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Abstract The moisture sources of precipitation in the Tianshan Mountains, one of the regions with the
highest precipitation in Central Asia during 1979-2017 are comprehensively and quantitatively summarized

by using a Lagrangian moisture source detection technique. Continental sources provide about 93.2% of the
moisture for precipitation in the Tianshan Mountain, while moisture directly from the ocean is very limited,
averaging only 6.8%. Central Asia plays a dominant role in providing moisture for all sub-regions of the
Tianshan Mountains. For the Western Tianshan, moisture from April to October comes mainly from Central
Asia (41.4%), while moisture from November to March is derived primarily from Western Asia (45.7%). Nearly
13.0% of moisture to precipitation for Eastern Tianshan in summer originates from East and South Asia, and
the Siberia region. There is a significant decreasing trend in the moisture contribution of local evaporation

and Central Asia in the Eastern Tianshan during winter. The contribution of moisture from Europe to summer
precipitation in the Central and Eastern Tianshan and the contribution of the North Atlantic Ocean to summer
precipitation in the Northern, Central, and Eastern Tianshan also exhibit a decreasing trend. The largest increase
in moisture in Western Tianshan stems from West Asia during extreme winter precipitation months. Europe

is also an important contributor to extreme precipitation in the Northern Tianshan. The moisture from East

and South Asia and Siberia during extreme precipitation months in both winter and summer is significantly
enhanced in the Eastern Tianshan.

1. Introduction

The Tianshan Mountains form a prominent so-called water tower in Central Asia providing major parts of the water
resources of the surrounding lowlands (Immerzeel & Bierkens, 2012; Chen et al., 2016). These water resources
are essential for ecosystems, agriculture, and water supply for millions of people in Central Asia (Ososkova
et al., 2000). Water resources stem from direct precipitation and runoff, seasonal snowmelt as well as meltwater
from glaciers and permafrost (Armstrong et al., 2019; Sorg et al., 2012). The glaciers of the Tianshan Mountains
host the largest amount of fresh water in Central Asia and have a crucial function on the water cycle in the gener-
ally arid region of Central Asia (Aizen et al., 1997). Therefore, meltwater from Tianshan is a vital resource for the
more than 100 million people living in the arid and semi-arid regions of Central Asia (Bekturganov et al., 2016;
Lemenkova, 2013; Xenarios et al., 2019). However, driven by global warming, Central Asia has warmed signif-
icantly in recent decades, with a rate of 0.36°C—0.42°C/10a during 1979-2011 (Hu et al., 2014), resulting in
a pronounced glacier retreat and decrease in snow accumulation in Tianshan Mountains (Aizen et al., 2006;
Farinotti et al., 2015). About 97.52% of the glaciers in the Tianshan Mountains show retreating trends from the
1960s to 2010s (Chen et al., 2016) which is in accordance with the increasing temperature trend over decades
(Hu, 2004; Jiang et al., 2013). On the contrary, precipitation in the Tianshan has shown an overall upward trend
(Chen et al., 2016; Fan et al., 2022; Guan et al., 2021a; Sorg et al., 2012; S. Wang et al., 2013; Yang & He, 2003;
Yuan et al., 2004; Zhang et al., 2009), although some studies suggest that a significant decrease in precipitation
has been observed in Western Tianshan (Guan et al., 2021a; Hu et al., 2017). In addition to interannual variability,
there is also multi-scale decadal variability in Tianshan precipitation (Guan et al., 2021a). By using the ensemble
empirical mode decomposition (EEMD) method, Guan et al. (2021b) found that Tianshan winter precipitation
has a multi-decadal oscillation of 26.8 and 44.7 years, and a positive anomaly after 1988. While summer precip-
itation has a significant 33.5 years multi-decadal pattern combined with a nonlinear increasing trend. Both,
large-scale atmospheric circulation and individual weather patterns are key components controlling precipitation
and its temporal variability in the Tianshan Mountains (Guan et al., 2021b).

The Eulerian approach is a common method in studies of regional water vapor transport (Gimeno et al., 2012;
Xingang et al., 2007). Previous diagnostics using the Eulerian method have revealed that the mid-latitude
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westerlies control the water vapor transport toward Tianshan. The location and intensity of the westerly jet varies
seasonally and is subject to predominant synoptic patterns (Bothe et al., 2012; Schiemann et al., 2008; Yang &
He, 2003; Yatagai et al., 2012). It influences the advection of moisture toward the Tianshan Mountains and thus
controls the moisture transport from the North Atlantic Ocean, the Mediterranean, and the high latitudes (Aizen
et al., 1997; Huang et al., 2013; Xingang et al., 2007). For instance, the westerly jet axis expands southward in
winter and water vapor is advected mainly from the southwest toward Tianshan (Bothe et al., 2012). Addition-
ally, there is moisture entering the southwestern Tianshan from Iran and Afghanistan, which is associated with
the intrusion of warm and moist tropical air masses (Aizen et al., 1997). Contrary, during summer the westerly
wind belt moves northward and there is an increase in water vapor flux from the north and northwest toward
the Tianshan Mountains (Bothe et al., 2012; Guan et al., 2019; Huang et al., 2015). Guo et al. (2014) traced the
long-range oceanic water vapor sources affecting the Tianshan region, suggesting that the moisture sources in the
Tianshan during the summer mainly originate from the sub-tropical North Atlantic Ocean, the Bay of Bengal,
the Arabian Sea, and the northern Arctic Ocean. The Asian monsoon also influences the water vapor transported
to the Tianshan Mountains. During warm EI Nifio—Southern Oscillation (ENSO) events, anomalous southwestern
water-vapor fluxes from the Arabian Sea and tropical Africa enter Western Tianshan (Mariotti, 2007). In addition
to the Eulerian perspective, the isotopic signature of stable water isotopes is often used to analyze the leading
atmospheric mode of variability and changes. Results from such studies confirm that precipitation is controlled
by the location of the westerly wind belt and the Indian monsoon (Feng et al., 2013). Simultaneously, the East
Asian monsoon may influence precipitation in the westerly and monsoon transition zones (J. Yao et al., 2021).
Wang et al. (2017), however, pointed out that moisture in the Tianshan Mountains is more likely to be locally
sourced. Song et al. (2019) stated that the moisture in Urumqi Glacier No. 1 mainly comes from Europe and
Central Asia. It should be mentioned that the Eulerian approach is able to show moisture pathways and moisture
transport intensity, but fails to present a quantitative contribution of individual moisture sources to precipitation
(Gimeno et al., 2012). Besides, the stable water isotope measurements and analyses also have their limitations and
ambiguities due to the complex sensitivity of isotope signals to various drivers, and issues related to the mixing
of isotopic signatures from various sources into few overall quantities (Gimeno et al., 2012).

