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Published: 17 September 2026 ~ and the Alps, hydrological responses in Central Asia remain insufficiently
synthesized. This review summarizes recent advances in climate change, moisture
transport, glacier and snow dynamics, runoff changes, and related risks under
continued warming. During 1960-2024, air temperature rose by ~0.33 °C per
decade, while precipitation increased modestly by ~2.3 mm per decade. Westerly
moisture dominates Central Asian precipitation but weakens southward, while
recent low-latitude moisture contributions have increased in the southern part,
especially the southern Tarim Basin. Persistent warming has driven widespread
glacier retreat across Central Asia, with regional mass losses of —0.095 to —0.135
m w.e. a ! during 2000-2016/2018/2019, and even the previously stable Kunlun
and Pamir glaciers now showing signs of retreat. Snow-covered area and duration
have generally declined, and in the Naryn River Basin, peak snow water equivalent
during 2077-2096 is projected to decrease by ~17% relative to 1981-2000 under
SSP5-8.5. Runoff has generally increased in the Tianshan (0.50-6.12 mm/a) and
Kunlun Mountains (0.06-0.72 mm/a), whereas the Pamir-Alay region shows
spatially heterogeneous changes (—5.02—1.78 mm/a), with both increasing and
decreasing trends. Future runoff in Central Asia will likely increase in mountainous
headwaters during the early to mid-21st century, but become increasingly
heterogeneous and seasonally redistributed as glacier storage declines. Future
research should strengthen high-mountain observations, cross-border data sharing
and multi-source data assimilation to better constrain water availability and support
climate change adaptation.
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1. Introduction

Rising global temperatures are significantly altering the global water cycle [1-3]. Accelerated glacial retreat [4],
shifting precipitation patterns, and intensified evaporation [5] collectively reshape hydrological processes;
meanwhile, the frequency and magnitude of extreme events such as heavy precipitation, flooding, and drought are
also changing [6,7]. By reshaping the spatiotemporal availability of freshwater resources [8,9], these changes
increasingly challenge the development sustainability, ecosystem stability, and societal resilience across arid
regions [10—12].

Hydrological processes in arid and semi-arid regions are shaped by distinctive and often competing climate—
cryosphere interactions. Glacier melt and snowmelt provide critical runoff to many dryland river systems, while warming
can enhance glacier meltwater supply by accelerating glacier melt [13]. Yet this hydrological boosting is offset by
intensified evapotranspiration and more frequent compound hot-dry events [14]. Together, these factors making the
hydrological processes complex under global warming [15,16].

The arid region of Central Asia, broadly encompassing the five Central Asian countries and Xinjiang, China, is
characterized by a dry climate and scarce water resources. Its major river systems are largely sustained by snow- and
glacier-fed headwaters in the Tianshan and Pamir Mountains, which serve as the “water tower” of Central Asia and
supply essential freshwater resources to downstream populations, particularly for agricultural production in summer
and energy production in winter [17]. Glaciers act as critical freshwater reservoirs, storing water in solid form during
the accumulation period and releasing meltwater to rivers during the ablation season, thereby regulating seasonal
runoff and buffering low flows and droughts [18-20]. This mountain water supply underpins one of the world’s most
irrigation-dependent agricultural systems, supporting approximately 110 million people [21], and 44.8 million
hectares of irrigated land [22,23], where more than 80% of cultivated land relies on irrigation [20,24]. This
dependence is even more pronounced in Xinjiang, China, where agricultural irrigation accounts for more than 90%
of total freshwater use, far exceeding the national average [25]. Furthermore, in the upstream mountain states of
Central Asia, hydropower accounts for approximately 93% and 91% of total electricity generation in Tajikistan and
Kyrgyzstan, respectively [26]. These strong cryosphere—water—food—energy linkages make arid Central Asia
particularly sensitive to changes in mountain water supply under climate warming.

Global warming has profoundly affected moisture cycling and hydrological processes in Central Asia. In
recent decades, Central Asia has experienced pronounced atmospheric warming [27,28], accompanied by a weak
positive precipitation trend [29,30]. Continued warming has led to pronounced glacier retreat and snow-cover
decline. In the Tianshan Mountains, glacier area decreased by 18 = 6% during 1961-2012 [31], and the rate of
glacier retreat has accelerated since 2011 [32]. As glaciers continue to retreat, their capacity to regulate and sustain
river runoff during low-flow periods is also changing [33]. Because mountain glaciers generally respond to
climatic forcing over decadal timescales, their evolution often lags behind climate change [34-37], further
increasing uncertainty in projections of glacier change and runoff variability.

Although regional mean precipitation has shown a weak increasing trend, this increase is unlikely to offset the
continued rise in evaporative demand under rapid warming, thereby intensifying atmospheric aridity [38]. Under
future high-emission scenarios, approximately 39.01% of the land area and 35.9% of the population are projected to
be exposed to severe hydrological drought risk [39], posing substantial threats to agricultural production, food
security, and ecosystem stability. Moreover, most river basins in Central Asia are transboundary. Declining water
availability and increasing hydrological instability may further intensify competition for water resources across basins
and national borders, thereby increasing the potential risk of water-related tensions and conflicts [40—42]. Therefore,
a systematic understanding of historical and future changes in hydrological processes and water resources is essential.

Compared with extensively studied mountain water-tower regions, hydrological studies in arid Central Asia
remain relatively limited. A Web of Science search using “flood/extreme runoff + snowmelt/glacier melt”
identified 164 and 128 relevant studies for the Tibetan Plateau and the Alps, respectively, compared with only 56
for the Tianshan and 13 for the Pamir. Existing reviews of Central Asia have also focused mainly on cryospheric
change or climate-change adaptation [18,20], highlighting the need for more integrated assessments linking
climate, cryosphere, and basin-scale hydrological responses.

2. Study Area

Here, we define arid Central Asia as the inland Eurasian region that includes Kazakhstan, Uzbekistan,
Kyrgyzstan, Tajikistan and Turkmenistan, as well as Xinjiang, China (Figure 1). Spanning approximately 5.67 x
10° km?, the region is defined by a strongly continental climate and pronounced topographic contrasts. This region
is characterized by a typical temperate arid to semi-arid climate, with cold winters, hot summers, low precipitation
and high evaporative demand. The landscape is exceptionally diverse, with high mountain ranges, plateaus,
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enclosed basins and extensive deserts arranged across strong west—east and north—south gradients. The Caspian
Sea marks the western boundary, the Tianshan Mountains and Pamir Plateau form the central and eastern
highlands, the Karakoram and Kunlun Mountains bound the south, and the Kazakh Uplands connect northward
with the West Siberian Plain.
Precipitation in arid Central Asia is generally scarce and exhibits pronounced spatial heterogeneity. Across the
five Central Asian countries and Xinjiang, regional mean annual precipitation is approximately 200-207 mm [30],
while the station-based mean annual precipitation in Xinjiang was 163 mm during 1961-2018 [43]. Annual
precipitation is generally low in plains, basins, and desert areas but can be considerably higher in some
mountainous regions. For example, mean annual precipitation is only 11.05 mm in the hinterland of the
Taklimakan Desert [44], whereas annual precipitation can reach approximately 2000 mm on the windward slopes
of the western Tianshan Mountains [30]. In the Hissar—Alay Mountains, annual precipitation ranges from
approximately 350700 mm in the lowlands to 1500-2500 mm at elevations above 3000 m [45]. Under these
climatic conditions, river runoff is generated predominantly in mountain regions and is sustained by a combination
of rainfall, snowmelt, and glacier melt. These mountain-derived water resources are essential for downstream oasis
agriculture, ecosystems, and domestic water supply [20].
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Figure 1. River systems and watershed boundaries in arid Central Asia. The map delineates the Ob—Irtysh, Ili—
Balkhash, Junggar Interior, Syr Darya, Amu Darya, and Tarim basin systems and the surrounding high mountain
regions, including the Tianshan, Pamir—Alay, Pamir, Kunlun, Karakoram, Altai, and Altun Shan.

