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Abstract: Stable isotopes and chloride ion of 
precipitation are ideal environmental tracers to 
explain and reveal the formation and evolution 
mechanisms of water bodies. It is crucial to 
investigate the stable isotopes and chloride in 
precipitation events in the northeastern part of the 
Tibetan Plateau (NETP) due to the limitation of 
available data. This study sampled each event of 
precipitation during the period from July 2018 to 
June 2019 and the monthly dustfall in the NETP to 
investigate the temporal changes of stable isotopes 
and chloride in precipitation, and to reveal the 
moisture source of precipitation over the NETP using 
a back trajectory model. Results showed that the δ2H 
values of precipitation ranged from -183.51‰ to 
17.75‰, and the δ18O values ranged from -25.18‰ to 
0.48‰. The slope of the Local Meteoric Water Line 

was slightly lower than 8 due to the effect of below-
cloud secondary evaporation on the precipitation 
process. Most d-excess values were higher than 10‰ 
because moisture recycled from the continent and 
Qinghai Lake surface mixed with precipitation. The 
chloride in precipitation accounted for 86.5% of the 
annual total deposition mass of chloride (1329.64 
mg/m2), indicating that precipitation was the main 
source of chloride in the NETP. The temperature and 
amount effects of stable isotope in the precipitation 
were obvious in the NETP. The precipitation was 
predominantly derived from the Westerly Circulation 
from September through May and the East Asian 
Monsoon from June to August, with precipitation 
amounts of 246.5 mm and 178.0 mm, respectively, 
indicating that the precipitation over the NETP 
brought by the Westerly Circulation was more than 
that brought by the East Asian Monsoon. The air mass 
over the NETP transited in late May and early 

Stable isotopes and chloride ion of precipitation events in the northeastern 

Tibetan Plateau, China 

Received: 06-Nov-2020 
Revised: 10-Jan-2021 
Accepted: 21-Jan-2021 

 Original Article 

CUI Bu-li1,2,3*  https://orcid.org/0000-0002-0852-4947; e-mail: cuibuli@163.com 

LI Dong-sheng2  https://orcid.org/0000-0002-5135-0778; e-mail: dongshengli7@163.com 

JIANG Bao-fu2  https://orcid.org/0000-0001-6835-3732; e-mail: jiangbaofu523@126.com 

WANG Ying2  https://orcid.org/0000-0003-4290-7500; e-mail: xiyan960211@163.com 

WANG Ya-xuan2  https://orcid.org/0000-0002-4506-9744; e-mail: wangyaxuan09@163.com 

WANG Long-sheng2  https://orcid.org/0000-0002-0308-2211; e-mail: 52wls@163.com 

LI Xiao-yan1  https://orcid.org/0000-0002-7454-7821; e-mail: xyli@bnu.edu.cn 

*Corresponding author 

1 State Key Laboratory of Earth Surface Processes and Resource Ecology, Beijing Normal University, Beijing 100875, China 

2 School of Resources and Environmental Engineering, Ludong University, Yantai 264025, China 

3 State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of Sciences, 
Xi’an 710061, China 

Citation: Cui BL, Li DS, Jiang BF, et al. (2021) Stable isotopes and chloride ion of precipitation events in the northeastern 
Tibetan Plateau, China. Journal of Mountain Science 18(4). https://doi.org/10.1007/s11629-020-6574-5 

© Science Press, Institute of Mountain Hazards and Environment, CAS and Springer-Verlag GmbH Germany, part of Springer Nature 2021 



J. Mt. Sci. (2021) 18(4): 834-846 

 835

September, and a slight change in transition period 
would mainly be related to the intensity of the East 
Asian Monsoon, which is strongly influenced by El 
Niño-Southern Oscillation. These results provide not 
only baseline data for hydrological and climatological 
studies of the NETP but also valuable insights into the 
hydrological process in the inland arid area of Asia. 
 
Keywords: Stable isotope; Chloride ion; 
Precipitation; Moisture source; Northeastern Tibetan 
Plateau 

1    Introduction  

Precipitation, the initial source of water for 
catchments, is a vital component of total fresh water 
resources on the continent. Especially in inland 
regions, the ecological ecosystem, industries, and 
human activities is directly related to precipitation. 
Stable isotope (δ2H and δ18O) in precipitation are 
ideal environmental tracers for identifying the water 
sources and hydrological transformation processes, 
due to the fractionation processes of water isotopes in 
phase changes (Cai & Tian 2016; Chakraborty et al. 
2016; Clark & Fritz 1997; Craig 1961; Dansgaard 1964; 
Kong et al. 2013; Longinelli et al. 2006; Merlivat & 
Jouzel 1979). Isotopes are referred to as the 
“fingerprint” or “DNA” of water because they 
participate in the entire water circulation process 
(Clark & Fritz 1997; Gu et al. 2011; Kendall & 
McDonnell 1998). The compositions of δ2H and δ18O 
in local precipitation provide background data for 
explaining and revealing the formation and evolution 
mechanism of water bodies, including the moisture 
source of precipitation, runoff of river water, recharge 
source and retention times of groundwater, as well as 
the transport pattern of vadose-zone water (Cui & Li 
2015; Mukherjee et al. 2007; Ye & Chang 2019).  