The Lagrangian methods have gained popularity in diagnosing moisture transport, especially in determining the
origin of moisture deposited in specific areas (Durdn-Quesada et al., 2010; Gimeno et al., 2010; Nieto et al., 2006;
Stohl & James, 2004). The main advantage of the Lagrangian approach is the ability to provide more precise
details about the moisture variation of the air parcels during transport (Gimeno et al., 2012). It allows simulating
the backward trajectory of the air parcel in order to quantitatively describe the transport process and to identify
the source of moisture (Sodemann et al., 2008; Stohl & James, 2004). Additionally, the Lagrangian analysis
is particularly suitable for climatological studies over decades due to its lower computational cost compared
to the more complex Eulerian moisture tagging approach (Winschall et al., 2014). Numerous attempts have
been performed to determine the moisture sources by using Lagrangian methods (Knippertz & Wernli, 2010;
Langhamer et al., 2021; Ramos et al., 2016; Sun & Wang, 2014). In summary, studies using the Eulerian approach
mainly concluded that the moisture sources of precipitation in Central Asia as well as in the Tianshan Mountains
are mainly from the North Atlantic, Mediterranean and high latitudes. On the other hand, isotope approaches
emphasize that local evaporation is the main contributor to precipitation. Studies based on Lagrangian perspec-
tives provide likewise diverse quantitative results in these regions. Concerning moisture sources of precipitation
in Xinjiang Province of China, S. Yao et al. (2021) used the Lagrangian diagnostic model FLEXPART to examine
the moisture sources contribution to summer precipitation, concluding that local and Central Asian contributions
amount to over 80%. Similarly, Hua et al. (2017) identified the moisture contribution by using a dynamical recy-
cling model (DRM) modified by the Lagrangian method, suggesting that the moisture contribution of summer
precipitation in northern Xinjiang during 1982-2010 was limited from the ocean. The major part of the moisture
seems to be derived from land evaporation in Central Asia, western Siberia, eastern Europe, and northeastern
Europe. Huang et al. (2017) tracked the backward trajectories of extreme precipitation in northern Xinjiang by
the Lagrangian trajectory model HYSPLIT. They state that additionally to trajectories for rainstorms of above
100 mm day~! originating from the North Atlantic, the Arctic Ocean, and Eurasia, there is also an anomalous
branch from the Indian Ocean, which is closely associated with stronger meridional circulation and especially
important for intense precipitation (Huang et al., 2017). W. Wang et al. (2020), also used the HYSPLIT model
but traced the air particles rather than the actual moisture. They point out that in winter, western Eurasia contrib-
utes the most moisture to the precipitation in northern Xinjiang, reaching 48.11%. According to these authors,
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Figure 1. Topography of the study area and the starting points of backward trajectories within the Tianshan Mountains.
The dotted lines numbered 1-3 refer to the borders between the four sub-regions of the Tianshan Mountains detailed in the
text. The red area in the small map in the upper left corner shows the position of the Tianshan Mountains in the Northern
Hemisphere. Four differently colored sets of dots represent the initial positions over the Western Tianshan (blue dots),
Northern Tianshan (purple dots), Central Tianshan (yellow dots), and Eastern Tianshan (red dots).

the amount of water vapor contributed by western Eurasia and the Arctic Ocean to northern Xinjiang shows an
increasing trend from 1981 to 2017 (W. Wang et al., 2020).

Although there are many studies using the Lagrangian approach for some Central Asian sub-regions, especially
the Xinjiang province in China, detailed quantitative calculations and temporal analysis of moisture fluxes to
the Tianshan Mountains themselves are still missing. Besides, some studies taking the Lagrangian perspective
have either not considered tracking actual moisture (Huang et al., 2017) or have not taken into account changes
in specific humidity along the route (W. Wang et al., 2020). Further, seasonal precipitation varies greatly in
the Tianshan sub-regions: precipitation in the Western Tianshan is concentrated in spring and winter while the
Northern Tianshan receives the most precipitation in spring and the least in winter. Both the Central and East-
ern Tianshan receive the highest precipitation in summer (Aizen et al., 1997; Guan et al., 2021a). Accordingly,
we hypothesize that the Tianshan sub-regions are served by somewhat different moisture sources in different
seasons, in addition to moisture from the west or Central Asia with the highest flux along the mid-latitude west-
erly wind belt.

FLEXPART, HYSPLIT, DRM are widely used trajectory tools already mentioned above. There are further such
models available, including the NASA Goddard trajectory model (Schoeberl & Newman, 1995), the UGAMP
offline trajectory model (Methven, 1997; Methven et al., 2001), and the KNMI (Koninklijk Nederlands Meteor-
ologisch Instituut) trajectory tool TRAJKS (Scheele et al., 1996), and the Lagrangian analysis tool LAGRANTO
(Wernli & Davies, 1997). These tools all deal with the same trajectory equations in a numerical way, distinguish-
ing mainly in the spatial interpolation, the number of interpolations used for one-time step and the treatment of
the lower boundaries (Sprenger & Wernli, 2015). Among them, LAGRANTO is characterized by a feature that
allows a high degree of flexibility in implementing moisture source detection schemes. Moreover, it is possible to
select a subset of trajectories from a large set of previously computed trajectories in an iterative way (Sprenger &
Wernli, 2015). Based on the these functionalities, we choose LAGRANTO to analyze the temporal variability and
quantitative contribution of moisture sources in detail. We focus on four Tianshan sub-regions divisions, namely
(a) Western Tianshan, west of Lake Issyk-Kul, (b) Northern Tianshan, north of Lake Issyk-Kul, (¢) Central Tian-
shan, south of Ili Valley, (d) Eastern Tianshan, east of the cities of Urumgqi and Dabancheng in China, following
the approach taken in (Guan et al., 2021a, 2021b). For a more detailed description see Section 2.1. We then use
the Lagrangian analysis tool to present (a) spatial and temporal moisture flux patterns to the Tianshan Mountains,
and (b) the differences in the main moisture sources between seasons in the four Tianshan Mountains sub-regions.

2. Study Area, Data and Methods
2.1. Study Area

Tianshan Mountains, are a large mountain system in Central Asia, extending 2,500 km from 66°E to 95°E,
with an average width of 400 km which mainly straddles the border between China and Kyrgyzstan (Figure 1).
The average elevation of the Tianshan Mountains is about 5 km, with the highest peak being Tomur Peak at
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7,439 m (42.03°N, 80.13°E). Depending on the spatial distribution of the mountain ranges and the altitude of
Tianshan Mountains, the climate of the Tianshan presents distinct reginal characteristics. In this study, we refer
to the findings of Aizen et al. (1995), Sorg et al. (2012), Chen et al. (2016), Ning (2013), as well as follow the
approach taken in Guan et al. (2021a, 2021b) to divide the Tianshan Mountains into four parts based on the
atmospheric circulation prevailing in the different parts of Tianshan Mountains and the location of larger moun-
tain ranges within the region (Figure 1). Bounded by Lake Issyk-Kul, the eastern edge of Kirgizskiy Alatau and
the Fergana range (boundary 1), the area west of Lake Issyk-Kul is Western Tianshan. The prevailing air masses
are carried into the Tianshan Mountains by moisture-filled westerly winds, and most of the precipitation falls on
the windward western slopes, which results in the overall heaviest precipitation in the Western Tianshan (Aizen
et al., 1997). The Western Tianshan is under the combined influence of the southwestern branch of the Siberian
anticyclone (although to a lesser extent) and southwestern cyclonic activity during the cold season, resulting
in precipitation occurring mainly in winter and spring (Chen et al., 2016; Guan et al., 2021b). In summer, the
influence of subtropical high pressure leads to the least precipitation in the Western Tianshan during that season
(Aizen et al., 1997). Northern Tianshan lies to the north of Lake Issyk-Kul. In contrast to the Western Tianshan,
which receives the most precipitation in winter, the Northern Tianshan is strongly influenced by the Siberian
anticyclonic circulation, resulting in the least amount of winter precipitation. The most precipitation occurs in
spring, related to the development of frontal cyclonic circulation and the influx of cold and wet air masses (Aizen
et al., 1995). Central Tianshan is located in the south of Ili Valley and is bounded by the Fergana range to the west
and by the Kokshaal Too and Meridionalniy ranges to the south and east. Being surrounded by high mountains
prevents the entry of moisture, resulting in very little winter precipitation in the Central Tianshan, which only
accounts for less than 10% of the annual precipitation (Aizen et al., 1995; Guan et al., 2021a). Convection devel-
opment and unstable atmospheric stratification together with humid and cold air from the west bring about the
maximum precipitation during summer. Border three is bounded by the city of Urumgi and Dabancheng in China.
To the east, the Eastern Tianshan (Region IV) includes the Bogda and Balkan mountain ranges. The seasonal
distribution of Eastern Tianshan precipitation is the same as in Central Tianshan, with the most precipitation
occurring in summer. However, as the area is the least affected by the East Asian monsoon and westerly circu-
lation, the Eastern Tianshan receives much less precipitation than the rest of the Tianshan Mountains, averaging
only 13 mm in winter (Guan et al., 2021a).

