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Abstract
Abstract: Identifying water vapor sources in the natural vegetation of the Tian-
shan Mountains is of significant importance for obtaining greater knowledge
about the water cycle, forecasting water resource changes, and dealing with
the adverse effects of climate change. In this study, we identified water vapor
sources of precipitation and evaluated their effects on precipitation stable iso-
topes in the north slope of the Tianshan Mountains, China. By utilizing the
temporal and spatial distributions of precipitation stable isotopes in the forest
and grassland regions, Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model, and isotope mass balance model, we obtained the following
results. (1) The Eurasia, Black Sea, and Caspian Sea are the major sources
of water vapor. (2) The contribution of surface evaporation to precipitation in
forests is lower than that in the grasslands (except in spring), while the contri-
bution of plant transpiration to precipitation in forests (5.35%) is higher than
that in grasslands (3.79%) in summer. (3) The underlying surface and temper-
ature are the main factors that affect the contribution of recycled water vapor
to precipitation; meanwhile, the effects of water vapor sources of precipitation
on precipitation stable isotopes are counteracted by other environmental fac-
tors. Overall, this work will prove beneficial in quantifying the effect of climate
change on local water cycles.
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Abstract: Identifying water vapor sources in the natural vegetation of the
Tianshan Mountains is of significant importance for obtaining greater knowl-
edge about the water cycle, forecasting water resource changes, and dealing
with the adverse effects of climate change. In this study, we identified water
vapor sources of precipitation and evaluated their effects on precipitation stable
isotopes on the north slope of the Tianshan Mountains, China. By utilizing
the temporal and spatial distributions of precipitation stable isotopes in forest
and grassland regions, the Hybrid Single-Particle Lagrangian Integrated Tra-
jectory (HYSPLIT) model, and isotope mass balance model, we obtained the
following results: (1) The Eurasian continent, Black Sea, and Caspian Sea are
the major sources of water vapor. (2) The contribution of surface evaporation
to precipitation in forests is lower than that in grasslands (except in spring),
while the contribution of plant transpiration to precipitation in forests (5.35%)
is higher than that in grasslands (3.79%) in summer. (3) The underlying surface
and temperature are the main factors that affect the contribution of recycled
water vapor to precipitation; meanwhile, the effects of water vapor sources of
precipitation on precipitation stable isotopes are counteracted by other environ-
mental factors. Overall, this work will prove beneficial in quantifying the effect
of climate change on local water cycles.
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1 Introduction
The Tianshan Mountains are considered to be the ‘water tower’of Central
Asia [?, ?]. Mid-mountain forests and low-mountain grasslands are the major
natural vegetation distributions in this region, which facilitate the formation
and conservation of water resources [?, ?, ?]. Identifying water vapor sources in
the forest and grassland regions of the Tianshan Mountains will provide more
information about the water cycle while enabling the forecasting of future water
resource changes. However, there is a lack of observation data in mountain
areas [?, ?]. As environmental variables differ significantly in space and time
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due to complex terrain, most remote sensing datasets and reanalysis datasets
with low spatial resolutions cannot be reliably used in mountain areas [?, ?, ?].
Furthermore, monitoring data are very scarce due to poor accessibility. Thus,
the lack of reliable datasets is the major limiting factor for elucidating the water
cycle in the region.

A large amount of climatic and hydrological information is recorded in pre-
cipitation stable isotopes. They have been widely used in global and regional
water cycle studies [?, ?, ?]. Modern precipitation isotopes are stable indica-
tors of water vapor sources, phase change, and water vapor transmission paths
[?, ?, ?]. Many studies have analyzed the water vapor sources of precipitation
based on stable isotopes, covering regions with different climates such as mon-
soon [?, ?, ?, ?, ?, ?], temperate marine climate [?, ?, ?], and inland arid climate
[?, ?, ?, ?, ?].

Numerous studies have attempted to obtain more information about water va-
por sources of precipitation in the Tianshan Mountains based on precipitation
stable isotopes. On the north slope of the Tianshan Mountains, water vapor
mainly originates from Eurasia [?, ?]; the contribution of recycled water vapor
to precipitation is higher in larger oases (Urumqi Oasis) than in smaller oases
(Shihezi Oasis and Caijiahu Oasis) [?, ?]. In the Urumqi River Basin, temper-
ature and evaporation decrease with increasing altitude, consequently reducing
the fraction of recycled water vapor in precipitation [?, ?]. However, few studies
have quantified the contribution of different water vapor sources to precipitation
in areas with different land covers.

This study utilizes precipitation stable isotopes in forest and grassland regions,
the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model,
and isotope mass balance model to identify water vapor sources, quantify their
contribution to precipitation on the north slope of the Tianshan Mountains in
Central Asia, and discuss the factors that affect the water vapor sources of
precipitation.

2 Study Area
The Manas River Basin is situated on the north slope of the Tianshan Mountains
in Xinjiang Uygur Autonomous Region, China. The maximum and minimum
altitudes are 5131 m and 582 m above sea level, respectively. Areas with alti-
tudes above 3900 m (the snow line) are covered by permanent snow and glaciers.
Overall, there are 726 glaciers covering an area of 637.8 km2 in the basin [?, ?].
The glaciers are an important recharge source for the Manas River [?, ?]. From
the foot to the top of the mountain, the land cover comprises oases and deserts,
desert steppes, upland meadows, spruce forests, alpine meadows, alpine cushion-
like vegetation, and lichen (Fig. 1 [Figure 1: see original paper]).

