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A B S T R A C T   

The oxygen isotope compositions in atmospheric water including water vapor and precipitation have been 
widely used to trace moisture sources and to reconstruct past climates. However, the environmental controls of 
stable isotopes in atmospheric water depend on the time scales. Because of limited observations in arid Central 
Asia, factors controlling interannual variations in atmospheric water isotopes are still not clear. Using an isotope- 
enabled general climate model, we do not find at the annual scale the significant relationship between tem-
perature and δ18O values during 1979–2020 that is usually observed at the monthly scale. Under a warming 
background, there is no significant enriching trend in water isotopes. We found a strong positive correlation 
between westerly (and southerly) water vapor flux and δ18O values on an interannual scale for the area between 
35◦N–50◦N and 50◦E–80◦E in the upstream direction. High and low δ18O years are characterized by different 
atmospheric circulations of mid-latitude Westerlies, and do not always correspond to the warm and cold years 
respectively. When the prevailing Westerlies are enhanced, the Westerlies circulation may carry more water 
vapor from the lower latitudes, leading to higher δ18O values in Central Asia. The changes in Westerlies circu-
lation are supported by the clustered backward trajectories during enriched and depleted years. The limited 
precipitation isotope observations also show similar findings as the simulations on an interannual scale. The 
interannual variations of stable isotopes in atmospheric water in arid Central Asia reflect the changes in the mid- 
latitude Westerlies circulation. This should be taken into account when interpreting oxygen isotope proxies of 
paleoclimate records.   

1. Introduction 

Atmospheric water including water vapor and precipitation is an 
important part of the water cycle with a significant impact on water 
resources (Konapala et al., 2020; Thackeray et al., 2022). As an inte-
grated natural tracer, the oxygen isotopic compositions (δ18O) of at-
mospheric water are useful for assessing source-sink dynamics of global 
water (Bowen et al., 2019). The stable isotopes in water vapor and 
precipitation have been used to understand atmospheric circulation 
(Araguás-Araguás et al., 1998; Chiang et al., 2020; Man et al., 2022), 
identify moisture sources (Wang et al., 2017; Gimeno et al., 2020; Welp 

et al., 2022), and distinguish contributions from advected versus locally 
recycled moisture to precipitation (Dar et al., 2021; Zhang et al., 2021; 
Gui et al., 2022). In paleoclimate studies, stable oxygen isotopes in ice 
cores, tree rings, speleothems and other ancient water proxies are used 
to examine historical air temperature, precipitation, monsoon activities, 
and droughts (Thompson et al., 1997, 2018; Cheng et al., 2016a; Xu 
et al., 2021; Parker et al., 2021). These require a thorough under-
standing of modern water isotopes in atmospheric water which are 
connected to climate proxies (Baker et al., 2019; Markle and Steig, 
2022). 

Central Asia is located far from oceans and is characterized by an arid 
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climate with fragile ecosystems mainly comprising of oases, deserts, and 
steppes. Water is an important but limited resource for the region, 
constraining human living environments (Chen et al., 2022a; Huang 
et al., 2022). Most inhabitants live in oases surrounded by desert, and a 
deficit between water supply and demand is prominent (Chen et al., 
2022c; Xue et al., 2022). Changes in precipitation and sources of water 
vapor feeding Central Asia have been topics in a changing climate (Shen 
et al., 2022; Yao et al., 2022). The water vapors transported by mid- 
latitude Westerlies and monsoons drive hydrological changes in this 
region on various time scales (Rao et al., 2019; Chen et al., 2021), 
providing a stable isotope perspective on this topic (Zhang, 2021). In 
arid Central Asia, stable oxygen isotopes in modern precipitation and 
water vapor are enriched in summer and depleted in winter, which is 
mainly controlled by temperature (also known as the temperature ef-
fect) rather than precipitation amount on an intra-annual timescale (Liu 
et al., 2014; Wang et al., 2016, 2019, 2022). This temperature effect on 
stable isotopes in precipitation is used to interpret oxygen isotope 
compositions in paleoclimate proxies, such as Central Asian ice cores 
(Thompson et al., 1997; Tian et al., 2006). For example, annual δ18O 
values in an ice core from the eastern Pamir positively correlate with air 
temperature, indicating that isotopic compositions are an important 
indicator of local temperature (Tian et al., 2006). 