Meanwhile, chloride ion in precipitation and 
atmospheric deposition is also an ideal environmental 
tracer that obtained wide acceptance and application, 
due to its strong hydrophilicity and inert nature 
(Allison & Hughes 1983; Allison et al. 1985; Sharma & 
Hughes 1985). Chloride ion has been used widely to 
investigate the water balance assessment, vadose-
zone water transport, and the ratio of piston and 
preferential flow in the vadose zone (Huang et al. 
2018; Lu et al. 2020; Scanlon et al. 2007; Xiang et al. 
2019). The chloride mass balance method and the 
chloride accumulation age model have been proposed 

to estimate the recharge of precipitation into vadose-
zone water and estimate the age of soil water at 
certain profile depths in the vadose zone, respectively 
(Allison & Hughes 1983; Sharma & Hughes 1985); 
these methods have obtained widespread acceptance 
and application (Huang et al. 2018; Katz et al. 2016; 
Lu et al. 2020; Scanlon et al. 2006; Xiang et al. 2019; 
Yidana et al. 2016). This indicates that the 
investigation of stable isotopes and chloride of 
precipitation is significant, which is the premise and 
foundation for exploring the regional water cycle and 
its transformations (Goni et al. 2001; Negrel et al. 
2011). 

The Tibetan Plateau (TP), located in central Asia 
with an average elevation exceeding 4200 m, is 
known as the earth's “third pole” and the “Asian 
Water Tower” (Wang et al. 2015; Yanai et al. 1992). It 
plays important roles not only in the ecological 
security of China and Asia but also in global climatic 
change, attracting the extensive attention of scholars, 
government officials, and international organizations 
(Bothe et al. 2011; Cai et al. 2017; Zhang et al. 2019). 
With the research on ice cores in alpine glaciers in the 
TP, the stable isotopes of precipitation have been 
studied and focused on in the plateau. The Chinese 
Academy of Sciences (CAS) launched the Tibetan 
Plateau Network of Isotopes in Precipitation (TNIP) 
program to systematically monitor and study the 
stable isotopes in precipitation and better understand 
climatic signals conserved in paleo proxies since the 
1980s (Yao 2009; Yao et al. 2013). In recent decades, 
the studies on precipitation isotopes in the TP have 
made significant progress and led to the publication 
of high quality research papers. For example, the 
entire TP was divided into three domains: the 
monsoon domain, the westerly domain, and the 
transition domain according to various moisture 
sources (Yao et al. 2013). Furthermore, the 
controlling factors on precipitation isotopes were 
investigated, such as moisture sources, local 
meteorological conditions, landform, orographic 
obstacles (Cui & Li 2015; Gao et al. 2018; Ren et al. 
2017; Xia et al. 2019; Yang & Yao 2016; Yu et al. 2015, 
2016; Zhang et al. 2019; Zhao et al. 2011). However, 
most of the previous studies have concentrated on the 
southern and central TP, especially on the monsoon-
dominated southern TP (Cai & Tian 2016; Yang et al. 
2016; Yao et al. 2013; Zhang et al. 2019).  

Furthermore, there are few studies that have 
investigated the isotopes and chloride in precipitation 
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to reveal the sources and influential factors of 
precipitation in the northern part of the TP, especially 
in the northeastern part of the TP (NETP), due to the 
limitation of available data (Cui & Li 2015; Yao et al. 
2013). For example, there is only one TNIP station 
settled at Delingha in the vast area of the NETP (Yao 
et al. 2013). Research on isotopes and chloride in 
precipitation events in the NETP has not yet been 
reported and is challenging to conduct. In recent 
decades, the dramatic changes of surface in the NETP, 
e.g., grassland degradation, wetland reduction, 
biodiversity decline, rapid lake expansion, and 
permafrost melting, have already occurred under the 
comprehensive influences of human activities and 
climate change (Cui & Li 2016; Li et al. 2007; Tang et 
al. 2018; Xin 2008), which have exerted profound 
influence on the processes of hydrology (Li et al. 
2018). Thus,  it is crucial to investigate the stable 
isotopes and chloride in precipitation in the NETP, 
which would be a significant contribution towards 
tracing hydrological processes and understanding and 
managing the local ecology under the changing 
climate conditions.  

Therefore, this study sampled and monitored the 
precipitation events and the monthly dust fall in the 

NETP. The objectives of the study were to (1) 
investigate the temporal changes of stable isotopes 
and chloride in precipitation in the NETP, (2) clarify 
the temperature and precipitation amount effects of 
stable isotopes in precipitation, and (3) reveal the 
source of air mass and water moisture over the NETP 
by using a back trajectory model. The results not only 
enriched the study of precipitation isotope of the 
northern TP but also provided baseline data for 
hydrological and climatological studies in the NETP 
and will thus, be able to provide valuable insights on 
the hydrological processes in the alpine environments. 

