
Unprecedented Wetting Over Western Central Asia
Dominated by Internal Climate Variability
Yu Ren1 , Jianping Huang2 , Haipeng Yu3 , Xiaolu Fan1, Kangjie Ma1, Xin Wang4 ,
Yongqi Gong1, Yihui Xu1, and Jinxia Zhang1

1College of Atmospheric Sciences, Lanzhou University, Lanzhou, China, 2Collaborative Innovation Center for Western
Ecological Safety, Lanzhou University, Lanzhou, China, 3State Key Laboratory of Cryospheric Science and Frozen Soil
Engineering, Nagqu Plateau Climate and Environment Observation and Research Station of Tibet Autonomous Region,
Northwest Institute of Eco‐Environment and Resources, Chinese Academy of Sciences, Lanzhou, China, 4College of Earth
and Environmental Sciences, Lanzhou University, Lanzhou, China

Abstract Spring precipitation over western Central Asia (SCAP) experienced an abrupt and unprecedented
wetting during 1988–2007, yet the relative contributions of external forcing and internal variability to this
change and the underlying drivers remain unclear. Using observation data sets and large ensemble simulations,
our study demonstrates that this wetting is dominated by internal climate variability. Specifically, mid‐high‐
latitude North Atlantic sea‐surface temperature (NAS) variability drives interdecadal SCAP changes by exciting
a Eurasian Rossby wave train, which enhances ascent motion over western Central Asia and promotes moisture
transport into the region. A negative‐to‐positive NAS phase transition explains 44.82% of the 1988–2007
wetting, far exceeding the externally forced contribution (21.72%). Under mid‐intensity emission scenario,
removing NAS‐related rainfall variability reduces near‐term SCAP projection uncertainty by 28.39%,
highlighting NAS as a key source of predictability for hydroclimate risk on western Central Asia.

Plain Language Summary Spring precipitation over western Central Asia (SCAP) is critical for
agriculture, water resources, and ecological resilience. The region experienced exceptional springtime wetting
during 1988–2007 that was abrupt and unusual in the historical record. Both external forcing and internal
variability play important roles in the precipitation variability, but their relative contributions to the wetting are
still unknown. Using observations together with large ensemble simulations, we identify that the internal
variability dominates the significant increase in SCAP. Among the internally components, mid‐high‐latitude
North Atlantic sea‐surface temperature (NAS) variability is identified as the primary driver, with NAS warming
triggering a robust Eurasian Rossby wave train. Western Central Asia lies to the southeast of the associated
anomalous cyclone, leading to enhanced ascent motion and strengthened anomalous southwesterly and
northwesterly moisture transport, thereby increasing precipitation over the region. A negative‐to‐positive phase
transition of the NAS explains 44.82% of the observed wetting during 1988–2007, much greater than the role of
external forcing (21.72%). Undermid‐intensity emission scenario, removing the influence of theNAS can reduce
near‐term projection uncertainty for SCAP by 28.39%, which is important for constraining projection of SCAP.