Fig. 1 (a) Schematic of the study area and hydrological stations used in the
study and (b) land cover of the Manas River Basin. Land cover data are from
MODIS Land Cover Products (MCD12Q1) (https://lpdaac.usgs.gov/products/mcd12q1v006/).
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The area exhibits a typical temperate continental climate with scarce precipi-
tation. The annual mean temperature ranges from 4.7°C to 5.7°C, and mean
annual precipitation ranges from 115 mm to 200 mm, concentrated mainly in
summer. The altitudes of Honggou station (in the forest area) and Kensiwate
station (in the grassland area) are 1472 m and 860 m, respectively (Fig. 1).
From August 2015 to July 2016, the annual mean temperature, total precipi-
tation, and potential evapotranspiration were 4.0°C, 570 mm, and 866 mm at
Honggou station, respectively; the respective values were 6.2°C, 498 mm, and
916 mm at Kensiwate station.

3.1 Sampling and Analysis
All samples were collected at the above-mentioned hydrological stations (Fig.
1). From August 2015 to July 2016, precipitation and stream water samples
were collected at Honggou station and Kensiwate station in the Manas River
Basin, and at the hydrological station in the Kashi River Basin (43°48�36�N,
81°54�00�E). Honggou station and Kensiwate station are located in the forest
and grassland regions of the Manas River Basin, respectively. The Kashi River
station is situated upwind of the Manas River Basin. At Honggou station, 97
precipitation samples and 295 stream water samples were collected; at Kensiwate
station, 119 precipitation samples and 295 stream water samples were collected;
and at Kashi River station, 127 precipitation samples and 295 stream water
samples were collected. Standard Chinese rain gauges with a funnel diameter of
20 cm were used as samplers. Precipitation samples were collected immediately
after precipitation events.

From March to October, stream water samples were collected at 14:00 (LST)
every day. In other months, stream water samples were collected at 14:00 (LST)
every three days. More information about sampling and sample analysis can be
obtained from Chen et al. (2019) and Chen et al. (2020).

3.2 Hybrid Single-Particle Lagrangian Integrated Trajec-
tory (HYSPLIT) Model
The HYSPLIT model is a complete system for computing air parcel trajectories
and simulating dispersion, chemical transformation, and deposition [?, ?, ?].
In this study, we used the dataset from the Global Data Assimilation System
(GDAS) [?, ?] with a spatial resolution of 1°$×$1°. The backward duration was
set as 10 d [?, ?]. The lifting condensation level (LCL) was set as the initial
modeling height of the air mass; LCL was generally determined from humidity
and temperature data [?, ?] and varied with each event.

The HYSPLIT model is widely used to detect the transportation trajectory of
water vapor and dust. However, the traditional HYSPLIT model maintains
a constant backward duration and starting height without considering mete-
orological variables that can result in erroneous identification of water vapor
sources. It is technically easy to obtain the air mass transportation trajectory
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10 d before precipitation. However, it is difficult to precisely determine the time
and location at which moisture significantly recharges into the air mass. The
actual moisture recharge could occur less than 10 d before precipitation. To
determine the water vapor source more precisely, we adjusted the transporta-
tion trajectory based on specific humidity [?, ?, ?, ?]. For each 6 h interval, if
the specific humidity of the following time interval increases by more than 0.2
g/kg compared to that in the previous time interval, the air parcel location at
the previous time interval is identified as an evaporative source. In this study,
we only modeled the trajectories of Honggou station as the distance between
Honggou station and Kensiwate station is less than 1°, although the land cover
of these two areas is completely different.

3.3 Isotope Mass Balance Model
The contributions of upwind water vapor, evaporation vapor, and transpiration
vapor to precipitation can be quantified via the isotope mass balance model
[?, ?, ?]:

2222𝑝𝑣𝑡𝑟𝑡𝑟𝑒𝑣𝑒𝑣𝑎𝑑𝑣𝑎𝑑𝑣𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝛿𝛿𝛿𝛿 = ++

where 𝑓𝑡𝑟, 𝑓𝑒𝑣, and 𝑓𝑎𝑑𝑣 denote the fractions of transpiration, surface evapora-
tion, and advection moisture in precipitation (%), respectively. Additionally,
𝛿𝑝𝑣, 𝛿𝑡𝑟, 𝛿𝑒𝑣, and 𝛿𝑎𝑑𝑣 denote the concentration of stable isotopes in precipita-
tion vapor, transpiration vapor, surface evaporation vapor, and upwind water
vapor (‰), respectively. H and O denote the stable hydrogen isotope and stable
oxygen isotope, respectively.

The concentration of stable isotopes in precipitation vapor (𝛿𝑝𝑣) is calculated
with the following equation [?, ?]:

where 𝛿𝑝 denotes the concentration of precipitation stable isotope (‰) and 𝑘
represents an adjusting factor. The value of 𝑘 ranges from 0.5 to 1.0; it equals
0.5 for regions with significant seasonal variation and 1.0 for regions with no
significant seasonal variation [?, ?, ?]. We take 𝑘 as 0.5 in this study as the
seasonal variation is significant in the study area. 𝜀+ denotes the equilibrium
fractionation factor between water and water vapor:

where 𝛼+ denotes the equilibrium fractionation factor calculated based on tem-
perature [?, ?]:

where 𝑇 denotes temperature (K).

