drought-

prone conditions, reducing net ecosystem 

productivity in arid zones. Vegetation indices 

(NDVI) show degradation across Central Asian 

desert steppes, with climatic drivers dominant. 

Shifts from boreal to steppe biomes threaten 
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migratory species, while intensified westerlies 

alter pollen records (Qing et al., 2021). 

Ecosystem services, including carbon 

sequestration and dust regulation, diminish as 

deserts encroach, with vast areas of Eurasian 

desert steppes at risk. High-elevation wetting 

contrasts lowland drying, but overall, aridity 

expansions outpace adaptations, leading to 

biodiversity hotspots' erosion. 

4. Socio-Economic Impacts 

Agriculture, reliant on rain-fed systems in 

northern Kazakhstan and Uzbekistan, faces 

substantial yield drops by mid-century from 

droughts and heatwaves. Livestock in nomadic 

communities suffers from forage loss, with soil 

compaction and erosion compounding 

economic vulnerability. Hydropower shortages 

spike electricity prices, while urban water 

scarcity affects millions downstream. 

Food insecurity looms, with glacier-dependent 

irrigation faltering. Internal migration may 

reach 5 million by 2050, straining geopolitics in 

transboundary basins like Amu Darya. 

Economic losses from desertification could 

hinder development, underscoring climate as a 

socio-economic crisis (Berndtsson & 

Tussupova, 2020). 

Adaptation and Mitigation Strategies 

Adaptation requires inclusive approaches 

across UN Rio Conventions, emphasizing 

sustainable farming, reforestation, and water-

efficient irrigation. Regional strategies, like the 

Central Asia Regional Climate Change Adaptation 

Strategy, advocate for glacier monitoring and 

drought-resilient crops. Mitigation involves 

emission reductions and transboundary 

cooperation, as Central Asian nations pledged 

ambitious GHG targets in 2023. Targeted 

conservation in degradation hotspots, informed by 

remote sensing, is critical (Kaliyeva et al., 2021; 

Kulmatov & Khasanov, 2023; Muccione & Cassara, 

2019). 

Conclusion 

Climate change is reshaping Central Asia's 

steppes and deserts through warming, aridification, 

and extreme compounding, with irreversible 

thresholds approaching under unchecked 

emissions. Northward desert creep, hydrological 

disruptions, and ecosystem collapses threaten 

livelihoods and stability. Urgent, evidence-based 

actions—rooted in IPCC assessments and local 

research—can mitigate risks, preserving these 

iconic landscapes for future generations. Further 

studies on compound events and equity in 

adaptation are essential to bridge knowledge gaps.  
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