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Multiple studies have reported a shift in the trend of warm season rainfall over arid eastern—central
Asia (AECA) around the turn of the new century, from increasing over the second half of the twentieth
century to decreasing during the early years of the twenty-first. Here, a closer look based on multiple
precipitation datasets reveals important regional disparities in these changes. Warm-season rainfall
increased over both basin areas and mountain ranges during 1961-1998 due to enhanced moisture

flux convergence associated with changes in the large-scale circulation and increases in atmospheric
moisture content. Despite a significant decrease in warm-season precipitation over the high mountain
ranges after the year 1998, warm season rainfall has remained large over low-lying basin areas. This
discrepancy, which is also reflected in changes in river flow, soil moisture, and vegetation, primarily
results from disparate responses to enhanced warming in the mountain and basin areas of AECA.

In addition to changes in the prevailing circulation and moisture transport patterns, the decrease in
precipitation over the mountains has occurred mainly because increases in local water vapor saturation
capacity (which scales with temperature) have outpaced the available moisture supply, reducing relative
humidity and suppressing precipitation. By contrast, rainfall over basin areas has been maintained by
accelerated moisture recycling driven by rapid glacier retreat, snow melt, and irrigation expansion. This
trend is unsustainable and is likely to reverse as these cryospheric buffers disappear, with potentially
catastrophic implications for local agriculture and ecology.

Arid Eastern-Central Asia (AECA) is situated in the continental interior, far from the ocean and surrounded by
rugged mountain ranges. This geographical setting restricts moisture transport into AECA, resulting in a typical
dry continental climate. Water is critical to the well-being of both the arid eco-environment and the people who
reside there"%. The uneven distribution of water resources in AECA has contributed to some of the most promi-
© nent water allocation problems in the world*-*. Competition and conflicts over water use have already arisen on
* both national and local scales*®, even as rapid population growth compounds existing water stresses’. The imple-
. mentation of the proposed “Silk Road Economic Belt” strategy will pose severe challenges to the sustainable man-
agement of water resources within AECA, which may in turn diminish the socioeconomic benefits of this project
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to the countries and regions involved®?. It is therefore necessary to catalogue and understand the processes that
affect water supplies in AECA.

Warm season (May-September) rainfall is an important contributor to water resources in AECA. Precipitation
during these five months accounts for 50~70% of the annual total. This precipitation, together with meltwater
from glaciers and snow, plays a vital role in maintaining the fragile ecosystem' and supporting local agriculture.
Although AECA is among the world’s driest regions, both direct observations and reconstructions of precipita-
tion show that warm season rainfall increased significantly in this region over the second half of the twentieth
century®~". This increase in rainfall has been projected to continue under global warming'*, potentially ushering
in a new, wetter regional climate with enhanced water availability and greater agricultural productivity. Multiple
studies have examined the mechanisms behind the increase of rainfall>!®!°. The positive trend has generally been
interpreted as a superposition of large-scale circulation changes and long-term atmospheric moistening under
global warming'>-'*'¢. However, recent studies have warned of an emerging downward trend in warm season
rainfall starting around the turn of the new century®, potentially linked to changes in the prevailing circulation
and moisture transport patterns'2.

Although area-mean warm season precipitation over AECA has decreased, important sub-regional contrasts
in rainfall trends have been identified. Mean annual precipitation has continued to increase over the outer north-
ern and eastern mountain ranges, but has decreased over the inner mountains, particularly during the warm sea-
son'. Meanwhile, observations indicate an increase in hydrological extremes within the low-lying Tarim Basin'!
and a dramatic drop in glacier mass within the Tien Shan mountain ranges"!” Given the volatile history and sensi-
tive nature of water resource management in Central Asia, even small changes in water allocation could have large
impacts on regional stability and the ecological and economic environments. However, relatively little attention
has been paid to regional disparities in rainfall changes between the mountain and basin areas of AECA, and the
mechanisms behind these disparities remain unclear. Here, we investigate variations in warm season rainfall over
AECA during 1961-2015. We focus on moisture fluxes within the atmosphere, including their convergence and
their interactions with the local environmental factors. We then examine different climatic factors in tandem to
explore the disparity between the warm season rainfall trend over the Tien Shan mountain ranges and adjacent
basin areas.

