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Abstract: In this study, we analyzed the spatial and temporal characteristics of extreme precipitation
in summer in southern Xinjiang (SXJ) using CN05.1 daily precipitation data, the National Centers
for Environmental Prediction (NCEP) monthly average data, and ERA5 four-times-daily reanalysis
data from 1961 to 2020, determined the interdecadal variation in extreme precipitation, and further
explored the circulation mechanisms and anomalous water vapor transport characteristics associated
with changes in extreme precipitation. The results showed that extreme precipitation, extreme
precipitation days, and extreme precipitation contribution in SXJ all increased significantly, with
the turnaround occurring in 1986. Enhanced vertical upward motion, greater convergence of water
vapor at lower levels, and a more unstable atmospheric convection led to an increase in extreme
precipitation along the southern border region. The eastward Pacific Ocean and southward Indian
Ocean provided anomalous water vapor transport, and the boundary water vapor flux trend and
its correlated distribution with extreme precipitation showed that southern boundary water vapor
transport played an important role in the increase in extreme precipitation. At vertical heights, the
dominant longitudinal water vapor transport fluxes were concentrated in the middle and upper
layers, whereas the latitudinal water vapor transport fluxes were concentrated in the middle and
lower layers.

Keywords: southern Xinjiang; extreme precipitation; water vapor transport; circulation mechanism

1. Introduction

Southern Xinjiang (SXJ) is adjacent to the Qinghai–Tibet Plateau, which forms the
Tarim Basin, has an area of 530,000 km2, and is surrounded by the Tianshan Mountains
and the Pamirs. The topography in SXJ is very complex, and the special atmospheric
circulation and water vapor conditions produce precipitation with unique characteristics,
which are represented by scarce precipitation along with significant interdecadal variations
in precipitation levels [1–3]. According to the IPCC Sixth Assessment Report, extreme
rainfall events are projected to become more frequent globally, which will lead to significant
increases in rainfall [4]. In recent years, there has been an obvious increasing trend in
rainstorms in SXJ [5–7], and the frequency of local rainstorms has increased. Moreover,
the special topography of the SXJ region makes it extremely sensitive to climate change,
and it presents a fragile ecosystem and has relatively sparse vegetation cover; therefore,
heavy rainfall events are likely to trigger secondary disasters, such as mudslides, and
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cause huge casualties and economic losses [8–10]. Therefore, the changing characteristics of
extreme precipitation events and their possible causes must be studied in order to provide
a scientific basis for rational water resource use and ecological protection and to offer a
better understanding of the climatic transformations in SXJ.

Previous studies have focused on the circulation characteristics related to precipitation
anomalies in Xinjiang. South Asian high pressure is an important atmospheric circulation
system affecting heavy rainfall in Xinjiang. The east–west oscillation of its central position
have different effects on circulation and water vapor transport, thus causing certain dif-
ferences in precipitation in Xinjiang. The effects on heavy rainfall in SXJ are particularly
prominent when the distribution is bimodal [11,12]. In summer, the West Asian subtropical
westerly rapids are located over Xinjiang, and its north–south position, intensity, and axis
direction influences precipitation [13–15]. The movement of the West Pacific subtropical
high pressure to the northwest often causes changes in the regional circulation of Xinjiang,
and together with the eastward advance of the Iranian high pressure cell, a circulation
pattern of “two highs sandwiching one low” is formed, which is conducive to the formation
of regional precipitation [16–18]. The Central Asian low vortex is a weather-scale cold
vortex system that occurs east of the Aral Sea and extends to the Xinjiang region. It is
often associated with the Ural ridge and represents an important influencing system for the
heavy rainfall process in Xinjiang [19–22]. The precipitation in western Xinjiang is more
sensitive to the Central Asian low vortex [23]. Huang et al. [24] found that precipitation
anomalies in SXJ are associated with a “Silk Road pattern”-like telecorrelation that results
in potential height anomalies between India and North-Central China. The gradient forces
generated by the height anomalies bring water vapor from the Indian Ocean and cause an
anomalous upward movement in SXJ that causes precipitation. A strong connection occurs
between the precipitation anomalies in Xinjiang and the North Atlantic Oscillation (NAO),
and the negative NAO phase corresponds well with the anomalous summer precipitation
in Xinjiang [25–28]. In addition, changes in the summer monsoon season also cause changes
in weather systems and water vapor transport, which in turn cause precipitation anomalies
in Xinjiang [29–31]. However, previous studies have primarily focused on analyzing the
causes of annual precipitation and have not thoroughly investigated extreme precipitation.
Moreover, analyses of precipitation anomalies have mainly focused on external signals, and
systematic and detailed analyses of water vapor transport and revenue and expenditure
processes that are closely related to extreme precipitation are limited.