1. Introduction
Western Central Asia (42°–55°N, 40°–65°E) is an inland region situated at the intersection of Europe and Asia,
characterized by arid to semi‐arid climates and encompassing Turkmenistan, Uzbekistan, Tajikistan, Kazakhstan,
and parts of eastern Europe (Mariotti, 2007). The region features arid highlands, deserts, and vast steppes, where
water resources are highly sensitive to climate change (Aizen et al., 2001; Chen et al., 2011; Huang et al., 2013).
Rain‐fed agriculture is the primary agricultural system, rendering the region strongly dependent on precipitation
(Zou et al., 2020). Precipitation is mainly controlled by mid‐latitude westerly disturbances and exhibits pro-
nounced seasonality (Chen et al., 2008; Peng et al., 2020; Wang et al., 2022). Among all seasons, spring pre-
cipitation over western Central Asia (SCAP) is especially consequential for livestock, agriculture, and regional
socio‐economic stability (Jiang & Zhou, 2023; Yao, Tang, & Huang, 2024, Yao, Tang, Huang, & Wu, 2024).
For example, precipitation deficits during the spring 2021 agricultural drought caused widespread forage
shortages and the death of thousands of sheep, cattle, and horses across Central Asia (Guo et al., 2024). In late
March–April 2024, the most severe flooding in past 70 years struck large areas of Kazakhstan and southwestern
Russia, causing widespread devastation (Zhang et al., 2025).
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Over the past 80 years, SCAP has exhibited a fluctuating increasing trend (Chen et al., 2011; Yan & Zhao, 2022),
with particularly pronounced and accelerated wetting observed during 1988–2007 (Figure 1a). Consistently,
extreme precipitation has intensified since the late 1980s: very‐wet‐day precipitation increased from 36.64 mm
before 1986 to 47.84 mm after 1986, while its trend accelerated from 0.8 to 5.06 mm decade− 1 (Wei et al., 2023).
The mechanisms driving Central Asian precipitation changes are complex, containing both external forced re-
sponses and internal variability (Hoell et al., 2015; Jiang et al., 2021). Anthropogenic forcing can increase the
likelihood of extreme precipitation over Central Asia, with changes of about 100% in intensity and 20% in fre-
quency (Fallah et al., 2024; Fallah & Rostami, 2024). Greenhouse gas (GHG) emissions favor an equatorial shift
of Subtropical Westerly Jet (SWJ) and increased summer precipitation over Northern Central Asia; whereas
aerosol emissions generally weaken the SWJ and suppress summer precipitation there (Jiang & Zhou, 2021);
similar phenomena of GHG and anthropogenic aerosols forcing the regulation of westerly jets to affect precip-
itation also occurs in winter (Yao et al., 2025). Internal precipitation variability over Central Asia is influenced by
various climate modes. At interdecadal and multidecadal timescales, Pacific and Atlantic Surface Sea Temper-
ature (SST) variability can exert far‐reaching influences on regional hydroclimate (Umirbekov et al., 2022). For
example, the positive‐to‐negative phase transition of the Interdecadal Pacific Oscillation around 1992 is asso-
ciated with aggravated agricultural drought in Central Asia (Jiang & Zhou, 2023). The associated tropical Pacific
decadal variability can influence Central Asia through moisture transport changes related to Indo–western Pacific
pressure anomalies and Rossby wave trains forced by enhanced tropical Pacific convection (Barlow et al., 2016;
Hoell et al., 2015; Jiang et al., 2021; Mariotti, 2007). North Atlantic SST anomalies also play a crucial role in
influencing Eurasian climate anomalies (Chen et al., 2022; Cheng et al., 2024; Monerie et al., 2021). Positive SST
anomalies over the North Atlantic, especially its northern part, can trigger an eastward zonal wave train located
along the Northern Hemisphere westerly jet (Jiang et al., 2021; Ren et al., 2022, 2025; Xie et al., 2021), influ-
encing the dry and wet changes over East Europe and Central Asia. When the Central Asia is controlled by an
anomalous cyclone, strengthened westerlies along the cyclone's southern flank transport moisture from the North
Atlantic and northern Europe into northern Central Asia, increasing precipitation (Jiang et al., 2021). Despite
these advances, the extent to which these mechanisms drove the rapid 1988–2007 wetting has not been quanti-
tatively assessed, and the relative contribution of internal variability versus external forcing remains largely
unknown.

Our study utilizes a 100‐member Community Earth System Model v2 Large Ensemble (CESM2‐LENS) to
explore the causes of the pronounced 1988–2007 wetting over western Central Asia. Two key questions are
addressed: (a) to what extent did internal climate variability drive the 1988–2007 wetting? and (b) how does this
internally driven decadal signal influence the uncertainty in near‐term precipitation projections before 2044?
Answering these questions provides new insights into the decadal hydroclimate evolution and prediction of
western Central Asia.