Characteristics and changes of warm season rainfall.  The topography of AECA includes high moun-
tain ranges, desert, and loess plateau (Fig. 1a). Inhibition of moisture flow by the Tien Shan imposes a distinct
northwest-to-southeast gradient in precipitation rates', with the southeastern part of AECA receiving 30~80 mm
of rainfall on average during May-September and the Tien Shan mountain ranges (including the relatively moist
northwestern sectors) receiving 100~200 mm (Supplementary Fig. Sla). This spatial gradient is also evident in
year-to-year fluctuations of warm season precipitation, with the most pronounced variability located over the
Tien Shan (Supplementary Fig. S1b).

Direct observations of precipitation are limited in AECA. Most meteorological stations are situated in the
more densely populated periphery of the mountain ranges. Moreover, many stations in the northwestern portion
of the AECA region stopped reporting data following the collapse of the Soviet Union. We have compiled data
from 147 stations that have provided continuous observations since 1961 (Fig. 1a). Although this represents the
best available subset of station-based data, uncertainties due to the inhomogeneous distribution of these sta-
tions remain (see discussion below). Warm season precipitation averaged over these 147 stations has generally
increased over the past several decades (Fig. 1b), but temporal variations have not been monotonic. Previous
studies have identified a shift from less warm season precipitation to more warm season precipitation in 1987°71.
Application of a climate change-point detection algorithm!® confirms this shift point, with the mean state chang-
ing from 82.0 £4.9mm (+s.e.m.) during 1961-1986 to 95.90 £ 6.1 mm during 1987-2015 (p < 0.05; Fig. 1b; see
Methods). We apply the same change-point detection algorithm to warm season precipitation in the Tien Shan
and basin areas separately. This analysis identifies no statistically significant shifts in the mean state over the Tien
Shan mountain ranges during 1961-2015 (Fig. 1¢), but does reveal a particularly pronounced shift toward larger
rainfall over basin areas in 1987'1¢ (78.1 £ 10.0 to 100.6 + 8.4 mm; p < 0.05; Fig. 1d).

Although no significant shift in the mean state is detected over the Tien Shan, precipitation trends over this
region change sign around the year 1998 (Fig. 1c). To corroborate the identified shift in rainfall trends, we per-
form running window trend analyses using the robust Theil-Sen estimator (see Methods) with different starting
and ending years (Fig. 2). We restrict our analysis to time windows longer than 10 years to eliminate small-scale
fluctuations associated with interannual variability. The results indicate positive trends in warm season rainfall
before 1998 regardless of the start year, which then shift to significant negative trends after 1998 regardless of
the end year. Application of the change-point detection algorithm (see Methods) confirms that this shift in Tien
Shan rainfall trends around 1998 is statistically robust. Results are similar for start years between 1996 and 2003
(Fig. 2), and are therefore not an artefact of the anomalously large precipitation in 1998. Moreover, the shift to a
strong decreasing trend after 1998 is evident not only in station data, but also in six different gridded precipitation
analyses (Supplementary Table S1). The spatial distribution of post-1998 warm season rainfall trends (Figs 3a and
S2) likewise shows strong decreases over most of the Tien Shan mountain ranges, in contrast to slight increases
over basin areas. Similar patterns appear in the spatial distributions of trends in surface soil moisture (Fig. 3b)
and normalized difference vegetation index (NDVT; Fig. 3¢). Trends toward wetter soils and greener vegetation
are evident in the basin areas, especially along the periphery of the mountain ranges, while the prevailing trends
within the Tien Shan are toward drier soils and lower NDVI. The emergence of fundamentally different trends
over the mountain and basin areas after 1998 implies that the mechanisms controlling rainfall variability over
these two regions may differ as well, and calls for a careful investigation of the factors that contribute to these
discrepancies.
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Figure 1. (a) Topographic features and hydrological networks in arid eastern-central Asia (AECA). Major
rivers in the Chinese portion of AECA are drawn in blue. Glaciers are drawn in white. Solid dots denote weather
stations, with cyan stations located in the Tien Shan, brown stations located in basin areas, and grey stations
located in other parts of AECA. River runoff measurement stations are indicated with numbers corresponding
to the key in Fig. 4. The subregions of AECA discussed in the text are delineated by the cyan dashed line

(Tien Shan) and the brown dashed line (basin areas). Time series of standardized warm season precipitation
anomalies based on station records (black) and an ensemble of six gridded precipitation datasets (blue) in (b)
AECA (all dots in a), (c) the Tien Shan mountains (cyan dots in a), and (d) basin areas (brown dots in a). All
data are normalized relative to the mean and standard deviation of the overlapping period (1998-2007) prior to
construction of the ensemble. Climate shifts in the time series are marked in red, including changes in the mean
state over all AECA and the basin areas in 1987 and a change in the trend over the Tien Shan mountains in 1998
(see Methods for details). Shading and dotted lines in (b-d) indicate 95% confidence intervals.