However, interpretations of oxygen isotopes in paleoclimate proxies 
are not always consistent, including ice cores and speleothems. Paleo-
climate records generally show relatively lower δ18O values during the 
interglacials (or warm period) and higher δ18O values during the glacials 
(or cold period), which contrasts with the abovementioned positive 
correlation between δ18O values and temperature. Liu et al. (2015) 
showed that variations of δ18O values in precipitation and ice cores are 
negatively correlated with changes in temperature on interannual to 
decadal timescale in Central Asia. Moreover, recent studies suggested 
that atmospheric circulation signals, rather than temperature or pre-
cipitation amount, have dominated changes in modern precipitation 
isotopes on annual or longer timescales, with different paths of water 
vapors may be associated with distinct isotopic compositions (Shi et al., 
2021; Zhang, 2021). This is supported by many climate studies which 
revealed a connection between precipitation and large-scale moisture 
transport in arid Central Asia (Peng et al., 2020; Shen et al., 2022; Guan 
et al., 2022). Such observations between variations in atmospheric cir-
culation and δ18O values have been referred to interpret paleo-isotope 

records such as the Asian speleothems (Cheng et al., 2016b; Cai et al., 
2017) and tree rings (Xu et al., 2014, 2018). To accurately interpret the 
climatic significance of δ18O on both intra- and interannual scales, 
isotope-enabled numerical simulations with good spatial coverage and 
extended time have shown utility (Gao et al., 2016; Yu et al., 2021; 
Bühler et al., 2022). 

To better understand the controlling factors of stable oxygen isotopes 
in atmospheric water on interannual time scales in arid Central Asia, we 
examine intra- and interannual simulations in arid Central Asia using an 
isotope-enabled general circulation model. We also investigate the 
relationship between water vapor fluxes and precipitable water δ18O 
values on an interannual scale, and discuss the air regimes associated 
with enriched or depleted isotopes. Our findings are useful for under-
standing the relationship between westerly moisture transport and sta-
ble water isotope values, and provide a linkage of isotopic controls on 
different time scales. 

2. Data and methods 

2.1. Study area 

Arid Central Asia (Fig. 1) is dominated by mid-latitude Westerlies all 
year round. The water vapor flux is small in winter, and surface air is 
relatively dry and cold; in contrast, water vapor transport in summer is 
much higher than in winter. Consistent with the seasonality of water 
vapor flux, most of the precipitation occurs from April to October 
(Bershaw, 2018; Yao et al., 2022). In this azonal arid region, the Tian-
shan Mountains act as a typical water tower with annual precipitation 
higher than 400 mm which is much larger than the nearby Taklimakan 
and Gurbantunggut deserts. The rivers and streams from the high alti-
tudes constitute the vital water resources that are essential for the 
regional sustainability of oases. In addition, various paleoclimate ar-
chives such as speleothems, tree rings, loess sections and ice cores have 
been derived in the Tianshan Mountains (Chen et al., 2019), which are 
helpful to understand the evolutions of environment and climate in 
Central Asia on long-term timescales. 

2.2. Simulated δ18O database 

The isotope-incorporated Global Spectral Model version 2 (isoGSM2) 

Fig. 1. Location of precipitation isotope sampling stations (white circles) and temperature observation stations (purple squares) across the Tianshan Mountains of 
arid Central Asia. The red frame denotes the Tianshan Mountains. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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(Yoshimura et al., 2008) was used to examine stable isotope variability 
across the Tianshan Mountains from 1979 to 2020. The spatial resolu-
tion is 1.905◦ (latitude) × 1.875◦ (longitude). This model has been 
widely used to investigate atmospheric processes (Chiang et al., 2020; 
Kathayat et al., 2022; Zhang et al., 2023; Liu et al., 2023). 

The oxygen isotope ratios are expressed in delta notation relative to 
the Vienna Standard Mean Ocean Water: 

δ =
(
Rsample

/
RV− SMOW–1

)
× 1000‰, (1)  

where Rsample represents the isotope ratio of 18O/16O in samples, and RV- 

SMOW represents the isotope ratio of 18O/16O in Vienna Standard Mean 
Ocean Water. The monthly δ18O data were averaged to an annual basis 
weighted by the precipitation amount. Considering the significant pos-
itive correlation between isotopes in precipitation and precipitable 
water (Fig. S1), and the temporal continuity of water vapor isotopes in 
an arid climate (Fig. S2), here we mainly used the simulations of pre-
cipitable water isotopes. Similar procedures using weighted water vapor 
isotopes instead of weighted precipitation isotopes were conducted in 
previous works (e.g., Zhang et al., 2023). 