2. Methods and Data
2.1. Observations and Reanalysis Data

Monthly atmospheric fields are obtained from the Japanese 55‐year Reanalysis (JRA‐55) for 1958–2024,
including geopotential height, air temperature, vertical velocity, and zonal and meridional winds. Three monthly
gridded precipitation data sets are used: (a) the Met Office Hadley Center gridded land surface extremes indices
(HadEX3) for 1901–2018; (b) the Climatic Research Unit Time Series version 4.09 (CRU TS v4.09) for
1901–2024; and (c) the Global Precipitation Climatology Center (GPCC) Full Data Reanalysis, full 2020 version,
for 1891–2019. Monthly SST data are obtained from the NOAA/NCEI Extended Reconstructed SST, version 6,
for 1854–2024. Trend significance is assessed using the Mann–Kendall test and a non‐parametric bootstrap
approach.

2.2. Model Simulations

Two 100‐member large ensembles are analyzed: the MPI Grand Ensemble (MPI‐GE) and CESM2‐LENS.
Monthly precipitation, SST, and geopotential height are examined. For CESM2‐LENS, historical (1961–2014)
and Shared Socio‐economic Pathways 3–7.0 (2015–2024) emission scenario simulations are concatenated to
form a continuous 1961–2024 series consistent with the observations. The near‐term projection period is defined
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Figure 1. Observed and simulated SCAP trends during 1988–2007. (a) 9‐year running‐mean SCAP anomalies averaged over
42°–55°N, 40°–65°E from CRU, HadEX3, and Global Precipitation Climatology Center. (b) Distributions of 20‐year mean
SCAP anomalies (relative to 1961–2010) for 20‐year windows from 1910 to 2009 based on HadEX3, estimated using a block
bootstrap. (c) Observed SCAP trends in 1988–2007. (d) CESM2‐LENS ensemble‐mean trends. (e)–(g) As in (c), but for
(e) dry10 sub‐ensemble mean, (f) wet10 sub‐ensemble mean, and (g) wet10 minus dry10. Stippling denotes trends significant
at 5% level.
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as 2025–2044 under SSP3–7.0 Scenario. MPI‐GE historical simulations are used for evaluation and comparison
to enhance robustness, and 2000‐year CESM2 pre‐industrial (PI) control run are used to further sample internal
variability and corroborate the mechanisms identified from observations and large ensembles.

2.3. Separation of External Forcing and Internal Variability

A 9‐year running mean is applied to all monthly observational and model fields, except SST, to extract decadal
variability. For a climate variable X, all ensemble members are driven by same external forcing; therefore, the
ensemble mean represents the externally forced response:

Xexternal = (X(i))EM , i = 1,2,… ,100 (1)

and deviations from the ensemble mean are interpreted as internal variability:

X(i) = Xexternal + Xinternal(i), i = 1,2,… ,100 (2)

2.4. Definition of the NAS Index

The NAS index is defined as the 13‐year running mean of spring SST anomalies averaged over the mid‐high‐
latitude North Atlantic (60°W–10°E, 47°N–70°N), after removing the global‐mean SST anomaly. For each
ensemble member i, NAS(i, t) is computed by applying a 13‐year running mean to the area‐averaged spring‐mean
SSTinternal(i) anomalies in the same area. Additionally, the NAS index is also calculated by subtracting the
CESM2‐LENS ensemble‐mean SST. This definition is highly consistent with the global‐mean‐removal NAS
index (r = 0.953, p < 0.01), although its amplitude is slightly weaker (Figure S1 in Supporting Information S1).

