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Abstract
The soil moisture observation data from the Qinghai-Tibetan Plateau permafrost and alpine wetland
(PAW) monitoring network and from the National Centers for Environmental Prediction Final (NCEP-FNL)
from 1989 to 2019 were adopted to drive the Lagrangian backward trajectory model to simulate the water
vapour transportation paths and source regions to the three-river source region during dry and wet
episodes. The results showed that the water vapour transport paths mainly came from the land and
ocean in the west during the extreme drought episodes based on the standardized precipitation index
(SPI), including the northern African continent, the eastern European plains, and the mid-latitudes of the
Atlantic Ocean. The water vapour source regions were mainly concentrated in the Kashmir region,
northeast India and southern Motuo on the Qinghai-Tibet Plateau. When the SPI indicated an extremely
wet state, the transport mainly occurred to the east and south, including the Paci�c Ocean and the South
China Sea, where water vapour entered the mainland from East/South China, passed through the Yangtze
River Basin, and �nally reached the three-river source region from east or south of the Qinghai-Tibet
Plateau, while the water vapour from the Indian Ocean and Arabian Sea passed through the Indian
Peninsula and the Bay of Bengal and entered the three-river source region from the western and southern
sides of the Qinghai-Tibet Plateau. 

1 Introduction
The three-river source region is in the interior of the Qinghai-Tibet Plateau. As the birthplace of the
Yangtze River, Yellow River and Lancang River, this place provides a total of 60 billion cubic metres of
water to downstream areas each year, which is why this area is known as the reservoir of China (Li et al.,
2019; Zhang et al., 2017). With the unique topography, landform and climate, the three-river source region
features many plateau lakes, glaciers and alpine wetlands, marking it as one of the most important water
resource accumulation and regulation areas in China (Shen et al., 2021). However, in the past several
decades, due to the impact of climate change and human activities, the snow-capped mountains and
glaciers there have retreated, lakes and wetlands have shrunk or even dried up, the area of water and soil
loss has expanded, deserti�cation and grassland degradation have become increasingly aggravated, and
water conservation capacity has declined sharply (Li and Xiao, 2020). According to statistics, taking the
total area experiencing disasters as an example, drought disasters strike the three-river source region
most, with a proportion of 38%, which exceeds �oods, hail, frost, pests and snow disasters, and the
increase in drought disasters in the central and northern parts show a frequent trend, with an increasing
rate of approximately 8.35×104hm2/10a (Wu et al., 2011).

Global warming is regarded as an indisputable fact, so monitoring drought events has become a hot spot
for scientists worldwide. The drought index can represent drought characteristics and be used to assess
drought events effectively. Thus, this index can be used as a key indicator for drought monitoring. The
standardized precipitation index (SPI) is regarded as the most representative and widely used drought
index (Raziei, 2021). Only precipitation data are required for drought condition assessment. The
calculation process is simple, and the time scale is �exible, but the impacts on soil evaporation and
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temperature on drought are not considered (Kalisa et al., 2020). The SPI is calculated based on
observational data from meteorological stations, but observational data of the Qinghai-Tibet Plateau are
scarce, which makes it di�cult to fully describe the regional drought characteristics. On the other hand, in
addition to the drought index calculated based on meteorological elements, the anomaly of soil moisture
can also effectively re�ect the actual dry-wet condition of the land surface and be used to test the
drought index or serve as an evaluation standard for the applicability of various drought indices (Hogg et
al., 2013; Halwatura et al., 2017). The soil moisture anomaly percentage index (SMAPI) de�ned by Wu et
al. (2011) can re�ect the occurrence, development process and severity of actual droughts and better
represent historical drought events. However, due to the signi�cant spatial variability in soil moisture,
even though the soil moisture observation at each site is accurate, its representativeness and typicality
are di�cult to assess (Liu et al., 2019).

Water vapour transport is an essential factor leading to regional droughts and �oods(Xu et al., 2020).
Many studies have focused on the characteristics of water vapour transport on the Qinghai-Tibet Plateau
based on isotope analysis, reanalysis data sets, and numerical simulation of atmospheric models. Xu et
al. (2002) proposed that the “large triangle” of water vapour transport on the plateau was the main cause
of abnormal drought and �oods in China and East Asia. Bothe et al. (2011) discussed the relationship
between drought and large-scale circulation on the Qinghai-Tibet Plateau. They believed that extreme
drought and wet events on the Qinghai-Tibet Plateau were related to anomalous circulation in the North
Atlantic and Europe together with the wave train across Eurasia, adjusting the �ow �elds in the northern
and eastern plateau through anticyclone-cyclone dipole and thereby inhibiting the water vapour transport
from the Bay of Bengal to the plateau. Zhang et al. (2017) believed that the water vapour carried by the
westerly jet and the Indian monsoon caused precipitation on the Qinghai-Tibet Plateau and analysed the
characteristics of the two water vapour transport paths.