2.3. Observed δ18O database 

To evaluate the monthly series of simulated isotopes, we collected 
precipitation δ18O data (Fig. 1 and Table S1) on a monthly scale at 39 
stations (Tian et al., 2007; Pang et al., 2011; Yao et al., 2013; Liu et al., 
2014; Wang et al., 2016, 2019, 2022; Sun et al., 2016, 2019; Shi et al., 
2021; Song et al., 2022; IAEA, 2022). The isoGSM2-modeled isotopic 
compositions were weighted using precipitation amount when needed, 
and interpolated using a bilinear method to each observed location. The 
observed isotope compositions at different scales were also compiled 
into a weighted monthly series. When the precipitation amount was not 
provided in original data sources, we used the gridded daily precipita-
tion product from the NOAA Climate Prediction Center (CPC) Global 
Unified Gauge-based Analysis of Daily Precipitation (Chen et al., 2008), 
a method employed by Putman et al. (2019). In addition, to assess the 
interannual performance of simulated isotopes, we used the multi-year 
observations in the GNIP (Global Network of Isotopes in Precipitation) 
Urumqi station (43.78◦N, 87.62◦E, 918 m) during 1986–2003. This is 
the only existing sampling station longer than 10 years in arid Central 
Asia. 

2.4. Meteorological data 

Here we used the ERA5 (the fifth-generation reanalysis data of the 
European Centre for Medium-Range Weather Forecasts; Hersbach et al., 
2020) monthly specific humidity, zonal and meridional wind compo-
nent and surface air pressure during the years 1979–2020, with a spatial 
resolution of 0.25◦ × 0.25◦. To calculate water vapor flux, the vertical 
integration was conducted from the surface to 300 hPa. The water vapor 
flux represents the amount of water vapor flowing through the unit area 
per unit time, and is determined using the zonal and meridional water 
vapor flux. 

To verify the temperature effect of stable water isotopes on intra- and 
interannual scales, we selected air temperature and precipitation 
amount data from four meteorological stations during 1979–2020 
(Fig. 1), i.e., Yining (43.95◦N, 81.33◦E, 663 m), Bayanbulak (43.03◦N, 
84.15◦E, 2458 m), Tianchi (43.88◦N, 88.12◦E, 1930 m) and Yiwu 
(43.27◦N, 94.70◦E, 1729 m). 

The HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajec-
tory) model version 4 (Stein et al., 2015) and the NCEP/NCAR (National 
Centers for Environmental Prediction and National Center for Atmo-
spheric Research) global reanalysis data with a spatial resolution of 2.5◦

× 2.5◦ (Kalnay et al., 1996) were used to trace the backward trajectories 
to Central Asia during the enriched or depleted years of stable water 
isotopes. The starting heights were set as 500 m and 1500 m above 

ground level, and the back duration of these daily trajectories from 00 
UTC is set as 5 days (120h) which is generally consistent with a specific 
humidity-adjusted method in Central Asia (Wang et al., 2017). The 
optimal cluster number in cluster analysis is based on the total spatial 
variance in the model. 

3. Results and discussion 

3.1. Assessment of simulations 

We assessed the performance of isoGSM2 across the Tianshan 
Mountains at both the monthly and annual scales. At the monthly scale, 
we tested the performance against compiled δ18O data at 39 stations. 
Comparing the measured monthly averages of precipitation isotopes and 
isoGSM2-derived precipitable water isotopes (Fig. 2), there is a positive 
correlation between the measurements and simulations (r = 0.66), 
which is statistically significant at the 0.01 level, showing the variability 
of measured and simulated δ18O was generally consistent. 

At the annual scale, we used the multi-year observations in the GNIP 
Urumqi station during 1986–2003 (IAEA, 2022; Fig. 3). There is a sig-
nificant positive correlation between the measured precipitation iso-
topes and isoGSM-simulated precipitable water isotopes (r = 0.88, p <
0.01, n = 12). The model is able to capture the large-scale drivers con-
trolling the isotopic composition of water vapor as shown in Fig. 3. The 
validations at the sampling stations (Figs. 2 and 3) as well as the linear 
relationship between precipitation isotopes and water vapor isotopes 
(Fig. S1) therefore suggest isoGSM2 can be applied to describe the 
annual and seasonal variation of δ18O in precipitation of arid Central 
Asia. 

