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Abstract
Heavy precipitation events are increasingly concerned because their significant contribution to annual precipitation in the 
Northwestern China, which might be related to invasion of summer monsoon moisture. It is interest whether or not the same 
is Jade Pass as being outside the control of the Asian summer monsoon. In this work, six heavy precipitation events were 
selected based on the 95 percentiles of the daily precipitation at the 12 weather stations around the Jade Pass from 1970–2000, 
with consideration of the influences of elevation. The event on June 19th, 2013 was chosen for a detailed examination due to 
the fact that the day has a large-scale precipitation as revealed by a gridded precipitation dataset over a large region. Using 
a Weather Research and Forecasting Model (WRF) simulation with high spatiotemporal resolution and in situ isotopic trac-
ing (δ18O, δD), under a large-scale heavy precipitation event, this study provides ambitious view at the synoptic scale. A 
dramatic decrease in the δ18O, δD and deuterium (d)-excess of precipitation, very high relative humidity (98%), and reduced 
air temperature indicate that the precipitation was a result of long-distance-transported monsoon vapor. In addition, the slope 
of the local water meteoric line (LWML) of the precipitation for this event was very close to that of the global meteoric 
water line (GWML), indicating the source of moisture was from the ocean. Meanwhile, the WRF simulation confirms that 
the precipitation at the Jade Pass was not caused by local convection, but by summer monsoon. Both WRF simulation and 
isotopic tracing support the view that the monsoon moisture could invade Jade Pass at the synoptic scale and impact on 
precipitation, which need be further investigated.
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1 Introduction

Increasing extreme precipitation at the climate and syn-
optic scales has been demonstrated globally, especially in 
terms of frequency (the number of precipitation events in 

a year) and intensity (the amount of precipitation at each 
event) (IPCC 2013; Ji et al. 2015; Trenberth et al. 2015). The 
dominant role of extreme precipitation at the synoptic scale 
has become increasingly significant to the annual precipita-
tion amount, which not only induces disasters but also has 
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a negative impact on the sustainable development of human 
social–economies (Seneviratne et al. 2012; Zscheischler 
et al. 2018). In China, precipitation intensity has increased 
significantly since 1960 while precipitation frequency has 
decreased, indicating that the intensity of single precipita-
tion events accounts for a greater contribution to the annual 
precipitation amount (Wang et al. 2005; Li et al. 2018). In 
contrast, both the frequency and intensity of precipitation 
in Northwestern China have undergone an obvious increase 
over the past several decades (Song et al. 2015). Specifi-
cally, the seasonal precipitation intensity dominated the 
precipitation amount changes in spring and summer while 
the seasonal precipitation frequency contributed more to 
the seasonal precipitation amount in autumn and winter. 
In addition, the proportion of heavy precipitation among 
the total precipitation increased with increasing elevation 
(Easterling et al. 2000; Zhai et al. 2005). Currently, extreme 
precipitation at the sub-daily scale has received increasing 
attention because it enhances our understanding of extreme 
precipitation events and their interaction with larger scales 
(Prein et al. 2017). However, this research is still rare due to 
limited observations.

Particular attention could be focused on investigating the 
potential mechanisms behind extreme precipitation events 
because this information could improve the forecasting and 

implementation of response measures. Currently, the main 
causes are associated with an increase in atmospheric water 
vapor content due to global warming (Allan et al. 2008). The 
variations in the lapse rate and vertical wind velocity make 
crucial contributions to the exact magnitude of this intensi-
fication (O’Gorman and Schneider 2009a; b). Another cause 
has been ascribed to anthropogenic aerosols (AAs), which 
are affected through complex aerosol–cloud–climate interac-
tions as well as the scattering and absorption of incoming 
solar radiation (Min et al. 2011; Wang et al. 2016). In addi-
tion, sea ice anomalies are associated with the occurrence 
of extreme precipitation (Cohen et al. 2014). The causes 
of extreme precipitation vary regionally. The Jade Pass in 
Northwestern China (Fig. 1) is the climatic boundary zone 
between the monsoon and westerlies and is also influenced 
by polar air masses from the Arctic (Bryson. 1986). The 
influences of the westerlies and the Indian monsoon are 
critical for the advection of heat and moisture, as well as 
the climate patterns in the Tibetan Plateau (TP) (An et al. 
2012; Yao et al. 2013; Yang et al. 2018a, b). However, the 
increasing extreme precipitation does not match well with 
the variations in the westerlies, indicating that summer mon-
soon invasion is making an increasing contribution (Xu et al. 
2011; Huang et al. 2015). Whether or not it influenced in 
Jade Pass (40.531° N, 96.362° E) especially in relation to 

Fig. 1  Locations of the Jade Pass and meteorological stations
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extreme weather events, which has been traditionally consid-
ered the terminal reach of the summer monsoon?

Different methodologies are used, including one that 
describes the physical mechanisms of extreme precipita-
tion via simulations, such as by the Weather Research and 
Forecasting Model (WRF), which has a high spatiotempo-
ral resolution in comparison to reanalysis data, and another 
important method is the in situ stable isotopic (δ18O, δD) 
tracing. However, these methods are seldom used to support 
each other, especially in alpine regions, due to the scale and 
sparse data. Using these methods together at a suitable scale 
will improve the quality of the findings.