Hydrologically, arid Central Asia is dominated by endorheic drainage systems, including the Ili, Syr Darya,
Amu Darya, and Tarim river basins, although exorheic drainage is also represented by rivers such as the Irtysh.
Regional runoff is generated predominantly in mountain headwaters through the combined contributions of rainfall,
snowmelt, and glacier melt. As river water is conveyed from mountain headwaters toward downstream oases and
desert plains, discharge is progressively reduced by irrigation withdrawals, evapotranspiration, and infiltration losses.

3. Climate Change

3.1. Rapid Atmospheric Warming Accompanied by Strong Seasonal Shifts

Central Asia has experienced significant and persistent warming over the past century. During 1960-2024,
the regional annual mean temperature increased significantly at a rate of 0.33 °C decade™ (p < 0.001; Figure 2),
exceeding the global mean warming rate and being approximately 30% higher than that observed in Northern
Hemisphere regions at similar latitudes [27,28].
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At the seasonal scale, warming trends during 1960-2024 were statistically significant in all four seasons,
with p <0.001 for spring, summer, and autumn and p = 0.003 for winter. The season with the strongest warming
has shifted from winter in the earlier period to spring in recent decades. During 1960-1990, winter showed the
fastest warming, with a rate of 0.46 °C decade . By contrast, during 1991-2024, spring warming accelerated
markedly, reaching 0.82 °C decade™' and replacing winter as the season with the strongest warming in recent
decades [46]. This accelerated spring warming is mainly associated with reduced cloud cover and enhanced surface
solar radiation, whereas winter temperature variability is more strongly influenced by large-scale atmospheric
circulation, including the intensification of the Siberian High [47].

Spatially, warming is generally stronger in the Aral Sea region and Tianshan region, and the winter warming
gradient decreases more prominently from northeast to southwest [27,48—50]. This spatial heterogeneity may
reflect the combined effects of large-scale circulation and land—atmosphere hydrothermal processes in arid regions,
rather than being controlled solely by elevation differences [51,52] (Figure 2).
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Figure 2. Spatiotemporal patterns of near-surface air temperature changes in Central Asia. (a) the spatial
distribution of temperature change rates during 1960-2024 based on CRU TS v4.09, with regional mean warming
rates labeled for Kazakhstan, Uzbekistan, Turkmenistan, Kyrgyzstan, Tajikistan, and Xinjiang. (b) the annual
temperature anomalies, together with the 11-year moving average and linear trend. (c—f) seasonal temperature
anomalies and trends. Temperature anomalies are calculated relative to the 19812010 baseline.
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3.2. Modest Increases in Precipitation and Potential Evapotranspiration

During 1960-2024, annual precipitation over Central Asia showed a weak positive regional trend of
approximately 2.3 mm decade !, but the trend was not statistically significant (p = 0.18). Spatially, however,
precipitation trends exhibited pronounced heterogeneity (Figure 3). Relatively strong positive trends were
observed in Kyrgyzstan and Tajikistan, with regional mean increases of approximately 8.0 mm decade™!, whereas
Turkmenistan showed an overall decreasing trend of about —2.4 mm decade™!. More moderate increases occurred
in Kazakhstan, Uzbekistan, and Xinjiang, with mean trends of approximately 1.8, 2.0, and 3.5 mm decade !,
respectively. At finer spatial scales, areas of increasing and decreasing precipitation occurred simultaneously
within several regions, further indicating substantial subregional variability.

Seasonally, winter precipitation increases have been most pronounced in northern Central Asia, particularly
Kazakhstan and surrounding regions, whereas summer precipitation increases are more evident in the southeastern
part of the study region, especially Xinjiang [29,53—55]. These seasonal changes have been linked to different
mechanisms: the increase in winter precipitation has been mainly attributed to greenhouse-gas-induced warming,
with additional modulation by internal variability such as the Atlantic Multidecadal Variability, whereas the
summer increase has been associated with the influence of Asian anthropogenic aerosols on the westerly jet and
moisture transport [56,57]. These findings are generally consistent with estimates derived from multiple
observational records and gridded precipitation datasets [58].

50°E 60°E 70°E 80°E 90°E 100°E
OZ i 1 1 1 1 1 1 i
S (a) Spatial Distribution of Annual Precipitation Trends in Central Asia and Xinjiang (1960-2024)
OZ i ay ST i Kazakhs Precipitation Trend (mm/10a) |
N -5.0
~3 3 -265
X lz\be is = 25
Z 20 ] /,? 15690
& kmenistan ; !
=3
<+ ") \
= el o
0 365 730 1,460 km
L 1 1 1 1 1 1 1 ]
(b) CRUTS v4.09 precipitation anomaly
1007 Precipitation slope (1960-2024) = 0.23 mm yr! .
g 11-year moving average
g P=0.17765
=
= 501
=)
2
<
g 0 L L} v/\\w /\———\V/—"\ <
g L) s | ol el
3
‘a.
E
& -50+ — = Linear trend 95% CI
1960 1970 1980 1990 2000 2010 2020
Year

Note: Annual anomalies relative to the 1981-2010 baseline

Figure 3. Spatial and temporal patterns of annual precipitation change across Central Asia during 1960-2024. (a)
Spatial distribution of linear trends in annual precipitation, expressed in mm decade™. (b) Regional annual
precipitation anomaly time series for Central Asia, together with the linear trend over 1960-2024.

3.3. Intensification of Climate Extremes

Sustained warming has amplified extreme heat and heatwaves across Central Asia. Under the current
warming climate, the probability of a +7 °C temperature-anomaly event is estimated to be up to seven times as
high as that in a counterfactual climate without global warming [59]. Heatwaves have also become more frequent,
with the regional mean number of heatwave events increasing at a rate of approximately 0.23 events per decade
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during 1967-2016 [60]. Their intensity is further amplified by declining soil moisture, which weakens evaporative
cooling and strengthens land—atmosphere feedbacks [61]. This intensification also extends to compound drought—
heatwave extremes, with the spring compound index increasing at 0.07 decade™ across Central Asia during 1961—
2022 and reaching a record high of 0.88 in 2021; anthropogenic warming contributed approximately 36% to the
intensity of the 2021 event [62].

Under global warming, precipitation is becoming more intense, less frequent and more concentrated [8,63].
This shift is also apparent in Central Asia. During 1961-2005, total wet-day precipitation (PRCPTOT) and
maximum consecutive 5-day precipitation (Rx5day) showed median increases of 2.19 mm per decade and 0.21
mm per decade, respectively [64]. Regional-scale observations indicate an intensification of precipitation extremes
in Xinjiang. During 1961-2014, maximum 1-day precipitation (Rx1day) and Rx5day increased by approximately
0.57 and 0.93 mm per decade, respectively, while consecutive dry days decreased and consecutive wet days
increased [65]. In southern Xinjiang, the amount and frequency of summer extreme precipitation and its
contribution to seasonal rainfall increased significantly during 1961-2020, with stronger changes after the mid-
1980s. During 2011-2020, approximately 30% of stations recorded new historical maxima in daily precipitation
since 1961 [66]. Recent events further illustrate the occurrence of intense precipitation in this region. In 2021,
Tazhong station recorded 34 mm of precipitation within 12 h, exceeding the local mean annual precipitation and
setting a new station record [67]. In the same summer, several stations in southern Xinjiang experienced Rx1day
and Rx5day events with estimated return periods exceeding 40 years [68]. These extreme precipitation events have
generally been associated with enhanced low-level moisture convergence, strong upward motion and intensified
moisture transport across the southern boundary of the region.

