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Based on the output data from the Lagrangian flexible particle dispersion model
(FLEXPART), we analyze the pathways of moisture to identify the moisture source
areas for extreme precipitation in the summer half-year (April–September) over
northern and southern Xinjiang, respectively. For both northern and southern Xinjiang,
the local evaporation plays a decisive role for extreme precipitation in the summer half-year,
of which contribution ratio accounts for 24.5% to northern Xinjiang and 30.2% to southern
Xinjiang of all identified source areas. In addition, central Asia and northwestern Asia are the
major moisture source areas as well and contribute similarly to extreme precipitation
relative to local evaporation. For northern Xinjiang, central Asia surpasses northwestern
Asia, and each of them contributes 24.1 and 18.8%, whereas northwestern Asia is
somewhat more crucial than central Asia for southern Xinjiang, accounting 22.1 and
19.1%, respectively. Note that the three top-ranked moisture source areas make up a
large proportion of total sources. Regarding the remaining source areas that also provide
moisture, the contributions are entirely different for southern and northern Xinjiang.
Originating from the North Atlantic Ocean, Europe, and the Mediterranean Sea, some
water vapor enters northern Xinjiang and converge to precipitate, while this process is
barely detectable for extreme precipitation over southern Xinjiang, which is affected by the
westerly flow. On the contrary, the Arabian Sea, the Arabian Peninsula, and the Indian
Peninsula contribute, even though slightly, to extreme precipitation over southern Xinjiang,
which indicates that the meridional transport pathways from the Arabian Sea can carry
moisture to this inland region.
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INTRODUCTION

Xinjiang province is located in the hinterland of the Asian continent, and it belongs to the temperate
continental climate with limited precipitation. It is a challenge for the water vapor entering Xinjiang
due to the long distance from the oceans and its unique geographical location. In the context of global
warming, continental arid and semi-arid regions have become increasingly dry over the past
100 years around the world (IPCC, 2021). However, Xinjiang has shown a significant opposite
trend of becoming warmer and wetter since the 1980s, especially in summer (Shi et al., 2007; Xu et al.,
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2010; Han et al., 2016; Li and Sun, 2016; Peng and Zhou, 2017). In
Xinjiang, the amount of summer and annual precipitation is
primarily determined by extreme rainfall in summer (Yang, 2003;
Yang et al., 2011), which leads to flooding, mudslides, landslides,
and other disasters that cause severe losses of human lives and
property (Gong and Eltahir, 1996; Christensen and Christensen,
2003; Du et al., 2014). Therefore, it is of vital importance to
examine the mechanism of extreme precipitation and relevant
hydrological processes in summer to better comprehend the
wetter trends in decades over Xinjiang, as well as to protect
safety of the ecosystem and mitigate disasters. In addition,
identifying where moisture comes from and how much it
transports plays a crucial role in revealing extreme
precipitation mechanisms.

Several studies have investigated into the features of
moisture transport and relevant budget or mechanism in
Xinjiang (e.g., Zhao et al., 2014, 2018; Huang et al., 2017;
Yao et al., 2018, 2020; Zhou et al., 2019; Peng et al., 2020; Wang
et al., 2020; Yao et al., 2021). The moisture transport pathways
into Xinjiang are essentially recognized to originate from the
local evaporation, central Asia, the Caspian Sea and the Black
Sea area, the eastern Mediterranean, and eastern Europe and
from the Arabian Ocean—the Indian Peninsula—the Pamirs
Plateau (Aizen et al., 2006; Huang et al., 2017; Yao et al., 2018,
2020; Zhou et al., 2019; Peng et al., 2020; Wang et al., 2020; Yao
et al., 2021), which inherently respond to the influence of the
westerly flow and the Indian monsoon, respectively. In
addition to these zonal moisture transport pathways in the
mid-latitudes and meridional pathways in the low-latitudes,
the Arctic Oceans is also considered as another contributor to
the precipitation over Xinjiang (Li et al., 2008; Huang et al.,
2017). Furthermore, the eastern Europe—the eastern
Mediterranean—the Caspian Sea—the Black Sea—central
Asia transport paths can be backtracked from the Atlantic
Ocean along with the westerly flow (Yao et al., 2018; Zhou
et al., 2019; Yao et al., 2021), signifying that the Atlantic Ocean
is an indirect oceanic moisture suppler to precipitation over
Xinjiang. Furthermore, in the inland areas, moisture
ultimately originates from the oceans, and it goes through
recycling processes of falling and rising in transit. These
successive processes critically contribute to precipitate for
inland areas due to the long distance with oceans (Brubaker
et al., 1993; Numaguti, 1999).