In this research, in situ precipitation at high elevation and 
that from 11 national meteorological observations surround-
ing the Jade Pass were collected to investigate the extreme 
precipitation at the synoptic scale via WRF simulation and 
isotopic tracing (δ18O, δD) and determine whether the mon-
soons invade the Jade Pass, which is known to be affected 
by the westerlies.

2  Study regions

The Jade Pass is located in the dry and cold region of 
western China at the northwest extent of the summer 
monsoon intrusion. Climatologically it is considered not 
influenced by monsoon moisture. Under global warming, 
heavy precipitation amount increased gradually in North-
western China, which might have been influenced by the 
invasion of the summer monsoon (Xu et al. 2011; Huang 
et al. 2015). Thus, investigating moisture supply to heavy 
summer precipitation around the Jade Pass is important 
because such a study might indicate the extension and 
strength of the summer monsoon in the inland dry area of 
Northwest China. The Jade Pass was historically identified 
in the Western Han Dynasty (102–101 BC), Eastern Han 
Dynasty (89–105 AD), Sui-Tang Dynasty (581–907 AD), 
Five Dynasties and early Song Dynasty (907–970 AD) (Li 
1992, 1997, 2015), and the location has changed within a 
range of ~ 200 km (Dunhuang, Anxi, Yumenzhen, and Jia-
yuguan) in the arid region (westerlies zone). Correspond-
ing to the ancient literature, the Jade Pass mainly referred 
to Shuangta in Anxi (Fig. 1). To investigate this issue com-
prehensively, the Laohugou (LHG) glacier region at high 
elevation in the western Qilian Mountains was selected 
for study; thus, region is adjacent to Shuangta, and heavy 
precipitation likely occurred in the surrounding areas 
due to the many glaciers (Shen et al. 2004). Meanwhile, 
data from a total of 11 national meteorological observa-
tion stations around the Jade Pass were also collected to 
manifest the spatial distribution of the simulated precipi-
tation. Thus, the study region in this research was mainly 

located in the northeastern TP and ranged between 4620 
and 1139 m.a.s.l., among which the LHG region had the 
highest elevation and Dunhuang had the lowest altitude.

3  Data and methodology

3.1  Data

3.1.1  Stable oxygen in the precipitation sample

3.1.1.1 Field sampling The continuous collection of pre-
cipitation samples was conducted in the precipitation con-
centration period (from May to September) in 2013 at the 
front of LHG glacier No. 12 in the northeastern TP. Precipi-
tation samples were immediately placed in plastic basin sets 
to minimize the alteration of heavy isotopes by evaporation 
when precipitation occurred. If the precipitation was solid, 
then the collected snow samples were taken to a warmer 
place to melt naturally until they had melted completely, and 
then they were transferred into the sampling bottles.

3.1.1.2 Analysis All samples were kept in near-frozen con-
ditions and transported for analysis of the δD and δ18O com-
position by a Liquid–Water Isotope Analyzer (DLT 100, 
Los Gatos, USA) based on off-axis integrated cavity output 
spectroscopy (OA-ICOS). The isotopic ratios are expressed 
in per mil (‰) units relative to the Vienna Standard Mean 
Ocean Water (VSMOW). The accuracies of δD and δ18O 
were ± 0.6‰ and ± 0.2‰, respectively.

3.1.2  Meteorological observation

3.1.2.1 National observations The instrumental precipita-
tion of 11 adjacent stations was provided by the National 
Meteorological Information Center (https ://ncc.cma.gov.cn/
cn/), China Meteorological Administration. The quality of 
observational data in China meets the World Meteorological 
Organization’s standards.

3.1.2.2 Automatic weather station An auto weighting 
gauge (T-200B, Geonor) was used to measure precipita-
tion in mm w.e. (mm water equivalent), with the half-hourly 
mean of the measurements recorded every 10 s; addition-
ally, the revised method of Yang (1999) was used, in which 
inputs were recorded by an automatic weather station at 
half-hour intervals. The local time at the AWS was 1  h 
34 min later than Beijing Time, and Beijing Time (BJT) was 
used over the whole period. Data quality control was ini-
tially performed by reference to international practice (Feng 
et al.2004; Zahumenský 2004).

https://ncc.cma.gov.cn/cn/
https://ncc.cma.gov.cn/cn/
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3.2  Methodology

3.2.1  Isotopic tracing (δ18O, δD)

The isotopic ratios of oxygen and hydrogen (18O/16O and 
2H/1H) in water bodies were used to effectively trace the 
moisture origin because of the few influencing factors and 
the quantifiable fractionations. The relationship between 
δ18O and δD was defined as the meteoric water line (MWL), 
which included the global MWL and regional MWL accord-
ing to different regional scales. Its slope indicated the dif-
ference in fractionation of δ18O and δD, which was related 
to the humidity, temperature and external conditions (e.g., 
moisture origin) when precipitation was formed. The inter-
cept denoted the degree of deviation of δD in comparison 
to the equilibrium state, which was linked to the isotopic 
fractionation and temperature. In addition, the deuterium 
(d)-excess, which is an important parameter used for trac-
ing the moisture source, was associated with meteorological 
conditions in the local region and the evaporation and con-
densation processes, including the equilibrium or imbalance 
state (Rozanski et al. 1993; Ingraham. 1998; Araguás et al. 
2000; Bowen et al. 2002; Froehlich et al. 2002). The GWML 
provided the reference standard for the isotopic composi-
tions of global precipitation. Its slope and intercept were 8 
and 10, respectively, which indicated that water vapor was 
transported from ocean sources (Craig. 1961; Dansgaard. 
1964).