The Lagrangian method-based �exible particle dispersion model (FLEXPART) has been applied to water
vapour transport research. This model overcomes the de�ciencies, including the lack of understanding of
the Lagrangian method (such as dynamic trajectory, the assumption of how the surface evaporation is
distributed in the entire atmospheric column) and its limitations of only tracking the trajectory of the air
masses qualitatively, but the water vapour evaporation and dissipation of air masses cannot be
quantitatively determined during movement (Sodemann et al., 2008; Li et al., 2020). Gimeno et al. (2012,
2013) discussed the oceanic and continental source regions of terrestrial precipitation on a global scale.
Chen et al. (2012) used the Lagrangian backward trajectory model to simulate the paths and potential
source regions of water vapour transport on the Qinghai-Tibet Plateau during 2005–2009, indicating that
the water vapour in the low-latitude ocean carried by the Indian monsoon was the main water vapour
source of the Qinghai-Tibet Plateau. Sun and Wang (2014) used the Lagrangian backward trajectory
model to study the water vapour source and transport characteristics of China’s semiarid grassland in
cold and warm seasons. Salah et al. (2018), based on the FLEXPART trajectory model and with the SPEI
as the drought assessment method, discussed the abnormal characteristics of water vapour transport in
two severe drought cases in the history of Fertile Crescent. Zhao et al. (2018) traced the path of water
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vapour transport from the Qinghai-Tibet Plateau to the Yangtze River based on the model and analysed
the in�uence of plateau convection on heavy rain in the Yangtze River Basin.

The three-river source region is a typical area affected by the mid-latitude westerlies and the South Asia
monsoon. The northerly air�ow from the north of the plateau and the southerly air�ow from the south
form a convergence zone in the source region of   the three rivers. This �ow �eld makes the three-river
source region an area with active weather systems, such as low humidity and shear lines. These low-
value systems provide power for water vapour convergence (Sun and Wang, 2018). On the other hand, the
decrease in precipitation caused by abnormal water vapour transport both in the source region itself and
outside is an important cause of drought. Drought in the three-river source region will not only adversely
affect local production, life, and social development but will also have a serious impact on the security of
water resources in the middle and lower reaches of the three major rivers, directly threatening the entire
Yangtze and Yellow River basins and even Southeast Asia (Dong et al., 2016).

Understanding the dry-wet evolution process of the three-river source region, especially abnormal water
vapour transport corresponding to regional drought, has important practical signi�cance for a deep
understanding of the land surface process in the source region. Most of the investigations are based on
the dry-wet evolution characteristics of the land surface in the three-river source region, that is, describing
the intensity, scope, and starting and ending times of drought events, especially extreme drought events.
However, few studies have focused on the physical process of drought in the three-river source region
from the perspective of atmospheric water resources.

Considering the uncertainty of the land surface dry-wet evolution in the three-river source region and the
complex water vapour sources, this work started from the drought index of the source region and based
on the observation data from the Qinghai-Tibetan Plateau permafrost and alpine wetland (PAW)
monitoring network located in the three-river source region from 2008 to 2018, the applicability of the SPI
in the three-river source region was assessed and evaluated. Then, the time series and drought intensity
based on the SPI from 1988 to 2020 were obtained. Subsequently, the Lagrangian backward trajectory
model was used to quantitatively evaluate the relationship between the drought event and the water
vapour transport under different drought events corresponding to different drought indices. Finally, the
anomaly of the water vapour source during the extreme drought event was extracted, and the intensity of
the source region evaporation was analysed. The results of the research not only helped to better
understand the characteristics of the water vapour transport and evaporation source in the three-river
source region but also helped to understand the characteristics and mechanism of the land surface dry-
wet evolution process corresponding to the water vapour transport.

2 Data And Methodology

2.1 Study area



Page 5/21

The study area is in the eastern part of the Qinghai-Tibet Plateau (Fig. 1), which is the source region of
the Yellow River, Yangtze River and Lancang River (Liu et al., 2021). This area has the largest wetland
with the most plateau peat swamps in China. The terrain of this area is high in the west and low in the
east, sloping from northwest to southeast. The altitude is between 3,300 m and 4,806 m, with an average
altitude of 3,600 m. Affected by the Qinghai-Tibet Plateau and continental monsoon climate, the area is
cold and humid, with rainy summers and dry winters. The temperature and precipitation both show a
decreasing trend from southeast to northwest. The annual average precipitation is 505 mm, and the
annual average temperature is 2°C (Kirillin et al., 2017).