It is noteworthy that the moisture transport and contributions
of source areas vary with time scale and precipitation intensity
(Wang and Chen, 2012; Hu et al., 2018b). The local-recycling
evaporation generally provides moisture for small and moderate
precipitation, while extreme precipitation is more dependent on
distant water vapor transport (Newell et al., 1992; Trenberth et al.,
2003).

Based on the above factors, it is of vital importance to
determine moisture source areas and relevant contribution to
extreme precipitation over Xinjiang in summer. Some studies
have analyzed the moisture transport of extreme precipitation in
Xinjiang or its surrounding regions like central Asia (Huang et al.,
2017; Yao et al., 2018; Zhou et al., 2019), but mainly focused on
case analysis. On the contrary, we aim to capture the statistical

differences in the moisture sources between extreme and average
precipitation from a climatologic perspective.

Recently, a Lagrangian flexible particle dispersion model
(FLEXPART) was widely used to explore the moisture source
areas and relevant contribution (Sodemann et al., 2008;
Sodemann and Stohl, 2009; Gimeno et al., 2010; Drumond
et al., 2011; Sun and Wang, 2015; Hu et al., 2018a, b, 2021;
Fremme and Sodemann, 2019; Guo et al., 2019; Yao et al., 2021),
particularly in Xinjiang and or its surrounding regions (Zhou
et al., 2019; Peng et al., 2020; Yao et al., 2021). Unlike researches
based on isotope data or Eulerian methods, which are usually not
available for a long-term period or has limitation to trace
moisture transport motion trajectory (Stohl and James, 2004),
the FLEXPART can trace the moisture variation along transport
pathways and has abilities to calculate quantitatively for the
contribution of source areas to precipitation. Although there
have been some studies focused on extreme precipitation over

FIGURE 1 | (A) The elevation of Xinjiang (units: m) and (B) averaged
annual mean precipitation during 1979–2018 in Xinjiang from CN05.1
observation data (units: mm d−1). The red line divides northern and southern
Xinjiang.
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this region, it is insufficient to concern humidity variation for
extreme precipitation in Xinjiang during a long-term period as
climatological mean. Due to the obstruction of the Tianshan
mountains, the climate varies between north and the south
Xinjiang, especially in terms of precipitation (Figure 1B).
Therefore, it would be preferable to discuss the corresponding
issues on a separate regional perspective.

Based on the aforementioned considerations, we hope to
resolve the following questions. How and by what pathways
does moisture enter northern and southern Xinjiang,
respectively, for relative extreme precipitation during the
summer half-year? Additionally, what are the crucial
moisture supply areas and corresponding quantitative
contributions of each area for extreme precipitation over
northern or southern Xinjiang during the summer half-year?
In particular, how do the remote moisture source areas versus
local evaporation contribution play shifty roles between
precipitation in climatological mean and extreme
precipitation in the summer half-year? The remainder of this
article is organized as follows. The study area, data, model, and
methods are introduced in Precipitation Over Northern and
Southern Xinjiang. Precipitation distribution and moisture
transport pathways for northern and southern Xinjiang in
the summer-half year are analyzed in Moisture Transport and
4, respectively. Moreover, the moisture source areas and
relevant contributions for extreme precipitation over
northern and southern Xinjiang in the summer-half year are
provided in Conclusion. Finally, the conclusions are
summarized in section 6.

Study Region, Data, Model, and Methods
Xinjiang, located within 34°–49°N and 73°–96°E in the
hinterland of Eurasia and northwest of China, is a typical
arid and semi-arid climate region with limited annual
precipitation and high evaporation throughout the whole
year. With the Kunlun Mountains on the southern boundary
and the Altai Mountains on the northern boundary, Xinjiang is
spanned across by the Tianshan Mountains in the central
section. In addition, the Tibetan Plateau and the Pamirs
Plateau are located on south and southwest of Xinjiang,
respectively. Therefore, the climate varies considerably in
northern and southern Xinjiang. Southern Xinjiang, namely,
the south region of the Tianshan Mountains, including the
north part of the Kunlun Mountains, the Tarim Basin, and
the Turpan Basin, is extremely drought. The largest desert in
China, the Taklamakan Desert, is also located here. At the same
time, northern Xinjiang is wetter than southern Xinjiang,
including the north part of the Tianshan Mountains, the
southwest part of the Altai Mountains, and the Junggar Basin.