3.2.2  WRF simulation

The WRF model is a mesoscale numerical weather pre-
diction system designed for both atmospheric research 
and operational forecasting applications. It can adequately 
simulate the pattern and time of precipitation (Yang et al. 
2015) but still has bias, especially for convective precipita-
tion, due to the uncertainty of the initial conditions (Yang 
et  al. 2015). Therefore, it is very important to improve 
simulations through data assimilation (Yang et al. 2018a, 
b). In this work, the Advanced Research WRF (ARW) ver-
sion 3.6.1 was used for the simulation. Based on previous 
works (He et al. 2012; Yang et al. 2015; Luan et al. 2017), 
physical parameterization schemes were selected, includ-
ing the Purdue Lin microphysical parameterization, Noah 
land surface model, New Grell (G3) cumulus cloud scheme, 
Yonsei University (YSU) PBL scheme, Rapid Radiative 
Transfer Model (RRTM) for GCM (RRTMG) schemes, and 

�D = 8�
18
O + 10

D − excess = D − 8�
18
O

Monin–Obukhov surface layer physics scheme. In addition, 
the default input of land-use types based on MODIS data 
in 2001 was updated to the MODIS data in 2013 (Yang 
et al. 2015). Due to the complex terrain in the study region, 
the model domains were three-way nested and spanned 
27 km (136 × 98), 9 km (202 × 190), and 3 km (274 × 310) 
(east–west × south- north), respectively, and the central 
point of the innermost layer was 39.5° N, 96.5° E. Each 
domain had 30 vertical pressure levels with the top-level set 
at 50 hPa. The initial and boundary conditions were from 
the European Centre for Medium-Range Weather Forecasts 
(ECMWF) Interim Re-Analysis (ERA-Interim) data, which 
have a resolution of 0.75° × 0.75°, and the boundary condi-
tions were forced every 6 h. The seven-day period prior to 
a heavy precipitation event was used for the model spin-
up time. Meanwhile, the WRF-3DVar system was used to 
assimilate the satellite data to obtain a preferable simulation 
(Yang et al. 2018a, b). In addition, the sub-grid topography 
was considered to improve the ability to depict the influence 
from terrain to momentum because the wind was affected by 
the complex terrain but was not simulated well by the WRF 
model. Thus, the sub-grid scheme of Jimenez was selected 
to describe the drag force from the terrain as well as the 
wind velocity on the hilltop. The setting of the WRF model 
was improved, especially for heavy precipitation events, in 
which the simulation could capture more dramatic convec-
tive motion and obtain larger special humidity.

4  Analysis and results

4.1  Identification of extreme precipitation events 
at the synoptic scale

In this work, the percentile method was selected to identify 
the threshold of extreme precipitation at the daily scale due 
to the limited observations and the traits of large fluctuations 
and small precipitation values in northwestern China (Jones 
et al. 1999). More precisely, the daily amounts of precipita-
tion at the national meteorological stations around the study 
region from 1970 to 2000 were sorted in descending order 
to determine the threshold, which was 95%. However, it was 
very difficult to identify the threshold of the LHG region, 
which is the central point of the study region, because of the 
limited observations. To obtain the threshold value more 
precisely, the thresholds of extreme precipitation were used 
to analyze with the potential impact factors, such as eleva-
tion, latitude, longitude, aspect, and slope, to determine the 
most significant factor. The findings showed that a signifi-
cant correlation occurred among the thresholds at the differ-
ent stations, which is known as the elevation effect (Fig. 2), 
and it is consistent with the findings in nearby regions (per-
sonal communication with Prof. Ding yongjian). Thus, the 
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threshold of daily extreme precipitation in the LHG region 
was set to be 19.2 mm.

From this, six extreme precipitation events were identified 
from 2009 to 2013, and these events occurred in different 
regions. The occurred stations for each extreme precipita-
tion event are shown in Fig. 3, thus demonstrating the spatial 
distribution of precipitation amount based on the CH05.1 
dataset, which has a fine resolution in China (Wu and Gao 
2013). During the periods of all extreme precipitation events 
from 2009 to 2013, the precipitation amount decreased from 
the east to the west along with transport pathway of summer 
monsoon, indicating that invasion of the summer monsoon 
might play similar role in the occurrence of all extreme pre-
cipitation events. According to the classification of synoptic 
precipitation (Zhu et al. 2007), precipitation was divided 
into large-scale precipitation (250–2500 km), mesoscale 
precipitation (25–50  km), and microscale precipitation 
(2.5–25 km). Therefore, the synoptic precipitation events 
on June 19th, 2013 and June 5th, 2012 occurred simultane-
ously at the largest scale, named large-scale precipitation, 
while the synoptic precipitation events on June 20th, 2010 

Fig. 2  Relationship between the thresholds of daily extreme precipi-
tation and elevation

Fig. 3  Observed precipitation for six extreme events from the in-situ stations and grid data (CH0.51). Note: Red dot: extreme precipitation
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covered a smaller region. The synoptic precipitation events 
on June 19th, 2013 occurred at the largest scale and might be 
considered one of the most typical cases for the invasion of 
summer monsoon. Thus, we mainly focused on one case in 
2013 based on different method combinations (stable isotope 
values, WRF simulation, and grid data).