3.4. Future Climate Projections

Future temperatures in Central Asia will continue to rise. Relative to 1995-2014, annual mean temperature
is projected to increase by approximately 3.1 °C by the end of the twenty-first century under SSP2-4.5 and by up
to 6.1 °C under SSP5-8.5. In the southwestern part of Central Asia, the ratio of the projected change in the local
90th-percentile temperature to the projected change in local mean air temperature reaches approximately 1.2 under
SSP2-4.5 and 1.3 under SSP5-8.5, indicating that the local 90th-percentile temperature may increase by
approximately 20-30% more than the mean temperature [69]. Heatwave risk will also continue to increase. By the
end of the 21st century, heatwave duration and intensity are projected to rise substantially across Central Asia,
with croplands in northern Kazakhstan facing the highest exposure; under SSP5-8.5, exposure to heatwave
duration may increase by more than a factor of 10 relative to the historical period [70].

Future precipitation is projected to increase in annual total, but with substantial seasonal redistribution. By
the end of the century, wetting is projected over more than 96% of Central Asia [71], with annual mean
precipitation increasing by 4.23%, 10.52%, 14.51% and 14.41% under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-
8.5, respectively. This wetting is concentrated in spring, whereas summers are projected to become drier [72]. This
precipitation increase is linked to enhanced atmospheric moisture availability and stronger southwesterly moisture
transport from lower latitudes [73].

Extreme precipitation is projected to intensify more rapidly than mean precipitation [74]. Relative to 1985—
2014, the simple daily intensity index (SDII) increases by more than 15% in the mid-future and by more than 25%
under SSP5-8.5 by the far future, while the number of days with precipitation exceeding 10 mm (PD10MM) rises
from 15-35% in the near future to more than 45% in the far future under SSP3-7.0 and SSP5-8.5. Rx1day increases
by up to 10% in the near future and by more than 30% by the end of the century [75]. The largest changes occur
in central-southern Central Asia and high-elevation mountain regions. In the Tianshan Mountains, variability in
extreme precipitation indices may increase by a factor of 2—6 across multiple timescales [76]. In the southern arid
areas, rainfall is likely to remain scarce but become more concentrated and abrupt, increasing flash-flood, landslide
and debris-flow risks.

4. Changes in Moisture Sources and Transport Pathways

Moisture sources for precipitation in Central Asia exhibit pronounced multi-source characteristics and
seasonality. The westerly circulation represents the dominant external moisture transport pathway, with the North
Atlantic, Europe, and the Mediterranean—Black Sea—Caspian Sea region serving as major source regions for
regional precipitation. Evidence from moisture source tagging studies further indicates a clear north—south
contrast: moisture originating from Europe and the North Atlantic contributes more substantially to precipitation
in northern Central Asia, accounting for approximately 56.2% in total, whereas the corresponding contribution in
southern Central Asia is about 43.4% [77]. Lagrangian moisture tracking further suggests that westerly-related
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moisture transport explains approximately 42% of precipitation over Central Asia and exerts dominant control
over western and southwestern Central Asia, where precipitation is mainly concentrated in the cold season [78].
In northern Xinjiang, China, western Eurasian moisture sources also make a substantial contribution to snowfall,
accounting for nearly half of the total contribution on average (48.1%) [79] (Figure 4).

Beyond long-range moisture transport, local evaporation recycling provides an important supplementary
source of moisture for precipitation over Central Asia. Regional-scale evidence indicates that its contribution to
precipitation reaches 19.4 + 2.2% in northern Central Asia and 14.7 £ 1.9% in southern Central Asia [77]. At the
more localized oasis scale, stable isotope studies further show that recycled moisture derived from oasis
evapotranspiration can substantially contribute to summer precipitation formation, with larger oases generally
exhibiting higher moisture recycling contributions than smaller oases [80]. Seasonally, the contribution of local
moisture to precipitation in northern Central Asia is less than 10% in winter, but can exceed 30% in summer [77].
At the oasis scale, stable-isotope observations further show summer moisture-recycling ratios of 17.0-63.9% in
the Kaxgar—Yarkant Oasis [81]. At the decadal scale, both local evapotranspiration and precipitation recycling
have exhibited upward trends in Xinjiang. During 1982-2018, evapotranspiration increased significantly at a rate
of approximately 14 mm decade™!. During the wet season from 1982 to 2020, the precipitation-recycling ratio
increased significantly at a reported rate of approximately 2.3% decade™', and increased recycled precipitation
contributed approximately 56% to the wet-season wetting trend in Xinjiang [82]. Meanwhile, the observed increase
in precipitation over Central Asia from 1982 to 2019 was closely linked to enhanced local evapotranspiration and
an increasing recycling ratio [83].

Low-latitude and monsoon-related moisture makes a relatively limited contribution to annual mean
precipitation in Central Asia, but exhibits pronounced regional characteristics. Moisture from low-latitude sources,
such as South Asia, the Indian Ocean, and the Arabian Sea, generally does not dominate the annual mean moisture
source pattern over Central Asia as a whole. However, its influence is substantially enhanced for summer
precipitation in southern Central Asia, southeastern Central Asia, and the Tarim Basin.

Changes in moisture sources and transport pathways further modulate precipitation variability in Central
Asia. The strength and trajectory of the westerlies are key controls on regional moisture supply. Stronger
westerlies, generally reflected by higher westerly index and NAO index values, facilitate the transport of moisture
from the North Atlantic and Europe into the arid regions of Central Asia, thereby enhancing winter precipitation.
In contrast, weakened westerlies tend to suppress external moisture input [84,85]. Meanwhile, moisture transport
into Central Asia is controlled not only by the intensity of the westerlies but also by the position of the westerly jet.
A southward displacement of the westerly jet may facilitate moisture transport into the region [86]. Furthermore,
transitions between ENSO phases can modulate winter precipitation over Central Asia by altering the southern branch
of the westerlies and low-latitude moisture transport [§7—89]. By contrast, South Asian monsoon anomalies primarily
regulate warm-season moisture supply to southeastern Central Asia and southern Xinjiang.

In recent decades, summer moisture transport in Central Asia, particularly in southern Central Asia, has
shown a trend of increasing influence of low-latitude and easterly moisture [66,87]. This change is reshaping the
seasonal distribution and spatial heterogeneity of regional precipitation, as well as the mechanisms underlying
extreme precipitation formation [66,77]. Previous studies have suggested that moisture in this region is primarily
transported by the mid-latitude westerlies from source areas such as the North Atlantic, the Mediterranean Sea,
the Black Sea, and the Caspian Sea [90]. However, studies focusing on the Tarim Basin indicate that, although the
climatological mean moisture supply remains dominated by westerly sources, the interannual variability of
summer precipitation is more strongly controlled by anomalous moisture transport from the south and east. These
anomalous moisture pathways include moisture from the Arabian Sea and the Indian Ocean, as well as low-level
moisture transported westward along the eastern and northern margins of the Tibetan Plateau [91]. The
contribution of monsoon-related moisture transport has increased, with monsoon moisture transport events
explaining 81% of the variance in summer precipitation variability. In the past decade, monsoon-related easterly
moisture has become an important moisture source for the lower troposphere over arid Central Asia [92]. In
southern Xinjiang, the regional moisture budget increased by 1.33 x 107 kg s ! during 1986-2020 relative to 1961—
1985, with the southern boundary contributing an increase of 1.12 x 107 kg s™!, much larger than the western
boundary contribution of 0.11 x 107 kg s™! [66]. However, this enhanced contribution has not caused monsoon
moisture to exceed westerly-related moisture or regional terrestrial moisture. For extreme precipitation events in
southern Xinjiang, the combined contribution from the Arabian Sea, the Arabian Peninsula, and the Indian
Peninsula is less than 10%, which is substantially lower than the contributions from local evaporation, Northwest
Asia, and Central Asia, at 30.2%, 22.1%, and 19.1%, respectively [93].
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Figure 4. Moisture transport pathways and their recent evolution in Central Asia. Quantitative contributions from
the North Atlantic-European sources and local evaporation recycling are based primarily on [77,78], the
contribution of western Eurasian moisture to snowfall in northern Xinjiang is from [79], and evidence for enhanced
southern and monsoon-related moisture transport is synthesized from [66,82,83,91-93].