Daily observed precipitation data were derived from the
CN05.1 data set provided by the National Climate Center of
China, with 0.5° × 0.5° horizontal resolution (Wu and Gao 2013).
The 2.5° × 2.5° horizontal resolution NCEP/DOE Reanalysis-Ⅱ
data were obtained as daily atmospheric data in this study
(Kanamitsu et al., 2002). Additionally, the 0.5° × 0.5°

horizontal resolution NCEP–CFSR 6-h data, including
temperature, land cover, relative humidity, and winds at 42

levels, were used as input data of the FLEXPART model (Saha
et al., 2010).

In this study, we operated a Lagrangian
model—FLEXPART—to analyze moisture transport and
determine the accurate source areas over northern and
southern Xinjiang, which were extensively applied in moisture
transport and source researches (e.g., Stohl and James, 2005;
Sodemann et al., 2008; Gimeno et al., 2010; Drumond et al., 2011;
Sun and Wang, 2015; Fremme and Sodemann, 2019; Guo et al.,
2019; Hu et al., 2018a, b, 2021; Yao et al., 2021). This model is a
particle dispersion model, and its physics theories are based on
Lagrangian atmospheric motion equations and Langevin
equations (Stohl and James, 2004). The FLEXPART (version 9.
02) was run for 40 years from 1979 to 2018 in this study, releasing
one million homogenized particles of equal mass. Those particles
were scattered at first, but then proceeded to move unrestricted
thereafter and could be retraced along movement trajectories.
Lastly, we obtained the outputs of the model at 6 h intervals,
which consisted of the particle identities, the particle mass, the
specific humidity, the air density, and the position as defined in
three dimensions.

This study initially explored the moisture source areas
responsible for extreme precipitation over northern and
southern Xinjiang by calculating the E−P values, and then the
WaterSip method was employed to assess the contributions of
moisture source areas. For diagnosing the net change of moisture
content, the E−P values obtained from the Lagrangian water
budget equation are widely used in many cases (e.g., Sodemann
et al., 2008; Gimeno et al., 2010; Drumond et al., 2011; Sun and
Wang, 2015; Hu et al., 2018a, b). Based on water budget equation
in Lagrangian perspective e−p � m × dq/dt, by multiplying the
specific humidity q varying with time t by massm, we can deduce
both the moisture precipitation p and evaporation e forward one
particle pathway (Stohl and James, 2004, 2005). Furthermore, p
and e of all the particles in the vertical atmospheric column above
a target area can be added to get the precipitation rate P and
evaporation rate E of the total area. Therefore, the E−P values
depict the freshwater flux at the surface and can retrace them
from a target area backward pathway to determine where net
moisture uptake or sink. The E−P values are sensitive to retraced
time and calculated by retracing 10 days before arriving at the
target areas along pathways in this study, which is relevant to the
mean atmospheric residence time of moisture (Numaguti, 1999).
As a result, the E−P above 0 locations signify net moisture uptakes
and are hence referred to as moisture source areas. On the
contrary, moisture sink areas can be represented by the E−P
below 0 locations, where precipitation might occur under
appropriate meteorological circumstances. However, it should
be noted that the E−P below 0 locations might release moisture to
the final area, while moisture from the prior E−P above 0
locations might precipitate before getting to the destination
as well.

Thus, to identify the contributions of moisture source areas
quantitatively, based on the diagnosing of the E−P values, the
WaterSip approach proposed by Sodemann et al. (2008) has
also been applied in this paper, which is also broadly utilized
(Baker et al., 2015; Läderach and Sodemann, 2016; Fremme
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and Sodemann, 2019; Hu et al., 2021; Yao et al., 2021). The
WaterSip approach, unlike the E−P values, calculates the
contributions of moisture source areas independent of the
retraced time. More introduction on this approach is in
Sodemann et al. (2008).

This study focused on the extreme precipitation over northern
and southern Xinjiang, so how to define extreme precipitation
was of prime importance. As Xinjiang is an arid climate region, it
might not be ideal to use a fixed threshold method there, so the
95th percentile of daily precipitation in the target region for
summer-half year was chosen as a threshold of extreme
precipitation according to the recommendation by Expert
Team for Climate Change Detection Monitoring and Indices
(ETCCDI) (Zhang et al., 2011). In the summer half-year, the
threshold values for northern, southern, and total Xinjiang are
3.4, 1.6, and 2.0 mm d−1 for regional averaged mean, respectively.
From 1979 to 2018, the numbers of extreme precipitation days
were 366 days, which was involved in subsequent calculations in
this study.