Recent declines in glacier area and river discharge. Decreases in warm season rainfall over Tien Shan
after 1998 are also evident in observations of river discharge. The response of river flow in catchments with glaci-
ated headwaters to changes in cryospheric climate is complex. Rapid warming in the Tien Shan mountain ranges
has accelerated glacier and snow melt in recent years®>!”. Meltwater from these cryospheric sources is an essential
source of water resources downstream"?, with human populations in AECA dependent on glacial contributions
to streamflow for irrigation, industry, and hydropower™!°. Figure 4 shows the melting rates of 20 glaciers over
Tien Shan during two different periods divided around the turn of this century (See Methods). All 20 glaciers
show enhanced melting rates since the reference year, with average rates of 0.58 - 0.35% per year during the first
period increased to 0.81 4-0.61% per year during the past ~15 years. This marks a considerable acceleration (~1.5
times) in the rate of glacier mass loss in the Tien Shan in recent years (r*=0.57, P < 0.001), and is consistent with
previous studies®'. The recent intensification of glacial melting has been attributed to both natural and anthro-
pogenic causes, including enhanced warming, negative precipitation anomalies?, and increased deposition of dust
and organic aerosols in snow-covered regions'.

Runoff anomalies from nine rivers located in the peripheral regions of the Tien Shan mountains show weak
fluctuations before the early 1990s, followed by a sharp increase through the year 1998 (Fig. 5). This increase
corresponds to reductions in glacier mass and snow cover due to rapid warming over the Tien Shan!”?. In the
absence of other factors, accelerated melting should translate into larger river discharge; however, river runoff has
decreased significantly over the past ~15 years (Fig. 5 and Supplementary Table S2). Anthropogenic influences,
such as expanded water use for irrigation or hydraulic projects, can complicate attributions of changes in river dis-
charge. Decreases in downstream runoff despite increased headwater runoff have been observed in arid regions
in situations with increased water use!. To minimize the anthropogenic influences, we examine the streamflow in
two remote montane rivers located far from human population centers (Fig. 5; black curve). Sharp decreases in
streamflow after 1998 are also evident for these two isolated rivers, consistent with the idea that decreased river
runoff after 1998 results primarily from the reduction in precipitation over the Tien Shan mountain ranges. It also
indicates that these river systems may be reacting more directly to interannual variations in precipitation as their
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Figure 2. Running window linear trends in normalized warm season rainfall using the robust Theil-Sen
estimator during 1961-2015 over the Tien Shan mountains (as in Fig. 1c) using (a) station records and (b)

an ensemble of six gridded datasets. The x-axis denotes the start year of the analysis period, while the y-axis
denotes the length of the analysis period. The dashed green line marks all linear trends that end with the year
1998, while the dashed cyan line indicates trends that start with the year 1998. Black dots indicate trends that
are statistically significant at the 95% confidence level. Running windows with lengths less than 10 years are not
considered.

glacial buffers disappear. A better understanding of precipitation variations in AECA, especially over the Tien
Shan, is urgently needed to support water resource management in this region.