The concentration of stable isotopes in surface evaporation vapor (𝛿𝑒𝑣) is calcu-
lated using the Craig-Gordon model [?, ?]:

where 𝛿𝑠 denotes the concentration of stable isotopes in surface evaporation
vapor (‰), ℎ denotes relative humidity (%), 𝜀 denotes the total fractionation
coefficient, and 𝜀𝑘 denotes the kinetic fractionation factor.
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The concentration of stable isotopes in evaporation vapor (𝛿𝑠) is calculated by
following Skrzypek et al. (2015), Gibson et al. (2016), and Diamond and Jack
(2018):

The total fractionation coefficient (𝜀) is defined as the sum of equilibrium frac-
tionation factor and kinetic fractionation factor [?, ?]:

Based on the studies by Gat (1996) and Gonfiantini (1986), the kinetic fraction-
ation factor (𝜀𝑘) is expressed as follows:

18181818𝑝𝑣𝑡𝑟𝑡𝑟𝑒𝑣𝑒𝑣𝑎𝑑𝑣𝑎𝑑𝑣𝑂𝑂𝑂𝑂𝑓𝑓𝑓𝛿𝛿𝛿𝛿 = ++𝑡𝑟𝑒𝑣𝑎𝑑𝑣++ = 1𝑓𝑓𝑓𝑝𝑝𝑣3110–𝑘𝑘𝛿𝜀𝛿𝜀+−+× = +1–𝜀𝛼+++ = 3293296331010𝑙𝑛()1158.81620.1794.84161.042.9992101–00–1𝑇 𝑇 𝑇 𝑇 𝛼+() () () () = ++() () () () 3693182310101010𝑙𝑛()7.6856.71231.66640.350–1–4𝑇 𝑇 𝑇 𝛼+() () () = ++() () () 𝑠𝑎𝑑𝑣𝑒𝑣––1–𝑘ℎℎ𝛿𝛼𝛿𝜀𝛿𝜀+ = +3𝑠𝑝–()/(110–)𝑘𝑘𝛿𝛿𝜀𝜀++ = ×+/𝑘𝜀𝜀𝛼𝜀++ = +212.5(–1)𝑘ℎ𝜀 = 1814.2(–1)𝑘ℎ𝜀 =

The concentration of stable isotopes in upwind water vapor (𝛿𝑎𝑑𝑣) is calculated
with the Rayleigh fractionation formula:

where 𝛿𝑝𝑣–𝑎𝑑𝑣 denotes the concentration of stable isotopes in precipitation water
vapor from the upwind regions (‰) and 𝐹 denotes the residual water fraction of
raindrops after evaporation as they fall to the ground (%), which is calculated
using precipitation water vapor [?, ?].

Under steady-state conditions, the concentrations of stable isotopes in transpira-
tion vapor (𝛿𝑡𝑟) from plants are unfractionated when compared to the source wa-
ter utilized by the plants; thus, these can be measured using xylem water [?, ?].
In the Manas River Basin, local plants either utilize groundwater or surface
water that has been transformed by precipitation and snow/glacier meltwater.
Conversely, stream water in the Manas River is a combination of precipitation,
snow/glacier meltwater, and baseflow [?, ?]. In this study, we denoted the
concentration of stable isotopes in stream water as 𝛿𝑡𝑟.

4.1 Transportation Trajectory of Precipitation Water Va-
por
The air mass mainly originates from the west and northwest, with no significant
seasonal variations (Figs. 2 and 3). Based on the air mass transportation
trajectory, precipitation water vapor in the Manas River Basin mainly originates
from the following four sites: (1) the Arctic Ocean; (2) the Atlantic Ocean;
(3) the Mediterranean Sea, Black Sea, and Caspian Sea; and (4) the Eurasian
continent. We also observed a few precipitation events wherein the air mass is
sourced from the east or the Red Sea and Persian Gulf in the southwest; these
events occurred in summer and winter.

Fig. 2 [Figure 2: see original paper] Spatial and temporal distributions of
raw and adjusted trajectories of Honggou station for each precipitation event
from August 2015 to July 2016 in (a) spring, (b) summer, (c) autumn, and
(d) winter. The satellite-derived land cover is downloaded from Natural Earth
(http://www.naturalearthdata.com).
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After correction of the transportation trajectory based on specific humidity,
the length of all trajectories decreased. The precipitation water vapor in the
Manas River Basin is mainly derived from the Eurasian continent, Black Sea,
and Caspian Sea. The frequency of precipitation events where water vapor
originated directly from the Atlantic Ocean and Arctic Ocean is very low (Fig.
2).

Our results are consistent with those of previous studies; that is, precipitation
water vapor on the north slope of the Tianshan Mountains mainly originates
from the west and northwest [?, ?, ?, ?, ?, ?]. After adjusting the trajectories,
we found that precipitation water vapor mainly originates from the Eurasian
continent, Black Sea, and Caspian Sea (irrespective of season). Only a few pre-
cipitation events occurred in winter and summer wherein water vapor originated
from the North Atlantic and Arctic.

However, previous studies have indicated that water vapor sources of precip-
itation vary significantly with seasons. The water vapor sources of summer
precipitation, especially rainstorms, are mainly the North Atlantic and Arctic
oceans [?, ?, ?]. There are two major reasons for the difference between our re-
sults and previous research. First, all precipitation events have been elucidated
in our study; however, Dai et al. (2007) and Huang et al. (2017) only researched
rainstorms as the Tianshan Mountains are far from the ocean and exhibit low
air humidity. Precipitation in this region ranges from light to moderate. Second,
only the mid-mountain zone covered by grasslands and forests has been consid-
ered in our study, whereas Dai et al. (2007) and Huang et al. (2017) studied
the entire Xinjiang Uygur Autonomous Region, China. The mid-mountain zone
is wetter than the plains and basins in Xinjiang, while being a major site for
water resource formation and conservation in Central Asia [?, ?, ?]. Thus, lo-
cally evaporated water is an important water vapor source for light to moderate
precipitation in the mid-mountain zone.

Fig. 3 [Figure 3: see original paper] Distribution of water vapor sources from
different directions at Honggou station during August 2015 to July 2016. Here,
the summer half-year occurs from April to September, while the winter half-year
ranges from October to March in the next year.

4.2 Contribution of Recycled Water Vapor
Table 1 shows the contribution of each water vapor source to precipitation in the
Manas River Basin. At higher altitudes and lower temperatures, the potential
evaporation is lower in forests than in grasslands. However, the actual evapora-
tion is higher in forests than in grasslands because snow covers a larger area for
a longer duration in forests in spring. The contribution of evaporation water
vapor is higher in the forests (3.67%) than in the grasslands (2.46%). Given
the lower altitude and higher temperature in other seasons, evaporation is more
intensive in grasslands than in forests.