PRECIPITATION OVER NORTHERN AND
SOUTHERN XINJIANG

Xinjiang, located in the hinterland of the Asian continent with the
Kunlun Mountains in its south, the Tianshan Mountains in its
middle, and the Altai Mountains in its north, is an arid
continental climate region with sparse precipitation. The
Tianshan Mountains separate northern and southern Xinjiang
approximately in 42°N (Figure 1), and the average elevation of
northern Xinjiang is lower than southern Xinjiang (Figure 1A).
Northern and southern Xinjiang show different climatic
characteristics, and more precipitation happens in northern
Xinjiang, while southern Xinjiang has extremely low
precipitation (Figure 1B). The average annual mean
precipitation in most parts of southern Xinjiang is below
0.25 mm d−1 during 1979–2018. In contrast, in most parts of
northern Xinjiang, the average annual mean precipitation is over
0.5 mm d−1 during 1979–2018, and the most substantial
precipitation occurs in the western Tianshan Mountains. The

FIGURE 2 | (A) Regionally averaged monthly precipitation and (B) regionally averaged precipitation in summer half-year (April–September) over the total, southern,
and northern Xinjiang from CN05.1 observation data during 1979–2018 (units: mm).
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regionally average annual precipitation over northern Xinjiang is
173.0 mm y−1 during 1979–2018 from CN05.1 observation data,
whereas it is 93.6 mm y−1 over southern Xinjiang.

Figure 2A provides regionally average monthly precipitation
over the total, northern, and southern Xinjiang from CN05.1
observation data during 1979–2018. Regardless of the regions,
precipitation is characterized by distinct monthly variations and
seasonal cycles. The primary precipitation occurs in the summer
half-year, from April to September, and the most monthly
precipitation appears in July. On the contrary, very limited
precipitation occurs in the winter half-year, from October to
March. Therefore, the moisture transport for northern and
southern Xinjiang is focused on the summer half-year. The
regionally averaged precipitation in the summer half-year over
the total, northern, and southern Xinjiang from observed data
during 1979–2018 is shown in Figure 2B. Apparently, over the
total, northern, and southern Xinjiang, their time series of the
regional average precipitation in summer half-year represent a

clear increasing trend, indicating that precipitation has increased
in recent decades. These trends are 3.4, 4.4, and 2.8 mm decade−1

for the total, northern, and southern Xinjiang, respectively. The
variations of regionally averaged summer half-year precipitation
in the three regions are very similar, and the rainy and drought
years during 1979–2018 vary consistently over the total, northern,
and southern Xinjiang.

MOISTURE TRANSPORT

For distinguishing the moisture transport for extreme
precipitation over northern and southern Xinjiang from a
large-scale perspective of atmospheric circulation, the vertically
integrated moisture flux is calculated using the NCEP/DOE
Reanalysis-Ⅱ data (Figure 3). Besides these two situations for
extreme precipitation, the moisture transport for a climatological
mean state is also illustrated for comparative analysis. Because

FIGURE 3 | Vertically integrated moisture flux for (A) northern Xinjiang and (B) southern Xinjiang for extreme precipitation, and (C) precipitation climatology in
summer half-year from the surface to 300 hPa height surface during the period of 1979–2018 (units: kg m−1 s−1).
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almost all moisture exists in the lower troposphere, the moisture
flux is integrated under the 300 hPa height surface. Generally, the
vertically integrated moisture flux displays a small magnitude
value over Xinjiang due to the arid continental climate. In either
case, as shown in Figures 3A–C, the moisture transport over
Xinjiang is evidently controlled by the Westerlies, with moisture
coming from the northwest direction. In contrast to the
climatological mean state, more moisture flux exists to the
north of Xinjiang, located approximately within 47°–57°N and
47°–80°E, for extreme precipitation over northern Xinjiang. At
the same time, moisture flux shows less in the similar position for
another situation, namely, southern Xinjiang for extreme
precipitation. However, in contrast to the climatological mean
state, the moisture flux above northern Xinjiang has increased for

both northern for extreme precipitation and southern Xinjiang
for extreme precipitation. More importantly, the moisture flux
above the Arabian Sea, the Indian Peninsula, the Bay of Bengal,
and the Indochina Peninsula increases significantly in these two
situations for extreme precipitation over Xinjiang, especially for
southern Xinjiang, in contrast to the climatological mean state.
This result suggests that although the dominant direction of
moisture flux over Xinjiang is still the northwesterly flow, the
moisture over the north Indian Ocean have huge differences
between the situation that the extreme precipitation over Xinjiang
and the climatological mean state.