Large-scale moisture transport. Large-scale moisture transport is crucial for rainfall over inland arid and
semi-arid regions. Distance from the ocean and the physical barriers presented by the surrounding mountains
reduce the efficiency of moisture transport from the oceans into AECA, resulting in a dry continental climate. In
particular, the high elevation of the Tibetan Plateau severely restricts the transport of moist air associated with
the Indian Summer Monsoon into AECA. Transport from the western and northern boundaries is thus the main
source of moisture for precipitation over AECA. Supplementary Fig. S3 shows moisture transport at four levels
(850 hPa, 700 hPa, 600 hPa, and 500 hPa) that encompass the large variations in surface elevation across AECA.
Moisture transport into the basin areas dominates at 850 hPa (Supplementary Fig. S3a), and can be traced back
primarily to eastward flow from the North Atlantic Ocean and southward flow from the Arctic Ocean'>”. These
moist air masses pass between the Altai and Tien Shan mountain ranges and then curl into the Junggar and Tarim
Basins. Moisture transport at 700 hPa (Supplementary Fig. S3b) is largest over the outer northern Tien Shan
Mountains, but does not supply much moisture to the higher central Tien Shan. Substantial moisture transport
into AECA on this level is confined mainly to the region between the Tien Shan and Altai mountain ranges, and
to a lesser extent to the Tarim basin. Moisture transport at 600 hPa (Supplementary Fig. S3¢) is primarily associ-
ated with strong westerlies. The largest moisture transport at this level is to the Tien Shan mountain ranges, with
relatively little transport to the basin areas. Moisture transport at 500 hPa (Supplementary Fig. S3d) is primarily
located to the south of AECA. We therefore focus on the relationships between warm season rainfall variations
and moisture transport in the lower troposphere (850 hPa, 700 hPa, and 600 hPa). This picture of moisture trans-
port is consistent with previous studies®!?, in that the primary sources of moisture for warm season rainfall over
AECA are eastward and southward advection of moist air from the North Atlantic and Arctic Oceans, supple-
mented by contributions from inland seas (such as the Black Sea, the Caspian Sea, and the Aral Sea).

We hypothesize that warm season rainfall over the basin areas is modulated primarily by moisture transport at
lower levels (850 hPa and 700 hPa), while warm season rainfall over the Tien Shan mountain ranges is modulated
primarily by moisture transport in the lower middle troposphere (600 hPa). To test this hypothesis, we examine
the co-evolution of changes in moisture transport and changes in warm season rainfall. Based on the climate
change point analysis discussed above, the analysis period is partitioned into three parts: 1961-1987, 1988-1998,
and 1999-2015. Mean warm season rainfall during 1988-1998 is systematically larger than that during 1961-
1987 over both the Tien Shan mountain ranges and basin areas (Supplementary Table S1). This increase in warm
season rainfall is consistent with changes in the mean moisture transport on the 850, 700, and 600 hPa isobaric
surfaces (Supplementary Fig. S4). Anomalous stronger westerlies favor larger external moisture transport into
AECA during 1988-1998 relative to 1961-1987 (the second column in Supplementary Fig. S4). By contrast, mois-
ture transport throughout the lower troposphere was substantially reduced over AECA during 1999-2015 relative
to 1988-1998 (the third column in Supplementary Fig. S4), with anomalous easterlies prohibiting the westward
moisture transport. These results are consistent with previous conclusions based on regional dynamic recycling
simulations!?. The reduction in moisture transport can explain the warm season rainfall variation in Tien Shan
mountain ranges. However, warm season rainfall over basin areas has held approximately steady over the past 15
years despite reduced moisture transport (Figs 1d and 3a, Supplementary Table S1, and Supplementary Fig. S2).
Changes in precipitation reflect the combined influences of changes in the large-scale circulation and changes
in local moisture recycling. In isolation, a similar large-scale circulation background and associated moisture
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Figure 3. Distributions of linear trends in (a) precipitation based on TMPA data set, (b) soil moisture and (c)
NDVI during the summers of 1998-2015. Note that NDVI is only available for the summers of 2000-2015.
Stippling indicates that trends are significant at the 95% confidence level. All trends are calculated using the
robust Theil-Sen estimator (see Methods). The dashed cyan contour bounds the Tien Shan mountain ranges
and the dashed brown contour bounds the basin areas.