Conversely, because of lower altitude and higher temperature in spring, vegeta-
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tion exhibits higher growth in grasslands than in forest areas; the contribution
of transpiration water vapor to overall precipitation in the grasslands (1.70%)
exceeds that in forests (0.42%). In winter, the temperature is always lower than
0.00°C, while plant transpiration is weak in both grasslands and forests. How-
ever, in summer and autumn, plant transpiration is more intensive in forests
than in grasslands, while the contribution of transpiration water vapor is higher
in forests (5.35% and 1.12% in summer and autumn, respectively) than in grass-
lands (3.79% and 0.95% in summer and autumn, respectively).

4.3 Factors Affecting the Contribution of Recycled Water
Vapor
On a global scale, transpiration water vapor from plants constitutes a major
part of recycled water. It accounts for almost 39%$±10±$15% of total land
evapotranspiration [?, ?]. In the Urumqi River Basin, an increase in altitude
causes the land cover to comprise oases, forests, and grasslands at Urumqi sta-
tion, Houxia station, and Gaoshan station, respectively. The contribution of
recycled water vapor to precipitation decreases with increasing altitude [?, ?].
In the northwestern Tibetan Plateau, the contribution of recycled water vapor
to precipitation increases with rising temperature, especially in areas with ade-
quate water for evapotranspiration such as the Qinghai Lake and areas covered
by snow and glacier [?, ?, ?].

For similar land cover, the contribution of recycled water vapor increases with al-
titude and vegetation/water area. At Shihezi City, Caijiahu Town, and Urumqi
City located on the north slope of the Tianshan Mountains, the land cover com-
prises artificial oases and the oasis area increases successively. The altitude of
the Urumqi oasis (935 m) exceeds that of the Shihezi oasis and the Caijiahu
oasis (440 m for both). The contribution of recycled water vapor is highest in
the Urumqi oasis and lowest in the Shihezi oasis [?, ?]. In the Shiyang River
Basin of China, as altitude increases, the land cover changes from artificial oasis
to desert and then to forest; consequently, the contribution of recycled water
increases [?, ?]. In the Manas River Basin, as altitude increases, the land cover
changes from desert steppe to forest; the contribution of recycled water vapor
increases with rising altitude in summer but decreases in other seasons (Table
2 ).

Table 2 Comparison of studies on recycled water vapor estimated based on stable
water isotopes in Northwest China

Study
area Station Latitude LongitudeAltitude

Proportion
(%) LandcoverReference

Urumqi
River
Basin

Urumqi 43°47�N 86°37�E 935 m 0.6$±1.7|𝑂𝑎𝑠𝑖𝑠|𝐾𝑜𝑛𝑔𝑒𝑡𝑎𝑙.(2013)|||𝐻𝑜𝑢𝑥𝑖𝑎|43°17′𝑁|87°11′𝐸|1700𝑚|2.8±3.6|𝐹𝑜𝑟𝑒𝑠𝑡||||𝐺𝑎𝑜𝑠ℎ𝑎𝑛|43°06′𝑁|86°50′𝐸|3539𝑚|1.2±1.6|𝐺𝑟𝑎𝑠𝑠𝑙𝑎𝑛𝑑|||𝑁𝑜𝑟𝑡ℎ𝑤𝑒𝑠𝑡𝑇 𝑖𝑏𝑒𝑡𝑃 𝑙𝑎𝑡𝑒𝑎𝑢|𝐶ℎ𝑜𝑛𝑔𝑐𝑒|35°14′𝑁|81°07′𝐸|6300𝑚|6.8±3.0|𝐺𝑙𝑎𝑐𝑖𝑒𝑟/|𝐴𝑛𝑒𝑡𝑎𝑙.(2017)|||𝑍𝑎𝑛𝑔𝑠𝑒𝑟|34°18′𝑁|85°51′𝐸|6200𝑚|6.2±1.4|𝑆𝑛𝑜𝑤||||𝐾𝑎𝑛𝑔𝑟𝑖|36°32′–37°15′𝑁|99°36′–100°47′𝐸|6100𝑚|12.0±2.1||||𝑄𝑖𝑛𝑔ℎ𝑎𝑖𝐿𝑎𝑘𝑒𝐵𝑎𝑠𝑖𝑛|𝑄𝑖𝑛𝑔ℎ𝑎𝑖𝐿𝑎𝑘𝑒|44°59′𝑁|86°03′𝐸|3200𝑚|2.8±3.6|𝑊𝑎𝑡𝑒𝑟|𝐶𝑢𝑖𝑎𝑛𝑑𝐿𝑖(2015)||𝑇 𝑖𝑎𝑛𝑠ℎ𝑎𝑛𝑀𝑜𝑢𝑛𝑡𝑎𝑖𝑛𝑠|𝑆ℎ𝑒ℎ𝑒𝑧𝑖|44°12′𝑁|87°32′𝐸|440𝑚|6.2±1.4|𝑂𝑎𝑠𝑖𝑠|𝑊𝑎𝑛𝑔𝑒𝑡𝑎𝑙.(2016)|||𝐶𝑎𝑖𝑗𝑖𝑎ℎ𝑢|43°47′𝑁|87°39′𝐸|440𝑚|12.0±2.1|𝑂𝑎𝑠𝑖𝑠||||𝑈𝑟𝑢𝑚𝑞𝑖|43°47′𝑁|87°39′𝐸|935𝑚|6.2±1.4|𝑂𝑎𝑠𝑖𝑠|||𝑆ℎ𝑖𝑦𝑎𝑛𝑔𝑅𝑖𝑣𝑒𝑟𝐵𝑎𝑠𝑖𝑛|𝑋𝑖𝑑𝑎ℎ𝑒|38°06′𝑁|101°24′𝐸|2100𝑚|1.2±1.6|𝐵𝑎𝑟𝑒𝑙𝑎𝑛𝑑|𝐿𝑖𝑒𝑡𝑎𝑙.(2016)|||𝐴𝑛𝑦𝑢𝑎𝑛|37°18′𝑁|102°54′𝐸|2300𝑚|6.8±3.0|𝐵𝑎𝑟𝑒𝑙𝑎𝑛𝑑||||𝐽𝑖𝑢𝑡𝑖𝑎𝑜𝑙𝑖𝑛𝑔|37°54′𝑁|102°06′𝐸|2600𝑚|6.2±1.4|𝐹𝑜𝑟𝑒𝑠𝑡||||𝑌 𝑜𝑛𝑔𝑐ℎ𝑎𝑛𝑔|38°12′𝑁|102°00′𝐸|2800𝑚|12.0±2.1|𝐹𝑜𝑟𝑒𝑠𝑡||||𝑊𝑢𝑤𝑒𝑖|37°54′𝑁|102°42′𝐸|1500𝑚|2.8±3.6|𝑂𝑎𝑠𝑖𝑠||||𝑀𝑖𝑛𝑞𝑖𝑛|38°36′𝑁|103°06′𝐸|1400𝑚|6.2±$1.4Oasis
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Study
area Station Latitude LongitudeAltitude