2.2. Data

The basis of the study comprises reanalysis data from the numerical weather prediction model ERA-Interim
provided by the European Center for Medium-Range Weather Forecasts (ECMWF) (Berrisford et al., 2011; Dee
et al., 2011; Owens & Hewson, 2018) from 1979 to 2017. The usage of reanalysis data is beneficial specifically
in remote mountainous regions with scarce observations (Gerlitz et al., 2014; Zhao et al., 2020). The reliability
of ERA-Interim in Central Asia has been verified by long-term trend analysis (Chen et al., 2019; Hu et al., 2016;
Hamm et al., 2020; Liu & Zhang, 2017). We use the global ERA-Interim reanalysis data set with its horizontal
resolution of 0.75° X 0.75° and 60 vertical levels, from the surface to 0.1 h Pa. In particular, the 3-D wind field,
the specific humidity, the surface pressure, the Planetary Boundary Layer (PBL) height, and the 2-m air temper-
ature serve as input variables to perform a moisture source detection study. In this study, we scaled the PBL
height by the factor of 1.5 to counteract the underestimation of the PBL height specifically over maritime and
mountainous terrain (Sodemann et al., 2008; Weigel et al., 2007; Zeng et al., 2004). The conversion into pressure
coordinates considers a constant lapse rate of y = 0.0065 K m~! (Langhamer et al., 2018). Additionally, we use
the ERA-Interim monthly precipitation data, and the precipitation product from the Global Precipitation Clima-
tology Center (GPCC) (Schneider et al., 2018) to validate the performance of the Lagrangian model.

2.3. Lagrangian Method for Determining Evaporative Moisture Sources

The Lagrangian perspective transforms the spatially stationary point of view from gridded reanalysis data into
that of traveling air parcels. Along trajectories, changes in physical quantities such as moisture, air pressure,
and temperature can be analyzed. We apply the Lagrangian analysis tool Version 2.0 LAGRANTO (Sprenger &
Wernli, 2015) to calculate trajectories 15 days backward in time. The backward trajectories start from a 0.75°
regular grid within four predefined sub-regions encompassing the Tianshan Mountains. The grid is vertically
subdivided in 11 equally spaced (Ap = 50 h Pa) levels from the surface to 500 h Pa above ground level which
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encloses the majority of the precipitable water of the Tianshan Mountains. This set-up comprises 242, 407,
594, and 616 grid points in Eastern, Northern, Western and Central Tianshan (Figure 1). Every reanalysis time
step of 6 hr contains 242, 407, 594, and 616 15-day backward trajectories, respectively. This results in over 200
million trajectories to represent a 37-year climatology of moisture sources of the Tianshan Mountains. Thereby
the moisture source detection method developed by Sodemann et al. (2008) was applied, which is based on
the moisture tracing the concept of Stohl and James (2004). This method includes the conversation of specific
humidity g within the air parcel of mass m where the increase in specific humidity within a calculation time step
i of the trajectory results only from moisture uptake through evaporation E, while the decrease occurs due to
precipitation P

dq;

m— 9]

Multiple moisture uptakes can occur along a 15-day backward trajectory. Therefore, all new moisture uptakes dg;
are weighted with respect to the amount of pre-existing moisture g, resulting in a fractional contribution f; of each
moisture uptake location
dg;
fi=— (@)
qi

Precipitation along the trajectory reduces the impact of the previously estimated moisture uptake and is partially
subtracted according to their fractional contribution (Sodemann et al., 2008). The conversion of the specific
humidity decrease Ag, _, above the study region into the 6 hr precipitation sum can be expressed as,

1 _
P= o > Agison - 107 - Apy, 3)
k

where g is the gravitational acceleration, k is the vertical index of the 11 equidistant (Ap, = 4,990 Pa) levels and
is hereinafter called Lagrangian precipitation (Sodemann et al., 2008). Based on the Lagrangian precipitation and
the fractional contribution of each moisture uptake along the trajectory, the amount of evaporation is calculated
and assigned to the surface according to,

E; = Pi—on * fin- “)

Following the concept of Sodemann et al. (2008), only trajectories that cause precipitation are selected in the
calculation. The selection criterion for trajectories was that the relative humidity exceeded 80% and the specific
humidity decreases. Originally, Sodemann et al. (2008) considered only a moisture increase within the PBL as
evaporative moisture source. Subsequently, Sodemann and Zubler (2010) deviate moisture sources within and
above PBL moisture uptake. The authors concluded to consider moisture increase in the free atmosphere as evap-
orative moisture source only if the spatial and temporal pattern of the combined above and below PBL moisture
uptake shows similarities to the within PBL moisture uptake. The identified moisture uptake regions are assigned
to the surface by considering the amount of moisture uptake per month on a 1° regular grid.

2.4. Definition of Individual Moisture Sources

To more precisely describe the key moisture sources of precipitation in Tianshan Mountains, we define 10 separate
moisture uptake regions in the Northern Hemisphere (Figure 2) and additionally the Tianshan Mountains them-
selves (TS) as the source region of local evaporation following an approach similar to (Sodemann et al., 2008) and
S. Yao et al. (2021). The terrestrial part includes Central Asia (CA) where the Tianshan Mountains are located,
West Asia (WA) and North Africa (NA), and the European region (EU) which lies to the northwest of the Tian-
shan Mountains. We further separate into the Siberian region (SR) and East and Southeast Asia (ESA) in the east
of the Tianshan Mountains. The oceanic part includes the North Atlantic Ocean (NO), the Mediterranean Sea
(MS), the Caspian Sea (CS), and the Indian Ocean (I0). Some inland seas, such as the Baltic Sea and the Black
Sea, are incorporated into the European region owing to their low contribution and their location within Europe.
The contribution of a particular region is evaluated as the ratio of the integral of its moisture contributing area to
the integral of all identified moisture contributing areas.
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Figure 2. Definition of the 10 regions for diagnosing and attributing moisture sources in this study: Central Asia (CA), West Asia (WA), North Africa (NA), Europe
(EU), Siberia (SR), East and Southeast Asia (ESA), North Atlantic Ocean (NO), Mediterranean Sea (MS), Caspian Sea (CS), and Indian Ocean (I0). The area of the
Tianshan Mountains (TS) defining the area of local evaporation is delineated with a green polygon.

In addition, we subdivide the moisture sources presented into two seasons, thereby, October-March denoted as
winter, and April-September as summer. This study investigates linear trends of defined moisture sources in
winter and summer using the Mann-Kendall (M-K) test (Kendall, 1975; Mann, 1945). We also use Mann-Kendall
(M-K) correlation coefficient (Freedman et al., 2007) to assess the statistical significance of any correlation
analysis.