5. Glacier and Snow Dynamics in the Alpine Central Asia
5.1. Glacier Distribution in Central Asia

Central Asia hosts one of the most extensive glacier systems in the world’s mid-latitude drylands. Based on
the Randolph Glacier Inventory (RGI) 7.0 (approx. 2000) [94], the study region contains 69,356 glaciers with a
total glacierized area of 57,136.33 km?. Glaciers are highly unevenly distributed across the major mountain
systems of Central Asia, with the Tianshan (~20,900 glaciers; ~12,400 km?; ~861 km?), Pamir-Alay (~22,000
glaciers; ~13,000 km? ~1018 km?), Kunlun (~12,400 glaciers; ~11,700 km?; ~1143 km?®), and Karakoram
(~14,000 glaciers; ~20,000 km?; ~2872 km?®) collectively dominating regional glacier storage. These glaciers are
mainly distributed along high-elevation belts between 3000 and 6000 m a.s.l., where they provide important
meltwater inputs to major inland river basins, including the Amu Darya, Syr Darya, Tarim and Ili basins.

5.2. Recent Glacier Changes

Glaciers across Central Asia are generally thinning, retreating, and losing mass, although near-equilibrium
or slightly positive mass budgets have been observed in parts of the Karakoram and Kunlun Mountains
(Supplementary Tables S1-S3). Consistent estimates from three geodetic datasets for 2000-2016/2018/2019 yield
similar regional means of —0.135, —0.095 and —0.096 m w.e. a !, respectively [95-97]. Spatially, mass loss is most
pronounced in the Tianshan Mountains, more moderate in the Pamir, and weakest in the Kunlun Mountains, where
near-neutral or slightly positive balances have been reported.

The Tianshan Mountains represent one of the most rapidly losing glacier regions. Over the past half-century,
they have experienced sustained mass loss, with an apparent acceleration in recent decades. Between 1961 and
2012, glacier area declined by 18 + 6% and mass decreased by 27 + 15% [31], corresponding to a mean mass
balance of —0.36 m w.e. a! for 1961-2021 [98]. Mass loss exhibits a clear west—east and elevation-dependent
pattern, with stronger depletion at lower elevations [99]. In northern Tianshan, glacier area decreased by 30-40%
between 1950 and 1999 [100], with a mean mass balance reaching —0.40 = 0.07 m w.e. a ! over 1964-2020, and
retreat has further accelerated since 2000 [101]. Several small glaciers have shown fragmentation or complete
disappearance [102].

For the Pamir and Pamir—Alay, glacier retreat is comparatively moderate, although the region has transitioned
from near-stable or weakly negative conditions to sustained mass loss in the 21st century [97]. The regional mean
mass balance was —0.07 £ 0.12 m w.e. a! for 2000-2021 [103]. Strong spatial heterogeneity is evident: during 1975~
1999, some central Pamir glaciers remained close to equilibrium or even slightly positive (—0.12 to +0.63 m w.e. a ),
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whereas both eastern and western Pamir showed negative balances in 1999/2000-2017/18 (—0.12 £ 0.37 and —0.25
+0.37 m w.e. a’!, respectively), with stronger losses in the western sector [104].

Glaciers in the Karakoram and parts of the Kunlun Mountains exhibit near-zero or slightly positive mass
balances in recent decades, a phenomenon often referred to as the “Karakoram anomaly” [105]. In the Kunlun
Mountains, the mean mass balance was +0.14 = 0.08 m w.e. a' during 2000-2016 [97], with a pronounced east—
west contrast. For 2000-2021, eastern Kunlun showed slight mass loss (—0.09 + 0.07 m w.e. a '), whereas western
Kunlun exhibited mass gain (+0.23 + 0.13 m w.e. a ') [103]. Consistent patterns emerge across varying datasets,
with western Kunlun generally showing slight positive balances (+0.044 to +0.156 m w.e. a’!) and eastern Kunlun
weak negative balances (—0.035 to —0.086 m w.e. a ") (Figure 5) [95-97]. Recent glacier inventories show spatially
heterogeneous shrinkage, with more evident area loss in the eastern Karakoram, eastern Kunlun, and small or low-
elevation glaciers, while western Kunlun and central-western Karakoram remain comparatively stable.

Further basin-scale analysis of the glacier mass-change dataset of Hugonnet et al. (2021) [96] reveals
pronounced spatial heterogeneity in glacier mass balance across the major river basins of Central Asia during 2000—
2019. All five major basins experienced net glacier mass loss, although the rates varied substantially among regions.
The strongest losses occurred in the Junggar Interior and Ili-Balkhash basins, with mean mass balances of —0.41 and
—0.38 m w.e. a’!, respectively, consistent with the widespread and sustained glacier mass loss observed across the
Tianshan Mountains. The Syr Darya Basin exhibited an intermediate rate of mass loss (—0.23 m w.e. a!), whereas
the Amu Darya Basin showed a weaker negative mass balance (—0.10 m w.e. a!), broadly reflecting the more
moderate and spatially heterogeneous glacier changes in the Pamir and Pamir—Alay regions. By contrast, the Tarim
Basin had a near-balanced glacier mass budget, with a mean mass balance of —0.03 m w.e. a . This muted basin-
wide signal likely reflects contrasting glacier responses across its extensive headwaters, including the southern
Tianshan, Pamir—Karakoram, and Kunlun Mountains, where pronounced mass loss in the southern Tianshan is partly
offset by comparatively stable or locally positive mass balances in parts of the Karakoram and Kunlun ranges.

The relative stability of glaciers in the Karakoram—Kunlun region has been attributed to a combination of
enhanced accumulation and reduced melt. In the Shimshal Basin, 92% of annual precipitation falls as snow, with
~80% of snowfall occurring above 5000 m and 71% concentrated between December and May, promoting
persistent snow accumulation at high elevations. Mean annual air temperature is low (~—8.8 °C), and available
melt energy is ~41% lower than in the central Himalaya (Langtang) [106]. Over 2000-2021, summer temperatures
in the Karakoram exhibit a slight cooling trend (—0.06 °C per decade), accompanied by weakly increasing
precipitation (~2 mm per decade), declining net shortwave radiation (—3.5 and —3.4 W m2 per decade for annual
and summer means), and increasing cloud cover (~0.02 per decade), collectively suppressing surface melt [107].
Similar conditions prevail over the Gulya Ice Cap in western Kunlun, where lower ablation-season temperatures
(~—6.1 °C), together with increases in precipitation (+50 mm) and snowfall (+64 mm w.e. relative to 1970-1999),
further sustain a low-ablation, high solid-accumulation regime [108].

Glaciers in lower-elevation mountain systems, such as the Altai and Junggar Alatau, have experienced
pronounced mass loss, although available observations remain limited.

In addition to regional geodetic and remote-sensing studies, annual in situ surface mass-balance observations
are available for 16 glaciers across Central Asia, including sites in China, Kazakhstan, Kyrgyzstan, Uzbekistan,
and Tajikistan (Table S4). Van Tricht et al. (2026) compiled observations from these glaciers through 2025 and
found that nine of the 16 glaciers experienced their most negative annual mass balance on record in 2025 [109],
highlighting the exceptional and spatially coherent glacier mass loss across the Tien Shan—Pamir region.