One of the sites in this work was in the Qilian Mountains, 
northeastern TP, for which the rainy season begins in mid-
June and ends in late October. Its beginning was earlier than 
that of the southwestern and northwestern TP, while the end-
ing time was later (Tang 1985). Of the six extreme precipita-
tion events at the synoptic scale identified in this work, four 
occurred in June and two occurred in July, which were the 
stages of monsoon onset and development. Most rainstorms 
in China were related to the southward invasion of cold air 
in the middle and high latitudes (Aizen et al. 2001). The 
intense precipitation was caused by the interaction between 
atmospheric circulation in the middle and high latitudes as 
well as the northward motion of planet- scale systems, such 
as the summer subtropical high, South Asian high, and sub-
tropical westerly jet (Aizen et al. 2001), which provided an 
understanding of the foundation for systematically analyzing 
the formation mechanism of precipitation.

4.2  Isotopic tracing (δ18O, δD) of precipitation 
samples at the central point of the study region

Stable oxygen isotopes are widely acknowledged for their 
utility in determining the origins and transportation mech-
anisms of moisture because variations in moisture sources 
can have a key role in the seasonal stable oxygen isotope 
cycles in precipitation (Dansgaard 1964; Yang et al. 2018a, 
b). In this work, samples of each precipitation event from 
May to September 2013 were collected to analyze the δ18O 
and δD to identify the moisture sources. The δ18O and δD 
of the precipitation samples varied greatly (Fig. 4), and 
their ranges were − 6.1 to 5.2‰ and − 139.1 to 24.3‰, 
respectively, which fell within the global range (Araguas 
et al. 2000) and were close to the range in China (Zheng 
et al. 1983). Meanwhile, all d-excess values in the precipi-
tation samples were positive, with an average and range 
of 18.36‰ and 0.15–29.21‰. Therefore, around 86% of 
the d-excess values were greater than the global values, 
which was related to high elevation because the d-excess 
increased gradually with altitude on the basis of adiaba-
tic cooling-related rainout processes and moisture recy-
cling. The local meteoric water line (LMWL) in the LHG 
region was established by the correlation between δ18O 
and δD (r = 0.976, p < 0.001). The slope of the LMWL in 
the LHG region was slightly lower than that of the global 
meteoric water line (GMWL) (8, Craig. 1961) and the 
multiyear observations in northwestern China (7.42, Liu 
et al. 2009) and the TP (8.41, Kong. 2013), although the 

slope was equal to the slope of the LMWL in the adjacent 
Heihe River basin (7.82, Wu et al. 2010), which might 
be associated with evaporation, higher relative humidity, 
and lower temperature due to the high elevation and gla-
ciers. However, its intercept was higher than that of the 
GMWL (10) and the multiyear observations in northwest-
ern China (1.38) and the adjacent Heihe River basin (7.63) 
but was very close to the value of the TP (16.72). This 
result means that its influence was in accordance with the 
TP and related to moisture recycling (Gonfiantini 1986). 
Meanwhile, an increase in the slope of the LMWL was 
observed. It is well known that the GMWL can reflect the 
characteristics of isotopes from ocean moisture to some 
extent. As shown in Fig. 4, certain isotopic ratios between 
δ18O and δD in the LHG region were only observed via the 
GMWL, indicating that the synoptic precipitation might be 
influenced by ocean moisture. Combined with the in-situ 
amount of precipitation, extreme precipitation was found 
to be triggered by ocean moisture.

In the northern TP, the temperature effect of the δ18O 
variations in the precipitation and ice cores at the monthly 
or annual scale was found (Tian et al. 2003; Yao et al. 
2013). However, its effect at the synoptic scale should 
be considered in summer because the proportion of syn-
optic extreme precipitation among the annual amount is 
becoming increasingly important, which is attributed to 
monsoon moisture, the effects of cooling of vapor in the 
cloud, the evaporation of falling drops, and the isotopic 
exchange between the falling drops and the environmen-
tal vapor (Dansgaard 1964). Thus, insights into the stable 
oxygen isotope at the synoptic scale in arid regions should 

�D = 7.82 �
18
O + 16.94

Fig. 4  Relationship between δ18O and δD
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be given more attention. The δ18O value of a particular 
precipitation event might be determined by the prevailing 
synoptic circulation (Barlow et al. 1997), meaning that 
its variations can also be used to trace the atmospheric 
circulation or moisture source. For synoptic events, no 
significant correlation was found between δ18O and other 
meteorological elements, such as air temperature, rela-
tive humidity, and water vapor pressure; thus, it might 
be related to the complex influence of precipitation at 
high elevations (Tian et al. 2001; Bowen et al. 2002; Yang 
et al. 2018a, b). However, a significant negative correla-
tion between δ18O and the amount of precipitation in the 
LHG region (r = 0.45, p < 0.001) was detected (Fig. 5) and 
considered a slight precipitation effect (Wu et al. 2016), 
and it was also found in adjacent regions, such as the Qiyi 
glacier (Zhou et al. 2007), Heihe River basin (Wu et al. 
2010), and Hulugou basin (Li et al. 2015).