Proportion
(%) LandcoverReference

Manas
River
Basin

Honggou
2015–
2016
(spring)

43°43�N 85°44�E 1472
m

3.67 Forest This
study

Honggou
2015–
2016
(sum-
mer)

43°43�N 85°44�E 1472
m

5.35 Forest This
study

Honggou
2015–
2016
(au-
tumn)

43°43�N 85°44�E 1472
m

1.12 Forest This
study

Honggou
2015–
2016
(win-
ter)

43°43�N 85°44�E 1472
m

0.42 Forest This
study

Kensiwate
2015–
2016
(spring)

43°58�N 85°57�E 860 m 1.70 GrasslandThis
study

Kensiwate
2015–
2016
(sum-
mer)

43°58�N 85°57�E 860 m 3.79 GrasslandThis
study

Kensiwate
2015–
2016
(au-
tumn)

43°58�N 85°57�E 860 m 0.95 GrasslandThis
study

Kensiwate
2015–
2016
(win-
ter)

43°58�N 85°57�E 860 m 0.00 GrasslandThis
study
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4.4 Effect of Water Vapor Source on Stable Isotopes in
Precipitation
Water vapor can significantly affect the composition of precipitation stable iso-
topes [?, ?, ?]. At Postojna, Slovenia, located in Central Europe, 𝛿18O and
𝛿2H values of precipitation water vapor from the continent are lower than those
from the ocean. Under the effect of evapotranspiration and post-condensation
exchange between raindrops and atmospheric water vapor, there are similari-
ties in 𝛿18O and 𝛿2H values of precipitation water vapor from different oceans
[?, ?]. In the Sydney Basin of Australia, the 𝛿18O value of precipitation is
higher for water vapor sourced from the continent compared to that sourced
from the ocean. However, given the effect of sub-cloud evaporation and mixing,
the d-excess values of precipitation are similar for continental and oceanic water
vapor [?, ?].

Conversely, in the East Asian monsoon region, strong convection in the source
region of water vapor and long-distance transport of water vapor tends to reduce
the weight of stable isotopes in water vapor and decrease the 𝛿18O value of
precipitation [?, ?]. Given the low relative humidity in the source region of water
vapor, non-equilibrium evaporation tends to be intensive during water vapor
transportation and results in high d-excess values [?, ?]. In the Indian Ocean
monsoon zone, water vapor is sourced from the ocean in the monsoon season and
from the continent in other seasons. The concentration of precipitation stable
isotopes is lower in the monsoon season than in other seasons [?, ?, ?, ?, ?].

For oases in the hinterland of Eurasia located on the north slope of the Tian-
shan Mountains, increases in oasis area augment the intensity of evaporation
and transpiration, expand the fraction of recycled water vapor in precipitation,
and decrease the concentration of precipitation stable isotopes [?, ?]. All the
aforementioned studies indicate that stable isotopes in precipitation change with
water vapor source.

However, in the Manas River Basin, no significant relationship between precipi-
tation stable isotopes and the distance of water vapor transport is observed (Figs.
4 and 5). In inland arid areas, which comprise complex water vapor sources and
exhibit low relative humidity, sub-cloud evaporation and exchange between pre-
cipitation water vapor and ambient moisture are very intensive. This could
counteract the information regarding water vapor source in precipitation sta-
ble isotopes [?, ?, ?, ?]. Under the effect of altitude and with increases in
contributions of recycled water vapor to precipitation due to increased transpi-
ration intensity in forests compared to grasslands, precipitation stable isotopes
in forests are lower than those in grasslands. However, it is difficult to separately
quantify the effect of altitude and land cover.

Fig. 4 [Figure 4: see original paper] Relationship between 𝛿18O and back-
tracking time of precipitation vapor (a and b) and the relationship between
d-excess and back-tracking time of precipitation vapor (c and d) at Honggou
station from August 2015 to July 2016. (a) and (c) denote the summer half-
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year; (b) and (d) denote the winter half-year. The boxes represent the 25%–75%
percentiles, and the line through the box represents the median (50th percentile).
The whiskers indicate the 90th and 10th percentiles, and points above and below
the whiskers indicate the 95th and 5th percentiles. Different lowercase letters
in the figure indicate significant differences among the five back-tracking times
(P<0.05).