transport should have resulted in a decrease in precipitation over the basin areas. That no such decrease occurred
implies that local moisture recycling intensified to compensate. We discuss this possibility further below.
Moisture fluxes are useful for identifying moisture sources and transport pathways, but precipitation occurs
where moisture fluxes converge. Changes in moisture flux convergence depend on both changes in wind fields
and changes in moisture content. To explore the mechanisms behind historical variations in warm season pre-
cipitation over AECA, we decompose the total moisture flux convergence (—VQ) into two mutually exclusive
components that represent the effects of changes in atmospheric moisture content (—VQ®) and changes in the
large-scale circulation (—VQ¥), respectively (See Methods). Year-to-year variations in moisture flux convergence
are tightly correlated with variations in precipitation over AECA during 1979-1998 (r=0.62, p < 0.01; Fig. 6a).
This relationship is consistent with changes in the large-scale circulation component (r=0.76, p < 0.001; Fig. 6b),
but opposes changes in the moisture content component (r=—0.73, p < 0.001; Fig. 6¢). Variations in warm season
precipitation are therefore primarily controlled by changes in the large-scale atmospheric circulation during this
period: without external moisture transport, local moistening of the atmosphere could not have sustained the
observed increase in precipitation. More generally, increases in moisture flux convergence due to changes in the
large-scale circulation favor increased precipitation, while increases in moisture flux convergence due to increased
atmospheric moisture content are associated with decreased precipitation, as discussed below. The correlations for
1979-1998 are consistent with previous studies, which have emphasized that circulation changes are the dominant
control on interannual variability in summer precipitation over AECA'. 1t is therefore surprising that correlations
between moisture flux convergence and warm season precipitation are insignificant after 1998, apart from the
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Figure 4. (a) Locations of glacier measurement stations over Tien Shan, (b) Scatter plot of glacier melting

rate calculated during the first period (x-axis) and the second period (y-axis). The black solid line indicates the
least-square linear fit among the glaciers, with the regression equations: y=1.39x (r*=0.57, P < 0.001). Gray
shading and dash lines indicate the stand error of the linear fit. The melting rate are calculated relative to the first
measurement year, which assume to be 100% of glacier as the reference year (see Methods for details).

moisture content component (r=—0.64, p < 0.01; Fig. 6¢). Despite the anti-correlation, the strength of the rela-
tionship implies that variations in warm season precipitation after 1998 are tightly connected to thermodynamic
changes, even as they appear to be largely decoupled from changes in the large-scale circulation.

Local environmental factors. In addition to large-scale dynamical and/or thermodynamical influences,
precipitation may vary due to changes in the local environment?"?2. One of the most prominent changes over
ACEA in the past several decades is a sharp increase in near-surface temperature®!’. The change-point detection
method identifies a significant shift in the mean state of lower tropospheric (500-925 hPa) temperature over
AECA around 1997 (p < 0.01), with particularly pronounced warming over the Tien Shan mountain ranges. This
is consistent with meteorological station observations, which indicate that temperatures over the Tien Shan have
risen at a rate 2~3 times faster than the global average®?. The water vapor saturation threshold in the atmosphere
increases with temperature. Assuming relative humidity and circulation statistics to be approximately fixed, rain-
fall may thus be expected to increase with warming as the amount of water vapor in the atmosphere rises'”?. This
relationship generally holds within the tropics, where oceanic sources of water vapor are abundant. However, it
fails to hold if increases in moisture content do not keep pace with increases in water vapor saturation capacity.
Relative humidity may thus decrease over land, especially in dry regions like Tien Shan that are located far from
the oceans. Indeed, relative humidity over Tien Shan decreased substantially after 1998, due in part to strong
warming and in part to a reduction in atmospheric moisture content (Figs 7 and S5). Warm season rainfall and
lower tropospheric relative humidity over Tien Shan were highly correlated during 1979-2015 regardless of the
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a b c
30 ! ! ! L ! 30 L ! L 1 ! 20 L | . ! L
. ’ . ’ . ’
r- 962 ‘ L, r= 078 ‘ L, r=-073"" L,
204 =0 3 B 204 T 1 2 B 204 re064 3 PR
’ 4 ' 4 ! 4
’ 4 ' d ! Y
— ' ’ . ' ’ Ea 84 ' z
s, 1.0 A 82 F & 104 ) 4 F > 104 ) 7 -
> 10 ’ ) ©
) 3 2, 3 8 L
° 09, 60%93? 92 = 068 g 2 £ 5)5955 ' 925
£ 86’ %7 8605 I P 79 097 0%
£ 004 o 24 F E 0.0 A 09 1 F E 00 A e, F
= §5’ 402 3 a5 s 7 g %
o a0 13 4 o] asqg;/ 04 ko) L7 99514 g2
> .10 4 B9 F S 104 P F S 10 A L
7’ ' 4 ' 7
4 4 4 !
4 . 4 . 4 .
2.0 L ! F 20 L | F 20 7 ! L
7’ ' ’ ' , .
, . .
d ' 7 ' 7 "
3.0 T T T T T -3.0 T T T T T -3.0 T T T T T
30 20 -0 00 10 20 30 30 20 -0 00 10 20 30 30 20 -0 00 10 20 30