Compared with the results of the monsoon region, the 
δ18O and δD values in the precipitation from May and Sep-
tember in the Qilian Mountains were relatively enriched 
(Gao et al. 2013; Yu et al. 2016). However, the correspond-
ing δ18O and δD values decreased, particularly when the 
duration of individual precipitation events was too long. 
Using the precipitation events from June 17th to 19th, 2013, 

as an example (Table 1), the daily δ18O and δD gradually 
decreased, which indicated that the moisture during this 
period was sourced from the same air mass and was mainly 
due to the moisture from monsoon circulation or leaching 
under continuous precipitation events (Wu et al. 2010; Li 
et al. 2015). During this period, all of the relative humidity 
in the LHG region was greater than 80%, which was signifi-
cantly higher than that of the other precipitation events. The 
precipitation event on June 19th, 2013, which was identi-
fied as extreme precipitation at the synoptic scale, had a 
relative humidity up to 98%, although the air temperature 
decreased. However, both δ18O and δD decreased to their 
minimum values and the ratio was located at the GMWL, 
and the d-excess also decreased to 13.6‰. The increasing 
amount of precipitation, decreasing temperature, and sta-
tionary relative humidity suppressed evaporated moisture, 
which responded to isotopic depletion caused by rainfall 
associated with long-distance transport by the westerlies or 
monsoon (Tian et al. 2001; Li et al. 2015). On the other 
hand, the d-excess in precipitation was used as a diagnostic 
tool to interpret the contribution of water vapor from differ-
ent sources to the atmosphere at a specific location (Merli-
vat and Jouzel 1979). Generally, the sub-cloud evaporation 
decreased the d-excess value, but it seldom occurred in the 
high mountains due to the low cloud temperature (Tian et al. 
2001). The lower d-excess in summer in the Qilian Moun-
tains was attributed to the high vapor deficit as well as the 
warm temperature (Chen et al. 2007), a strong vertical mix-
ing of the air mass between long distance and local sources 
(Zhou et  al. 2012), and the summer monsoon moisture 
transport (Wu et al. 2010). Based on the observed meteoro-
logical data, the decreased d-excess in precipitation on June 
19th, 2013 had no correlation with the warm-dry weather 
and mixing moisture. Together with the location where it 
was adjacent to the multiyear boundary belt between the 
monsoon and westerlies (Tang et al. 2007; Li et al. 2015) 
and the analysis of δ18O, the precipitation was likely caused 
by the invasion of monsoon moisture, which coincided with 
the finding of a homochromous precipitation event in the 
Hulugou basin in the middle mountains (Li et al. 2015). In 
addition, the δ18O in the precipitation at the monthly scale 
was determined only by the air temperature and named the 
temperature effect, which indicated that air temperature still 

Fig. 5  Synoptic Relationship between δ18O and amount of precipita-
tion during May to September in 2013

Table 1  Relationship between 
δ18O in precipitation and 
meteorological parameters at 
the synoptic scale

Date δ18O/‰ δD/‰ d-excess/‰ Precipitation/
mm

Air tempera-
ture/℃

Relative 
humid-
ity/%

2013/6/17 − 12.7 − 77.5 24.4 0.9 5.2 88.7
2013/6/18 − 9.6 − 54.0 22.9 2.2 4.7 94.5
2013/6/19 − 19.1 − 139.1 13.6 19.7 2.0 98.0
2013/6/20 − 15.0 − 105.1 15.3 1.0 1.0 91.8
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dominated the variations in δ18O at the monthly, annual or 
even longer time scales.

4.3  WRF simulation of a representative extreme 
precipitation event

The formation process of precipitation was mainly related 
to the condition of water vapor, the vertical movement, 
and the growth process of cloud droplets. Specifically, the 
water vapor referred to horizontal transport from the source 
to the precipitation area. Vertical movement described the 
convergence of water vapor rise, while the adiabatic expan-
sion cooled and condensed into clouds. The water vapor and 
vertical movement belonged to the macroprocess of precipi-
tation, which mainly depended on the weather conditions, 
while the cloud droplets were determined by the physical 
conditions of the cloud. In summer at low and middle lati-
tudes, some clouds often failed to develop at this height, 
with only water droplets and no ice crystals in the clouds due 
to the high isotherm of −10 ℃. However, when the cloud 
layer was thicker, the collision of cloud droplets played an 
important role, which could also cause intense precipitation. 
The growth of cloud droplets is mainly determined by the 
thickness of the cloud layer, which depends on water vapor 
and vertical motion. As the water vapor supply increases, the 
cloud bottom height lowers and top height increases, which 
causes the cloud layer to thicken and the growth rate of drop-
lets to increase and results in more intense precipitation. 
Therefore, only water vapor conditions and vertical motion 
were analyzed in detail during the longest time period (Zhu 
et al. 2007; Ding 2013).