Fig. 5 [Figure 5: see original paper] Relationship of moisture transport distance
with 𝛿18O (a) and d-excess (b) in precipitation.

4.5 Uncertainty Analysis
Statistical uncertainty and model uncertainty are the two major sources of un-
certainty used to evaluate the contribution of different water vapor sources to
precipitation. Statistical uncertainty is caused by variations in tracer concen-
trations. Model uncertainty is caused by violations of underlying assumptions
[?, ?, ?].

With respect to the isotope mass balance model, end-member selection and
calculations are the two major sources of uncertainty [?, ?, ?]. In this study, 𝛿𝑝𝑣,
𝛿𝑠, 𝛿𝑒𝑣, and 𝛿𝑎𝑑𝑣 were calculated with 𝛿𝑝 based on different hypotheses, which are
not always tenable in the field. Determining the concentration of stable isotopes
in transpiration water vapor (𝛿𝑡𝑟) from plants is another important source of
uncertainty. Its basic theory is that under steady state, the concentrations of
stable isotopes in transpiration vapor (𝛿𝑡𝑟) from plants are unfractionated when
compared to source water utilized by local plants [?, ?]. There are significant
spatial and temporal variations in the source water utilized by plants. Moreover,
water isotope monitoring has not been performed consistently to date in the
Tianshan Mountains. Data obtained for one year are not sufficient and may
lead to loss of information [?, ?].

For the HYSPLIT model, the dataset used is one of the most important sources
of uncertainty. The resolution of the data used by the HYSPLIT model is
1°$×$1°. Since the Tianshan Mountains exhibit highly complex terrain, valuable
information is smoothed out.

5 Conclusion
Based on the spatial and temporal variations of precipitation stable isotopes
in forests and grasslands in the Manas River Basin, we analyzed the water va-
por sources of precipitation and quantified the contribution of each water vapor
source to precipitation. This is of great importance for accurately forecasting
water cycle processes and local water resources in arid areas under the back-
ground of climate change.

The Eurasian continent, Black Sea, and Caspian Sea are the major water vapor
sources of precipitation in the basin. Significant seasonal changes in the con-
tribution of recycled water vapor to precipitation are observed. In spring, the
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contribution of evaporation water vapor is higher in forests than in grasslands.
In summer, the contribution of transpiration water vapor is higher in forests
(5.35%) than in grasslands (3.79%). Land cover and temperature are the ma-
jor factors affecting the contribution of recycled water vapor to precipitation.
Furthermore, the water vapor sources of precipitation do not have a significant
effect on precipitation stable isotopes.

Although water stable isotopes can offer more hydrological information regard-
ing past, present, and future changes in the water cycle of arid areas, high-
resolution monitoring is needed in the future.
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References
An W L, Hou S G, Zhang Q, et al. 2017. Enhanced recent local moisture
recycling on the northwestern Tibetan Plateau deduced from ice core deuterium
excess records. Journal of Geophysical Research: Atmospheres, 122(23): 12541–
12556.

Apaéstegui J, Cruz F W, Vuille M, et al. 2018. Precipitation changes over the
eastern Bolivian Andes inferred from speleothem ($�$18O) records for the last
1400 years. Earth and Planetary Science Letters, 494: 124–134.

Balagizi C M, Kasereka M M, Cuoco E, et al. 2018. Influence of moisture
source dynamics and weather patterns on stable isotopes ratios of precipitation
in Central-Eastern Africa. Science of the Total Environment, 628–629: 1058–
1078.

Berberan-Santos M N, Bodunov E N, Pogliani L. 1997. On the barometric
formula. American Journal of Physics, 65(5): 404–412.

Bowen G J, Putman A, Brooks J R, et al. 2018. Inferring the source of evapo-
rated waters using stable H and O isotopes. Oecologia, 187(4): 1025–1039.

Breitenbach S F M, Adkins J F, Meyer H, et al. 2010. Strong influence of water
vapor source dynamics on stable isotopes in precipitation observed in Southern
Meghalaya, NE India. Earth and Planetary Science Letters, 292(1–2): 212–220.

Chen H Y, Chen Y N, Li W H, et al. 2018. Identifying evaporation fraction-
ation and streamflow components based on stable isotopes in the Kaidu River
Basin with mountain-oasis system in north-west China. Hydrological Processes,
32(15): 2379–2393.

Chen H Y, Chen Y N, Li W H, et al. 2019. Quantifying the contributions
of snow/glacier meltwater to river runoffs in the Tianshan Mountains, Central
Asia. Global and Planetary Change, 174: 47–57.

chinarxiv.org/items/chinaxiv-202203.00077 Machine Translation

https://chinarxiv.org/items/chinaxiv-202203.00077


Chen H Y, Chen Y N, Li D L, et al. 2020. Effect of sub-cloud evaporation on
precipitation in the Tianshan Mountains (Central Asia) under the influence of
global warming. Hydrological Processes, 34(26): 5557–5566.

Chen Y N, Li W H, Deng H J, et al. 2016. Changes in Central Asia’s water tower:
past, present and future. Scientific Reports, 6: 35458, doi: 10.1038/srep35458.

Craig H, Gordon L I. 1965. Deuterium and oxygen 18 variation in the ocean
and the marine atmosphere. In: Tongiorgi E. Stable Isotopes in Oceanographic
Studies and Paleotemperatures, Pisa: CNR, 277–374.

Crawford J, Hughes C E, Parkes S D. 2013. Is the isotopic composition of event
based precipitation driven by moisture source or synoptic scale weather in the
Sydney Basin, Australia? Journal of Hydrology, 507: 213–226.

Cui B L, Li X Y. 2015. Stable isotopes reveal sources of precipitation in the
Qinghai Lake Basin of the northeastern Tibetan Plateau. Science of the Total
Environment, 527: 26–37.