2    Materials and Methods 

2.1 Background of the sampling sites 

Sampling sites were set up at the Qinghai Lake 
Basin (QLB) of the NETP (Fig. 1). The QLB (36°15'–
38°20'N, 97°50'–101°20'E), with an area of 29661 
km2, is a closed basin. It lies in the transitional zone of 
Westerly Circulation (WC), East Asian Monsoon 
(EAM), and TP Monsoon (Fig. 1), making the 
distribution of precipitation and the moisture sources 

highly complex (Cui & Li 
2015; Henderson et al. 2010; 
Xu et al. 2007). Furthermore, 
the QLB is an ideal area for 
studying global climate 
change, environmental 
evolution and the uplift 
process of the TP, as well as 
the water cycle and eco-
hydrological processes, 
because of its sensitivity to 
global climate change (An et 
al. 2012; Cui & Li 2016; Li et 
al. 2007; Liu et al. 2009). 

2.2 Sample collection 
and testing 

A precipitation sampling 
device was deployed at the 
Meteorological Bureau of 
Gangcha County (100°08'E, 
37°20'N, 3301.5 m) of 
Qinghai Province, and a dust 
fall sampling device was 

Fig. 1 Location of the sampling sites for precipitation and dust fall in northeastern 
part of the Tibetan Plateau. 
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deployed in the Sanjiaocheng Sheep Farm of Qinghai 
Province (100°16'E, 37°15'N, 3229.4 m) (Fig. 1). The 
precipitation samples were collected from every 
precipitation event during the period from July 2018 
to June 2019. If there were more than one 
precipitation event within a day, each shower was 
collected as an individual sample. During the 
sampling period, a total of 136 precipitation samples, 
including 104 rain, 8 snow, and 24 sleet events, were 
collected (no precipitation event occurred in 
December 2018; Fig. 2). Rain samples were taken 
with a “collector”, composed of a polyethylene tank 
and a funnel, fitted a ping-pong ball to prevent 
evaporation of the sample once collected. Snow and 
sleet samples were collected using a vat installed on 
the ground and then melted in an airtight container at 
room temperature. The samples were filtered using 
0.45-μm nylon filters and then stored in 30-mL high-
density polyethylene bottles. For better interpretation 

of the data, precipitation amounts and daily 
temperatures were also recorded at the station (Fig. 
2). The dust fall sampling was performed on a 
monthly basis, and a total of 12 dust fall samples were 
collected during the sampling period. 0.03 g of the 
dust fall sample was taken and washed with 50 mL 
ultra-pure water in a triangular glass bottle. Then the 
triangular glass bottle was shaken with a numerical 
control ultrasonic cleaner for 40 minutes. The 
dissolved water was filtered using 0.45-μm nylon 
filters and then stored in 50-mL high-density 
polyethylene bottles for chloride content testing. 

Hydrogen and oxygen stable isotope values (δ2H 
and δ18O, respectively) of precipitation were measured 
using a Los Gatos Research liquid water isotope 
Analyzer (IWA-45-EP). The measurement accuracy of 
δ2H and δ18O values was ±0.5 and ±0.1‰, 
respectively. The chloride content of precipitation and 
dust fall was measured at Ludong University using ion 

chromatography (Dionex 
600) and the repeated 
sampling error was 0.5%–1% 
(2σ).  

2.3 Analytical methods 

Temperature and 
precipitation amount effect 
have been used to assess the 
effects of environmental 
changes on the isotopes 
(δ2H and δ18O) of 
precipitation in the NETP. 
The temperature effect is a 
marked positive correlation 
between the stable isotopic 
ratio in precipitation and 
temperature, arises from the 
fact that the temperature 
controls the fractionation 
rate of stable isotopes 
during phase changes 
among the solid, liquid, and 
gaseous phases of 
precipitation (Dansgaard 
1964; Merlivat & Jouzel 
1979; Rozanski et al. 1992; 
Xie et al. 2011). The 
precipitation amount effect 
is a marked negative 

Fig. 2 δ18O, d-excess and amount of each precipitation event and corresponding 
temperature during the sampling period. Months from January to June belong to 
the year 2019. Months from July to December belong to the year 2018. 
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correlation between precipitation δ18O and amount 
(Araguás-Araguás et al. 1998; Dansgaard 1964; Xie et 
al. 2011).  

In order to detect the transport paths and 
moisture sources of precipitation and dust fall, the 
Hybrid Single-Particle Lagrangian Integrated 
Trajectory model (HYSPLIT) was used to perform air 
mass back trajectory calculations (Stein et al. 2015), 
which also could reveal the effects of moisture sources 
and transport patterns on the precipitation δ18O in the 
NETP. Trajectories, backward to 240 h (10 days), 
were initiated during the beginnings of each 
precipitation event. The starting height was 
determined at 1500 m above ground level (a.g.l) 
because this height approximates the average height 
of lifting condensation in the TP (Zhang et al. 2019). 