4.3.1  Validation of the WRF simulation

On June 19th, 2013, a large-scale precipitation event 
along the southwest-northeast occurred in the section of 
90°–100° E in the middle and high latitudes, and it had 
three precipitation centers; however, there were slight dif-
ferences in the precipitation amounts. One of the centers 
was located in the northeastern TP. The instrumental pre-
cipitation of the LHG region at the central point of the study 
region showed that the precipitation continued to increase 
from 0:00 and then ceased at 17:00, which was consistent 
with the simulation (Fig. 6a). Meanwhile, the corresponding 
simulations of each site were extracted and compared with 
the measured values, and the results showed that the simula-
tions of the accumulated precipitation over the entire day in 
the adjacent sites of Jiuquan, Subei, Anxi, and Dunhuang 
were very close to the in-situ observations, although those 
of Lenghu, Delingha, and Hongliuhe were higher than the 
observations (Fig. 6b). The above comparison presented a 
consistent spatial pattern, magnitude, process, and duration, 
indicating a reasonably accurate simulation. In addition, the 

results indicated that the precipitation was nonconvective 
precipitation (Fig. 6c and d).

4.3.2  Source of water vapor

In view of the high elevation in the center of the study region 
as well as the frequent exchange of water vapor in the Qilian 
Mountains (Zhang. 2006; Curio et al. 2015), the 500 hPa 
atmospheric circulation was the key height to analyze, while 
the 700 hPa height with intense water vapor and the 300 hPa 
height with high speed velocity were combined to perform a 
comprehensive analysis. The time nodes were divided into 
the beginning of precipitation (at 2:00, on June 19th, 2013), 
the process of precipitation (at 11:00, on June 19th, 2013), 
and the end of precipitation (at 17:00, on June 19th, 2013).

4.3.2.1 Water vapor flux and  wind The analysis showed 
that no obvious changes in atmospheric circulation were 
identified at different heights (Fig. 7a, d, and g) at the begin-
ning of precipitation, although they were distinctly differ-
ent in the process of precipitation and at the end of pre-
cipitation. In the process of precipitation (Fig.  7b, e, and 
h), the 700 hPa water vapor flux was transported along the 
southeast-northwest direction and converged to the study 
region, which was affected by the southeast monsoon and 
the westerlies (Fig. 7h). At the same time, the 500 hPa water 
vapor flux decreased from the southwest (34° N, 92° E) to 
northeast (40° N, 96° E), indicating the important contribu-
tions of the southwest monsoon to the convergence of water 
vapor flux (Fig. 7e). The spatial distribution of the 300 hPa 
water vapor and the wind direction were similar to those at 
the 500 hPa height, further indicating the role of the south-
west wind (Fig. 5b). In summary, the pattern of atmospheric 
circulation at the 300  hPa, 500  hPa, and 700  hPa heights 
were favorable for the convergence of water vapor and led 
to intense precipitation. At the end of the precipitation event 
(Fig. 7c, f, and i), the distribution of the 700 hPa water vapor 
was not significantly different from that in the process of 
precipitation, although the southeast-northwest wind direc-
tion in the study region changed. The southeast wind in the 
precipitation process paused in the vicinity of 36° N, and 
the west wind developed around the study region, result-
ing in the convergence of water vapor (Fig. 7i). Meanwhile, 
the 500 hPa water vapor flux was weakened and moved to 
the north as a whole, compared with that in the process of 
precipitation, which led to the decreasing convergence of 
water vapor (Fig. 7f). A similar change trend in water vapor 
flux was observed at 300  hPa. These changes caused the 
lower water vapor flux in the study region and finally sup-
pressed the convergence of water vapor (Fig. 5c). In sum-
mary, the atmospheric circulation at the 300 hPa, 500 hPa, 
and 700 hPa heights in the precipitation process favored the 
convergence of water vapor in the study region, although 
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the changes were inconsistent with the convergence of water 
vapor in different ways at the end of precipitation.

4.3.2.2 Potential vorticity Potential vorticity is a measure 
of the ratio of absolute vorticity to the effective thickness of 

the vortex (Hoskins et al. 1985). It is a rotational conserved 
quantity, which is composed of a vorticity field, density field, 
and potential temperature field. When the potential vortex 
was greater than zero, the cyclonic vorticity developed, 
which favored convergence. Otherwise, when the potential 

Fig. 6  WRF simulations and observations for June 19th, 2013. a 
Comparison between the accumulated hourly simulated and observed 
precipitation. b Comparison with the spatial pattern of the simulation 

and observation. c Spatial pattern of the simulated convective precipi-
tation. d Spatial pattern of the simulated non-convective precipitation
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vorticity was less than zero, the anti-cyclicity developed, 
resulting in divergence. In this work, based on the WRF 
simulation, the potential vortices at the 700 hPa, 500 hPa, 
and 300 hPa heights during the outset, process, and end of 
precipitation were calculated separately (Fig. 8). During the 
outset of precipitation, there was no significant change at 
the 700 hPa, 500 hPa, and 300 hPa heights (Fig. 8a, d, and 
g). During the process of precipitation, the 700 hPa poten-
tial vorticity along the southeast-northwest direction was 
positive and included a belt-like high value, enhancing the 
convergence of water vapor (Fig. 8h). The positive potential 
vortices at the 500 hPa height had a wider distribution range 
and a larger value than that at the 700 hPa height, especially 
in the north–south and southwest-northeast directions of the 
study region, which had several centers of higher values and 
enhanced the convergence of water vapor (Fig. 8e).