Following this initial analysis of moisture transport fluxes,
the outputs of the FLEXPART model are further used to
explore the transport pathways of particles for extreme

FIGURE 4 |Cluster mean trajectories of particles for 10 days before arriving (A) northern Xinjiang and (B) southern Xinjiang for extreme precipitation in summer half-
year during 1979–2018 (cluster numbers: 500, units: m AGL).
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precipitation over northern and southern Xinjiang,
respectively (Figure 4). The particles are traced from
northern and southern Xinjiang for 10 days before each
extreme precipitation event happen, using the model
outputs of particle position. In order to portray the particle
paths more clearly, a cluster analysis is adopted (Dorling et al.,
1992) because the original paths surpass more than 7,000
trajectories, and the cluster numbers are set to 500. For
extreme precipitation over northern Xinjiang, amounts of
westerly trajectories come into northern Xinjiang from the
upper troposphere of Eurasia, North Africa, and even north
Atlantic. Additionally, a small number of particles, almost all
of those at upper levels, come from the tropical Easterlies
above North Indian Ocean, the Arabian Peninsula, and the
Indian Peninsula and converge into the westerly route at mid-
latitudes. In contrast, for extreme precipitation over southern
Xinjiang, although there are also considerable amounts of
westerly trajectories coming from the upper troposphere,
the trajectories are increased notably from the tropical

Easterlies. Moreover, at a lower level, trajectories from the
Arabian Sea and the Bay of Bengal are evidently displayed, and
the transport paths of the Somali trans-equatorial flow
emerges clearly.

Noteworthy, the trajectory densities in Figure 4 do not
demonstrate that those pathways actually bring strong
precipitable water and finally contribute to precipitation over
northern or southern Xinjiang because that moisture content
varies en route with altitudes, latitudes, and longitudes. Thus, the
mean moisture content of particles for 10 days before arriving in
northern and southern Xinjiang for extreme precipitation in the
summer half-year during 1979–2018 is also given (Figure 5), by
using the model outputs of the particle mass, the specific
humidity, and the air density, which can signify the potential
water supply for precipitation.

For both northern and southern Xinjiang, the high moisture
content values are concentrated incredibly over Xinjiang and the
west areas adjacent to Xinjiang, providing the major precipitable
water supply and reflecting the importance of evaporation and the

FIGURE 5 | Mean moisture content of particles for 10 days before arriving in (A) northern and (B) southern Xinjiang for extreme precipitation in summer half-year
during 1979–2018 (units: 109 kg).
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local water cycle here (Figure 5). As related to the particle
trajectories (Figure 4), the moisture content can be clearly
perceived that most of them remarkably emanate from westerly
paths, namely originating from north Atlantic and west of Eurasia.
Meanwhile, a small quantity of moisture content comes from East
Asia, North Africa, andNorth IndianOcean. It is worth noting that
the presence of the Tibetan Plateau prevents a large amount of
moisture from entering Xinjiang through it. However, for southern
Xinjiang extreme precipitation, the moisture transport from
Somali trans-equatorial flow, originating from the Arabian Sea
and the Bay of Bengal and even the South China Sea, reach
Xinjiang via the south foothills of the Himalayas on the south
edge of the Tibetan Plateau.

MOISTURE SOURCE AREAS

Corresponding to the moisture content sources described above,
the precise location of the moisture source areas, along with the
quantification of the amount of moisture from each source area
carried into northern and southern Xinjiang, ought to be further
determined and calculated.