2.5. Adjustment of SCAP Based on Observational NAS

Following a large‐ensemble‐based phase‐alignment approach (Huang et al., 2020; Jiang & Zhou, 2023; Liu
et al., 2024; Zhang et al., 2024), we quantify the NAS contribution to SCAP trends by replacing each member's
simulated NAS‐related precipitation trend with that implied by the observed NAS evolution. For member i, the
adjusted trend is:

∂Padj(i)
∂t

=
∂Pexternal

∂t
+
∂Pinternal− adj(i)

∂t
, i = 1,2,… ,n − 1,n (3)

where ∂Pexternal
∂t is the externally forced SCAP trend during 1988–2007. The adjusted internally generated

component is:

∂Pinternal− adj(i)
∂t

=
∂Pinternal(i)

∂t
+ rP,NAS(i) · (

∂NASobs
∂t

−
∂NAS(i)

∂t
) (4)

Where ∂Pinternal(i)
∂t is the internally driven SCAP change in member i before the NAS phase adjustment, and rP,NAS(i)

is the regression coefficient of SCAP regressed onto the NAS index in member i. The term rP,NAS(i) · ∂NASobs∂t

represents the SCAP trend induced by the observed NAS evolution, whereas rP,NAS(i) · ∂NAS(i)∂t represents the

NAS‐related SCAP trend in member i. After ensemble averaging ∂Pinternal − adj(i)
∂t , NAS‐unrelated internal variability

is largely canceled across members, leaving the SCAP trend attributable to the observed NAS phase evolution.
Similarly, the ensemble mean of ∂Padj(i)

∂t represents the combined effect of external forcing and the observed NAS‐
related internal component.

2.6. Removing NAS's Influence

To quantify the NAS contribution to the spread of near‐term SCAP projections, the NAS‐related component is
removed from each member's projected SCAP trend during 2025–2044:
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∂Pnon− NAS(i)
∂t

=
∂P(i)
∂t

− rP,NAS(i)
∂NAS(i)

∂t
, i = 1,2,… ,100 (5)

where ∂Pnon − NAS(i)
∂t is the SCAP trend after removing NAS influence in member i, ∂NAS(i)

∂t is the NAS trend during
2025–2044, and rP,NAS(i) is the regression coefficient of SCAP regressed onto the NAS index during 2025–2044.
The term rP,NAS(i) ∂NAS(i)∂t denotes the NAS‐induced precipitation trend. Comparing ensemble spread before and
after removing the NAS contribution can quantify the extent to which NAS‐related variability contributes to near‐
term projection uncertainty.

2.7. Block Bootstrap Method

The bootstrap method is a nonparametric approach for estimating the sampling distribution of a statistic through
repeated resampling from the original data set (Austin & Tu, 2004). The block bootstrap extends this method to
data with serial dependence, such as time series. For the SCAP time series, five 20‐year subsets spanning
1910–2009 were first selected, and a block bootstrap was then applied to each subset. In each resampling step, a
consecutive 3‐year block was randomly drawn from the original subset, with overlapping blocks allowed. The
selected blocks were concatenated until the bootstrap sample reached the same length as the original subset,
helping preserve the distributional characteristics of the original record. This procedure was repeated 1,000 times
for each subset, and the mean SCAP anomaly is calculated for each bootstrap sample, yielding 1,000 resampled
means. The histogram of SCAP anomalies was then constructed from the 1,000 resampled means, providing a
more realistic estimate of distribution of the sample mean.

3. Results
3.1. Internal Variability Dominates Strong Wetting in Western Central Asia

Multiple gridded observational data sets consistently show that SCAP experienced an abrupt and exceptionally
strong increase during 1988–2007, with an average trend of 10.91 (10.12 ∼ 11.84) mm 3 mon− 1 decade− 1

(p < 0.05) (Figure 1a). This wetting was mainly concentrated over northwestern Central Asia and the south-
western part of the domain (Figure 1c). Using HadEX3, five 20‐year subsets from 1910 to 2009 were selected, and
SCAP anomalies were resampled 1000 times to construct their distributions (Figure 1b). The distributions before
1990 are tightly clustered, whereas the post‐1990 distribution lies entirely outside the previous range, indicating
that post‐1990 SCAP was unprecedented and statistically distinct from those before 1990.