3    Results and Discussion 

3.1 Characteristics of stable isotope in 
precipitation events 

The δ2H and δ18O values ranged from -183.51‰ 
to 17.75‰ and from -25.18‰ to 0.48‰, respectively, 
with the means of -57.12‰ and -8.69‰, respectively 
(Fig. 2). Both δ2H and δ18O values were within the 
globally reported ranges for precipitation (δ2H: -
350‰–50‰; δ18O: -50‰–10‰) and those across 
China (δ2H: -28‰–24‰; δ18O: -35.5‰–2.5‰) (Tian 
et al. 2001). The range extent was larger than that of 
the stable isotope values of precipitation in the QLB 
(δ2H: -180.80‰–-11.54‰, δ18O: -24.40‰–-2.80‰) 
due to the different sampling frequencies (Cui & Li 
2015). Cui & Li (2015) sampled monthly precipitation, 
while this study sampled precipitation events. This 
suggests that precipitation event samples could grasp 
the characteristics of isotope variation better than 
monthly or yearly samples. The most negative values 
generally occurred in January, April and November 
(Fig. 2).  

The plot of δ2H versus δ18O of precipitation 
constituted the local meteoric water line (LMWL) (Fig. 
3): 

δ2H = 7.95 δ18O + 11.98,    (n=136, R=0.99) 
The LMWL slightly deviated from global 

meteoric water line (GMWL), which was primarily 
attributed to the unique local circulation system in the 
NETP containing different water vapor sources with 
different evaporation patterns at different 
spatiotemporal scales (Clark & Fritz 1997; Pang et al. 

2017). The LMWL’s slope was slightly smaller than 
that of the global meteoric water line (8), indicating 
that the precipitation processes in the NETP were 
affected by below-cloud secondary evaporation. In 
inland arid areas with low humidity, such as western 
China with a similar slope of meteoric water lines 
(7.56; Ma et al. 2009) to this study area, raindrops 
would undergo evaporation when they fell; this 
process could cause isotope fractionation in 
precipitation and consequently, a decrease in the 
LMWL slope (Araguás-Araguás et al. 1998; Cui & Li 
2015; Dansgaard 1964; Zhang & Wang 2016). The 
similarity of slope between the LMWL and GMWL 
suggested that the below-cloud evaporation effect was 
slight in the local precipitation, because the rain 
formation process occurred under conditions close to 
isotopic equilibrium (Cui & Li 2015). Froehlich et al. 
(2008) found that the subcloud evaporation was 
slight and lower than approximately 1% (nearly free of 
the subcloud evaporation effect) in Alpine Mountain 
regions, where the altitude was higher than 1600 m 
a.s.l. Meanwhile, due to the high d-excess value in 
local precipitation, the LMWL was slightly above the 
GMWL (Fig. 2), suggesting that some continental 
moisture was recycled as the local precipitation (Pang 
et al. 2017).  

The seasonal LMWLs of precipitation were 
simulated and shown in Table 1. The slope values of 
the LMWLs in summer and winter seasons were lower 
than 8, indicating that the precipitation processes in 
summer and winter seasons were affected by below-
cloud secondary evaporation (Dansgaard 1964; 
Araguás-Araguás et al. 1998; Cui & Li 2015; Zhang & 
Wang 2016). This would mainly be attributed to 
relatively low precipitation amount in winter season 
and relatively high temperature in summer season 

 
Fig. 3 The relationship between δ2H and δ18O of 
precipitation in the northeastern part of the Tibetan 
Plateau. LMWL, Local Meteoric Water Line; GMWL, 
Global Meteoric Water Line. 
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(Figs. 2 and 4), because low precipitation and high 
temperature both enhance the occurrence of subcloud 
evaporation. The slope values of LMWLs in spring 
and autumn seasons were higher than 8 (Table 1), and 
the isotopic points were mostly located on the upper 
of the GMWL (Fig. 3), suggesting that the d-excess 
values of precipitation in spring and autumn seasons 
were higher than 10‰. The reason should be the 
moisture derived from the evaporated vapor (Bowen 
et al. 2012). 

Generally, seasonal changes of d-excess in 
precipitation could be used to investigate the climatic 
changes of the moisture source regions (Petit et al. 
1991), because d-excess value in precipitation is 
mainly controlled by temperature, wind speed and 
humidity over the evaporating surface at the moisture 
source region (Froehlich et al. 2002). According to Fig. 
2, the values of d-excess ranged from 0.85‰ to 30.45‰ 
(average of 12.91‰). Most of the d-excess in monthly 
precipitation event were all higher than 10‰ (Fig. 4), 
excluding July (9.34‰) and November (4.95‰). The 
high d-excess in precipitation would be caused by the 
large amount of vapor evaporated from the continent 
and water surface mixing with the precipitation 
moisture (Fig. 1). The phenomenon was also found in 
the regions around the Great Lakes, Aral and Caspian 
Seas, and the eastern Mediterranean (Aizen et al. 
1996; Gat & Carmi 1970; Gat et al. 1994; Kreutz et al. 
2003). Based on a two-component mixing model, Cui 
& Li (2015) showed that there was about 23.42% of 
annual precipitation in the QLB derived from the 
Qinghai Lake surface evaporation. In this study, the 

high d-excess in precipitation also showed that the 
influences of lakes’ evaporation on the atmospheric 
precipitation and moisture could not be ignored in the 
NETP. Meanwhile, the changing ranges of δ18O values 
and d-excess values in precipitation events were more 
than 25.66‰ and 29.60‰, respectively, indicating 
the complexity of moisture sources and recycling in 
the NETP. 