3. Results

3.1. Characteristics of ERA-Interim Precipitation, GPCC Precipitation and Lagrangian Precipitation
Estimates

At first, we validate the Lagrangian precipitation estimates (Equation 3) over the Tianshan Mountains against
the 6-hourly forecasts from ERA-Interim and the GPCC precipitation. The spatial distributions of ERA-Interim
precipitation over Tianshan Mountains are shown in Figures 3e-3h. Precipitation over the Tianshan Mountains
has a strong seasonality with the larger precipitation amounts in MAM and JJA. Regionally, the western part of
Tianshan receives the most precipitation and Eastern Tianshan has relatively less precipitation throughout the
year. These spatial and seasonal distributions are further confirmed by the GPCC precipitation (Figures 3i-31).
However, the precipitation from ERA-Interim is obviously higher than that from the GPCC. Previous studies
have found that mountainous and complex topographic areas result in large differences in precipitation between
products (Hamm et al., 2020). Gao et al. (2018) reported ERA-Interim overestimation of daily mean and extreme
precipitation on the Tibetan Plateau. Similar conclusions were drawn by Hamm et al. (2020), where they found
that total spatially averaged precipitation for the period May—September 2017 from ERA-Interim (781 mm) over
the Central Himalaya and the Southwest Tibetan Plateau, was much higher than that from GPCC precipitation
(411 mm).

Figures 3a—3d display the composite monthly mean distribution of estimated precipitation based on the
Lagrangian approach (Equation 3) over the Tianshan Mountains. The Lagrangian estimated precipitation
reasonably captured the major spatial patterns and seasonality of precipitation in the Tianshan Mountains
similar to ERA-Interim (Figures 3e-3h). The Lagrangian precipitation estimates are somewhat higher than the
ERA-interim precipitation when considering individual grid points. This is especially observed in the Western
and Northern Tianshan.

Figure 4a visualizes the comparison of monthly precipitation between the three precipitation data sets. The
Lagrangian precipitation and ERA-Interim precipitation as well as the Lagrangian precipitation and GPCC
precipitation both show statistically significant correlations (p < 0.05) with R? = 0.98 and R? = 0.95, respectively.
Nevertheless, the ERA-Interim precipitation does not fully reflect some of the details of the GPCC data. The peak
of monthly precipitation occurs in May (Lagrangian precipitation and GPCC precipitation), while ERA-Interim
displays a single peak with the highest value in June. Similarly, precipitation in October is higher than in Septem-
ber, a feature that is not picked up in the ERA-Interim data. In addition, Figure 4b demonstrates that the Lagrangian
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Figure 3. Spatial distribution of seasonal precipitation in Tianshan Mountains (mm) from the ERA-Interim Lagrangian estimated precipitation (left), the ERA-Interim
monthly precipitation (middle), and the Global Precipitation Climatology Center precipitation (right) during 1979-2017. All datasets are averaged in the four seasons:
March-May (MAM), June-August (JJA), September-November (SON), and December-February (DJF). The area of the Tianshan Mountains is delineated with an
earthly yellow polygon.

approach is quite efficient in the Tianshan Mountains. A statistically significant linear relationship (R? = 0.99) is
shown between monthly evaporation (the sum of evaporation above and within the boundary layer) and Lagran-
gian precipitation estimates. Therefore, following for example, Langhamer et al. (2021); Schuster et al. (2021), it
is plausible that we apply the Lagrangian method to detect moisture sources of the Tianshan Mountains.
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Figure 4. (a) ERA-Interim estimated monthly precipitation in the Tianshan Mountains, compared with that derived from the ERA-Interim and Global Precipitation
Climatology Center precipitation. The solid lines are the median; the areas filled correspond to the interquartile range. (b) The monthly Lagrangian estimated
precipitation and the total local evaporation of the Tianshan Mountains.
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Figure 5. Spatial patterns of (a) all average annual attributed evaporative moisture sources (mm/month); (b) average annual attributed evaporative moisture sources
within Planetary Boundary Layer (PBL); (c) average annual attributed evaporative moisture sources above the PBL of the Tianshan precipitation for the period from
1979 to 2017. The curve in blue dashed is the border of the Tianshan Mountains.

3.2. Moisture Sources Distribution of Tianshan Precipitation

Figures Sa—5c show the diagnostic picture of all attributed moisture sources, the attributed evaporation inside the
PBL and from above the PBL, respectively. Moisture sources within the PBL show a similar spatial pattern to that
of all attributed moisture sources, with the highest evaporative moisture contribution area mainly concentrated in
the Tianshan itself. Regions with moisture source contributions exceeding 0.2 mm/month concentrate in Western
Tianshan. Moisture source contributions exceed 0.1 mm/month over the majority of Tianshan, indicating that
local evaporation (i.e., recycling of continental moisture) are the major moisture source in the Tianshan Moun-
tain. In addition, much of the moisture was also tracked back to West Asia, and even the Arabian Gulf. It is worth
noting that the location of the annual mean source of moisture uptake above the PBL (Figure 5c) is quite similar
to the location within the PBL (Figure 5b). Although, according to the Lagrangian approach, the location of the
moisture source can only be determined when an increase in specific humidity below the top of the PBL is meas-
ured (Sodemann et al., 2008). However, Sodemann and Zubler (2010) pointed out that if the patterns of moisture
sources above and within the PBL are similar, it is hardly possible that the moisture sources of precipitation in
the study area can be significantly different within and above the PBL. Therefore, in the following, we attribute
the increase in specific humidity above the PBL also to evaporation, that is, consider all the attributed moisture
as the sources of precipitation in the Tianshan Mountains.

South-westerly water vapor flux prevails into the Tianshan Mountains in winter (Figure 6e). Low latitudes and
the Atlantic Ocean regions show relatively high precipitable water vapor (PWC) values compared to low PWC
values over Central and East Asia including the Tianshan Mountains themselves. From the Eulerian perspective,
there are two main water vapor pathways into the Tianshan Mountains in winter. One of them is a long-range
water vapor transport pathway, advected predominantly by westerlies, extending from the North Atlantic Ocean,
the European continent, the Mediterranean Sea, and the Caspian Sea to the Tianshan. The second most important
moisture pathway toward Western Tianshan stems from the Indian Ocean and the Arabian Peninsula (Figure 6e).
From the Lagrangian perspective (Figures 6a—6d), the moisture sources of Tianshan extend as far west as 30°W
over the North Atlantic Ocean based on a minimal lower threshold of 0.0002 mm/month. Areas with larger
moisture uptake are mainly located over Central and West Asia, with the highest values centered in and around
the Western Tianshan. Although the moisture-source regions in winter of the different sub-regions of Tianshan
Mountains look relatively similar, the source area for the Western Tianshan is markedly expanded both to the west
and to the southeast (Figure 6a). In contrast, uptake locations for the Central Tianshan are confined to areas east
of the Prime meridian (Figure 6¢). The area of uptake for the Eastern Tianshan is even narrower to roughly east of
30°E (Figure 6d). Regions with evaporative moisture sources for the Western Tianshan exceeding 0.1 mm/month
have a widespread distribution that extends southwestward to the Iranian Plateau. Areas outside the Tianshan
with evaporative moisture sources exceeding 0.1 mm/month are rare for the other three Tianshan sub-regions.
Moisture sources for the Western Tianshan in winter extend southeastward to the Indian Peninsula until 80°E
using a threshold of 0.0002 mm/month, which is not the case for any of the other Tianshan sub-regions.

PWC values in summer are higher (>125 kg/m?) over the continental regions at mid—to-high latitudes compared
to winter (Figure 7e). The presence of the Iranian High Pressure advects water vapor from high-latitude Eurasia
toward the Tianshan Mountains. Meanwhile, this anticyclone blocks water vapor entering the Tianshan from the
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Figure 6. Spatial patterns of average attributed evaporative moisture sources (mm/month) of the different sub-regions (a—d) of the Tianshan mountains in winter during
1979-2017; the polygon in blue dashed is the border of the Tianshan Mountains; (e) Water vapor flux (vector in kg/m/s) and total precipitable water vapor content
(PWC in kg/m?) in winter. The area of the Tianshan Mountains is delineated with a red polygon in (e).

southwest. In summer, the area of moisture contribution is generally smaller to the west and to the south, confined
to areas east of the Prime meridian (Figures 7a—7c). The moisture source of the Eastern Tianshan is limited to
east of 30°E (Figure 7d). The moisture contribution is more locally concentrated. The area of moisture uptake
in the high latitudes of Eurasia expands further to 75°N with an increased contribution from high latitude Eura-
sia. Simultaneously, the contribution from the Arabian Peninsula and the Iranian Plateau is smaller than in the
winter. The summer moisture source in the Eastern Tianshan extends even further eastward to 120°E in East Asia
(Figure 7d).