SCAP variability is decomposed using the 100‐member CESM2‐LENS, with the ensemble mean representing the
externally forced response and inter‐member deviations representing internal variability (Deser et al., 2012;
Rodgers et al., 2021). The ensemble mean realistically reproduces the climatology of SCAP (Figure S2 in
Supporting Information S1). The externally forced trend over western Central Asia is weak, amounting to
2.37 mm 3 mon− 1 decade− 1 and explaining only 21.72% of the observed increase (Figures 1c and 1d). Long‐term
SST warming driven by external forcing induces an anomalous anticyclone over southwestern Asia, enhancing
moisture transport from the northern Indian Ocean into western Central Asia (Hoell et al., 2015). In contrast,
internally generated rainfall trends span − 13.48 to +18.00 mm 3 mon− 1 decade− 1, fully encompassing the
observed wetting (Figure S3 in Supporting Information S1).

To further explore the impact of internal climate variability, we examine two sub‐ensembles comprising the 10
wettest and 10 driest members, hereafter wet 10 and dry 10. The wet 10 sub‐ensemble produces pronounced
wetting over western Central Asia, with a mean trend of +11.06 mm 3 mon− 1 decade− 1, comparable to obser-
vations (Figures 1a and 1f). In contrast, the dry 10 sub‐ensemble exhibits significant drying of − 6.64 mm 3
mon− 1 decade− 1 (Figure 1e). The wet 10–dry 10 composite trends reproduces the spatial pattern of the observed
SCAP trend (Figure 1g), underscoring the dominant role of internal climate variability in driving the abrupt
1988–2007 wetting.

3.2. Influence Mechanism of NAS for Internal Variability of SCAP

To identify which internal variability dominates the SCAP decadal variability, empirical orthogonal function
analysis is performed to the observed SCAP during 1961–2024. The leading mode (EOF1) explains 65.1% of the
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total variance and exhibits a largely consistent spatial pattern across western Central Asia, except for localized
deviations in the southeast (Figure 2a). To explore the influence of ocean variability on SCAP, regressing
detrended global spring SST anomalies onto the corresponding principal component (PC1) reveals a pronounced
warming over the mid‐high‐latitude North Atlantic (47°–70°N, 60°W–10°E; Figure 2b). The NAS index exhibits
a strong temporal correlation with PC1 (r= 0.82; Figure 2c), indicating that mid‐high‐latitude North Atlantic SST
variability is tightly linked to the dominant mode of SCAP interdecadal variations.

Focusing on the period 1988–2007, this mid‐high‐latitude North Atlantic SST anomaly excites an eastward‐
propagating Rossby wave train across the Eurasian mid‐latitudes (Figure 2d), producing alternating geo-
potential height anomalies. Western Central Asia lies in the trough–ridge transition zone, accompanied by a
barotropic pressure structure and large‐scale ascending motion (Figure 2e). Correspondingly, two moisture
transport pathways are identified: (a) an anomalous cyclone over northern Central Asia that bring northwesterly
moisture from the Arctic Ocean into western Central Asia, and (b) an anomalous anticyclone located in the
southeast of western Central Asia that transports moisture from the northern Indian Ocean and Arabian Sea

Figure 2. Leading mode of SCAP variability and associated Surface Sea Temperature (SST) and circulation patterns.
(a) EOF1 of 9‐year running‐mean SCAP from CRU. (b) Global detrended spring SST regressed onto PC1 (1961–2024);
Stippling denotes regression significant at the 5% level, and the red box marks the NAS region. (c) Normalized PC1 (blue),
area‐averaged SCAP anomalies (black), and NAS index (red). (d) Spring trends (1988–2007) of 250‐hPa Takaya–Nakamura
wave activity flux (vectors; 10− 1 m2 s− 2) and meridional wind (shading; m s− 1). (e) Longitude–height section (42°–55°N
mean) of spring trends in air temperature (shading; 10− 1 K), geopotential height (contours; 10− 1 gpm), and vertical velocity
(arrows; − 10− 2 Pa s− 1). (f) As in (d), but for spring vertically integrated water‐vapor flux (vectors; 10− 1 kg m− 1 s− 1) and
precipitable water (shading; 10− 1 kg m− 2).
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toward western Central Asia along its southwestern flank (Figure 2f). Moreover, NAS‐regressed precipitation
reproduces the EOF1 pattern (Figure S4a in Supporting Information S1), and NAS‐regressed Takaya–Nakamura
wave activity flux and meridional wind anomalies show spatial patterns consistent with the directly calculated
1988–2007 trends (Figure 2d; Figure S4c in Supporting Information S1), further confirming the role of North
Atlantic SST in modulating SCAP at interdecadal timescales.