P (mm day) P (mm day) P (mm day™)

Figure 6. Scatter plots of warm season precipitation anomalies against (a) moisture flux convergence (—VQ)
anomalies and its (b) dynamic component (—VQ¥), and (c) thermodynamic component (—VQ") during 1979~
2014. Black numbers indicate years before 1998 (using APHRODITE precipitation data), while blue numbers
indicate years after 1998 (using TMPA precipitation data). Correlations with three (four) stars are significant at

the 99% (99.9%) confidence level.

choice of precipitation dataset (Supplementary Table S4). The reduction in warm season rainfall after 1998 over
Tien Shan can therefore be interpreted as a response to changes in moisture content and temperature, which both
act to reduce relative humidity. These changes contrast with those over basin areas, where cooling and moistening
favor increased precipitation (Supplementary Fig. S5). The elevation-dependent warming within AECA can be
attributed to the effects of albedo changes and associated surface-based feedbacks, changes in radiative flux, and
aerosol effects?®=2*. The sources of the altitude-dependent changes in moisture content over AECA are less appar-
ent, and require further study.

Human context. Anthropogenic effects on the water cycle in AECA have intensified in recent decades®,
including an extensive water diversion project initiated in 2000 that has transferred a large volume of water
(23.27 x 108 m?) from Bosten Lake (the largest inland freshwater lake in China) toward the Tarim basin®>%.
The effects of this and other engineering projects on local water availability are reflected in increases in sur-
face soil moisture and NDVT over the past 15 years (Fig. 3b,c). Along with cooler temperatures and increased
moisture content at low levels (Supplementary Fig. S5), these changes in soil moisture!! and aboveground green
biomass'*?” are hallmarks of enhanced moisture recycling within the basin areas. We hypothesize that sustained
relatively high levels of warm season precipitation in the basin areas of AECA result from enhanced local mois-
ture recycling, in part due to expanded irrigation'?. This can be gleaned from the increasing evaporation rates
observed by stations located in the basin areas (Supplementary Fig. 6). However, Bosten Lake and other sources of
irrigation water fundamentally depend on meltwater from glaciers and snow in the Tien Shan mountain ranges?,
indicating that enhanced precipitation in the basin areas has been maintained at the expense of the Tien Shan
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Figure 8. Spatial distribution of irrigated uplands (green areas) in Xinjiang province, China. The inset plot
shows annual changes in irrigated area in Xinjiang province from 1980 through 2015.

cryosphere. Indeed, studies indicate that GRACE-derived terrestrial water storage decreased dramatically over
the Tien Shan mountain ranges!” while increasing over basin areas®® during the past decade.

Glaciers in the Tien Shan are expected to continue losing mass as climate warms even if precipitation
increases'. Although glacier mass loss initially boosts available water resources via increased glacial runoff, river
discharge will ultimately drop unless increases in other water sources (e.g., precipitation) compensate for the
loss of the cryospheric buffer. Our results suggest that catchments with glaciated headwaters in the Tien Shan
mountains, where water storage levels are expected to remain in deficit for the next half-century'’, have already
started to lose their cryospheric buffers. The promise of a new, wetter climate regime in AECA'® may thus be a
mirage. Unless the loss of summertime precipitation within the Tien Shan is offset by increases in accumulation
during the winter half year, glacier mass and snow cover will dwindle and potentially even disappear. Increases in
precipitation over the basin areas supported by enhanced glacier and snow melt would reverse as those sources
dry up, potentially resulting in a rapid drop in water resources within the basin areas with catastrophic implica-
tions for local agriculture and ecology. Anthropogenic activities like irrigation and groundwater exploitation,
which re-allocate available water resources within the spatial domain, could exacerbate the impacts of this change.
For example, the area of irrigated croplands in the Chinese portion of AECA has expanded rapidly since 1998,
particularly along the periphery of the Tien Shan mountain ranges (Fig. 8). Current agricultural yields in this
region rely heavily on irrigation, and would be unattainable with current technologies if irrigation levels cannot
be maintained. Earlier studies indicate that this expansion of irrigation area has contributed to enhanced moisture
recycling in this region®»?, but existing data are insufficient to support quantitative evaluations of the contribu-
tion of irrigation to precipitation outside of model simulations. In the meantime, future summer precipitation
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over AECA is projected to decrease by 4~7% by the middle of this century'. Although uncertainties remain, the
available evidence consistently portends an increase in the frequency of dry summers. Resulting water shortages
could intensify ecological problems and exacerbate political instability in AECA.