3.3. Quantitative Contribution From Individual Moisture Source Regions

Central Asia is the dominant source of moisture for all sub-Tianshan. For the Western Tianshan, the contribu-
tion of Central Asia shows a single-peak pattern (Figure 8a). From April to October, Central Asia is the major
contributor of moisture in the Western Tianshan, with a contribution of on average 41.4%, and 46.3% in August
(Figure 8a). In contrast, from November to March, West Asia replaces Central Asia as the largest source of mois-
ture in providing precipitation for the Western Tianshan, accounting for almost 50% of the total. The third source
of moisture stems from the Tianshan itself (local evaporation) with 17.2%, also showing a single-peak pattern
in summer. Moisture from the Indian Ocean also contributes considerably (7.2%) to precipitation in the West-
ern Tianshan in winter, while Europe contributes 9.5% of the precipitation in summer (Figure 8a). Our results
underscore the importance of land moisture sources to Tianshan Mountains. The study of the role of land and
ocean evaporation on precipitation in the Yangtze River Valley by Fremme and Sodemann (2019) also found that
continental moisture sources supplied a large part (58.4%) of the moisture for the Yangtze River Valley precipita-
tion during 1980-2016, even over coastal areas. Thus, while the importance of the ocean as a source of moisture
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Figure 7. Spatial patterns of average attributed evaporative moisture sources (mm/month) of the four sub-regions (a—d) of the Tianshan Mountains in summer during
1979-2017; the curve in blue dashed is the border of the Tianshan Mountains; (e) Water vapor flux (vector in kg/m/s) and total precipitable water vapor content (PWC
in kg/m?) in summer. The area of the Tianshan Mountains is delineated with a red polygon in (e).

is often highlighted, large terrestrial areas are also critical to moisture availability. For Northern Tianshan, the
continent is the most vital moisture source for precipitation (Figure 8b). The four moisture source regions with
mean relative contributions >5% include local evaporation (22.5%), Central Asia (37.0%), West Asia (19.5%),
and Europe (7.3%). It is noteworthy that the local moisture contribution accounted for 46.6% in August, provid-
ing the largest source of moisture in the Northern Tianshan. Therefore, the contribution of local evaporation is
significantly higher in summer with this feature being very strikingly in the Western and Northern Tianshan.
The study of the role of land and ocean evaporation on precipitation in the Yangtze River Valley by Fremme and
Sodemann (2019) also emphasizes the importance of the local moisture recycling in the Yangtze River Valley
itself for maintaining precipitation during the later stage of the summer monsoon. They found that the local cycle
peaks in August and attributed the sharp increase in the local recycling to the combination of decreasing 850 h Pa
wind speed, high soil moisture, large green leaf area, and high evaporation rate.
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Figure 8. Monthly mean relative contribution of the different uptake sectors defined in Figure 2 to the attributable precipitation over the (a) Western Tianshan, (b)
Northern Tianshan, (¢) Central Tianshan, and (d) Eastern Tianshan.

The moisture contribution to the Central Tianshan is very similar to the monthly distribution of the Western
Tianshan, although local evaporation provides a very uniform share throughout the year of about one-third. The
relative contribution of moisture from Central Asia to the Central Tianshan is larger than to the Western Tianshan
and also more evenly distributed across seasons (Figure 8c). In addition to the largest contribution coming from
Central Asia and local evaporation (66.8%), West Asia adds another 18.0%. Hence, these three regions contribute
up to almost 85% of the moisture to the Central Tianshan. For the Eastern Tianshan, Central Asia is the moisture
source with an unassailable position of precipitation in all seasons, accounting for above 45% (Figure 8d). It is
followed by local supply, evenly distributed in all months except for March, and overall accounting for 23.4%. The
other two moisture sources with mean relative contributions of more than 5% are West Asia (10.4%) and Europe
(5.3%), respectively. The contribution of Europe to summer precipitation in the Eastern Tianshan is reduced
compared to that in winter. East and Southeast Asia, and the Siberian region, replacing Europe, are the other two
important moisture sources with a percentage in summer of 7.7% and 5.2%, respectively (8 days).

3.4. Correlation Between Contribution of Moisture Sources and Precipitation

We further investigate the possible correlations between the contribution of each identified moisture source area
and precipitation in the Tianshan Mountains in winter and summer in the time series of annual values of the study
period (Table 1). For the Western Tianshan, the winter precipitation sum is significantly positively correlated
with the moisture contribution from West Asia and the Indian Ocean, and negatively correlated with the moisture
contribution from local sources and Central Asia, strongly confirming that moisture from the southwest plays a
dominant role in the increased winter precipitation in the Western Tianshan. Winter precipitation in the Western
Tianshan is positively correlated with the moisture contribution from East and South Asia, implying that the
source of moisture from the East to the Western Tianshan, although low, should not be neglected. Precipitation
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Table 1

Correlation Between Moisture Uptake in the Source Areas According to Figure 2 and ERA-Interim Precipitation Based on
Seasonal Values in the Period 1979-2017; Correlation Coefficients With Moisture Uptake and GPCC Precipitation Are
Shown in Parentheses

Winter Summer

WT NT CT ET WT NT CT ET

TS (-026)  —0.27(-0.33) (-0.31) (—0.41) (-0.43)
CA —0.47 (—0.35)

WA 0.29 (0.29) (0.28) (0.24)
EU —0.21 (=0.24)
NA (0.24) 0.23)

SR 0.41
ESA 0.32 (0.28) 0.23 0.23)
CS 0.23 (0.24) —0.33

NO —0.22

10 0.30 (0.27) (0.24) 0.24 0.31) 0.31)
MS 0.34 (0.35) 0.27)

Note. Mann-Kendall (M-K) correlation coefficients were calculated for winter and summer. Only coefficients of statistically
significant correlations (p < 0.05) are presented in the table; WT: Western Tianshan, NT: Northern Tianshan, CT: Central
Tianshan, ET: Eastern Tianshan.

in the Northern Tianshan is significantly positively correlated with moisture contribution from the Caspian Sea
and the Mediterranean Sea and negatively correlated with local moisture contribution in winter, reflecting the
profound influence of the westerlies on winter precipitation in the Northern Tianshan. The winter precipitation
in ERA-Interim shows no significant correlation with any moisture source in the Central and Eastern Tianshan,
while precipitation in GPCC is positively correlated with moisture from North Africa and the Indian Ocean
for the Central Tianshan and negatively correlated with local moisture contribution for the Eastern Tianshan
(Table 1).

In general, there is no obvious trend in the contribution from most source regions in winter during 1979-2017.
However, Tianshan, the region of local sources, and Central Asia show a significant decreasing trend (p < 0.05)
of moisture contribution to the Eastern Tianshan in winter with linear trends of —0.30 and —0.11 mm/10a, respec-
tively (Figure 9). The finding is consistent with a decreasing trend in Winter precipitation in the Eastern Tianshan
in the ERA-Interim data. However, (Guan et al., 2021b) derive a positive precipitation trend for the Eastern Tian-
shan in winter based on GPCC data for the same period.