We further investigate whether the observed NAS‐related circulation anomalies are reproduced when internal
variability is isolated in CESM2‐LENS. The wet 10‐dry 10 composite SST trend demonstrates pronounced
warming over the mid‐high‐latitude North Atlantic (Figure 3b), in close agreement with observations (Figure 3a).
Consistently, the wet 10‐dry 10 250‐hPa geopotential height trend also resembles the observed structure, with a
significant pattern correlation of 0.58 (p < 0.01) over 30°–75°N, 60°W–90°E; western Central Asia lies between
an upper‐level trough to the northwest and a ridge to the southeast (Figures 3c and 3d). CESM2‐LENS captures a
reasonable connection between the NAS and SCAP (Figure S5 in Supporting Information S1). Across 100

Figure 3. NAS contributions to the observed SCAP trend (1988–2007). (a) Spring Surface Sea Temperature (SST) trends from ERSST (K decade− 1). (b) Wet10–dry10
composite difference in spring SST trends (K decade− 1). (c) As in (a), but for observed 250‐hPa geopotential height trends (gpm decade− 1). (d) As in (b), but for 250‐hPa
geopotential height trends (gpm decade− 1). Stippling and shading denote trends significant at the 5% level. (e) NAS index trends (K decade− 1) versus SCAP trends (mm
3mon− 1 decade− 1) across 100 CESM2‐LENS members; blue/orange denote wet10/dry10. (f) Distributions of SCAP trends for the original (orange) and NAS‐phase‐
adjusted (blue) simulations; vertical lines mark ensemble means. (g) Observed (average of CRU, HadEX3, and GPCC, black), externally forced (yellow), and NAS‐
related contributions (blue) to the 1988–2007 SCAP trend; red shows the total after NAS phase alignment. Error bars show 5th–95th bootstrapped percentiles of
ensemble‐mean trends.
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members, NAS changes are significantly positively correlated with SCAP changes (r= 0.35; p< 0.01; Figure 3e).
The EOF1 of intermember spring rainfall trend over western Central Asia explains 40.6% of the total variance;
and SST trends regressed onto the corresponding PC1 show significant positive anomalies over the mid‐high‐
latitude North Atlantic (Figure S6 in Supporting Information S1), further supporting North Atlantic SST as a
leading source of member‐to‐member SCAP differences.

The 2000‐year CESM2 PI control run provides further evidence. We calculate the 13‐year running SCAP trends
and identify the 10 slices with the strongest wetting (drying) 20‐year trend, referred to as PI wet 10 and PI dry 10,
respectively (Figure S7a in Supporting Information S1). The center years of these slices are separated by more
than 20 years to avoid overlap. The SST difference between PI wet 10 and PI dry 10 exhibits mid‐high‐latitude
North Atlantic warming (Figure S7d in Supporting Information S1). Consistently, the difference in spring 250‐
hPa geopotential height between PI wet 10 and PI dry 10 shows a clear wave train across the Northern Hemisphere
mid‐high latitudes, accompanied by a cyclonic anomaly over the western Central Asia (Figure S7c in Supporting
Information S1), in close agreement with the observational results (Figure 3c). Additionally, we analyze the MPI‐
GE large‐ensemble simulations to strengthen the robustness of our conclusions, which consistently show a similar
warming trend over the mid‐high‐latitude North Atlantic (Figure S8a in Supporting Information S1). Across
wet10 and dry10 members selected from MPI‐GE, CESM2‐LENS, and the CESM2 PI control run, SCAP trends
are significantly and positively correlated with NAS trends (r = 0.38, p < 0.05; Figure S8b in Supporting
Information S1).