Surge-type glaciers are also widespread in Central Asia and can complicate the interpretation of glacier-
change trends. A recent inventory identified 507 surge-type glaciers in the Tajik Pamirs, of which 96 were actively
surging during 2000-2024 [110], while 171 pulsating glaciers were identified in the Hissar—Alay region [45].
Because surges redistribute ice within individual glaciers, local advances or thickening may reflect glacier
dynamics rather than contemporaneous climatic forcing.
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Figure 5. Spatial distribution of glacier mass balance across the glacierized mountain regions of arid Central Asia
based on three geodetic datasets: (a) Shean et al. [95] (2000-2018), (b) Brun et al. [97]. (2000-2016), and (c)
Hugonnet et al. [96]. (2000-2019). Regional mean glacier mass balance values are indicated for each mountain
region, with red representing mass loss and blue representing mass gain. (d) Comparison of the mean glacier mass
balance for each mountain region averaged across the three datasets. The mountain-region divisions follow the regional
subdivision used by Bolch et al. (2019) [111]. The inset in panel (a) shows the global location of the study area.

5.3. Changes in Glacier Runoff

Glacier runoff is a key component of river discharge in Central Asian inland basins [112-114]. Its
contribution to annual runoff in major rivers generally ranges from 10% to 40%, increasing to 60—70% in high-
elevation, snow- and ice-dominated catchments [115]. In the upper Amu Darya basin, including the headwater
catchments of the Panj and Vakhsh Rivers, snowmelt and glacier melt contribute approximately 67% and 15% of
total runoff, respectively, with combined cryospheric contributions reaching ~82% [116]. In six typical catchments
of the northern and central Tianshan, glacier melt accounts for 12-59% of July—August discharge, increasing with
glacierized area fraction [117]. In the upper Syr Darya (Naryn River), glacier-melt runoff accounted for
approximately 23% of total runoff in 1992 and 28% in 2016, while its volume increased by more than 50% during
1993-2017 relative to 1964-1992 [118,119].

Changes in glacier runoff are fundamentally controlled by the evolving balance between increased melt under
warming and declining glacier storage. Under continued glacier retreat, enhanced ablation initially increases
meltwater supply, but this effect is ultimately constrained by the reduction in glacier volume available for melt. In
the Tianshan Mountains, glacier runoff is projected to increase by 15-24% relative to 2000-2020, reaching a peak
before approximately 2050, followed by a decline of 14-20% by 2100 under continued mass loss, accompanied
by a 69-93% reduction in glacier volume [120]. In contrast, in the Kunlun Mountains, the timing of peak glacier
runoff is projected to occur later (after ~2055), while under high-emission scenarios a clear peak may not emerge
within the 21st century, with sustained increases in glacier runoff instead [121]. Seasonally, glacier runoff is
projected to shift earlier, with pronounced reductions in late-summer discharge. For example, August glacier
runoff in the Syr Darya and Chu basins may decrease by 74—79% under SSP5-8.5, and by up to 87% in the Talas
basin, substantially increasing late-summer water scarcity risks [120]. Across a global warming range of 2—6 °C,
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glacier retreat in Central Asia is expected to continue, although projections of glacier runoff remain highly
uncertain due to differences in model structure and assumptions [122—-125].

5.4. Changes in Snow Cover and Snowmelt Runoff

Snow water equivalent (SWE) exhibits strong elevation and regional contrasts. Peak SWE exceeds 1 m in
the Pamir and Karakoram, whereas it typically remains below 1 m in the Tianshan. Mean SWE reaches up to
approximately 0.5 m in the Tianshan and Pamir during winter and increases further in spring across the western
HMA mountains, reaching up to approximately 1 m. In summer, persistent snowpack with SWE values up to
approximately 0.3 m remains in parts of the Pamir and Karakoram [126].

Over recent decades, snow in Central Asian high mountains has shown an overall pattern of declining low-
to mid-elevation snow cover, earlier melt onset, and reduced summer snow extent [127,128]. In the Tianshan
Mountains, summer and winter snow cover area decreased by 12.2% and 2.9% during 2001-2015, while autumn
snow-covered area increased by approximately 16.0% [129]. Snow cover duration shortened across the central and
eastern Tianshan (—11.88% and —8.03%), but increased in the northern and western sectors (+9.36% and +7.47%),
reflecting spatial differences in the responses of snow cover to temperature and precipitation variability [129].
Satellite-based analyses further confirm pronounced interannual variability in snow conditions across major
basins, with deviations in snow cover indices reaching ~20% [130]. In the upper Amu Darya and Syr Darya basins,
snowmelt timing has advanced by up to ~11 days over 1986-2014, accompanied by a significant reduction in
snow-covered days, particularly between 2100 and 3500 m a.s.l. [131].

Snowmelt constitutes a dominant component of runoff generation in Central Asian basins, together with glacier
melt contributing ~69-79% of annual discharge, with snowmelt generally exceeding glacier contributions [132]. In
the Manas River basin (northern Tianshan), snowmelt accounts for ~48% of runoff, compared to ~27% from
glacier melt, with snowmelt peaking 2—3 months earlier and thus dominating spring hydrographs, while glacier
melt sustains summer discharge, forming a temporal compensation mechanism [133].

Under continued warming, snow related hydrological regimes are projected to shift substantially. In the
Tianshan region, peak snow accumulation is projected to advance by ~26 days relative to 1981-2000, accompanied
by a ~17% reduction in peak snow water equivalent [134]. These changes lead to earlier snowmelt and a
corresponding shift in spring runoff timing [135], while summer (July—August) snowmelt runoff declines
markedly. Under SSP5-8.5, total runoff in the Naryn basin is projected to decrease by ~16%, which is partly linked
to reduced snow accumulation, and a weakening of snowmelt-derived summer water supply [134].

6. Changes in Runoff Regimes
6.1. Runoff Generation and Source Contributions

As shown in Figure 6, among the 31 catchments with available published data, eight have glacier melt and
snowmelt contributions exceeding 50% of total runoff.

In several basins on the southern slope of the Tianshan Mountains and the northern slope of the Kunlun
Mountains, including the Aksu, Yarkand, Hotan, Keriya, Baiyang, Kaidu, and Kumalak basins, glacier melt and
snowmelt make substantial contributions to runoff, although the magnitude varies markedly among basins. The
Keriya Basin has the highest contribution, at approximately 71%. The Yarkand and Hotan basins also have glacier
melt and snowmelt contributions of 53.0% and 52.5%, respectively, while the Baiyang Basin reaches 49.4%. In
contrast, the Kaidu basin has lower contributions.

In basins on the northern slope of the Tianshan Mountains, such as the Manasi, Jinghe, Urumqi, Hutubi, and
Alagou basins, precipitation runoff generally plays a more prominent role. In some basins, the contribution of
precipitation approaches or exceeds 35%, and in individual cases reaches around 40%. Meanwhile, groundwater
runoff and glacier melt and snowmelt runoff still account for notable proportions of total runoff.

For the Pamir Plateau and adjacent high mountain regions, glacier melt and snowmelt contributions are
generally high. The Vakhsh Basin has the highest glacier melt and snowmelt contribution, exceeding 80%, followed
by the Pyanj and Zeravshan basins. At the same time, precipitation and groundwater also contribute to runoff.
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Figure 6. Spatial distribution of runoff components across Central Asian river basins. The x-axis represents runoff
components, and the y-axis shows the relative contribution of each water source to runoff (%). M denotes glacier—
snow meltwater, R rainfall, and G groundwater. River runoff components were compiled from the following
studies: 1-3, [136]; 4, [137]; 5, 11, 17-22, 25-27, and 29, [117]; 6, 10, 13—14, 16, and 28, [138]; 8, [139]; 7, 9 and
23, [140]; 12, [141]; 15, [142]; 24, [143]; 30, [144]; and 31, [134].