3.2 Temperature and amount effects of stable 
isotope in the precipitation 

The δ18O variation of the daily precipitation 
events coincided with the variations in temperature, 
high δ18O of precipitation peaks generally 
corresponded to high temperatures, and significant 
drops in δ18O generally corresponded to low 
temperatures (Fig. 2), indicating that the temperature 
effect of δ18O in precipitation was obvious in the 
NETP. The correlation and regression equation 
between δ18O of precipitation and temperature was 
calculated (Fig. 4, Table 2). The significant 
relationship between the temperature and δ18O in 
annual precipitation indicated that the temperature 
effect controlled the δ18O level present in precipitation 
(Fig. 4). The temperature effect generally appeared in 
middle-high-latitude inland regions, such as the 
precipitation in Zhangye, Wulumuqi, Delingha, and 
other inland areas in central Asia (Tian et al. 2003; 
Tian et al. 2007; Yao et al. 2013; Yu et al. 2008; 
Zhang et al. 1995). This would be due to that the 
continental moisture recycling over the land surface 

Table 1 The annual and monthly local meteoric water line in the northeastern part of the Tibetan Plateau. 

Time period Equations n R Significant level 
Annual δ2H = 7.95 δ18O + 11.98 128 0.985 0.001 
Spring δ2H = 8.24 δ18O + 14.96 27 0.994 0.001 
Summer δ2H = 7.77 δ18O + 9.16 70 0.980 0.001 
Autumn δ2H = 8.20 δ18O + 18.90 28 0.984 0.001 
Winter δ2H = 6.35 δ18O – 7.95 3 1.000 0.019 

 

           
Fig. 4 The relationship between precipitation δ18O and corresponding temperature (left) and precipitation amount 
(right) in the northeastern part of the Tibetan Plateau. 
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was significant, which could enrich the δ18O in 
precipitation with relatively high temperatures 
(Dansgaard 1964; Merlivat & Jouzel 1979; Xie et al. 
2011). For example, the δ18O value was amplified by 
15% at Delingha due to continental recycling (Yao et 
al. 2013). Meanwhile, the slope of the temperature 
effect equation in the NETP (0.43‰/°C) was lower 
than that at Delingha (0.62‰/°C) which was 
dominated by WC, while the slope was higher than 
that at Tuotuohe (0.23‰/°C) which was in the 
intersection of the shifting influences between Indian 
monsoon and WC (Yao et al. 2013). According to 
Table 2, the δ18O values of precipitation were 
positively and significantly correlated with 
temperature in spring and autumn seasons (P ＜

0.009). While, the δ18O values were negatively 
correlated with air temperature in summer 
precipitation; this would be attributed to the moisture 
predominantly derived from the EAM from June to 
August (Cui & Li 2015). This phenomenon is evident 
in South and East Asia prevailed by a monsoonal 
climate (Cai et al. 2017). 

As shown in Fig. 2 and Fig. 4, high δ18O values of 
precipitation peaks generally corresponded to low 
precipitation amounts; conversely, significant drops 
in δ18O generally corresponded to high precipitation 
amounts. The δ18O of precipitation was negatively 
correlated with precipitation amount in precipitation 
events, with a significance level of 0.001 (Table 2), 
suggesting that the precipitation amount effect for 
δ18O in annual precipitation was significant. The slope 
of the precipitation amount effect equation in the 
NETP (0.43‰/mm) was higher than that at Delingha 
(0.01‰/mm) (Yao et al. 2013). In seasonal 
precipitation, the δ18O values were negatively 
correlated with precipitation amounts in all seasons, 
with a significance level of 0.002 in summer and 
autumn (Table 2). The relationship between δ18O and 
precipitation amount was relatively complex, the 

higher δ18O values concurred with low precipitation 
amount in winter season when the WC prevails (Yao 
et al. 2013). Meanwhile, the amount effect is generally 
observed in tropics and regions affected by marine 
climates (Xie et al. 2011; Yao et al. 2013). Therefore, 
the negative correlation between precipitation 
amount and δ18O of precipitation would be attributed 
to the moisture predominantly derived from the EAM 
from June to August (Cui & Li 2015). 

Yao et al. (2013) investigated and revealed that 
the temperature effect of δ18O in precipitation was 
significant at Delingha, dominated by WC throughout 
the year, was significant in winter and summer. 
However, the precipitation δ18O in this study was 
negatively correlated with temperature in summer 
(Table 2). This would be attributed to the moisture 
source of precipitation in the NETP, where the EAM 
was mainly dominated during the summer season 
(Cui & Li 2015). Meanwhile, the NETP was influenced 
strongly by the vapor evaporated from the Qinghai 
Lake, which also formed distinct regional climate and 
water cycle in the region (Cui & Li 2015). These 
furthermore indicated that the moisture sources in 
the NETP were relatively complex. 