However, the positive potential vortices at the 300 hPa 
height west of 95° E had a wide range, while in the east, the 
sporadic potential vortices were positive and mixed with 
negative vortexes, which was not conducive to the conver-
gence of water vapor (Fig. 8b). At the end of precipitation, 

the positive vortex at the 700 hPa height diffused, weakened, 
and moved east, giving rise to the decreasing convergence 
in the study region (Fig. 8i). Thus, the potential vortices 
were observed at the 500 hPa height (Fig. 8f). Meanwhile, 
the 300 hPa potential vortices were transformed from posi-
tive values to negative vortexes, restraining the convergence 
(Fig. 8c). The distribution and intensity of positive vorti-
ces in the middle and lower troposphere in the process of 
precipitation were conducive to the convergence of water 
vapor, triggering precipitation in the study region. At the 
end of precipitation, the positive potential vorticity at dif-
ferent heights was weakened and diffused or even turned 
into a negative vortex, which decreased the convergence and 
ceased precipitation.

The water vapor of the arid region in Northwest China 
was mainly transmitted by the southwest air flow in the cen-
tral and western part of the plateau, the warm wet air flow 
in the eastern TP, and the air flow in the middle and high 
latitudes (Maussion et al. 2014). The simulated water vapor 
from 1000 to 200 hPa on June 19th, 2013, presented that 
the high-water vapor was distributed in both southern and 

Fig. 7  Water vapor flux and wind at the 300 h Pa (a–c), 500 h Pa (d–f), and 700 h Pa (g–i) heights at the outset (a, d, g), process (b, e, h), and 
end (c, f, i) of precipitation on June 19th, 2013
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eastern China and was transported to the study region by the 
action of monsoons.

4.3.3  Vertical motion

4.3.3.1 Potential temperature and relative humidity Poten-
tial temperature is often used to represent the heat budget 
and movement trajectory of air flow. When the potential 
temperature increased, the incoming energy was absorbed, 
and vice versa, i.e., heat was released (Bolton 1980). The 
potential temperatures at the 700 hPa, 500 hPa, and 300 hPa 
heights during the outset, process, and end of precipitation 
on June 19th, 2013 increased significantly with increas-
ing pressure height (Fig. 9). That is, the upper air flow was 
heated, while the middle and lower air flow was cooled, 
forming the vertical structure of suppressing the move-
ment. Meanwhile, the relative humidity at different heights 
demonstrated the inverse traits of decreasing with increas-
ing pressure height. The pattern of cold-wet air at the lower 

height and warm-dry air at the higher height should make it 
difficult to create convection, which indicated that the pre-
cipitation on June 19th, 2013 might have had nothing to do 
with convection. To comprehensively analyze the potential 
temperature and relative humidity at the 500 hPa height, we 
investigated the spatial change (Fig. 10), which decreased 
with increasing latitude. That is, the air flow became increas-
ingly unstable with increasing latitude. Accordingly, the 
wind field was moved along the southwest-northeast direc-
tion and then changed to a northward wind in the vicinity of 
35° N. The consistent performance of the potential tempera-
ture and relative humidity indicated that the water vapor that 
was transported from the summer monsoon made a crucial 
contribution to the precipitation on June 19th, 2013.

4.3.3.2 Convective available potential energy The con-
vective available potential energy (CAPE) is an important 
parameter that reflects the process of accumulation and dis-
persion of unstable energy in the atmosphere, and it could be 

Fig. 8  Potential vorticity at the 300 h Pa (a–c), 500 h Pa (d–f), and 700 h Pa (g–i) heights at the outset (a, d, g), process (b, e, h), and end (c, f, i) 
of precipitation on June 19th, 2013



 W. Du et al.

1 3

used to indicate the convection process (Blanchard 1998). A 
higher CAPE value corresponds to a greater probability of 
convection. All CAPEs in the whole process of precipitation 
on June 19th, 2013 (not shown) were zero in the Jade Pass 

centered on the LHG region, and the value was only large 
in southeastern China, indicating that the precipitation on 
June 19th, 2013 in the northeastern TP was scarcely affected 
by convection and represented nonconvective precipitation. 

Fig. 9  Potential temperature and relative humidity during the outset (a), process (b), and end (c) of precipitation on June 19th, 2013. Note: The 
black line represents the potential temperature, and the shadow represents the relative humidity

Fig. 10  Potential temperature 
and relative humidity at the 
500 hPa height
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However, the deep convection process in Southeast China 
might promote the transportation of water vapor to the Jade 
Pass.