To explicitly quantify the contribution of NAS variability to the 1988–2007 wetting, the NAS evolution has been
adjusted in CESM2‐LENS simulations. For each ensemble member, we first remove the member‐simulated NAS‐
related SCAP component and then add the observed NAS‐related SCAP signal, estimated by regressing SCAP
onto NAS during 1988–2007. This adjustment replaces each member's random NAS evolution with the observed
NAS phase transition, enabling the isolation of NAS contribution to the observed wetting. The adjusted SCAP
change therefore reflects the combined effects of external forcing and the observed NAS transition. Before
adjustment, 63% of the ensemble members can simulate an increasing SCAP trend during 1988–2007, whereas
after the adjustment this proportion rises to 71% (Figure 3f). The ensemble mean of the adjusted SCAP increase is
7.26 (6.09 ∼ 8.62) mm 3 mon− 1 decade− 1, accounting for approximately 66.54% (55.82 ∼ 79.01%) of the
observed change; the ensemblemeanNAS‐induced increase in SCAP is 4.89 (4.53∼ 5.35)mm3mon− 1 decade− 1,
accounting for 44.82% (41.52 ∼ 49.04%) of the observed change, substantially exceeding the externally forced
contribution (Figure 3g).

3.3. Influence of NAS on Near‐Term SCAP Projection Uncertainty

Given the strong influence of NAS on interdecadal SCAP variability, we assess whether NAS phase transition
also influence the near‐term projection of SCAP change. Under the SSP3–7.0 Scenario, the CESM2‐LENS
ensemble mean displays a sustained increase in SCAP in the 21st century, consistent with previous studies
(Fallah et al., 2024; Jiang et al., 2020). However, substantial uncertainty from internal variability persists among
different members. Across all 100 members, area‐averaged SCAP trends during 2025–2044 exhibit a wide
spread, ranging from − 10.37 to+14.43 mm 3 mon− 1 decade− 1 (Figure 4d). We also take the sub‐ensembles of 10
members with wettest and driest rainfall trends over the period of 2025–2044. The wet 10‐dry 10 composite
rainfall trends are large and far exceeds the externally forced trend (Figures 4a and 4c).

To assess whether part of the near‐term projection uncertainty originates from the NAS, we examine the spatial
pattern of SST trends during 2025–2044. The difference of SST trends between wet 10 and dry 10 reveals a
positive‐NAS‐like pattern with warming in the mid‐high‐latitude North Atlantic (Figure 4b). Regressing the
projected grid‐point rainfall and SST trends against projected SCAP trend during 2025–2044 for the inter‐
members, the results indicate that there is a prominent positively rainfall anomaly center over the western
Central Asia, in association with the positive NAS‐like pattern (Figure S9 in Supporting Information S1). Thus,
the NAS phase evolution constitutes an important source of uncertainty in near‐term SCAP projections. To
quantify its contribution to the spread of projected SCAP trends, we remove the NAS's influence from each
member by subtracting the SCAP variations linearly associated with the NAS, from each member during
2025–2044. Therefore, the rest of the rainfall trend is can be attributed to external forcing and other internal
variability. After removing the NAS influence, the spread across all members is reduced by 28.39%, from − 10.37

Geophysical Research Letters 10.1029/2026GL122792

REN ET AL. 8 of 11

 19448007, 2026, 14, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2026G

L
122792 by Jianping H

uang - L
anzhou U

niversity , W
iley O

nline L
ibrary on [05/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



to +14.43 mm 3 mon− 1 decade− 1 to − 6.60 to +11.16 mm 3 mon− 1 decade− 1. Meanwhile, the intermember
standard deviation decreased by 34.30%, from 4.84 to 3.18 mm 3 mon− 1 decade− 1.