3.3 Characteristics of chloride in atmospheric 
deposition 

The monthly mass of dust fall samples varied from 
2.71 to 64.16 g/m2 (Fig. 5). The highest deposition 
occurred in summer, the second highest in early 
autumn, and the lowest in winter (Fig. 5). The total 
mass of atmospheric deposition was 279.35 g/m2 for 
the whole year, which was similar to that of dust fall 
collected around Qinghai Lake (265.7 ± 55.0 g/m2; 
242.5 g/m2) by Wan et al. (2012) and Qi et al. (2018), 
respectively, and a region in Delingha (278.7 g/m2) by 
Gao et al. (2013). Dissolution testing revealed that the 
annual and monthly deposition masses of chloride 

Table 2 Temperature effect and amount effect on δ18O of precipitation in the NETP

Effect type Time period Equations n R Significant level

Temperature effect 

Annual δ18O = 0.433 T – 12.04 128 0.481 0.001 
Spring δ18O = 0.955 T – 13.13 27 0.565 0.002 
Summer δ18O = –0.375 T – 3.34 70 –0.216 0.073 
Autumn δ18O = 0.443 T – 10.94 28 0.485 0.009 
Winter δ18O = 1.363 T – 6.29 3 0.860 0.341 

Amount effect 

Annual δ18O = –0.432 P – 7.48 128 –0.288 0.001 
Spring δ18O = –0.286 P – 10.15 27 –0.131 0.514 
Summer δ18O = –0.479 P – 5.79 70 –0.501 0.001 
Autumn δ18O = –1.047 P – 5.96 28 –0.550 0.002 
Winter δ18O = –1.24 P – 19.58 3 –0.260 0.832 
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were 1329.64 mg/m2 and 14.56–317.97 mg/m2, 
respectively (Fig. 5). Chloride mass in atmospheric 
deposition showed a similar monthly trend as that of 
the dust fall samples throughout the year, i.e., the 
deposition gradually increased from January to August 
and decreased from August to December. 

As shown in Fig. 6, monthly chloride 
concentrations in precipitation ranged from 2.10 to 
3.24 mg/L, with a mean of 2.61 mg/L. The values fell 
within the ranges reported previously for the 
precipitation around the Qinghai Lake, which ranged 
from 0.44 to 3.77 mg/L (Jin et al. 2010). The seasonal 
average chloride concentration in precipitation was in 
the order: spring > summer > winter > autumn, with 
values of 2.85 mg/L, 2.80 mg/L, 2.47 mg/L, and 2.25 
mg/L, respectively. The monthly deposition mass of 
chloride in precipitation was calculated and was 
shown in Fig. 5. The values ranged from 0.44 to 
304.96 mg/m2 and showed seasonal variations: 
gradually increasing from January to August and then 
decreasing from August to December. This trend was 
consistent with the trend of monthly precipitation 

amount, indicating that the deposition amount of 
chloride in precipitation was mainly determined by 
the precipitation amount (Figs. 5 and 6). Meanwhile, 
the monthly deposition mass of chloride in dust fall 
was 13.00–17.79 mg/m2, and it showed little variation, 
being lower in summer and higher in other seasons 
(Fig. 5).  

During the period from October through March 
with low precipitation (23.5mm; Fig. 6), the chloride 
deposition mass in dust fall, accounting for 61.5% of 
the total deposition mass of chloride, was greater than 
that in precipitation. The chloride deposition mass in 
precipitation, accounting for 92.4% of the total 
deposition mass of chloride, was much greater than 
that in dust fall during the period from April to 
September (Fig. 5), due to relatively higher 
precipitation in the period (401mm). The total 
deposition mass of chloride throughout the year 
consisted of deposition masses of 1149.70 mg/m2 and 
179.94 mg/m2 in precipitation and dust fall, 
respectively. Precipitation chloride accounted for 86.5% 
of the annual total deposition mass of chloride (Fig. 5), 
indicating that precipitation was the main source of 
chloride ions in atmospheric deposition in the NETP. 
The area surrounding the QLB in the NETP is 
sparsely populated, with few mineral exploitation 
activities and factories (Wan et al. 2012). Therefore, 
the deposition of dust fall and chloride in the NETP 
mainly originated from the dust carried by airflow, 
chloride carried by water vapor masses, and locally 
generated dust.  

3.4 Sources of atmospheric moisture and 
deposition 

Yao et al. (2013) established a database of 
precipitation δ18O and used different models to 
evaluate the climatic controls of precipitation δ18O 
over the TP. The results showed that Delingha, 
representing the northern Tibetan Plateau, is hardly 
influenced by the Indian monsoon (Yao et al. 2013). 
While, the latitude of the sites in this study (Gangcha; 
37°20′N) is similar to that of Delingha (37°22′N), 
suggesting that the NETP is also hardly influenced by 
the Indian monsoon. Cui & Li (2015) analyzed the 
moisture sources of the QLB by using monthly stable 
isotope of precipitation, showing that the moisture in 
the basin was predominantly derived from the EAM 
during the period from June to August and from the 
WC during the period from September through May. 