6.2. Spatial Distribution of Runoff Change Rates

Since the 1950s, runoff trends in Central Asian rivers have shown pronounced spatial heterogeneity. Stations
in upstream mountainous headwaters have generally shown increasing trends, whereas those in plains and arid
basin reaches have more often exhibited weak changes or persistent declines (Figure 7). The increase in upstream
runoff mainly reflects enhanced glacier and snow melt, together with changes in precipitation under climate
warming. In contrast, runoff declines in plains and arid basin reaches are closely associated with human activities,
including irrigation withdrawals, reservoir regulation, channel losses, and ecological water management.

At the scale of river systems, the direction and magnitude of runoff trends differ substantially among the
major river systems in Central Asia. The Tarim River system and its headwater regions in the southern Tianshan
and Kunlun Mountains represent one of the most prominent areas of runoff increase. Runoff trends at upstream
control stations are generally positive. In the southern Tianshan headwaters, most stations show increasing rates
of 0.44-2.67 mm/a. Along the northern slope of the Kunlun Mountains, runoff also shows an increasing trend,
with the largest increase observed at the Yuzimenleke station, reaching 0.72 mm/a. In contrast, most stations along
the middle and lower main stream of the Tarim River show declining trends, with overall negative rates of
approximately —0.52 to —0.76 mm/a. From 1957 to 2006, runoff from the four headstreams at the mountain outlets
increased from 216.0 x 108 m3/a to 260.3 x 10® m3/a, whereas runoff in the main stream decreased by 15.4 x 108
m?/a over the past five decades. This indicates that the increase in upstream inflow was not fully transmitted to the
downstream plain reaches, but was strongly modified by human activities in the middle and lower reaches. During
2010-2022, with increasing inflow from the headstreams and the implementation of ecological water conveyance
in the Tarim River Basin, runoff in the main stream increased substantially. Runoff at the Alar, Yingbaza, and
Qiala stations recovered to levels comparable to those in the 1960s and exceeded the 1990-2009 average by 51%.

The Syr Darya River system and its surrounding areas also show clear differences between upstream and
downstream reaches. Runoff trends at upstream stations are mainly positive, with relatively strong increases at
Naryn town and Andijan. Other stations, such as Uchkurghan, also show positive trends, whereas changes at Ak-
Tash are relatively weak. By contrast, runoff trends at stations in the middle and lower reaches tend to weaken or
become negative. Karateren, Kyzylzhar, and Chapaevo generally show weak declining trends, with Chapaevo
decreasing at approximately —0.16 mm/a. Previous studies have shown that, among 11 hydrological stations in the
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Syr Darya Basin during 1930-2015, runoff decreased significantly at eight stations, and human activities
contributed 82.6-98.7% of the runoff reduction, mainly through irrigation withdrawals [145]; This is consistent
with the pattern of runoff decline in the middle and lower reaches shown in Figure 7.
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Figure 7. Spatial distribution of runoff change rates in major Central Asian rivers. (a) Locations of hydrological
stations. (b—g) Annual runoff change rates for station-controlled river reaches across different basins. Runoff change
rates were compiled from published studies listed in Table S6. Numerical labels in red indicate positive runoff change
rates (increasing trends), whereas those in blue indicate negative runoff change rates (decreasing trends).

The Amu Darya River system exhibits pronounced spatial variability. Runoff trends in the upstream areas
are mixed, with both increases and decreases, whereas stations in the middle and lower reaches generally show
weak increases or declining trends. In the upper tributaries of the Vakhsh River, Garm and Dombrachi show
significant increases, with rates of 6.18 mm/a and 5.51 mm/a, respectively. Historical observations also indicate
that runoff in the Kyzyl-Suu River increased by 7% during 2000-2020 [146]. In contrast, Karatog and Alibegi

https://doi.org/10.53941/hwr.2026.100013 13 of 28



Li et al. Hydrol. Water Resour. 2026, 1(3), 13

show negative trends, with Alibegi exhibiting an annual runoff change rate of —5.02 mm/a, representing one of the
strongest negative trends in the study region. Along the middle-lower Amu Darya mainstream, discharge shows a
slight increase at Kelif but declines at Kerki, Tuyamuyun, and Kiziljar.

The Ili-Balkhash River system is generally characterized by increasing runoff, although clear differences
exist among the upstream, middle, and lower reaches. Most upstream stations show positive trends, ranging from
approximately —0.08 to 1.69 mm/a, with relatively large increases at Kashi and Kunes. Tekeli also shows a marked
increase. In the middle reaches, trends at Kapchagay and Ushjarma are weak and close to zero, suggesting that the
upstream runoff increase is attenuated during downstream transmission. In the lower reaches, changes are
relatively small. Ushtobe and Lepsy show weak increases, whereas Ayaguz shows a slight decline of
approximately —0.08 mm/a.

Runoff in the Junggar inland river system generally shows an increasing trend. Upstream stations, including
Hutubi, Baiyang, Kensiyate, Jiangjunmiao, Yingxionggiao, and Jingshankou, all show positive trends, with rates
of approximately 0.50-1.83 mm/a. The largest increase occurs at Jingshankou. The midstream Hongshanzui
station and downstream Weizixia station also show positive trends, although the magnitude of increase is lower.
For example, runoff in the Manas River increases at a rate of 1.21 mm/a at the upstream Kensiwate station, while
the increase at the downstream Hongshanzui station is 0.83 mm/a.

As the only major exorheic river system in the study region, the Ob—Irtysh River system shows runoff changes
that are generally small in magnitude and inconsistent in direction. Trends at upstream and midstream stations
range from —1.86 to 2.03 mm/a. Qunkule and Ust-Kamenogorsk show increasing trends, with the largest increase
at Qunkule, approximately 2.03 mm/a. In contrast, Shemonaikha shows a marked decline of approximately —1.86
mm/a. Atbasar shows a weak increase, whereas Grishenka and Kostanay show near-zero or slightly negative
trends. The downstream Petropavlovsk station shows a weak declining trend.

6.3. Future Runoff Changes and Water Resource Security
6.3.1. Future Runoff Changes

Under continued global warming, future runoff changes in Central Asia are unlikely to follow a simple
monotonic increase or decrease. Instead, they are expected to exhibit pronounced stage-dependent patterns and
spatial heterogeneity. During the first half of the 21st century, increased precipitation and accelerated glacier melt
may enhance runoff in some mountain catchments. For example, runoff across 221 high-mountain basins in
Central Asia is projected to increase by 3.8% during 2011-2040 and by 5.0% during 2041-2070 [147]. By the late
21st century, however, continued depletion of glacier storage, reduced snowmelt contribution, and increased
evaporative demand are likely to weaken summer runoff supply in some basins [120,122,148,149].

In the Ili River basin, future runoff is generally projected to increase under a warmer and wetter climate, with
snow and ice melt and mountain precipitation playing increasingly important roles (Supplementary Table S5). At
the headwater scale, runoff in the Kunes River is sensitive to changes in snow cover and air temperature, and
warming may reduce runoff while advancing the timing of runoff generation. Basin-wide projections indicate that
annual runoff in the Ili River may increase by 12.8-14.3%; however, land-use change and reservoir construction
may partly offset this natural increase. Meanwhile, the increasing share of surface runoff and the declining
contribution of subsurface runoff suggest a shift toward faster runoff-generation pathways.

In the Syr Darya basin, projected runoff changes are characterized by relatively limited changes in total
annual runoff but marked seasonal redistribution (Supplementary Table S7). Existing studies indicate that basin-
wide runoff changes under different 2 1st-century scenarios remain moderate, ranging from —6% to 6%. In contrast,
upstream runoff is highly sensitive to precipitation changes, increasing under wetter scenarios but decreasing
substantially under drier scenarios. At the tributary scale, the Naryn River is projected to experience higher peak
flows and lower low flows, implying a simultaneous intensification of flood and low-flow risks. Although runoff
from glacierized areas of the Tianshan may increase temporarily during the early to mid-21st century, continued
glacier volume loss will reduce long-term summer water-supply capacity and further intensify irrigation-season
water stress in the Syr Darya basin.