Using the outputs of the FLEXPART model, the E−P values
have retraced their trajectories for 10 days to present the moisture
source and sink areas of northern and southern Xinjiang
(Figure 6). For northern Xinjiang extreme precipitation
(Figure 6A), the continental areas around Xinjiang, including
central and northwest Asia, as well as the Arabian Peninsula and

FIGURE 6 | Mean E-P particles for the 10 days before arriving (A) northern and (B) southern Xinjiang for extreme precipitation in summer half-year during
1979–2018 (units: mm d−1).
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the eastern Mediterranean, are the primary moisture sources.
Instead, Europe, the North Atlantic, the Indian Peninsula, and the
Bay of Bengal are the major moisture sink areas retracing with the
moisture pathways. On the contrary, the moisture predominately
originates from central and northwest Asia, western China, the
Arabian Sea, and the eastern Mediterranean. The Somali cross-
equatorial flow also demonstrates the contribution as expected
(Figures 4B, 5B). Meanwhile, the extent of the moisture sink
areas is broadly consistent with that of northern Xinjiang extreme
precipitation, although the magnitudes of the values are more
significant, especially in the Indian Peninsula, the Indochina
Peninsula, the east Bay of Bengal, and the Arabian Sea. This
result is suggestive of a large amount of moisture migrating
northward from the northern Indian Ocean but precipitating
on the coastal land that is being blocked by the lofty terrain of the
Tibetan Plateau.

In the Methods Part, it was stated that in one case of
precipitation, abundant moisture arising from the moisture
source areas might drop before reaching Xinjiang.
Consequently, for the final precipitation of Xinjiang, these
areas of the positive E−P values mentioned above cannot be
considered as contributing source areas immediately, and areas of
negative E−P values might have their own contribution. Thus, the
WaterSip, a quantitative method, is applied to accurately calculate
the contributions of all significant identified moisture source
areas. Therefore, based on the approximate ranges of the E−P
values and the general geographical divisions, 17 source areas for
northern and southern Xinjiang are elected.

In Figure 7, the divisions of the moisture sources for extreme
precipitation in summer half-year over Xinjiang during
1979–2018 are shown and numbered: 1 Xinjiang, 2 the
Tibetan Plateau, 3 the Indian Peninsula, 4 the Indochina
Peninsula, 5 the Arabian Sea, 6 the Bay of Bengal, 7 the South
China Sea, 8 southern China, 9 northeastern Asia, 10
northwestern Asia, 11 central Asia, 12 Europe, 13 the

Mediterranean Sea, 14 the North Africa, 15 the Arabian
Peninsula, 16 the North Atlantic Ocean, and 17 the Arctic Ocean.

The contribution ratios of significant moisture source areas
to extreme precipitation over northern and southern Xinjiang
in the summer half-year during 1979–2018 are shown in
Figure 8. Noteworthy, the evaporation of moisture source
area greatly differs from the final contribution to
precipitation in the target region due to the loss en route;
therefore, the contribution ratios are given and analyzed here.
Note that some areas contribute very limited, even negligible,
so the contribution ratios are not displayed in the figure, such
as the Indochina Peninsula, the Bay of Bengal, the South China
Sea, southern China, the North Africa, and the Arctic Ocean.

FIGURE 7 |Divisions of themoisture sources for extreme precipitation in summer half-year over Xinjiang during 1979–2018. These numbers represent: 1 Xinjiang, 2
the Tibetan Plateau, 3 the Indian Peninsula, 4 the Indochina Peninsula, 5 the Arabian Sea, 6 the Bay of Bengal, 7 the South China Sea, 8 southern China, 9 northeastern
Asia, 10 northwestern Asia, 11 central Asia, 12 Europe, 13 theMediterranean Sea, 14 the North Africa, 15 the Arabian Peninsula, 16 the North Atlantic Ocean, and 17 the
Arctic Ocean.

FIGURE 8 | Contribution ratios of significant moisture source areas to
extreme precipitation over northern and southern Xinjiang in summer half-year
during 1979–2018 (units: %).
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The 14.6% contribution ratios for northern Xinjiang and 9.8%
for southern Xinjiang are from these ones and the area that are
not identified in Figure 7, labelled as other in Figure 8. For
both northern and southern Xinjiang, the local evaporation,
Xinjiang itself plays a decisive role for extreme precipitation in
the summer half-year, of which contribution ratio accounts for
24.5% to northern Xinjiang and 30.2% to southern Xinjiang of
all source areas. In addition, central Asia and northwestern
Asia are the significant moisture source areas as well and
contribute similarly to extreme precipitation relative to local
evaporation. For northern Xinjiang, central Asia surpasses
northwestern Asia, each of them contributing 24.1 and
18.8%, whereas northwestern Asia is somewhat more crucial
than central Asia for southern Xinjiang, accounting 22.1 and
19.1%, respectively. Note that the three top-ranked source
areas account for almost 70% of total source areas, indicating
the vital importance of short-distance moisture transport for
Xinjiang. In contrast to climatologic mean precipitation, the
contribution ratio of the sum of Xinjiang itself and Central
Asia decreases about 10%, and the local contributions decrease
about 20% (Yao et al., 2021).