2.2 Data and methodology

2.2.1 Observational data of soil moisture
The observational data of soil moisture come from the PAW monitoring network in the eastern part of the
Qinghai-Tibet Plateau (Fig. 2). The networks were established in 2008. There are two PAW networks, one
is in the middle of the study area (34°20'N-36°00'N; 96°00'E-97°00'E) and one is in the eastern (33°30'N-
34°15'N; 101°38'E-102°45'E) of the study area. The monitoring networks consist of 8 and 25 stations,
which are set up on the underlying surfaces of typical valleys, rivers, wetlands, grasslands, and bare
lands, with an area of approximately 40 km×80 km. The network can monitor the soil temperature and
moisture of different slopes and different soil layers with a range of 5–80 cm below the ground surface.
The monitoring interval is 15 minutes.

2.2.2 Reanalysis data
The reanalysis data used were the �nal analysis �eld data National Centers for Environmental Prediction
Final (NCEP-FNL) provided by the NCEP of the United States, and these data included meteorological
data, such as humidity, temperature, pressure, air density, and boundary layer height. The spatial
resolution was 1°×1°, the temporal resolution was 6 hours, and the data were collected at 00:00 (Universal
Time, the same below), 06:00, 12:00, and 18:00. In the vertical direction, there are 26 layers (1000-10
hPa), and the FNL data have added 5 layers of 1, 2, 3, 5, and 7 hPa in the vertical direction since 12:00 on
May 11, 2016. FNL data have relatively high resolution and incorporate many observational data and
satellite retrieval data, which is why they are widely used in numerical models and diagnostic analyses of
weather and climate. Huang and Gao (2018) used FNL data to analyse the measured data from 753
stations in China and pointed out that FNL surface temperature data can better re�ect the surface
temperature, but the data of some sites were lower than the measured data. Dong et al. (2017) compared
the horizontal wind �eld, temperature, and relative humidity from FNL in the eastern and downstream
areas of the Qinghai-Tibet Plateau with sounding data and pointed out that the average wind �eld and
temperature were consistent with the sounding data, while the average relative humidity showed a larger
deviation from the sounding data. In summary, FNL reanalysis data are used as the environmental �eld in
this study, driving the backward simulation in the FLEXPART model.

2.2.3 Precipitation and temperature data
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When calculating the drought index the SPI, the annual average air temperature and precipitation from
1968 to 2017 from the Meteorological Station (site number: 56074) in the "Daily Data Set of Surface
Climate in China (V3.0)” provided by the National Meteorological Data Service Center
(http://data.cma.cn/) were used, where the air temperature was the daily average temperature with an
accuracy of 0.1°C. The precipitation was the accumulated precipitation in 24 hours from the previous day
at 20:00 to the next day at 20:00, with an accuracy of 0.2 mm. Quality control was performed to eliminate
abnormal values before using the data. The monthly average temperature and monthly cumulative
precipitation were used for the SPI calculation at different time scales.

2.3 Methodology

2.3.1 FLEXPART model
FLEXPART is a Lagrangian particle transport and dispersion model that was originally adopted to
simulate the dispersion of pollutants, but it has now been increasingly used in air transport simulation
and analysis. This model can simulate the air parcel trajectory of the research area, track its three-
dimensional position (latitude, longitude and vertical height), and simulate the air transport process
through changes in humidity, temperature, air density and other parameters during movement (Fremme
and Sodemann, 2019). The model has two modes: forward process and backward process. The former is
used to simulate the dispersion process of matter emitted by emission sources, while the latter is used to
simulate the source of matter in the research area and its subsequent transport process after being
discharged. In this research, FNL data were used as an input to drive the model, and the integration time
step of the model was set at 6 h; the "area packing" technology was used to evenly divide the air in the
research area into 2 million air parcels. The scope of the emission area was 33°N-34.5°N, 101°E-102.5°E,
with the vertical height set from 3000 m to 16000 m. The backward simulation time range was set at 10
days, that is, backward tracking 10 days since the particle was released, which was the average retention
time of water vapour in the air (Trenberth, 1999). After the model ran, it output the three-dimensional
position of each air parcel during the simulation process and obtained physical information, such as
potential vorticity, speci�c humidity, and air density, during the simulation process through spatial
interpolation of the reanalysis data (Chen et al., 2012).