Future runoff changes in the Amu Darya basin also show clear stage-dependent and spatially heterogeneous
characteristics (Supplementary Table S5). For the basin as a whole and for its upper reaches, annual runoff is
projected to increase under most 2 1st-century scenarios, although the sign and magnitude of change differ among
climate combinations. At the tributary scale, runoff in the Vakhsh River is projected to show a substantial overall
increase under high-emission scenarios in the far future, with projected changes ranging from —6.4% to 52.3%,
whereas the Vanj River and other western Pamir tributaries may experience simultaneous declines in annual runoff
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and glacier-melt contribution. Meanwhile, the Zeravshan, Kafirnigan, and Tupalang tributaries generally show
increased spring runoff, reduced summer—autumn runoff, and an earlier runoff peak.

Across the headwaters of the Tarim River, runoff is projected to increase or remain at high levels during the
early to mid-21st century, whereas the direction and magnitude of change are expected to diverge substantially
among tributaries by the late 21st century (Supplementary Table S5). Existing studies suggest that near-future
runoff in headwaters such as the Kaidu, Aksu, Yarkant, and Hotan rivers will generally increase or remain high.
By the late 21st century, however, some basins, such as the Kaidu River and Huangshuigou, may show slight
declining trends, whereas projections remain highly uncertain for the strongly glacierized source regions on the
northern slope of the Kunlun Mountains. Some studies suggest that runoff in the Yarkant, Karakash, and
Yurungkash rivers may fall substantially below baseline levels as glacier reserves are depleted. Other studies,
however, indicate that runoff in these rivers may remain relatively high even after reaching peak glacier melt
around 2050-2070, subsequently declining toward the end of the century relative to peak-melt conditions while
still exceeding historical levels (Supplementary Table S5).

In the Irtysh River basin, future runoff changes are projected to show pronounced contrasts between relatively
less-regulated upper and tributary catchments and the more strongly regulated middle and lower reaches
(Supplementary Table S5). In the relatively less-regulated upper and tributary catchments, including the Oba, Ulbi,
Zhabay, and Bukhtarma catchments, runoff is generally projected to increase under continued warming,
particularly where precipitation also increases, with projected changes ranging from 5% to 32%. Alongside the
increase in annual runoff, marked seasonal redistribution is expected, including an advance of the spring runoff peak
by up to one month, a shortened snow-accumulation period, and reduced summer discharge in several tributaries. In
contrast, the middle and lower reaches are strongly affected by reservoir regulation and water withdrawals. Operation
of the upper Irtysh reservoir cascade has already reduced summer flow by approximately 38% and increased winter
flow by approximately 70% relative to pre-regulation conditions, and may further alter the seasonal distribution of
downstream runoff while weakening the natural climate-driven increase in water availability.

6.3.2. Extreme Hydrological Events

Flooding represents one of the most direct future risks among extreme hydrological events in the snow- and
glacier-fed basins of Central Asia. Global warming has already increased the frequency and intensity of extreme
precipitation events in the region. In mountainous areas of Tajikistan, Kyrgyzstan, and western China, intense
precipitation events that were formerly expected once every 50 years may now recur in less than 20 years under
the current climate, providing stronger triggering conditions for mountain floods [59].

Future flood risk is expected to be expressed mainly through enhanced flood peaks, earlier high-flow periods,
and increased risk of sudden-onset mountain floods. In the upper Syr Darya basin, peak flood discharge is projected
to increase by more than 60% by the end of the 21st century [150]. Research on the Naryn River, one of its major
headwaters, further indicates that shifts in precipitation phase from snow to rain will substantially intensify peak-
runoff extremes at lower elevations, causing runoff events that historically occurred once every 10 years to occur
every 3—4 years in the future [134]. In addition to stronger flood peaks, warming-driven advances in snowmelt and
glacier melt will alter the seasonal distribution of flooding. For example, the runoff peak of the Vakhsh River, a
tributary of the Amu Darya, may shift from July to June, while the runoff peak of the Yarkant River, a tributary of
the Tarim River, may shift from August to July. These changes suggest that high-flow risk may increasingly shift
toward early summer [151,152]. Glacial lake outburst floods (GLOFs) are also an important type of sudden-onset
flood hazard in the high-mountain basins of Central Asia. Continued glacier retreat across the Third Pole is
expected to promote glacial lake expansion and substantially increase GLOF risk, with the overall risk potentially
approaching three times the present level [153].

Hydrological drought is another major form of future extreme hydrological events in the snow- and glacier-
fed basins of Central Asia, manifested primarily as low river flows, reduced summer water availability, and
increased risk of water scarcity. Regional-scale studies indicate that future hydrological drought risk in Central
Asia will show strong spatial heterogeneity, with drought duration and severity increasing in the Amu Darya basin
under high-emission scenarios. Under SSP5-8.5, approximately 39.01% of Central Asia’s land area and 35.9% of
its population may be exposed to severe drought risk [39]. In the upper Syr Darya basin, summer runoff may
decrease by 16-30% by the end of the 21st century, drought duration may increase by more than one month, and
drought intensity may increase by a factor of approximately 4.6 [150]. In the Naryn River, low flows may decline
by 36.8% by the 2080s, and each additional hectare of cultivated land is estimated to increase water-resource
deficits by an average of approximately 10.9 x 103 m3 [154]. The headwaters of the Tarim River may also face
increasing flash-drought risk. Based on ten CMIP6 models and the VIC model, Yu et al. projected overall increases
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in the frequency, duration, and intensity of flash droughts during 2021-2100, with higher frequency and intensity
in mountainous areas than in plains [155]. Studies of the Ili River have focused more on water-resource
vulnerability and ecological-flow reliability. de Boer et al. identified approximately 11 billion m® as the critical
inflow threshold required to maintain the ecological functions of wetlands in the Ili Delta and Lake Balkhash.
Under scenarios of high water demand, about 70% of years may fall below this threshold, and 20% may even fall
below 7 billion m?, indicating that increased upstream water use could substantially raise the frequency and
intensity of downstream environmental water shortages [156].

6.3.3. Debris Flows and Landslides

In the characteristic mountain—basin setting of arid Central Asia, hydrogeomorphic hazards, particularly
debris flows and landslides, pose substantial threats to mountain water security and the sustainability of
downstream oasis systems. Despite generally low regional precipitation, high mountain regions remain highly
susceptible to such hazards because of their steep topographic gradients and abundant unconsolidated material.
This susceptibility is further amplified by extreme precipitation, rapid snowmelt, glacier retreat, and glacial lake
outburst floods (GLOFs), which collectively increase exposure to climatic extremes. According to the Northern
Tianshan disaster database, 458 debris-flow events were recorded between 1887 and 2020, including 55 triggered
by GLOFs; all subsequently evolved into debris flows. These findings underscore the critical role of cryospheric
change and sudden-onset hydrological processes in driving debris-flow activity across the mountains of Central
Asia [157].