Regarding the remaining source areas that also provide
moisture, the contributions are entirely different for southern
and northern Xinjiang. For northern Xinjiang, the North Atlantic
Ocean, Europe, and the Mediterranean Sea contribute 2.1, 3.5,
and 6.1% for extreme precipitation, while the ratios of them are
almost negligible for southern Xinjiang. It is demonstrated that
long-distance moisture can be carried by the westerly flow to
northern Xinjiang. In contrast, flux originating from the Arabian
Sea, the Arabian Peninsula, and the Indian Peninsula can provide
slight moisture to extreme precipitation over southern Xinjiang,
accounting for 3.8, 2.5, and 2.5% of total source areas,
respectively. Although these values of contributions are slight,
they reveal the meridional transport pathways, affected by the
Indian Monsoon, have somewhat ability to carry moisture into
this inland region. Previous studies have noted that there are two
routes to carry moisture into Xinjiang. One is the Arabian
Ocean—the Indian Peninsula—the Pamirs Plateau—Xinjiang
route, and another is eastern Europe—the eastern
Mediterranean—the Caspian Sea—the Black Sea—central
Asia—Xinjiang route (Aizen et al., 2006; Huang et al., 2017;
Yao et al., 2018, 2020; Zhou et al., 2019; Peng et al., 2020; Wang
et al., 2020; Yao et al., 2021), which inherently respond to the
influence of the westerly flow and the Indian monsoon,
respectively. In our study, it would be more accurate to say
that these two routes are also represented, and the zonal mid-
latitude route contributes effectively to extreme precipitation over
northern Xinjiang, while the meridional low-latitude route carries
moisture for southern Xinjiang extreme precipitation.

CONCLUSION

The Lagrangian model FLEXPART was employed to simulate the
moisture source areas for extreme precipitation in the summer
half-year over northern and southern Xinjiang, respectively. The
contributions and magnitudes of moisture source areas are

accessed by the WaterSip method, and the main findings are
as follows.

1. For extreme precipitation in the summer half-year over Xinjiang,
local evaporation is crucial, with a contribution ratio of 24.5% to
northern Xinjiang and 30.2% to southern Xinjiang of all
identified source areas. Central Asia and northwestern Asia
also are significant, and three top-ranked source areas account
for almost 70%, indicating the key importance of the proximity
transport of water vapor for Xinjiang.

2. For northern Xinjiang, moisture can be traced back from the
North Atlantic Ocean, whereas it is barely detectable for
southern Xinjiang, signifying the importance of long-
distance moisture carried by the westerly flow to northern
Xinjiang.

3. For southern Xinjiang, the Arabian Sea, the Arabian Peninsula,
and the Indian Peninsula contribute somewhat when extreme
precipitation happens. It is indicated that the meridional
transport pathways, affected by the Indian Monsoon, have
ability to carry moisture into this inland region.

In contrast to previous researches (Huang et al., 2017; Yao
et al., 2018; Zhou et al., 2019), we have clarified and quantified the
different impacts of the Arabian Ocean—the Indian
Peninsula—the Pamirs Plateau—Xinjiang moisture
transporting route and the eastern Europe—the eastern
Mediterranean—the Caspian Sea—the Black Sea—central
Asia—Xinjiang route on northern and southern Xinjiang,
respectively. In addition, comparing for the precipitation for
climatological mean precipitation in summer-half year over
Xinjiang (Yao et al., 2021), the results quantitatively reveal the
contribution of long-distance moisture source areas to extreme
precipitation in this region, whereas these contributions are
almost non-existent. However, this study is mainly concerned
to moisture sources that directly contribute to extreme
precipitation in Xinjiang. As the result has shown, the oceanic
moisture source areas, which provide water vapor ultimately, play
an entirely limited role for this inland region, especially for
northern Xinjiang. Further study is needed to determine the
indirect moisture source transport mechanism and to calculate
the amount of water vapor that carried from long-distance
sources by indirect ways, such as moisture recycling processes
in the continental region, which would better comprehend the
mechanisms of precipitation over Xinjiang.
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