3.2. Inconsistent temperature effect: intra- and interannual basis 

For the four stations in arid Central Asia, there are clear seasonal 
variations in isotopes, where stable oxygen isotopes are relatively 
enriched in summer with a higher temperature and depleted in winter 
with a lower temperature (Fig. S3). In these stations, the maximum δ18O 
occurs from June to July, and the minimum appears in January. Most 
stations have an annual offset >10‰. Under a typical temperate conti-
nental climate, the maximum temperature is always seen in July and the 
minimum occurs in January. Among the four stations, Bayanbulak is the 
coldest station due to the high altitudes. There is a strong positive cor-
relation between monthly δ18O and air temperature, also known as the 

Fig. 2. Relationship between observed precipitation δ18O (horizontal axis) and 
isoGSM2-simulated precipitable water δ18O (vertical axis) at 39 precipitation 
isotope sampling stations across the Tianshan Mountains of arid Central Asia on 
a monthly scale. The linear regression line is also provided. 
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temperature effect (Fig. 4a–d). All the linear regressions are statistically 
significant at the 0.01 level. This temperature effect is consistent with 
previous observations in arid Central Asia (Liu et al., 2014; Wang et al., 
2016; Sun et al., 2019). 

On an annual basis, the weighted annual δ18O and air temperature 
show a weak relationship (Fig. 4e–h), which is starkly different from 
monthly results. In Tianchi and Yiwu, there are nonsignificant negative 
correlations that are opposite to the temperature effect. Table 1 and 
Fig. S4 show the relationship between isotope and temperature for each 
season. There is also no statistically significant correlation at the 0.05 
level for each season. In summer with relatively more precipitation 
amounts (Fig. S4e-h), the correlation coefficients between isotope value 
and temperature on an inter-annual basis range between − 0.04 (Yiwu) 
to 0.18 (Yining), which is much less than those on a monthly basis (0.94 

to 0.97; Fig. 4a-d). Among the four stations, the Yining station with 
relatively weak seasonality of precipitation amount has a slightly larger 
correlation coefficient than the rest three stations on an annual basis, but 
the seasonal correlations are still weaker than the annual correlations 
(Table 1). 

We provided the observed results in the GNIP Urumqi station in 
Table 1. On an annual scale, there is no significant correlation for these 
observed data (r = − 0.06, p = 0.84, Fig. S5). The correlation coefficients 
are 0.11 in spring, − 0.05 in summer, − 0.35 in autumn and 0.29 in 
winter, which are also statistically nonsignificant. The simulated dif-
ferences in the temperature effect at various temporal scales (Fig. 4) are 
supported by the observations in the GNIP Urumqi station. 

Under a warming climate in the past decades (Yao et al., 2022), the 
traditional temperature effect predicts that the heavy isotopes might 
show an enriching trend as the temperature increases. As seen in our 
simulations (Fig. 5), δ18O in four stations shows a linear trend ranging 
within ±0.1‰/decade, but the trends are not statistically significant. 
Research on ice cores in the eastern section of the Tianshan Mountains 
(Yang et al., 2018) also shows a depleting trend of − 0.1‰/decade 
during 1979–2007, which is generally consistent with our results. 

The isotopes in atmospheric water are associated with the local 
meteorological conditions or the remote factors along transport paths 
from moisture sources. In an arid setting, the below-cloud evaporation is 
usually highlighted and may enrich the heavy isotopes in raindrops in a 
warming background (Pang et al., 2011; Crawford et al., 2017; Graf 
et al., 2019). However, Wang et al. (2021) indicated that most areas 
across the Tianshan Mountains had a non-significant enhancing trend in 
below-cloud evaporation since 1960, which may raise the δ18O values in 
precipitation. A regional factor, moisture recycling, usually modifies the 
δ18O values in atmospheric water (Salati et al., 1979; Risi et al., 2013; 
Shi et al., 2022). In past decades, the actual precipitation amount 
contributed from the recycled moisture is still limited in many regional 
climate assessments (Wu et al., 2019; Yao et al., 2020), and the 
enhanced moisture advection plays a dominant role in the long term 
(Yao et al., 2022). Considering the estimated isotope compositions in 
advected and recycled vapor in Central Asia (Kong et al., 2013; Wang 
et al., 2022), the relatively low recycling ratio cannot greatly change the 
δ18O values in past decades, and the potential regime of Westerlies 

Fig. 3. Correlations between observed annual precipitation δ18O in Urumqi and 
isoGSM2-simulated annual precipitable water δ18O in the nearest grid box. The 
annual isotope values are weighted using observed precipitation amounts in 
Urumqi. The linear regression line is also provided. 