2.3.2 Soil moisture abnormal percentage index (SMAPI)
As a statistic, the SMAPI can be used to analyse the soil moisture characteristics in different weather
types and different time periods. Therefore, the SMAPI was used to evaluate the applicability of various
drought indices in the research area. The SMAPI uses the mean value of soil moisture observed in the

same period (
¯
θ) as the climatically optimal value of the soil moisture content in the research area during

the period, that is, taking the average soil moisture of the same month in the time series as the climatic
optimum of the period in the year, thus eliminating the in�uence of seasonal changes on soil moisture.
The ratio of the difference between the current soil moisture content (θ) and the climatically optimal soil
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moisture content of the same period (
¯
θ) to the climatically optimal soil moisture content (

¯
θ) is taken as

the SMAPI, and the calculation formula is shown in (Liu et al., 2019)

SMAPI =
θ −

¯
θ

¯
θ

× 100%

1
The soil moisture adopted in the SMAPI is the weighted average, that is, the soil moisture at different
depths �nally obtains a weighted average based on thickness. To obtain the characteristics of the soil
moisture at different depths, in addition to the SMAPI, this research also calculates the SMAPI of the soil
at different depths, SMAPI-t (t represents different depths; for example, SMAPI at 0.05 m is SMAPI- 0.05).

2.3.4 Drought index
SPI was �rst proposed by Mckee et al. (1993), and its calculation process requires monthly accumulated
precipitation data in a time series of 30 years or longer. If the precipitation sequence complies with the Γ
distribution, the precipitation on a given time scale is x, its Γdistribution probability density function is
p(x), and the cumulative probability of a given time scale is G(x). Since the gamma equation does not
include the probability when the precipitation is 0, it is assumed that the probability of the precipitation
being 0 is q, so the �nal cumulative probability H(x) of a given time scale is

G(x) =
x

∫
0

p(x)dx

2

H(x) = q + (1 − q)G(x)

3
To eliminate the difference in the temporal and spatial distribution of precipitation and achieve
comparability on different temporal and spatial scales, a standardized H(x) is used to calculate the SPI.
This study uses the standard calculation program (http://greenleaf.unl.edu/downloads/SPI.zip) issued
by the University of Nebraska-Lincoln to calculate the SPI at different time scales (k=1, 3, 6, 9, 12, and 24),
and the SPI at time scale k is recorded as SPI-k. For example, when the time scale is 3 months, it is
represented as SPI-3. For the wet-dry level corresponding to the SPI value, -0.5 represents a normal state,
while more than 2.0 is extremely wet and less than -2.0 is extremely dry (Wu, et al., 2011).

2.3.3 Water vapour evaporation source
This research is based on the Lagrangian backward trajectory model and tracks the area where the
moisture content in the air parcel changes based on the change in speci�c humidity when the air parcel
moves. First, we suppose that the moisture content change during the movement of the air parcel is



Page 8/21

caused by air parcel precipitation and land surface evaporation, wherein land surface evaporation causes
the moisture content in the air parcel to increase and air parcel precipitation causes the water content to
decrease. Therefore, for the water budget of a single air parcel (Chen et al., 2013),

  (4)
where e is the water evaporated into the air parcel from the land surface in a unit of time step ; p is the
water lost through air parcel precipitation in a unit of time step ; and is the change in speci�c humidity.
Assuming that the three-dimensional air of a region with an area of A is composed of N air parcels with
relatively even mass, the water budget equation of a single air parcel can be used to derive the average
water budget equation for the entire region:

  (5)
E and P are the regional average land surface evaporation and air parcel precipitation, respectively. When
the value of N is large enough, the calculated result is considered accurate enough. According to formula
(5), the change in the speci�c humidity during the air parcel movement is used to determine the change in
the water content in the air parcel to determine whether the region is the water vapour source; that is,
whether the region is the water vapour source is determined by the calculated result. For example, when
the result of E-P is positive, the land surface evaporation of the region is greater than the air parcel
precipitation, and the water in the air parcel is replenished, which is indicative of a water vapour source.
Conversely, when E-P is negative, the land surface evaporation is less than the air parcel precipitation, and
the moisture in the air parcel is reduced, which is indicative of a water vapour sink. In addition, the
intensity of a water vapour source or sink can be judged by the value of E-P. The advantage of this
method is that it uses a concise method to explain the balance of atmospheric moisture without
considering its convergence effect (Sun et al., 2014). However, it should be noted that formula (5)
calculates the entire E-P, not E or P alone. In addition, this method only considers the increase in the
moisture content of the air parcel below the height of the atmospheric boundary layer to make sense
because water vapour evaporation is a process occurring at the land surface, while the increase in
moisture above the height of the atmospheric boundary layer may be caused by factors, such as
convection, re-evaporation of precipitation, and calculation errors (Chen et al., 2012).