5  Discussion

Traditional knowledge indicates that the monsoon never 
reaches the Jade Pass. This pattern means that precipita-
tion is dominated by westerlies and the water cycle in the 
inland region. In fact, the central portion of the study region 
in this research was approximately 170 km from Jiuquan 
City in Northwestern China, where the East Asian monsoon 
and westerlies converge (Tang et al. 2007). When anomalies 
appeared in the interactions between these airflows, the con-
vergence interface shifted northward or southward, affect-
ing the climate of adjacent areas. From the view of stable 
isotopic variations in the eastern TP, the δ18O in all kinds of 
water bodies in the Hexi region in western China (Guo et al. 
2015) prompted a discussion about whether the westerly air 
mass was the dominant supply of moisture in summer and 
further suggested that the monsoon could have an impact on 
the northeastern TP. This speculation was further strength-
ened by research on δ18O in tree rings in the far west of the 
northeastern TP, which detected a linkage between climate 
change and the EASM in the Qaidam Basin (Xu et al. 2011) 
and Tarim Basin (Huang et al. 2015).

In addition, the variations in the annual accumulation of 
the LHG ice core in the NETP were very consistent with 
those of the Geladandong ice core in the central TP, indicat-
ing that they might be influenced by similar driving forces, 
such as the interaction between the westerlies and monsoon. 
Meanwhile, the stable oxygen isotopes and backward tra-
jectory further confirmed this linkage. Furthermore, Yang 
et al. (2006) found a threshold of stable oxygen isotopes in 
precipitation (δ18O > − 13‰) in the TP, which was used to 
identify the proportion of precipitation formed from local 
evaporation, and the δ18O values in precipitation from ocean 
air masses were always < − 20‰. Thus, the δ18O in the pre-
cipitation on June 19th, 2013 in the LHG region indicated 
that the monsoon moisture could reach the Jade Pass and 
influence the composition of precipitation through a strong 
seasonal stable oxygen isotope cycle named the temperature 
effect (Tian et al. 2007; Yao et al. 2013), which responded 
well to the WRF simulation.

6  Summary and conclusions

In this study, we sought to determine whether the monsoons 
can invade the Jade Pass during an extreme precipitation 
event at a large scale. The Jade Pass has been considered 
not being affected by the monsoon in a climatological sense. 

The meteorological observations of 1 AWS at high elevation 
and 11 national meteorological stations around the Jade Pass 
were collected for an investigation using the WRF simula-
tion with high spatiotemporal resolution and in situ isotopic 
tracing (δ18O, δD). The daily precipitation records of the 11 
national meteorological stations surrounding the Jade Pass 
from 1970 to 2000 were collected to detect the thresholds 
of extreme precipitation at the synoptic scale by the percen-
tile method (95%) and then compared with potential influ-
encing factors; and we identified the “elevation effect” and 
projected the threshold of extreme precipitation in the LHG 
region at high elevation. As a result, six extreme precipita-
tion events from 2009 to 2013 were determined.

Using the precipitation on June 19th, 2013 as a typical 
extreme precipitation case due to large-scale precipitation 
process and associated water vapor transport, WRF model 
with updated land use types and an added subgrid topo-
graphic parametric scheme was implemented in three-layer 
nesting to simulate the spatial pattern and process of the 
precipitation process. The results revealed that the mois-
ture supply to the precipitation was mainly attributed to 
monsoon water vapor, not those caused by local convec-
tion. In the process of precipitation, the distribution and 
strength of the water vapor flux, wind fields, and potential 
vortices at the 700 hPa, 500 hPa, and 300 hPa heights 
were conducive to the convergence of water vapor, thereby 
affecting the occurrence and persistence of precipitation in 
the study region. At the end of precipitation, the positive 
potential vorticities at the 700 hPa, 500 hPa, and 300 hPa 
heights were weakened, diffused or even negative while 
the relative humidity and wind field also changed, thereby 
weakening convergence and terminating precipitation. 
The precipitation was scarcely affected by convection but 
might be promoted by the transport of moisture by the 
deep convective processes in southern and eastern China 
according to the patterns of potential temperature, relative 
humidity and CAPE. This result was also corroborated by 
isotopic tracing (δ18O, δD). The slope of the RWML in 
2013 around the Jade Pass was very close to that of the 
GWML, and the ratio between the δ18O and δD of precipi-
tation on June 19th, 2013 was close to the GWML, imply-
ing that the origin of the moisture is from the oceans and 
transported to the study region by the monsoon. Specifi-
cally, the δ18O and δD of the precipitation on June 19th, 
2013 simultaneously decreased to the minimum values, 
revealing the same air mass origin. At the same time, the 
d-excess value was reduced to 13.6‰ while the relative 
humidity was as high as 98%, which indicated that it might 
be related to monsoon moisture according to the findings 
around the Jade Pass. That is, the δ18O and δD of pre-
cipitation were depleted and d-excess was decreased when 
the precipitation and relative humidity increased, which 
indicated that the monsoon moisture was transported to 
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the Jade Pass. Because samples were only collected from 
May to September 2013, the use of hydrogen and oxygen 
stable isotopes to identify the influence of the monsoon in 
the study region still needs to be enhanced by encrypting 
sampling and prolonging the sampling period, especially 
at the multiyear observation scale.
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