Fig. 5 Monthly atmospheric deposition masses of dust 
fall and chloride in the northeastern part of the Tibetan 
Plateau. Months from January to June belong to the year 
2019. Months from July to December belong to the year 
2018. 

 

Fig. 6 Chloride concentration of monthly precipitation 
and monthly precipitation in the northeastern part of the 
Tibetan Platea. Months from January to June belong to 
the year 2019. Months from July to December belong to 
the year 2018. 
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In this study, the temperature and precipitation 
amount effects of δ18O in annual precipitation were all 
significant at a level of 0.001 (Table 2), while the δ18O 
of precipitation was negatively correlated with air 
temperature in summer season, and most d-excess 
values in each precipitation event or monthly 
precipitation were higher than 10‰ (Figs. 2 and 4). 
These confirmed the earlier studies indicating that the 
moisture in the NETP was predominantly derived 
from the EAM and the WC, and the NETP was 
influenced strongly by the vapor evaporated from the 
Qinghai Lake, which also formed distinct regional 
climate and water cycle in the region (Cui & Li 2015).  

The trajectories, backward to 10 days at 1500m 
a.g.l, of 136 precipitation events were calculated using 
the HYSPLIT model and was shown in Fig. 7 and 
Table 3. According to Fig. 7, most air parcels of 
precipitation over the NETP arrived from the west 
and east directions, by the WC and EAM, respectively. 

During the period from July 2018 to June 2019, there 
were 87 and 49 precipitation events arriving from the 
west direction and east direction, respectively, with 
respective precipitation amounts of 246.5 mm and 
178 mm, accounting for 58.07% and 41.93% of annual 
precipitation, respectively (Table 3), indicating that 
the precipitation over the NETP brought by the WC 
was more than that brought by the EAM.  

During the period from September to May (dry 
season), most of the precipitation events (57 events), 
amounting to 144.6 mm and more than 90% of the 
total precipitation, were derived from the WC, while 
three events were derived from the EAM (Table 3), 
indicating that the moisture was predominantly 
derived from the WC in dry season; this is in 
agreement with the results of previous studies (Cui & 
Li 2015; Yu et al. 2008). This is mainly because a 
relatively high pressure ridge is formed at 80°–90°E 
over the TP, leading to the dry and cold air migrates 

 
Fig. 7 The back trajectories of air mass for precipitation events in the northeastern part of the Tibetan Plateau during 
the period from July 2018 to June 2019.  
 
Table 3 Quantity and amount of precipitation (Precip.) arrived from Westerly Circulation (WC) and East Asian 
Monsoon (EAM). n.d. means no data. 

Period 
Month

Sum 
1 2 3 4 5 6 7 8 9 10 11 

WC 
Events (n) 2 1 4 12 11 16 10 4 17 7 3 87
Precip. (mm) 3.0 0.2 1.6 39.8 30.2 38.3 48.7 14.9 51.1 7.4 11.3 246.5

EAM 
Events (n) n.d. n.d. n.d. n.d. 3 11 10 23 2 n.d. n.d. 49
Precip. (mm) n.d. n.d. n.d. n.d. 7.0 23.0 59.9 79.1 9.0 n.d. n.d. 178.0
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from the TP to the south, east, and north (Araguás-
Araguás et al. 1998). 

In summer (June to August), there were 30 and 
44 precipitation events with precipitation amounts of 
101.9 mm and 162.0 mm, respectively, which were 
derived from the WC and the EAM, respectively 
(Table 3, Fig. 7), indicating that the precipitation 
events and amount were predominantly controlled by 
the EAM in summer. This is mainly attributed to a 
relatively low pressure center formed at 70°–80°E 
over the TP, which induces a supply of moist air mass 
from the Pacific and Indian Oceans to the Asian 
continent in summer, resulting in relatively high 
humidity and precipitation over the TP. 

According to the Table 3 and Fig. 7, there were 
several air parcels of precipitation in May and 
September arriving from the east direction brought 
by the EAM (3 events on May 26th and 29th; 2 events 
on September 1st and 2nd), suggesting that the 
transitions of atmospheric circulation over the NETP 
take place in late May and early September, with the 
EAM gradually strengthening and the WC gradually 
weakening in late May, and inversely in early 
September (Fig. 7; Cui & Li 2015; Gao 1952). Based 
on the reanalysis data sets from NCEP-NCAR, Cui & 
Li (2015) showed that the transitions of atmospheric 
circulation took place in June and September, 
similar to that in this study (late May and early 
September, respectively). The slight difference in 
transition periods would mainly be related to the 
intensity of the EAM, which is strongly influenced by 
El Niño-Southern Oscillation (ENSO) (Chen et al. 
2018; Xu et al. 2018; Ye et al. 1958). When the 
period of thermal conversion between East Asian 
and Western Pacific Ocean is early (late)，the EAM 
could be established early (late) and retreat late 
(early) and the duration of the EAM is relative long 
(short), indicating that the onset time of the EAM 
and the time of thermal conversion between the East 
Asian and Western Pacific Ocean are consistent (Xu 
et al. 2018). Cai et al. (2017) contrasted the δ18O 
values of the ASM precipitation during the La Niña 
and El Niño years, and their results showed that the 
δ18O values of the ASM precipitation were positively 
correlated with ENSO (e.g., high δ18O values 
corresponding to warm phases). 