3. Results

3.1 SPI-based drought characteristics analysis
This research calculated the SMAPI of different soil depths from June 2008 to June 2017 based on the
observational data of the soil moisture observation network and the SPI of different time series based on
the observational data of the National Meteorological Data Service Center during the same period (Fig. 3).
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Fig. 3 shows that the SPI generally has the same trend as the SMAPI at different depths. The two most
obvious processes from extreme drought (SPI<-2.0) to extreme wetness (SPI>2.0) occurred from
December 2010 to December 2012 and from January 2015 to December. According to the correlation
coe�cient and the signi�cance test (Table 1), for the SMAPI at 0.05 m and 0.10 m and the time scale k=6,
the SMAPI and SPI showed the strongest correlation, with correlation coe�cients reaching 0.47 and 0.48,
respectively. This study demonstrates that the SPI can well describe the drought characteristics of the
three-river source region, and the SPI value at the time scale k=6 was selected for analysis with a time
series of 30 years.

Table 1
Linear relationship between the SPI and SMAPI at different depths
Index SPI-1 SPI-3 SPI-6 SPI-9 SPI-12 SPI-24

SMAPI-0.05 0.40 0.42 0.47 0.41 0.34 0.30

SMAPI-0.10 0.33 0.39 0.48 0.37 0.36 0.37

SMAPI-0.20 0.24 0.28 0.34 0.35 0.30 0.47

SMAPI-0.40 0.22 0.33 0.30 0.32 0.24 0.38

SMAPI-0.80 0.13 0.17 0.18 0.28 0.33 0.39

Figure 4 shows the changes in the SPI from 1988 to 2019, from which the SPI �uctuated over 30 years.
The oscillation period was 3–8 years, and the maximum amplitude was between -2.22 and 2.44,
indicating that the research area experienced a cycle of drought-wetness-drought every 3–8 years. The
SPIs of -2.22 (March 2003), 2.44 (July 2012) and 0.09 (April 2008) were selected as the extremely dry,
extremely wet and normal states, respectively, to analyse the pathways and sources.

3.2 Moisture transport pathway
To further analyse the trajectory of air parcel movement in the target region under different dry-wet soil
episodes, this research extracted three different periods of extreme drought, normal state, and extreme
wetness from 1999 to 2019 and analysed the changes in air water resources from the perspective of
water vapour transport. Selecting March 2003 as the extremely dry period, April 2008 as the normal
period, and July 2012 as the extremely wet period, the FLEXPART mode was used to carry out backward
trajectory tracking of water vapour arriving in the target region. To display the trajectory route clearly, the
cluster number is 50. The small black box in the �gure represents the end of the backward trajectory (that
is, the starting point of the water vapour transport trajectory), and different colours of trajectory lines
represent the speci�c humidity change in the particle during the movement: the warm colour represents
that the particle is supplemented by water vapour brought by local evaporation during the movement, and
the cool colour represents the reduction in water vapour caused by precipitation of the particle during
movement.

Based on the SPI, Fig. 5 shows the backward trajectory of water vapour transport in extremely drought
(Fig. 5a), normal (Fig. 5b), and extremely wet (Fig. 5c) events. Under extremely dry conditions, the water
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vapour transport routes were mainly based on the land and the ocean in the west, including the northern
part of the African continent, the East European Plains, and the mid-latitude waters of the Atlantic Ocean,
passing through the mid-latitude Eurasian continent and entering the three-river source region from west
of the Qinghai-Tibet Plateau. The starting point of the air parcel movement was mainly 20–60 degrees
north latitude. During the movement, the speci�c humidity decreased at approximately 20 degrees north
latitude and increased at approximately 40 degrees north latitude. Under normal conditions with a
drought index of approximately zero, the water vapour paths mainly came from the west and the north.
Unlike the path in extreme drought, the air parcel passed through the southern part of the Western
Siberian Plain and entered the northern part of the three-river source region, and the starting point of the
air parcel movement was mainly concentrated at approximately 20 and 60 degrees north latitude. The
speci�c humidity decreased when the air parcel moved to approximately 20 degrees north latitude and
increased when it approached 60 degrees north latitude. In addition, sporadic water vapour was
transported along the northern part of the Indian Ocean, crossing the Himalayas and entering the three-
river source region from the southern Tibetan Plateau. The water vapour transport pathways in the east
were basically negligible. In the extremely wet state, in addition to the western land, the water vapour was
mainly from the Indian Ocean and the Arabian Sea by way of the Indian Peninsula and the Bay of Bengal,
entering the three-river source region from the southeast and southwest sides of the Qinghai-Tibet
Plateau; the water vapour from the Paci�c Ocean, South China Sea, Yellow Sea and East China Sea
entered the Chinese mainland from East/South China, passing through the Yangtze River Basin, and
�nally reaching the three-river source region from east or south of the Qinghai-Tibet Plateau. During the
process of particle movement, the spatial distribution showed a decrease in speci�c humidity.