Correlations between summer precipitation from ERA-Interim and GPCC in the Tianshan Mountains and the
moisture source contribution vary widely. In general, summer precipitation in the Western Tianshan has a nega-
tive correlation with moisture from Europe and is positively correlated with moisture from East Asia. In addition,
precipitation remains significantly positively correlated with moisture contribution from the southwest. Different
from winter, the summer precipitation in the Northern Tianshan is negatively correlated with moisture flux from
the Caspian Sea and the North Atlantic Ocean (Table 1). Not surprisingly, summer precipitation in the Eastern
Tianshan is significantly positively correlated with moisture from Siberia. We find significantly decreasing trends
of moisture contribution from the North Atlantic Ocean for Northern Tianshan (—0.05 mm/10a), Central Tianshan
(—0.02 mm/10a) and Eastern Tianshan (—0.01 mm/10a) and from Europe for Central Tianshan (—0.06 mm/10a)
and Eastern Tianshan (—0.03 mm/10a) over the study period (Figure 10). These trends do not play out in decreas-
ing precipitation amounts according to (Guan et al., 2021b), presumably because their relative contribution to the
overall precipitation in summer in the respective sub-regions of Tianshan is limited.
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Figure 9. Time series of moisture contribution from Central Asia and local sources for the Eastern Tianshan in winter during
the 1979-2017.

3.5. Moisture Sources During Extreme Precipitation Months

We selected monthly precipitation from ERA-Interim data exceeding the 95th percentile in winter and summer in
each Tianshan region as extreme precipitation months. Clear differences in the spatial pattern of source regions
of moisture received by the four sub-Tianshan during extreme precipitation are evident in Figures 11 and 12.
Compared with the average evaporative moisture intake, the overall amount during extreme winter precipitation
in Western Tianshan increased by 28.9%, with the main increase still coming from the southwest (Figure 11a).
The relative moisture contributions from West Asia and the Indian Ocean for extreme precipitation are 54.3% and
7.9% (Figure 13), with moisture uptakes increasing from 19.8 mm/month and 2.4 mm/month (average in winter)
to 32.7 and 4.8 mm/month, respectively from these regions. The moisture contribution from Europe, on the
contrary, decreases from 4.2% (winter average share) to 1.6%, a decrease of 69.2%, implying that extreme precip-
itation in the Western Tianshan in winter is caused by enhanced meridional moisture advection and weakened
latitudinal moisture flux. For the Eastern Tianshan, the relative contributions from Siberia as well as from East
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Figure 10. Time series of moisture contribution in summer from the North Atlantic Ocean for Northern, Central and Eastern
Tianshan, respectively (a) and Europe (b) for Central Tianshan and Eastern Tianshan during 1979-2017.
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Figure 11. Anomalies of evaporative moisture sources during extreme winter precipitation in (a) Western Tianshan, (b) Northern Tianshan, (c) Central Tianshan, and

(d) Eastern Tianshan. The area of the Tianshan Mountains is delineated with a green polygon and the blue dotted areas indicate anomalies that are significant at the 95%

confidence level.

and South Asia during winter extreme precipitation increase from 1.3% to 1.7%-5.6% and 10.1%, respectively
(Figure 13d). The moisture uptakes increase from 0.03 mm/month and 0.01 mm/month to 0.50 mm/month and
0.94 mm/month, respectively (Figure 11d), reaffirming the importance of moisture from the east for the Eastern
Tianshan. Although Europe accounts for only 7.1% of the moisture contribution in the Northern Tianshan during
winter (Figure 8), the largest increase of 64.8% in moisture contribution from Europe is observed during extreme
winter precipitation, suggesting that moisture from Europe is an important cause of extreme precipitation in the
Northern Tianshan, which is diametrically opposed to the Western Tianshan. For the Central Tianshan, Central
Asia plays a crucial role during extreme precipitation. The relative contribution goes up from 29.1% (average in
winter) to 39.3% (Figure 13), demonstrating that the extreme winter precipitation moisture contribution in the
Central Tianshan is derived from Central Asia. In contrast to winter, the increased moisture contribution during
extreme summer precipitation is concentrated locally and in Central Asia, especially for the Central and Northern
Tianshan (Figure 12). Not surprisingly, the contribution of moisture from Siberia as well as East and South Asia
appears to increase during extreme precipitation in the Eastern Tianshan, with the relative moisture contribu-
tions from these regions increasing from 5.2% to 7.7% (summer average shares) to 9.9% and 18.5%, respectively

(Figure 13).

4. Discussion

4.1. Moisture Sources and Atmospheric Circulation

According to Guan et al. (2021a), most parts of Tianshan experienced increasing precipitation during 1950-2016,
especially in the Northern, Central, and Eastern Tianshan. They suggested possible reasons for the variability
of precipitation in terms of atmospheric circulation. The East Atlantic-West Russia (EATL/WRUS) represents
circulation variability affecting Tianshan precipitation in winter. The enhanced meridional features of the EATL/
WRUS pattern after 1988 lead to enhanced water vapor entering the Tianshan from low latitude oceanic regions
(Guan et al., 2021b). This is further corroborated by the results in this study presented in Figures 6 and 8 that the
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Figure 12. Anomalies of evaporative moisture sources during extreme summer precipitation in (a) Western Tianshan, (b) Northern Tianshan, (c) Central Tianshan, and
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dominating moisture sources of precipitation are mainly West Asia and Indian Ocean during winter for the West-
ern Tianshan. Warm conveyor belts embedded ahead of the trough axis of extra-tropical cyclones transport water
vapor from the lower latitudes poleward (Boutle et al., 2011). Hence, up to 70% of precipitation extremes can
be associated with extra-tropical cyclones or warm conveyor belts that advect moisture from West Asia and the
Indian Ocean toward Western Tianshan (Pfahl et al., 2014). In addition, precipitation is organized and activated
by positive stratospheric potential vorticity anomalies. Moisture is transported from the Arabian Sea and the Bay
of Bengal to northeastern Pakistan, triggering intense precipitation events (Martius et al., 2013). However, it is
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Figure 13. Relative contribution of the different uptake sectors defined in
Figure 2 to the attributable precipitation over the Western Tianshan (WT),
Northern Tianshan (NT), Central Tianshan (CT), and Eastern Tianshan (ET)
during winter and summer months of extreme precipitation.

worth noting that according to our results (Table 1), the significantly positive
correlation between winter precipitation and moisture from West Asia and
the Indian Ocean exists only in the Western Tianshan and Central Tianshan,
which implies that the EATL/WRUS pattern mainly affects the west of the
Tianshan Mountains where precipitation is concentrated during winter. In
addition, Oh et al. (2017) found that in winter, when EATL/WRUS have the
same phase combined with the Western Pacific teleconnections (WP), strong
southeasterly wind anomalies deliver warm air to be transported from the
tropics to East Asia. As seen from Figure 14, positive northward anomalous
moisture transport from the low-latitude sub-tropics to East Asia exists in
the synthesis of extreme winter precipitation months for the Western and
Central Tianshan. The water vapor can be conveyed to Mongolia as well
as to Siberia, which is also reflected in the significant positive correlation
between winter precipitation in Western Tianshan and evaporative moisture
uptake from East and South Asia, and between winter precipitation in the
Central Tianshan and evaporative moisture coming from Siberia (Table 1).
In summer, the Scandinavia pattern (SCAND) is strongly and negatively
correlated with precipitation in Western Tianshan (Guan et al., 2021a). A
strong pressure gradient enhances airflow to the Tianshan Mountains due to
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Figure 14. Anomalies of water vapor flux (vector in kg/m/s) and total precipitable water vapor content (PWC in kg/m?)
during extreme winter precipitation in (a) Western Tianshan; (b) Central Tianshan. Areas with red dots and the blue arrows
indicate the anomalies of PWC and water vapor flux significant at the 95% confidence level, respectively.