Over recent decades, debris-flow activity in the mountains of Central Asia has progressively shifted toward
higher elevations. In the Ile Alatau of the central Northern Tianshan Mountains, initiation zones of rainfall-induced
and mixed-type debris flows are concentrated between 1200 and 3600 m. Within the 2500-3600 m elevation band,
the number of recorded debris-flow events increased from 20 during 1931-1960 to 47 during 1991-2020,
suggesting a gradual increase in debris-flow activity at higher elevations [157]. In addition, glacier retreat and
permafrost degradation can increase the availability of loose debris and reduce slope stability in high-mountain
environments, thereby enhancing the potential for mass movements and debris-flow hazards [158].Landslide
activity may also be influenced by the combined effects of permafrost degradation, intensified rainfall, and glacier
retreat under a warming climate, although long-term trends in landslide occurrence are generally less evident in
observational records than those of debris flows. Rising temperatures and permafrost degradation can weaken the
mechanical support provided by ground ice within ice-cemented slopes and ice-filled rock fractures, whereas
intense rainfall increases slope saturation and pore-water pressure, thereby enhancing the likelihood of shallow
landslides, rockfalls, and debris flows [159,160]. In deglaciating mountain environments, glacier retreat may
further destabilize valley slopes and promote the failure of moraine dams and unconsolidated moraine deposits,
creating cascading hazard sequences that connect landslides, GLOFs, and debris flows [158].

6.3.4. Future Water Resource Risks and Adaptation

Future water security in Central Asia will be challenged not only by the increasing occurrence of hydrological
extremes, but also by growing uncertainty in water availability, rising water demand, and mounting pressures on
transboundary water governance. In addition, the mismatch between upstream water supply from mountain regions
and downstream water demand is expected to become more pronounced. Glacier retreat, declining snow storage,
and shifts in runoff seasonality are likely to reduce the reliability of summer water supplies, leaving some basins
vulnerable to increased spring runoff but diminished water availability during the irrigation season [120]. These
changes may increase uncertainty in both agricultural irrigation and hydropower generation [161]. At the same
time, agriculture in Central Asia remains highly dependent on irrigation, while population growth, irrigation
expansion, and enhanced evapotranspiration are projected to further increase agricultural water demand [162].

On the management side, this tension between water supply and demand is especially pronounced in transboundary
river basins, manifesting primarily as a seasonal mismatch between hydropower generation and irrigation water use,
high water consumption in irrigation districts, and insufficient provision for ecological water demand. The Amu Darya
and Syr Darya exhibit a longstanding conflict between winter hydropower generation in the upstream reaches and
summer agricultural irrigation in the downstream reaches, while climate-change-induced earlier snowmelt and declining
summer runoff further intensify water stress in downstream agricultural areas [114,163]. At the same time, total water
withdrawal in Central Asia in 2020 reached 127.3 km?, of which irrigation accounted for 100.4 km? (approximately
80%). Moreover, nearly 40% of irrigation water was lost during canal conveyance, highlighting the coexistence
of rigid demand and inefficient water use across the region [162].
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Against this background, and in support of the United Nations Water Action Decade (2018-2028) and the
Sustainable Development Goals (SDGs), future adaptation efforts in Central Asia should focus on addressing
changing runoff regimes, intensifying hydrological extremes, and growing transboundary water challenges
through the following priorities. First, integrated monitoring of meteorological, hydrological, glacier, snow, and
permafrost conditions in high-mountain regions should be strengthened, alongside greater sharing of
transboundary monitoring data. These efforts would help reduce uncertainties in climate forcing, snow and ice
process parameterization, and hydrological model simulations and assessments [96,164—166]. Second, research
should shift from the study of individual hazards toward understanding cascading multi-hazard processes and
strengthening integrated transboundary risk management. Particular emphasis should be placed on the triggering
and propagation of hazard cascades involving extreme precipitation, rapid snowmelt, GLOFs, debris flows,
landslides, and fluvial flooding, while enhancing risk assessment, monitoring and early-warning systems, and
emergency response capacity [167,168]. Third, enhancing flood regulation and storage capacity while maximizing
the beneficial use of floodwater should be prioritized. This can be achieved through the coordinated operation of
reservoirs, flood storage and detention areas, canal networks, and interregional water transfer systems. In addition,
greater emphasis should be placed on strengthening connectivity between mainstem and tributary river systems,
improving coordinated water allocation across regions and among multiple water sources, and promoting
floodwater utilization through groundwater recharge, ecological flow restoration, wetland rehabilitation, and
river—lake connectivity [169-174]. Fourth, improving agricultural water use efficiency and strengthening
integrated water—food—energy—ecosystem management should be prioritized. This can be achieved through the
adoption of water-saving irrigation technologies, adjustments in cropping patterns, modernization of irrigation
systems, and the conjunctive management of surface water and groundwater. At the same time, the broader
implications of water-saving measures for energy consumption, food security, ecological water requirements, and
carbon emissions should be comprehensively evaluated [162,175]. Fifth, research on the efficient utilization of
water resources during runoff surplus periods should be further strengthened. Given the transient nature of runoff
increases in some mountain river basins, this short-lived hydrological opportunity should be effectively leveraged
to optimize the storage, allocation, and ecological utilization of excess runoff. These processes are critical for
enhancing the resilience of downstream oases and riparian ecosystems, and for supporting regional water security,
ecological conservation, and the Sustainable Development Goals (SDGs) [176].

7. Conclusions

This study systematically reviews the changes in moisture transport, glacier dynamics, and runoff processes
in Central Asia under climate change. The region is undergoing a climate—hydrological system adjustment
characterized by significant warming, weak precipitation increases, spatially heterogeneous glacier mass balance
and shifted runoff regimes.

(1) In terms of climate change, the mean annual air temperature in Central Asia increased at a rate of
approximately 0.33 °C per decade during 1960-2024, which is substantially higher than the global mean
warming rate over the same period. In contrast, annual precipitation increased only slightly, at about 2.3 mm
per decade. Precipitation increased significantly in the eastern and northern part (e.g., Tianshan region,
Kunlun Mountains), but weak changes or even decreasing trends in some inland lowlands of Central Asia. In
terms of moisture sources, westerly transport remains the dominant external moisture source for precipitation
in Central Asia, contributing more to the northern and western regions; local moisture recycling is an
important supplement to summer precipitation. The overall contribution of low-latitude moisture is limited,
but in recent years its contribution to southern Central Asia, especially the southern Tarim River Basin, has
increased, with enhanced southwesterly moisture transport.

(2) Warming has driven widespread glacier retreat with mean glacier mass balances ranging from —0.095 to
—0.135 m w.e. a’! during 2000-2016/2018/2019. Glacier retreat is most pronounced in the Tianshan
Mountains, moderate in the Pamir, and relatively weak in parts of the Karakoram and Kunlun Mountains.
For regions such as the Kunlun Mountains and Pamir, where glacier stability or even advances have attracted
attention, glaciers have also begun to show signs of retreat since the 21st century.

(3) Runoff has generally increased in the Tianshan, northern Kunlun, and northern Pamir, with rates of about
0.50-6.12 mm year ! in most Tianshan rivers and 0.06 to 0.72 mm year ! in the Kunlun Mountains, while
the Pamir-Alay and some upper Amu Darya tributaries show mixed trends. In contrast, runoff changes in the
middle and lower reaches and plain areas show a decreasing trend; however, with human intervention, this
decreasing trend has been reversed into an increasing trend in the Tarim River and Ili River, and has also
stabilized in the Amu Darya and Syr Darya, where runoff no longer declines.
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(4) Looking ahead, water-resource management in arid Central Asia will need to address increasing temporal
variability and spatial heterogeneity in runoff. In basins such as the Tarim and, under most scenarios, the
Amu Darya, annual runoff may increase or remain relatively high, but greater variability will require
improved reservoir regulation, storage, conveyance, and coordinated allocation. In glacier-dependent regions
such as the Syr Darya and parts of the Tianshan Mountains, continued glacier retreat may eventually reduce
late-summer mountain runoff, requiring gradual adjustment of water-use structures and reduced dependence
on glacier-fed flows. More broadly, accelerating glacier retreat is likely to amplify spatial differences in water
availability, highlighting the need for stronger hydrological connectivity and coordinated water management
across upstream and downstream regions.
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