Fig. 4. Correlations between isoGSM2-simulated multi-annual-mean monthly (a–d) or annual (e–h) precipitation-weighted precipitable water δ18O and observed air 
temperature at typical stations from 1979 to 2020. The linear regression lines for each station are also provided. 
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moisture transport should be examined. 

3.3. Linkage between water isotopes and water vapor flux 

The Tianshan Mountains are controlled by the mid-latitude West-
erlies all year around (Fig. S6). To understand forcing mechanisms 
behind interannual variation in δ18O values in atmospheric water, we 
plotted the correlation between a time series of annual mean δ18O values 
at each of four stations and zonal (Fig. 6) or meridional (Fig. 7) water 
vapor flux for the surrounding region from 1979 to 2020. For the zonal 
water vapor flux (westerly wind is defined as positive), there is a positive 
correlation for all four stations along the westerly belt (Fig. 6). Along the 
mid-latitude westerly wind path around 40◦N, the significant correla-
tion generally occurs from the Caspian to the Tianshan Mountains (be-
tween 50◦E and 80◦E), and the nonsignificant positive correlation 
stretches further to Europe. For meridional water vapor flux (Fig. 7) 
(southerly wind is defined as positive), there is always a significant 
positive correlation centralized at around 70◦E along the upstream di-
rection (westerly wind) for each station. For the southwestern directions 
to the Tianshan Mountains, there are also some positive correlations 
between southerly vapor flux and precipitable water isotope 
compositions. 

In Figs. 6 and 7, the upstream western direction from the Caspian Sea 
(between 35◦N and 50◦N, 50◦E and 80◦E) is a critical area controlling 
the interannual variability of precipitable water isotopes in the Tianshan 
Mountains. For this critical region, there is a positive correlation be-
tween isotopes and westerly (and southernly) wind. In previous work on 

Table 1 
Correlation coefficients between observed air temperature (Tobs) and isoGSM-simulated precipitation-weighted precipitable water δ18O (δ18OisoGSM,pw) or observed 
precipitation δ18O (δ18Oobs,p) at typical stations for each season on an annual basis.  

Data type Station Spring Summer Autumn Winter Annual 

r p r p r p r p r p 

δ18OisoGSM,pw vs. Tobs Yining − 0.16 0.34 0.18 0.28 0.25 0.12 0.03 0.84 0.28 0.07 
Bayanbulak 0.14 0.38 0.03 0.83 0.09 0.56 0.05 0.74 0.23 0.14 
Tianchi − 0.22 0.17 0.12 0.47 0.06 0.69 − 0.05 0.74 − 0.02 0.92 
Yiwu − 0.11 0.51 − 0.04 0.79 0.04 0.81 − 0.04 0.78 − 0.11 0.49 

δ18Oobs,p vs. Tobs Urumqi 0.11 0.73 − 0.05 0.87 − 0.35 0.29 0.29 0.37 − 0.06 0.84  

Fig. 5. Interannual variations of isoGSM2-simulated precipitable water δ18O at 
typical stations from 1979 to 2020. The annual value is weighted using the 
observed precipitation amount. The linear trends at each station are also pro-
vided as dashed lines. 

Fig. 6. Spatial distributions of correlation coefficient (r) between isoGSM2-simulated weighted δ18O in precipitable water at each station (a. Yining, b. Bayanbulak, c. 
Tianchi, and d. Yiwu) and ERA5-derived zonal water vapor flux for the surrounding area on an interannual scale from 1979 to 2020. The black dots denote statistical 
significance that exceeds the 0.05 level. The positive zonal fluxes indicate wind blowing from west to east. 
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specific humidity-adjusted air trajectories (Wang et al., 2017), the 
backward trajectories of heavy precipitation events in the Tianshan 
Mountains generally fell in this critical region. Considering the Asian 
continent as an interaction area of Westerlies Asia and Monsoonal Asia 
(Chen et al., 2019), this critical area identified here is consistent with the 
core area of the Westerlies-dominated climate regime. We also noticed 
that although the four stations selected in the study are approximately 
1000 km in distance from west to east, the main moisture regime con-
trolling isotopes in water vapor across the Tianshan Mountains are 
similar on an annual basis. 