Figure 5 indicates that there were fewer trajectories starting in the Atlantic Ocean during the wet period,
and the trajectory density on the north side was signi�cantly lower than that on the south and east sides.
The water vapour was mostly located in the south branch and east branch paths, and the starting point
appeared further south than in the dry period, concentrated in the East China Sea and Taiwan Island area.
The distribution of the east branch paths was also more intensive. Therefore, the effect of the north
branch path was weaker than that of other periods, while the east branch path was greatly reduced during
the dry and normal periods, and the starting point of the trajectory in the South China Sea and the East
China Sea was greatly reduced, which can be basically ignored. Water vapour replenishment (the area of
warm colour trajectories) was also mostly located on the north branch paths. Comparing the trajectories
of the wet period and the dry period, the water vapour recharge distributed on the south branch and the
east branch paths during the wet period was obviously stronger than that in the dry period, while the
water vapour recharge distributed on the north branch trajectory showed the opposite characteristic.
Therefore, the drought index of the research region showed that the water vapour transport during the
extremely wet period was dominated by the south branch and the east branch, while the north branch
dominated during the extremely dry period. The trajectory shows that when the drought index was in the
normal state, the main transport path was not much different from that in the dry period, and both can be
divided into two paths – the north branch and the west branch. However, different from the wet period
and the dry period, during the normal period, the trajectory of the air parcel was more northerly, and the
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density of the north branch path was greater than that of extremely wet and extremely dry periods.
Therefore, the path of the north branch in the normal period played a greater role than in other periods,
and the performance of the south branch path was weaker than that during the extremely wet period.

At 500 hPa (As shown in Fig. 6a), the anticyclone dominates over the Arabian Sea. The Asian African
subtropical jet is in the south of the Iranian Plateau and the Qinghai-Tibet Plateau. Combined with the
spatial distribution of vapor �ux and divergence (Fig. 6b), the water vapor in the southeast of the Qinghai-
Tibet plateau is mainly carried by both the anticyclone over the Arabian Sea and the Asian African
subtropical jet. As seen in Fig. 6c, the South Asian anticyclone dominates over the South Asian continent
and the Qinghai-Tibet Plateau. The circulation shows a divergent �ow in the east of the plateau,
associated with the vertical upward movement. The South Asian summer monsoon and the Southwest
monsoon leads the water vapor transported from the Bay of Bengal to the east of the plateau (Fig. 6d).
The water vapor convergence associated with the vertical upward movement contributes to precipitation
in this area.

As to the extreme drought event, the south-west monsoon winds are weak, carrying less water vapour and
decreasing the vapor content in the source area. The convergence occurs in the upper levels and the
divergence occurs in the lower levels, so very few air particles can reach into southern area. On the
contrary, the south-west monsoon becomes stronger in the extreme wet event. The southwest monsoon
can carry more water vapor. The upper levels show the divergence and the lower levels show the
convergence, thus, more air particles can reach into the northern area.

3.3 Moisture source and sinks
The particle trajectory diagram shows the path of the air parcel in the target period and the change in
speci�c humidity during the movement process, but this diagram is only a qualitative expression and
does not give an accurate quantitative expression of the corresponding water vapour source. Therefore,
the abovementioned method of identifying the source of water vapour was applied, and the speci�c
humidity information during the particle movement process was gridded on a 1°×1° latitude and
longitude grid to obtain the distribution of potential vapour sources and the evaporation intensity. This
study selected a period ranging from 1999 to 2020, an SPI of -2.22 (March 2003) as the extremely dry
period, 0.09 (April 2008) as the normal period, and 2.44 (July 2012) as the extremely wet period to
analyse the distribution and intensity of potential sources of vapour evaporation in the three-river source
region during different periods.