Dai X G, Li W J, Ma Z G, et al. 2007. Water-vapor source shift of Xinjiang
region during the recent twenty years. Progress in Natural Science, 17(5): 569–
575.

Davis P, Syme J, Heikoop J, et al. 2015. Quantifying uncertainty in stable
isotope mixing models. Journal of Geophysical Research-Biogeosciences, 120(5):
903–923.

Delsman J R, Oude E G H P, Beven K J, et al. 2013. Uncertainty estima-
tion of end-member mixing using generalized likelihood uncertainty estimation
(GLUE), applied in a lowland catchment. Water Resources Research, 49(8):
4792–4806.

Diamond R E, Jack S. 2018. Evaporation and abstraction determined from
stable isotopes during normal flow on the Gariep River, South Africa. Journal
of Hydrology, 559: 569–584.

Draxier R R, Hess G D. 1998. An overview of the HYSPLIT_4 modelling
system for trajectories, dispersion and deposition. Australian Meteorological
Magazine, 47(4): 295–308.

Draxler R R, Rolph G D. 2016. HYSPLIT (HYbrid Single-Particle Lagrangian
Integrated Trajectory) Model, NOAA Air Resources Laboratory. [2021-3-15].
http://www.arl.noaa.gov/HYSPLIT.php.

Farinotti D, Longuevergne L, Moholdt G, et al. 2015. Substantial glacier mass
loss in the Tien Shan over the past 50 years. Nature Geoscience, 8(9): 716–722.

Gat J R. 1996. Oxygen and hydrogen isotopes in the hydrologic cycle. Annual
Review of Earth and Planetary Sciences, 24: 225–262.

Gazquez F, Morellon M, Bauska T, et al. 2018. Triple oxygen and hydrogen iso-
topes of gypsum hydration water for quantitative paleo-humidity reconstruction.

chinarxiv.org/items/chinaxiv-202203.00077 Machine Translation

https://chinarxiv.org/items/chinaxiv-202203.00077


Earth and Planetary Science Letters, 481: 177–188.

Gibson J J, Reid R. 2014. Water balance along a chain of tundra lakes: A
20-year isotopic perspective. Journal of Hydrology, 519: 2148–2164.

Gibson J J, Birks S J, Yi Y. 2016. Stable isotope mass balance of lakes: a
contemporary perspective. Quaternary Science Reviews, 131: 316–328.

Gonfiantini R. 1986. Environmental isotopes in lake studies. In: Fritz P, Fontes
J C. Handbook of Environmental Isotope Geochemistry (The Terrestrial Envi-
ronment, B). Amsterdam: Elsevier, 113–168.

Guo W Q, Liu S Y, Yao X J, et al. 2014. The Second Glacier Inventory
Dataset of China (Version 1.0). Cold and Arid Regions Science Data Center
at Lanzhou. [2021-02-10]. http://data.casnw.net/portal/metadata/6d44fd19-
64d7-4af1-8e81-5fa717585b5b.

Guo X Y, Tian L D, Wen R, et al. 2017. Controls of precipitation delta O-18 on
the northwestern Tibetan Plateau: A case study at Ngari station. Atmospheric
Research, 189: 141–151.

Horita J, Wesolowski D J. 1994. Liquid-vapor fractionation of oxygen and hydro-
gen isotopes of water from the freezing to the critical-temperature. Geochimica
et Cosmochimica Acta, 58(16): 3425–3437.

Huang W, Chang S Q, Xie C L, et al. 2017. Moisture sources of extreme summer
precipitation events in North Xinjiang and their relationship with atmospheric
circulation. Advances in Climate Change Research, 8(1): 12–17.

Jeelani G, Deshpande R D, Galkowski M, et al. 2018. Isotopic composition of
daily precipitation along the southern foothills of the Himalayas: impact of ma-
rine and continental sources of atmospheric moisture. Atmospheric Chemistry
and Physics, 18(12): 8789–8805.

Joerin C, Beven K J, Iorgulescu I, et al. 2002. Uncertainty in hydrograph
separations based on geochemical mixing models. Journal of Hydrology, 255(1–
4): 90–106.

Kleist D T, Parrish D F, Derber J C, et al. 2009. Introduction of the GSI into
the NCEP Global Data Assimilation System. Weather and Forecasting, 24(6):
1691–1705.

Kong Y, Pang Z, Froehlich K. 2013. Quantifying recycled moisture fraction in
precipitation of an arid region using deuterium excess. Tellus Series B-Chemical
and Physical Meteorology, 65: 19251, doi: 10.3402/tellusb.v65i0.19251.

Krklec K, Dominguez-Villar D. 2014. Quantification of the impact of moisture
source regions on the oxygen isotope composition of precipitation over Eagle
Cave, central Spain. Geochimica Et Cosmochimica Acta, 134: 39–54.

Krklec K, Dominguez-Villar D, Lojen S. 2018. The impact of moisture sources
on the oxygen isotope composition of precipitation at a continental site in central

chinarxiv.org/items/chinaxiv-202203.00077 Machine Translation

https://chinarxiv.org/items/chinaxiv-202203.00077


Europe. Journal of Hydrology, 561: 810–821.

Li Z X, Qi F, Wang Q J, et al. 2016. Contributions of local terrestrial evap-
oration and transpiration to precipitation using delta O-18 and D-excess as a
proxy in Shiyang inland river basin in China. Global and Planetary Change,
146: 140–151.

Liu X K, Rao Z G, Zhang X J, et al. 2015. Variations in the oxygen isotopic
composition of precipitation in the Tianshan Mountains region and their sig-
nificance for the Westerly circulation. Journal of Geographical Sciences, 25(7):
801–816.