3.4. Water vapor flux difference between enriched and depleted years 

To identify the interannual differences between moisture regime and 
isotopic composition, the isoGSM2-based five years with the most 
enriched (and depleted) annual average precipitable water δ18O values 
were selected for each station. Table 2 shows the observed air temper-
ature at typical meteorological stations (Yining, Bayanbulak, Tianchi, 
Yiwu and Urumqi) during the enriched and depleted years. For the 
annual series, the Tianchi and Urumqi stations in enriched years are 
much colder than those in depleted years, and the temperature differ-
ences are − 0.48 ◦C and − 0.46 ◦C, respectively, which is the opposite of 

the temperature effect. In Yining, the enriched years correspond to a 
slightly warmer year, which is only 0.14 ◦C (close to the resolution of 
0.1 ◦C in temperature observations) warmer than the depleted years. For 
the summer series, most stations still have a lower temperature during 
the enriched years. The temperature effect cannot be found in the 
observed air temperature records during the enriched and depleted 
years. Figs. S7 and S8 show the spatial patterns of annual and summer 
mean temperature differences derived from ERA climate reanalysis. 
However, the is no spatially coherent positive difference (enriched years 
minus depleted years) in temperature across the Tianshan Mountains. 

Here we applied clustered backward trajectories to examine the 
difference in spatial positions during enriched and depleted years. As 
shown in Fig. S9, three main branches are identified for both enriched 
and depleted conditions. Two trajectories with relatively long distances 
are generally consistent with the southwestern and northwestern di-
rections from lower (brown and yellow, in enriched and depleted years) 
and higher (dark and light green) latitudes, respectively, and the other 
trajectory is from the relatively nearby regions (purple and pink). For 
the southwestern trajectory clusters, the enriched years usually corre-
spond to lower mean latitudes along the paths than the depleted years. 
This pattern is clear at both 500 m and 1500 m above ground level. The 
southward movement of air mass in the critical area corresponds to 
enriched isotopes on an annual basis. However, the southward distance 
shown in Fig. S9 is not very large from depleted to enriched years, 
indicating the dominant role of mid-latitude westerly. 

The reanalysis-based water vapor flux reflects the integrated result of 
moisture loading and air movement. By direct comparison, it is difficult 
to observe the difference between the isotopically enriched (Fig. S10) 
and depleted (Fig. S11) years at each station, as their patterns are similar 
to the main transport of water vapor via the Westerlies. When calcu-
lating the spatial difference in water vapor flux between the enriched 
and depleted years to the target station (Fig. 8), we observed the west-
erly (or southwesterly) winds at the upstream critical area from the 
Caspian Sea to the Tianshan Mountains. As shown in Fig. 8, the westerly 
wind-derived moisture transport at the critical area is enhanced when 
δ18O values are high. When we examine the zonal (Fig. S12) and 
meridional (Fig. S13) moisture flux, we can also see the difference in 
enhanced westerly and southerly moisture at the critical region. 

Generally, water vapor δ18O after long-distance transport is more 

Fig. 7. Spatial distributions of correlation coefficient (r) between isoGSM2-simulated weighted δ18O in precipitable water at each station (a. Yining, b. Bayanbulak, c. 
Tianchi, and d. Yiwu) and ERA5-derived meridional water vapor flux for the surrounding area on an interannual scale from 1979 to 2020. The black dots denote 
statistical significance that exceeds the 0.05 level. The positive meridional fluxes indicate wind blowing from south to north. 

Table 2 
Annual and summer mean air temperature observed during the enriched and 
depleted years and the difference (enriched years minus depleted years) of 
typical stations.  