a persistent anticyclone over the Ural Mountains combined with the Central Asian cyclone east of the Caspian
Sea (Guan et al., 2021a; Yang & He, 2003). The strong easterly flow reduces the moisture carried from Europe
during extreme summer precipitation months in the Western Tianshan (Figure 15a), which is an expression of
the negative correlation between the summer precipitation in the Western Tianshan and the moisture contribution
from Europe (Table 1). East Asia-Pacific (EAP) is another important teleconnection pattern affecting Tianshan
precipitation (Guan et al., 2021b). The enhanced flux of water vapor during 1985-2004 occurred westward from
East Asia to the Tianshan Mountains related to the EAP pattern. Our findings also confirm the influence of East
and South Asia on Tianshan precipitation, with an emphasis on the contribution to Eastern Tianshan. During
extreme summer precipitation in Eastern Tianshan, there appears to be an anomalous meridional moisture flux
attributable to an “anticyclonic-cyclonic-anticyclonic” structure in the West Pacific off the coast of East Asia
and Siberia which is very similar to the EAP pattern (Figure 15b). Further, water vapor is transported westward
from East Asia through China and Mongolia by a cyclone centered over Japan, which makes East and South Asia
contribute 18.5% of moisture during extreme summer months. The extreme rainstorm event in July 2018 in the
southeastern region of Hami (located in the Eastern Tianshan region) was caused by the westward transport of
water vapor even from the remote South China Sea into the Hami region (Liu et al., 2020). Consistently, Fan
et al. (2022) found that the North Pacific pattern (NP) and the Pacific interdecadal Oscillation (PDO) had an
important impact on precipitation changes in Tianshan Mountains (the part within China) during 1979-2020,
both of which indicate the influence of the Pacific Ocean on precipitation in the more eastern parts of the Tian-
shan Mountains. In addition, the anomalous anticyclone located in western Siberia conveys moisture from Siberia
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Figure 15. Anomalies of water vapor flux (vector in kg/m/s) and total precipitable water vapor content (PWC in kg/m?)
during extreme summer precipitation in (a) Western Tianshan; (b) Eastern Tianshan. Areas with red dots and the blue arrows
indicate the anomalies of PWC and water vapor flux significant at the 95% confidence level, respectively.

to the Eastern Tianshan, accounting for the increased moisture contribution from Siberia of 9.9% (average: 5.2%)
during extreme precipitation in Eastern Tianshan.

4.2. Contribution of Local Evaporation and the Role of Oceans

However, it also becomes clear from the results of the Lagrangian analysis that Central Asia, including the
Tianshan itself, is the main moisture source of precipitation for the Tianshan in all seasons, especially for the
Northern, Central, and Eastern Tianshan. Although moisture flux from East Asia and Siberia accounts for nearly
1/3 of the extreme precipitation in the Eastern Tianshan, the share of evaporation from local evaporation as well
as from Central Asia remains the dominant source even in these extreme cases (64.7%). The increase of precip-
itation in the Tianshan seems to be closely related to evaporation in Central Asia and from local areas. Previous
studies using the Eulerian approach have shown that the North Atlantic Ocean, the Caspian Sea, and the Mediter-
ranean Sea are important sources of precipitation in the Tianshan Mountains (Guan et al., 2019; Li et al., 2008;
Ren et al.,, 2016). Jiang et al. (2020) also quantified the moisture source in Central Asia using the Eulerian
source-tagging method with detailed atmospheric processes and concluded that the North Atlantic Ocean could
explain up to 23% of the moisture source contribution to precipitation. However, according to the applied Lagran-
gian approach, the annual average moisture contributions of all oceanic sources to precipitation in the West-
ern, Northern, Central, and Eastern Tianshan reaches only 9.1%, 8.1%, 5.4%, and 4.7%, respectively (Figure 8).
Nevertheless, if the influence of the Northern Indian Ocean in winter is removed, then the Oceanic sources from
the west including the Caspian Sea, the North Atlantic Ocean, and the Mediterranean Sea only account for 5.0%,
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6.0%, 2.9%, and 3.8% of the Western, Northern, Central, and Eastern Tianshan, respectively. In accordance with
results from S. Yao et al. (2021) our finding demonstrates that the contribution of these oceans, once considered
an important source of moisture, is minimal on the climate scale. Taking the North Atlantic Ocean for example, it
contributes not more than 5% to all Tianshan regions in all months according to the Lagrangian perspective. Only
in November, it contributes nearly 5% moisture to the Northern and Eastern Tianshan guided by a strong westerly
component (Figure 8). These oceans certainly generate a significant amount of evaporation, which is transported
by westerly winds to the Eurasian continent at mid-latitudes. However, a major part of the moisture from sea
surfaces presumably is being lost to precipitation en route and possibly recycled several times by continental
evaporation and precipitation before it eventually reaches the Tianshan via moisture uptake over Central Asia. Air
masses in the desert areas of Central Asia are not supplemented by sufficient local moisture and continue to move
eastward bringing precipitation to the western windward slopes of the Pamir Plateau and the Northern Tianshan
but are unable to affect the Eastern and Central Tianshan (Wang et al., 2017). Wang et al. (2017) therefore pointed
out that precipitation in the Tianshan is more likely to be evaporation of terrestrial moisture from Europe and
Central Asia rather than direct oceanic moisture from the North Atlantic Ocean. More attention should be paid
to local evapotranspiration variations in predicting precipitation change in Xinjiang (Peng & Zhou, 2017). Zhou
et al. (2019) also concluded that Xinjiang and Central Asia are key moisture sources for extreme precipitation
in Xinjiang, with local contributions contributing 40% and 70% in the Ili Valley and Hami regions, respectively.
These conclusions are consistent with our finding and also with the perspective that Xinjiang itself and Central
Asia are the main sources of moisture contribution to precipitation in Xinjiang (S. Yao et al., 2021). However,
the above discussion should not suggest that the role of the oceans, especially the North Atlantic Ocean, can be
ignored. Shen et al. (2022) demonstrated that there is a strong teleconnection between moisture deficit over the
oceans and continental water shortage caused by deiciant water vapor transport. They found high correlations
between decreased terrestrial water storage in Eurasia and the drying over the low-latitude North Atlantic Ocean.
According to their findings, drying over the low-latitude North Atlantic Ocean in past decades contributed to the
consistent and synchronous terrestrial water storage depletion across Eurasia. The importance of the ocean in
providing moisture is also supported by the results of Fremme and Sodemann (2019) as second-order sources in
the Yangtze River valley, where this moisture from the ocean eventually undergoes continental recycling and even
a significant fraction is recycled more than once on land. Thus the interaction of moisture from the ocean with the
land surface may extend beyond the areas of first-order continental moisture sources.

4.3. Glacier Retreat and Precipitation Changes

Central Asia has faced a significant temperature increase in recent decades, with rates of 0.36°C-0.42°C/10a for
the period 1979-2011 and 0.34°C/10a for the period 1961-2016 in the Tianshan Mountains (Jiang et al., 2013;
Hu, 2004). Rapid warming has led to a significant decrease in snow area and substantial glacier shrinkage in the
Tianshan Mountains (Shangguan et al., 2015; J. Yao et al., 2022). The Central Asian regions with large glacier
areas mainly show a trend of increasing runoff and increasing oasis area (Chen et al., 2016; Unger-Shayesteh
etal., 2013; X. Wang et al., 2020; Yao et al., 2022). However, it is worthwhile to note that although all are located
in the same arid and semi-arid zone, areas in northwest China with glaciers experience a wetting trend, while
northern China and Kazakhstan located in the center of Central Asia without glaciers suffer from increasing
aridity (Gerlitz et al., 2018; Hu et al., 2017; Sorg et al., 2012; Yao et al., 2022). Based on these facts, we hypoth-
esize that the melting and retreat of the Tianshan glaciers and permafrost in recent decades may be contributing
to increasing precipitation around the Tianshan and northwest China, as this mechanism, may locally to region-
ally provide additional moisture, leading to interdecadal change from “warm-dry” to “warm-wet” conditions.
It further confirms the essential role of the Tianshan Mountains as a “water tower” in Central Asian climate.
Our findings in this study emphasize the importance of local moisture sources for precipitation in Tianshan
Mountains. Therefore, the melting of the Tianshan glaciers will have a range of effects on local moisture, such
as changes in soil moisture and vegetation conditions, which will profoundly affect precipitation and climate in
Central Asia.