In Fig. 7, the warm colour represents the water vapour source, and the cool colour represents the sink. The
darker the colour is, the greater the potential evaporation intensity is. Fig. 7(a) shows that when the
drought index showed an extremely dry state, the water vapour source was not on the Qinghai-Tibet
Plateau but on the south and west sides of the edge of the Qinghai-Tibet Plateau, along the southern foot
of the Himalayas-Hengduan Mountains and mainly concentrated in the area northwest of the Ganges
Plain – the Kashmir region between China, India and Pakistan. Other sources were in western and eastern
Nepal, as well as Bhutan, northeastern India, and southern Motuo on the Qinghai-Tibet Plateau. In
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addition to the three-river source region, the sink region was also distributed in the southern Tibetan
Plateau and northern India. When the drought index indicated a normal state (Fig. 7(b)), the water vapour
source was still concentrated in the southern foothills of the Himalayas and the Hengduan Mountains,
but the intensity was quite different from that in the dry period. Among them, the evaporation intensity in
the Kashmir region decreased in comparison with that in the dry period, while the intensity in Nepal and
Bhutan increased. Except for the decrease in the Kashmir region, the area of evaporation sources in other
regions showed an increasing trend. In addition, there were also sporadic evaporation sources in China’s
Sichuan Basin, three-river source region, Tarim Basin on the north side of Kunlun Mountains, Altun
Mountains and Qaidam Basin, as well as the Northern Tibetan Plateau on its south side, which indicated
that these two regions also contributed to the water vapour transport of the three-river source region.
When the drought index showed an extremely wet state (Fig. 7(c)), the area and intensity of the water
vapour source increased signi�cantly compared with the other two cases. Water vapour sources were
mainly distributed in the southern foothills of the Himalayas-Hengduan Mountains, three-river source
region, northern Bay of Bengal, Indian Peninsula, Sichuan Basin-Qinling Mountains, Yunnan-Guizhou
Plateau, Qilian Mountains- Loess Plateau, the middle and lower reaches of the Yangtze River, eastern and
southern China, and northern part of the South China Sea. In addition, the entire Qinghai-Tibet Plateau
also had a large area of potential water vapour sources, including the Tarim Basin on the north side of the
Kunlun Mountains, Altun Mountains, Qaidam Basin and the Northern Tibetan Plateau on its south side,
and the Pamirs Plateau, Iranian Plateau and Kunlun Mountains.

A comparison of the water vapour sources in the three periods showed that on the Qinghai-Tibet Plateau,
the areas with high water vapour evaporation during the extremely wet period were mainly located in the
southern foothills of the Himalayas and near the three-river source region and were generally biased
towards the south and east of the Qinghai-Tibet Plateau. The water vapour sources in the northern
plateau showed a scattered distribution. There were water vapour sources in the Altai Mountains and the
Junggar Basin. The water vapour source in the Qilian Mountains and the Loess Plateau weakened during
the normal period but nearly disappeared during the dry period, while the water vapour source in the
Sichuan Basin-Qinling area strengthened during the extremely wet period. The water vapour source in the
southern foothills of the Himalayas was very important in the three periods. Among them, the water
vapour source of Kashmir strengthened immediately in the extremely wet period after weakening in the
normal period, and the water vapour source on the west side of the Hengduan Mountains was the
weakest during the extremely dry period. The water vapour sources in the Iranian Plateau, the Pamirs, the
vicinity of the Bay of Bengal, the Indian Peninsula, the Yunnan-Guizhou Plateau-Hainan Island, the middle
and lower reaches of the Yangtze River, and eastern and southern China gradually decreased and �nally
disappeared from the extremely wet period to the normal period and then to the extremely dry period.

The variation in water vapour source regions in different periods was related to the water vapour
transport pathways. The east branch path and the south branch path played a leading role in the wet
period, while the north branch path played a more important role during the dry period, and the oceans in
the south and east basically had no water vapour sources in normal and dry periods. The evaporation
intensity of water vapour sources on the south branch path and the east branch path, such as the middle
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and lower reaches of the Yangtze River, East China, South China, the Yunnan-Guizhou Plateau, and the
Indian Peninsula, was high during the extremely wet period but was extremely weak and even
disappeared during dry and normal periods. More speci�cally, the water vapour source in the Bay of
Bengal increased during the wet period, which may be the result of abnormal anticyclones in the Bay of
Bengal caused by the warming of the Arabian Sea (Sun et al., 2018).

4 Discussion
The three paths had different effects in different periods, which may be related to the circulation situation
of the three-river source region in different periods. The source region of the Yellow River was an area
affected by the westerlies and the monsoon. In rainy years, the westerly wind speed weakened, and the
south water vapour transport of the southwesterly monsoon strengthened, which resulted in an increase
in atmospheric water content in the three-river source region, while the drier years showed the opposite
trend (Wang et al., 2006). In addition, in rainy years, the upper altitude of the source region was the
divergence zone, and the lower altitude was the convergence zone, which formed a structure that was
advantageous for the water vapour from the Bay of Bengal to transport continuously to the north. In
contrast, in drier years, the upper altitude was the convergence zone, and the lower altitude was the
divergence zone controlled by the lower air�ow, which was not conducive to the transport of water vapour
from the Bay of Bengal.