Period Year Temperature (◦C) 

Yining Bayanbulak Tianchi Yiwu Urumqi 

Annual Enriched 
years 

9.68 − 4.43 2.21 4.30 1.50 

Depleted 
years 

9.54 − 4.42 2.69 4.32 1.95 

Difference 0.14 − 0.01 − 0.48 − 0.02 − 0.46 
Summer Enriched 

years 
22.34 10.43 14.24 17.54 12.07 

Depleted 
years 

22.57 10.31 14.72 18.49 12.58 

Difference − 0.24 0.13 − 0.47 − 0.95 − 0.51  
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negative than water vapor δ18O near the ocean due to the continental 
effect, which is characterized by more Rayleigh distillation of the vapor 
(Rozanski et al., 1993). In this study, the trajectory of westerly moisture 
traveling to the Tianshan Mountains changes interannually. Along the 
westerly path at lower latitudes with strong evaporation, the water 
vapor is usually enriched in heavy isotopes, which is evident from the 
isoscape of precipitation (Bowen and Wilkinson, 2002). For the critical 
region, during enriched years, the mid-latitude westerly wind and 
moisture flux are stronger (Fig. S10), and the southerly wind and 
moisture flux is also enhanced (Fig. S11), leading to more vapor from the 
lower latitudes that can be transported to the Tianshan Mountains via 
the westerly belt. In contrast, during the depleted years, when the 
moisture transport of the westerly is weakened along the upstream di-
rection (Fig. S10), the water vapor path is slightly northerly (Fig. S11), 
and less vapor evaporated from lower latitudes can be incorporated into 
the westerly moisture. 

Previous studies (Liu et al., 2015; Shi et al., 2021) mentioned the 
relationship between the westerly belt and isotopes in atmospheric 
water in Central Asia, while a comprehensive understanding of the 
interaction between Westerlies and monsoon is still needed using 
modern precipitation isotopes. The difference in water vapor flux be-
tween high and low δ18O years reflects the strength of both Westerlies 
and monsoon circulations (Fig. 8). When the Westerlies intensified, the 
Indian summer monsoon is usually weak, and the mid-latitude West-
erlies carry more water vapor from the lower latitude, resulting in more 
positive δ18O values of precipitation. Contrarily, low δ18O years are 
associated with weak Westerlies. Our results suggest that, on interan-
nual timescales, the atmospheric circulation, instead of the temperature 
effect, is responsible for variation in δ18O in Central Asia. Our result is 
supported by recent paleoclimate studies based on speleothem and other 
geological records, which showed similar results that the interaction of 
the Westerlies and monsoonal moisture impacts the paleo-precipitation 
δ18O values in arid Central Asia (Chen et al., 2019, 2022b; Liu et al., 
2020). For example, Zhang et al. (2017) showed that the intensified 
moisture with enriched isotopes transport from lower latitudes was the 
key source of the increased Central Asian precipitation from the early 
Holocene to the late Holocene. These suggest that the supra-regional 
circulation-caused moisture source and trajectory variations are 
responsible for changes in δ18O on various timescales. Consequently, we 

conclude that observed interannual changes in δ18O in Central Asia are 
caused by the path of Westerlies (the jet stream) and the amount of 
water vapor flux, which provides modern climate evidence for the Ho-
locene moisture variations revealed by paleoclimate proxies in arid 
Central Asia. 

4. Conclusions 

To understand the environmental controls of stable isotopes in at-
mospheric water in Central Asia with limited in-situ observations, an 
isotope-enabled climate model was used to revisit the temperature effect 
on the intra- and interannual scales. The main factor controlling the 
variation of δ18O on the intra-annual scale is seasonal temperature 
changes (also known as the temperature effect). In arid Central Asia, 
which is dominated by Westerlies, interannual variation in δ18O does not 
significantly correlate with temperature, as it does on intra-annual 
scales. This is also supported by the observations at a typical station. 
Instead, there is a strong correlation between westerly (and southerly) 
water vapor flux and δ18O on the interannual scale especially for the 
critical area from the Caspian Sea to the Tianshan Mountains (between 
35◦N–50◦N and 50◦E–80◦E). We interpret variation in δ18O on inter-
annual time scales to be the result of a westerly vapor flux and the po-
tential supplement of enriched water vapor. When the Westerlies are 
enhanced, the Westerlies belt carries more water vapor with enriched 
isotope via a slightly southward trajectory, leading to more enriched 
δ18O values of atmospheric water in Central Asia. Contrarily, when the 
Westerlies belt moves north, it carries more long-distance transported 
water vapor from the higher latitudes, resulting in lower δ18O values. 
The modelling shows that interannual variation of isotopes in atmo-
spheric water in arid Central Asia may be not only controlled by tem-
perature, and reflects the changes in mid-latitude Westerlies circulation, 
which should be taken into account when interpreting stable isotope 
climate proxies in Central Asia. More long-term observations are still 
needed to distinguish the possible contribution of the temperature effect 
and circulation effect. 
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