4.4. Technical Limitations

Precipitation is not easily reproduced accurately in the Tianshan Mountains due to the scarcity of weather
stations, especially at high altitudes. Although the correlation coefficient between precipitation in the Tianshan
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Mountains based on GPCC precipitation data and ERA-Interim data reaches 0.84 (p < 0.01), the temporal trends
of precipitation still vary from region to region and even show opposite sign between GPCC and ERA-Interim
data. In addition to the uncertainty of both the measured and spatially interpolated precipitation data, and precip-
itation derived from numerical weather forecast reanalysis, the Lagrangian precipitation estimation in this study
has its own limitations. As can be seen in (Figure 3), although the Lagrangian estimated precipitation captures
the main characteristics of precipitation in the Tianshan Mountains, its value is larger than both the ERA-Interim
and GPCC datasets. Such overestimation has previously been reported in studies using the Lagrangian method
(James et al., 2004; Sodemann et al., 2008; Stohl & James, 2004; S. Yao et al., 2021). The main reason for the
positive bias of estimated precipitation is due to the assumption that the decrease in Ag is completely counted as
precipitation at the target location during the last 6 hr before the starting point, rather than being allocated over
the region that was traversed by the air mass during that final 6 hr of the trajectory. Meanwhile, processes such
as convection and the formation of ice crystals and water droplets during the cloud condensation process are
neglected in the Lagrangian approach. Besides, Sodemann (2020) point out the Lagrangian moisture source diag-
nostic method by Sodemann et al. (2008) is aimed at detecting large increases in specific humidity, but mixing
processes with equally dry or drier air will not be identified. This method may also miss the relatively old mixing
events where water vapor re-enters the precipitation cycle, which would prevent the method from capturing the
small contribution of long-lived water vapor. In addition, as we mentioned in Section 3.1, all attributed moisture
sources are considered as the sources of precipitation in Tianshan Mountains in this study. This follows the notion
of Sodemann and Zubler (2010) who stated that if the distribution of moisture sources above and within the PBL
performs similarly, then the moisture sources in the study area are not likely to differ significantly within and
above the PBL. However, since only moisture uptake within the PBL can be directly linked to evaporation from
the underlying surface, it is still possible that the absolute value and extent of moisture sources affecting precipi-
tation in the Tianshan Mountains are overestimated to some degree.

5. Conclusion

In this study a Lagrangian method is used to identify the moisture source patterns of precipitation over the
Tianshan Mountains and to analyze the quantitative contributions of the main moisture source areas during
1979-2017. All attributed moisture sources (evaporation within the PBL plus evaporation above the PBL) have
been considered, with the highest evaporation contribution area mainly concentrated in Central Asia and locally
in the Tianshan itself. The moisture source contributions vary both seasonally and between different sub-regions
of the Tianshan Mountains. More long-range moisture transport exists during winter (November - March) due to
the enhanced westerlies, especially for the Western Tianshan, while the moisture source distribution extends more
northward and eastward in summer (April-October).

Continental sources provide about 93.2% of the precipitation in the Tianshan. Specifically, continental sources
contributed 90.9%, 91.9%, 94.6%, and 95.3% of the moisture to the Western, Northern, Central, and Eastern
Tianshan, respectively. Among the continental sources, Central Asia plays a leading role in providing moisture
for all sub-regions of the Tianshan Mountains. Excluding the indirect effect of moisture transport from the Ocean
to nearby terrestrial land on precipitation in the Tianshan Mountains, the annual average moisture contribution
directly from all Oceanic sources to precipitation in the Western, Northern, Central, and Eastern Tianshan reach
9.1%, 8.1%, 5.4%, and 4.7%, respectively.

For the Western Tianshan, the main contributors are Central Asia (31.8%) and West Asia (29.8%). These shares
of these two moisture sources change between seasons. Moisture in summer months is advected mainly from
Central Asia, with mean contributions of 41.0%, while in winter months it comes mainly from West Asia (45.7%).
In addition, Tianshan itself supplies 17.2% of moisture contribution and the Indian Ocean provides 7.2% of the
moisture to precipitation in winter for Western Tianshan. Central Asia and Tianshan itself explain 37.1% and
22.5% of the moisture contribution, respectively, and are identified as the main moisture source in the Northern
Tianshan. Slightly further remote areas of West Asia and continental Europe also account for 19.5% and 7.3% of
the contribution. For the precipitation of Central and Eastern Tianshan, we also identify local evaporation and
Central Asia as the dominant moisture source, providing 66.8% and 69.9% of the moisture, respectively. It is
followed by West Asia, which supplies 18.0% and 10.4% of moisture, respectively. In addition, 7.7% and 5.2% of
moisture for precipitation in Eastern Tianshan originate from East and South Asia and Siberia in summer, which
is different from all other Tianshan sub-regions.
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From 1979 to 2017, there is no significant annual variation in the contribution of most moisture sources, includ-
ing the predominant moisture source, Central Asia, for Western, Northern, and Central Tianshan. However, the
contribution of moisture originating from Europe to precipitation for Central Tianshan and Eastern Tianshan all
show a significant decreasing trend in summer with linear trends of —0.06 and —0.03 mm/10a, respectively. The
contribution of the North Atlantic Ocean to precipitation for Northern, Central, and Eastern Tianshan in summer
also shows a decreasing trend with linear trends of —0.05, —0.02, and —0.01 mm/10a, respectively, though it
relative direct contribution to the Tianshan Mountains is limited anyway.

During extreme winter precipitation months, the largest increase of moisture in the Western Tianshan derives
from West Asia (contribution in 54.1%). Apart from the evaporation from local and Central Asia, the gain of
moisture from East and South Asia as well as Siberia in the Eastern Tianshan is obvious. Europe is also an impor-
tant contributor to extreme precipitation months in the Northern Tianshan while for the Central Tianshan, on the
other hand, the increase in local evaporation has the greatest impact on its extreme winter precipitation. Extreme
summer precipitation months in the Tianshan Mountains are mainly caused by enhanced local evaporation and
enhanced moisture flux from Central Asia. The Eastern Tianshan differs from other Tianshan regions in that
moisture contribution from East and South Asia as well as Siberia increases significantly during periods with
extreme precipitation.

Data Availability Statement

The ERA-Interim reanalysis data can be retrieved from the European Center from Medium-Range Weather Fore-
casts (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim). The GPCC precipitation
Data can be downloaded from Global Precipitation Climatology Center (https://www.dwd.de/EN/ourservices/
gpcc/gpec.html). We are pleased to make available to researchers interested in the monthly moisture sources
of the Tianshan Mountains (1979-2017) obtained from the Lagrangian diagnostics. Xuefeng Guan, Lukas
Langhamer, and Christoph Schneider (2022). Moisture sources data of Tianshan Mountains [Dataset]. Zenodo.
https://doi.org/10.5281/zenodo.6320458.
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