The spatial distribution of water vapour transport and the changes in potential source regions during
regional extreme events were analysed using the drought index. The contribution of source evaporation to
precipitation was not quanti�ed, but Zhu (et al., 2019) analysed the evaporation contributions from
different areas of the Yellow River source region in dry and wet years to the precipitation in the three-river
source region and pointed out that the contribution of local evaporation in the three-river source region in
dry and wet years was 22% and 11%, respectively. In addition, it should be noted that this work focuses
on the results from long-term monitoring of the soil moisture network and then obtains the drought index,
the SPI, which can better re�ect the occurrence of regional drought. However, errors are unavoidable in
this work due to soil moisture hysteresis.

5. Conclusion
Based on the soil moisture observation data obtained by the PAW monitoring network in the Qinghai-
Tibetan Plateau, this research has evaluated the applicability of the SPI in the three-river source region
and captured the extremely dry, extremely wet and normal states in the three-river source region in the
past 30 years. NCEP-FNL reanalysis data were adopted to drive the FLEXPART mode to simulate the
trajectory of air parcels in extreme drought events, extreme wetness events and the normal state to
analyse the spatial distribution of water vapour transport in the research area during the target period.
The main conclusions are described as follows:
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(1) When the drought index was in an extremely dry and normal state, the water vapour in the research
area mainly came from the north branch, including the water vapour from the Atlantic Ocean, northern
Africa and European continent, passing through the mid-latitude Eurasian continent and entering the
three-river source region from the west or north of the Qinghai-Tibet Plateau. The water vapour transport
pathways in the normal period were more westerly. When the drought index was in an extremely wet state,
the water vapour transport was mainly concentrated in the south branch and the east branch. The
transport path of the south branch started from the water vapour in the Indian Ocean and the Arabian
Sea, passed through the Indian Peninsula and the Bay of Bengal, and entered the three-river source region
from the southwest side of the Qinghai-Tibet Plateau. The water vapour transport in the east branch
came from the Paci�c Ocean and the South China Sea and entered mainland China from the East/South
China region through the Yangtze River Basin, entering the three-river source region from the east, south
and west sides of the Qinghai-Tibet Plateau.

(2) During the periods of extreme drought, water vapour sources were mainly concentrated in Kashmir, the
east and west sides of Nepal, and northwestern India. When the drought index was in a normal state, in
addition to these areas, the water vapour sources were distributed in the Sichuan Basin-Qinling area, the
Tianshan Mountains north of the Qinghai-Tibet Plateau, and the sources were even scattered further
north in the Altai Mountains and the Junggar Basin. During the periods of extreme wetness, water vapour
sources were mainly distributed near the Kunlun Mountains of the Qinghai-Tibet Plateau, the Iranian
Plateau, the Pamirs, the southern foot of the Himalayas-Hengduan Mountains, the Sichuan Basin-Qinling
Mountains, Qilian Mountains-Loess Plateau, the middle and lower reaches of the Yangtze River, East
China, South China, the Indian Peninsula and the northern Bay of Bengal. By comparing the water vapour
sources in the three periods, the water vapour sources in the southern foothills of the Himalayas were
strong in all three periods, and the water vapour sources on the Qinghai-Tibet Plateau were generally
stronger and larger from the dry period to the wet period.
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Figure 1

Location and landcover information of the source region of   the three-river (the circles represent the
automatic weather stations and the yellow squares represent the PAW networks)

Figure 2

Location of the PAW moisture network and meteorological station (the circles represent the ECH2O
located and the stars represent the eddy covariance and planetary boundary layer tower)
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Figure 3

Time series of the SPI-6 and SMAPI at different depths

Figure 4

Temporal variation in the SPI-6 during 1988–2020



Page 20/21

Figure 5

Backward trajectories (1-10 days) of water vapour transport particles arriving at the target region under
different drought indices. The track colour indicates the change in the speci�c humidity of gas [unit:
g·(kg·6 h)-1]

Figure 6

Atmosphere circulations (500hPa) and Vapor �ux (whole layer) of drought events (a, b) and wet events (c,
d)
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Figure 7

Distribution diagram of potential water vapour sources corresponding to different drought indices ((a)
extremely dry, (b) normal, and (c) extremely wet)