4. Conclusions and Discussion
In this study, we identify a pronounced decadal‐scale spring wetting over western Central Asia during 1988–2007
and show, using large‐ensemble simulations, that it is dominated by internal variability associated with a phase
transition of NAS. NAS warming excites an eastward‐propagating Eurasian Rossby wave train, with an anom-
alous cyclone northwest of Central Asia that enhances ascent motion and moisture transport from the Arctic and
the Arabian Sea. The negative‐to‐positive NAS transition explains 44.82% of the observed SCAP increase, far
exceeding the externally forced contribution (21.72%). NAS‐related variability also contributes substantially to
near‐term projection uncertainty, which is reduced by 28.39% after removing the NAS signal. These results
highlight NAS as a key source of predictability for hydroclimate risk in this climate‐change hotspot. Future work
should explore constrained near‐term SCAP projections by NAS phase evolution.

Recent large‐ensemble attribution studies have also highlighted the importance of North Atlantic SST variability
in shaping regional hydroclimate changes. For example, Li et al. (2024) used initial‐condition large ensembles
and dynamical adjustment to attribute recent drought trends over the Mongolian Plateau, showing that internally
generated interdecadal warming of mid‐high‐latitude North Atlantic SST triggers a zonally oriented atmospheric
wave train and accounts for approximately 57% of the regional drought trend. Similarly, Si et al. (2025) showed,
using large‐ensemble all‐forcing and North Atlantic pacemaker experiments, that North Atlantic cooling mod-
ulates weakened the East Asian summer monsoon in the late 1960s through a mid‐latitude Rossby wave train and
an equatorial Kelvin wave.

Figure 4. Near‐term SCAP projections and associated Surface Sea Temperature (SST) changes. (a) 9‐year running‐mean
SCAP anomalies from CRU (1961–2024; black) and CESM2‐LENS (historical: gray; SSP3–7.0: red), showing the 5th–95th
percentile range (shading), ensemble mean (thick), maximum and minimum (dashed). Wet10 and dry10 (selected by
2025–2044 SCAP trends) are shown by green and brown lines with their 5th–95th ranges (green and brown shading). (b)–(c)
Wet–dry10 trend during 2025–2044 for (b) spring SST and (c) SCAP. Stippling denotes trends significant at the 5% level.
(d) Distributions of area‐averaged SCAP trends (2025–2044) across 100 members for the original simulations (gray/black)
and after removing the NAS‐related component (orange/red).
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Expect SST driven variability, atmospheric internal variability also shapes Central Asian precipitation. For
example, storm activity is significantly negatively correlated with the summer North Atlantic Oscillation; the
recent shift toward its negative phase has displaced storm tracks southward, allowing more extratropical storms to
enter southeastern Central Asia and enhance summer precipitation (Dong et al., 2024). For cold‐season precip-
itation, the concurrent positive phases of the Arctic Oscillation and the East Atlantic/Western Russia pattern favor
weather types featuring a Rossby trough over Central Asia, strengthening westerly moisture fluxes (Gerlitz
et al., 2018, 2019). Under the SSP5–8.5 scenario, projection uncertainty in Central Asian precipitation is
dominated by the dynamic component of vertical moisture transport, with enhanced ascent linked to out‐of‐phase
variations between the two Eurasian westerly jets (Yao, Tang, & Huang, 2024, Yao, Tang, Huang, & Wu, 2024).

Although the externally forced SCAP trend is weaker than the NAS‐related internally generated component in our
analysis, external forcing may still modulate the precipitation response by altering the background hydroclimatic
state. GHG‐induced warming increases atmospheric moisture capacity and intensifies the hydrological cycle,
providing a favorable thermodynamic background for precipitation increases (Donat et al., 2016; Held &
Soden, 2006; Oki & Kanae, 2006). Over Central Asia, the 1979–2014 increase in winter precipitation has been
shown to be largely controlled by this thermodynamic moistening effect (Guo et al., 2026). Beyond GHG forcing,
Asian sulfate aerosols can enhance summer precipitation by modulating the westerly jet and strengthening
moisture transport into Central Asia (Guo et al., 2026). The impacts of atmospheric internal variability and
external forcing merit further investigation in future work.
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