Quincey D, Klaar M, Haines D, et al. 2018. The changing water cycle: the
need for an integrated assessment of the resilience to changes in water supply in
High-Mountain Asia. Wiley Interdisciplinary Reviews-Water, 5(1): e1258, doi:
10.1002/wat2.1258.

Rahul P, Ghosh P, Bhattacharya S K. 2016. Rainouts over the Arabian Sea
and Western Ghats during moisture advection and recycling explain the iso-
topic composition of Bangalore summer rains. Journal of Geophysical Research-
Atmospheres, 121(11): 6148–6163.

Rai S P, Purushothaman P, Kumar B, et al. 2014. Stable isotopic composition of
precipitation in the River Bhagirathi Basin and identification of source vapour.
Environmental Earth Sciences, 71(11): 4835–4847.

Schlesinger W H, Jasechko S. 2014. Transpiration in the global water cycle.
Agricultural and Forest Meteorology, 189: 115–117.

Skrzypek G, Mydlowski A, Dogramaci S, et al. 2015. Estimation of evaporative
loss based on the stable isotope composition of water using Hydrocalculator.
Journal of Hydrology, 523: 781–789.

Sodemann H, Schwierz C, Wernli H. 2008. Interannual variability of Greenland
winter precipitation sources: Lagrangian moisture diagnostic and North Atlantic
Oscillation influence. Journal of Geophysical Research-Atmospheres, 113(D3):
D031107, doi: 10.1029/2007JD008503.

Tang Y, Pang H, Zhang W, et al. 2015. Effects of changes in moisture source
and the upstream rainout on stable isotopes in precipitation - a case study in
Nanjing, eastern China. Hydrology and Earth System Sciences, 19(10): 4293–
4306.

Tang Y, Song X F, Zhang Y H, et al. 2017. Using stable isotopes to under-
stand seasonal and interannual dynamics in moisture sources and atmospheric
circulation in precipitation. Hydrological Processes, 31(26): 4682–4692.

Tang Z G, Wang X R, Wang J, et al. 2017. Spatiotemporal variation of
snow cover in Tianshan Mountains, Central Asia, based on cloud-free MODIS
fractional snow cover product, 2001–2015. Remote Sensing, 9(10): 1045, doi:
10.3390/rs9101045.

chinarxiv.org/items/chinaxiv-202203.00077 Machine Translation

https://chinarxiv.org/items/chinaxiv-202203.00077


Tian L D, Yao T D, MacClune K, et al. 2007. Stable isotopic variations in west
China: A consideration of moisture sources. Journal of Geophysical Research-
Atmospheres, 112(D10): D10112, doi: 10.1029/2006JD007718.

Tian L D, Yu W S, Schuster P F, et al. 2020. Control of seasonal water vapor
isotope variations at Lhasa, southern Tibetan Plateau. Journal of Hydrology,
580: 124237, doi: 10.1016/j.jhydrol.2019.124237.

van der Ent R J, Savenije H H G, Schaefli B, et al. 2010. Origin and fate of
atmospheric moisture over continents. Water Resources Research, 46: W05295,
doi: 10.1029/2010WR009127.

Vimeux F, Risi C. 2021. Isotopic equilibrium between raindrops and water vapor
during the onset and the termination of the 2005-2006 wet season in the Bolivian
Andes. Journal of Hydrology, 598: 126472, doi: 10.1016/j.jhydrol.2021.126472.

Wang S J, Zhang M J, Che Y J, et al. 2016. Contribution of recycled moisture
to precipitation in oases of arid central Asia: A stable isotope approach. Water
Resources Research, 52(4): 3246–3257.

Wang S J, Zhang M J, Crawford J, et al. 2017. The effect of moisture source
and synoptic conditions on precipitation isotopes in arid central Asia. Journal
of Geophysical Research-Atmospheres, 122(5): 2667–2682.

Wei Z W, Lee X H, Liu Z F, et al. 2018. Influences of large-scale convection and
moisture source on monthly precipitation isotope ratios observed in Thailand,
Southeast Asia. Earth and Planetary Science Letters, 488: 181–192.

Xu M, Kang S C, Wu H, et al. 2018. Detection of spatio-temporal variability
of air temperature and precipitation based on long-term meteorological station
observations over Tianshan Mountains, Central Asia. Atmospheric Research,
203: 141–163.

Yakir D, Sternberg L D L. 2000. The use of stable isotopes to study ecosystem
gas exchange. Oecologia, 123(3): 297–311.

Zhang R, Jiang D B, Zhang Z S, et al. 2017. Comparison of the climate effects
of surface uplifts from the northern Tibetan Plateau, the Tianshan, and the
Mongolian Plateau on the East Asian climate. Journal of Geophysical Research-
Atmospheres, 122(15): 7949–7970.

Zhao Y, Zhou T J. 2021. Interannual Variability of Precipitation Recycle Ra-
tio Over the Tibetan Plateau. Journal of Geophysical Research-Atmospheres,
126(2): e2020JD033733, doi: 10.1029/2020JD033733.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202203.00077 Machine Translation

https://chinarxiv.org/items/chinaxiv-202203.00077

	Identifying water vapor sources of precipitation in forest and grassland in the north slope of the Tianshan Mountains, Central Asia Postprint
	Abstract
	Full Text
	Identifying Water Vapor Sources of Precipitation in Forest and Grassland on the North Slope of the Tianshan Mountains, Central Asia
	1 Introduction
	2 Study Area
	3.1 Sampling and Analysis
	3.2 Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) Model
	3.3 Isotope Mass Balance Model
	4.1 Transportation Trajectory of Precipitation Water Vapor
	4.2 Contribution of Recycled Water Vapor
	4.3 Factors Affecting the Contribution of Recycled Water Vapor
	4.4 Effect of Water Vapor Source on Stable Isotopes in Precipitation
	4.5 Uncertainty Analysis
	5 Conclusion
	References