Summary and outlook. Changes in the prevailing circulation and moisture transport patterns dominate
variability in warm season precipitation over AECA, but local effects have grown increasingly influential in recent
years. This shift is qualitatively robust across AECA, but with different expressions in the mountain and basin
portions of the region. Both expressions are consistent with enhanced warming in the Tien Shan mountains after
1998. First, accelerated warming in the mountains favors reduced warm season precipitation locally. In addition
to the moisture transport decrease over the mountain region, increases in saturation thresholds as climate warms
will likely exacerbate the effects of decreases in atmospheric moisture content, leading to a decrease of warm
season rainfall over the mountain ranges. Second, accelerated warming in the mountains favors increased warm
season precipitation in the basin areas, as enhanced supplies of ice and snow meltwater to the basin areas (in tan-
dem with expanded irrigation) intensify local moisture recycling. In the short term, the latter permits sustained or
even increased precipitation in the basin areas despite reductions in moisture flux convergence. The evidence for
these divergent changes in warm season precipitation is clear and supported by multiple independent data sets,
but questions remain regarding the mechanisms behind the decrease in atmospheric moisture at high altitudes
and the role of irrigation in the basin areas. Additional observations are urgently required, particularly those that
can distinguish the relative contributions of meltwater, local recycling, and large-scale transport to precipitation
in AECA.

This urgency is further compounded by the rapidly expanding human influence on the region. The popu-
lation in Xinjiang, the largest province in China by area, increased by 80% between 1949 and 2011, while cul-
tivated farmland increased by 63.5%’. These changes have accelerated the regional hydrological cycle®'?, and
are expected to continue transforming the regional climate in the foreseeable future!*, especially against the
backdrop of the “Silk Road Economic Belt” project. This project is expected to bring extensive economic benefits
to Central Asia, but associated rapid growth poses a potential threat to the sustainable management of regional
water resources and their transboundary allocation®?'. Conflicting economic interests and societal needs have
previously thwarted similar efforts at cooperation among the nations of Central Asia®. The participating nations
should cooperate with all affected stakeholders to establish an effective and balanced framework for managing
regional water resources as soon as possible. The regional disparities in rainfall change revealed in this study
present a potentially severe challenge to the success of such a framework, and should be taken into consideration.
Further analysis to clarify the mechanisms and potential future evolution of these disparities will be needed to
support an effective and dynamic framework for sustainable development in this region.

Methods

Data. Precipitation data since 1961 are collected from 147 stations in AECA with records archived by the
National Oceanic and Atmospheric Administration National Centers for Environmental Information (ftp://ftp.
ncdc.noaa.gov/pub/data/noaa). Six gridded precipitation data sets are also used (see links provided in the foot-
notes to Supplementary Table S3, for availability.). Several atmospheric variables, including water vapor content
and wind fields, are taken from the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim
(ERA-Interim) reanalyses® (http://apps.ecmwf.int/datasets/). The results are qualitatively unchanged when
the analysis is conducted with the Japanese 55-year Reanalysis (JRA-55)* in place of ERA-Interim. Moderate
Resolution Imaging Spectroradiometer (MODIS) retrievals of Normalized Difference Vegetation Index (NDVI)*
are used to track variations in soil wetness®>*¢, supplemented by satellite-derived soil moisture data produced
by the European Space Agency (ESA) Climate Change Initiative (CCI)*-*. Other variables used in the analysis
include river runoff from nine catchments with glaciated headwaters (Supplementary Table S2) and irrigation
area from statistical yearbooks compiled by the National Bureau of Statistics of China (http://www.stats.gov.cn/
tjsj/ndsj). Glaciers drawn in Fig. 1 are based on the GLIMS Glacier Database, Version 1, provided by the National
Snow and Ice Data Center.