Fig. 7 showed that there were 12 air masses 
arriving from the coastal region of Arabian Sea and 
crossing the Himalayas to reach the study site. 
Nevertheless, the vapor evaporated from the Arabian 

Sea could not reach the NETP due to the long 
transport distance from the sea and the interception 
by the Himalayas and Tanggula Mountain, which 
should enhance upstream convections along the 
trajectory leading to more condensation of vapor 
(Cui & Li 2015; Zhang et al. 2019). Meanwhile, all d-
excess values of the 12 events was higher than 10‰ 
( ＞ 14.4‰), indicating that the moisture of 
precipitation was dominated by the continental 
moisture evaporated along the moisture transport 
paths (Cai & Tian 2016; Cai et al. 2017). Further, the 
results of air mass paths and d-excess suggested that 
the NETP was not influenced by the moisture 
evaporated from the Indian Ocean (the Arabian Sea 
and the Bay of Bengal).  

According to the Table 3, the precipitation 
derived from the EAM was 23 mm, 59.9 mm, and 79.1 
mm in June, July, and August, respectively, indicating 
that the influence of EAM on the precipitation over 
the NETP gradually strengthened from June to 
August (Araguás-Araguás et al. 1998). Furthermore, 
there were 30 precipitation events that were derived 
from the WC in the summer (Table 3, Fig. 7), 
suggesting that precipitation events should better 
reflect the moisture source than monthly precipitation 
(Cai & Tian 2016; Cai et al. 2017; Zhang et al. 2019). It 
is difficult to distinguish the contributions of WC and 
EAM based on monthly precipitation, leading to an 
overestimation of the contribution of the EAM on the 
precipitation over the NETP (Cui & Li 2015). 

Most of the natural dust fall comes from arid and 
semi-arid regions, where large quantities of loose 
sediment are located on the surface, which are easily 
carried aloft by air currents and involved in the global 
material cycle (Ginoux et al. 2012; Prospero et al. 
2002). According the back trajectories of air mass 
(Fig. 7), the atmospheric deposition in the NETP was 
mainly carried by the WC originating from the 
Qaidam Basin, Zhunger Basin, Tarim Basin and arid 
regions of central Asia, along with the EAM 
originating from the loess plateau of China. The 
atmospheric deposition mass of dust fall and chloride 
in summer were higher than that in the other seasons 
(Fig. 5). There could be two possible reasons: 1) wind 
speed is relatively low in summer (Cui & Li 2016), and 
the atmospheric deposition falls easily under the 
action of gravity; and 2) precipitation amount is 
relatively high in summer (Fig. 6), and dust fall acts as 
a "condensation nucleus", falling with the 
precipitation (Gong et al. 2012; Kaufman et al. 2005). 
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Conversely, atmospheric deposition is difficult due to 
relatively high wind speed and low precipitation 
amount in other seasons (Cui & Li 2016). 

4    Conclusion 

Owing to the low humidity, the precipitation 
process over the NETP was slightly affected by below-
cloud secondary evaporation. The temperature and 
precipitation amount effects of δ18O of annual 
precipitation were obvious and significant in the 
NETP. The δ18O value was negatively correlated with 
air temperature and precipitation in summer 
precipitation, due to the moisture predominantly 
derived from the EAM in summer. 

The highest deposition occurred in summer, the 
second highest in early autumn, and the lowest in 
winter. From October through March, the chloride 
deposition mass in dust fall (61.5%) was greater than 
that in precipitation, while the chloride deposition 
mass in precipitation (92.4%) was much greater than 
that in dust fall from April to September. 
Precipitation chloride accounted for 86.5% of the 
annual total deposition mass of chloride, indicating 
that precipitation was the main source of chloride in 
the NETP. The atmospheric deposition in the NETP 
was mainly facilitated by the WC originating from the 
Qaidam Basin, Zhunger Basin, Tarim Basin and arid 
regions of central Asia, along with the EAM 

originating from the loess plateau of China. 
The moisture was predominantly derived from 

the WC in dry season (September through May), 
while the precipitation moisture was predominantly 
controlled by the EAM in wet season (June to August). 
The transitions of atmospheric circulation over the 
NETP take place in late May and early September, 
and the slight change in transition periods would be 
mainly related to the intensity of the EAM, which is 
strongly influenced by ENSO. The precipitation 
moisture of the NETP was not influenced by the 
moisture evaporated from the Indian Ocean due to 
the long transport distance from the sea and the 
interception by the Himalayas and Tanggula 
Mountain. 
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