Glacier melting rate.  Glacier measurements from 20 stations over Tien Shan mountain have been collected
based on numerous previous studies'” (Fig. 4a and Supplementary Table 3). Generally, the area for each glacier
is measured at three different time nodes. The first measurement timing ranges from the middle of 1950s to the
early of 1990s, while the second and third measurement timings are more concentrated, around the year 2000 and
2012, respectively (Supplementary Table 3). The linear changing rates of each glacier are calculated during these
two periods assuming the first measurement equals 100% of glacier as the reference year.

Statistics. Uncertainties in mean values are estimated as twice the standard error of the mean. Differences
between mean values are evaluated using a two-tailed Student’s ¢ test. Trends are calculated using the robust
Theil-Sen estimator**?, in which the linear trend represents the median slope between all paired values.
The Theil-Sen estimator is designed to reduce the effects of outliers and end points in linear trend analyses.
Confidence intervals in the median slopes are calculated as proposed by Sen?2. The quantitative and qualitative
impacts of window size and start and end years are summarized in Fig. 2. The gradual increasing trend in warm
season precipitation over the Tien Shan mountains after 1961 and its transition to a sharp decreasing trend in the
late 1990s are robust for windows longer than 10 years. The transition is most pronounced for 1998, but remains
significant for years between 1996 and 2003. Change points in climatological time series are evaluated using the
sequential algorithm proposed by Rodionov'® with the cut-off length I set to 10 years. This algorithm is applied
to both 10-year running means and 10-year running trends, where the latter are calculated using the Theil-Sen
estimator. Confidence intervals in the mean value are approximately twice the standard error of the mean, with
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the factor adjusted according to the degrees of freedom. Spiegelhalter’s test has been used to confirm the suita-
bility of the mean and standard error for describing climate shifts in warm season precipitation in AECA and its
subregions. Only climate shifts that are significant at the 95% or greater confidence level are reported.

Moisture Transport Calculation. Moisture transport is calculated on four different levels (850 hPa, 700
hPa, 600 hPa, and 500 hPa) to account for the complex topography of the AECA region (Supplementary Fig. S3).
The calculated fluxes are used to examine how different moisture sources and circulation patterns contribute to
variations in summer rainfall over AECA. Vertically integrated water vapor fluxes are calculated using horizontal
wind (u= {u, v}) and specific humidity (g) via the equation

Q 1 PS d
= = udp,
g Jor 17 (1)

where g is gravitational acceleration, PS is the surface pressure, PT is an upper bound (here 1 hPa). Horizontal
winds and specific humidity can be expressed asu = @ + w' and g = § + ¢/, where overbar and prime symbols
denote the climatological means and the deviations from these climatological means during the analysis periods,

respectively. Eq. (1) can be decomposed into four terms. Considering that f udp is stationary within the study

periods while 1 f qudp is small in comparison to the terms involving chmatologlcal means, these two terms can

be neglected®’. Consequently, contributions to variations in the total moisture flux Q can be explored by calculat-
ing a moisture content (thermodynamic) component with varying specific humidity and time mean winds:.

()

along with a large-scale circulation (dynamic) component with varying winds and time mean specific humidity:

1 PS
QH = E o7 qﬁdp,

W,l PS_
=),y du 3)

Time mean wind and specific humidity are calculated from ERA-Interim reanalysis products for 1979-
2014. Vertical integrals in Eqs. (1) through (3) are estimated from pressure level data using a trapezoidal rule.
Horizontal water vapor flux divergence (V-Q) and its dynamic and thermodynamic components (V-Q® and
V-Qv) are computed using central finite difference approximations via spherical harmonics.

Data availability

Station records of precipitation are available from the National Oceanic and Atmospheric Administration
National Centers for Environmental Information (ftp://ftp.ncdc.noaa.gov/pub/data/noaa). Gridded precipita-
tion datasets are available through the links provided in the footnotes to Supplementary Table S4. The reanalysis
products are available from the European Centre for Medium-Range Weather Forecasts (http://apps.ecmwf.int/
datasets/). River runoff data can be provided upon request (please contact R.C. at crs2008@Ilzb.ac.cn for rivers 1-6
and Y.C. at chenyn@ms.xjb.ac.cn for rivers 7-9). Glacier area measurement data can be provided upon request
(please contact Y.C. at chenyn@ms.xjb.ac.cn).
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