Precipitation cannot be formed without the supply of water vapor, and its trans-
port status is of great importance when studying the causes and mechanisms of heavy
rainfall [32–34]. Water vapor transport, receipts, and expenditures are directly related to
precipitation events and near-surface climate conditions [35–37]. By calculating multi-year,
average vertically integrated water vapor transport fluxes, researchers have determined the
summer water vapor transport conditions in the eastern part of the plateau and its adjacent
areas. The most significant feature is the strong easterly water vapor transport that crosses
the equator near 45◦ E to form a strong southwesterly water vapor conveyor belt that flows
like a large river through the Indian Ocean, eastern China, Korea, and Japan to the North
Pacific region [38]. Xu et al. [39] constructed a water vapor transport influence area in the
shape of a “large triangular fan”, with the plateau region at the top and low-latitude active
source areas associated with South China Sea monsoon and Indian monsoon outbreaks at
the “bottom edge”. For the climatic mean, heavy rainfall in SXJ is concentrated in summer,
and the atmospheric circulation system for its water vapor transport is mainly the westerly
wind belt [40–42]. Water vapor transport in the northwestern region is also influenced
by the South China Sea, Arabian Sea, and northwestern Pacific Ocean [41,43]. Therefore,
water vapor transport in the Xinjiang region originates from three channels: first, the
Eurasian continent and the Atlantic Ocean through westerly airflow to the west; second,
the Northwest Pacific and South China Sea through the East Asian monsoon; and third,
the Arabian Sea and the Bay of Bengal through the southwest monsoon [44–46]. Water
vapor mainly originates from the Atlantic Ocean and Indian Ocean [13,44]. Furthermore,
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a number of studies have investigated the relationship between regional droughts and
floods and water vapor transport, income, and expenditures, and they pointed out that
precipitation anomalies are easily induced when the water vapor transport characteristics
differ from the climatic state [47–51]. The anomalies in water vapor transport and the
budget are the direct cause of anomalies in summer precipitation.

Based on a review of the literature, many questions remain unanswered regarding the
variability in summer extreme precipitation and its correlation with water vapor transport
in SXJ. For example, what are the circulation patterns and main sources of water vapor that
affect the variability in extreme summer precipitation in SXJ? How does water vapor vary
at each boundary? Is the wind or water vapor component the greatest contributor to the
variability in boundary water vapor fluxes? Which boundary water vapor flux transport
process is most closely associated with shifts in extreme summer precipitation along the
southern border? How is water vapor that contributes to changes in regional water balance
distributed vertically across the boundaries? Focusing on these questions, we analyzed
the horizontal, vertical, and temporal dimensions of the water vapor transport anomalies
associated with extreme summer precipitation shifts in SXJ using a variety of sources to
reveal their effects on extreme summer precipitation in SXJ.

2. Data and Methods

Our study area of interest was SXJ (Figure 1), and summer refers to the months of
June–August. The datasets used herein were as follows: (1) the CN05.1 Chinese regional
day-by-day gridded observation precipitation dataset [52], which has a time range of
1961–2020 and a horizontal resolution of 0.25◦ × 0.25◦; (2) the NCEP monthly average
reanalysis dataset, which has a spatial resolution of 2.5◦ × 2.5◦ and was used to analyze cir-
culation characteristics using variables such as geopotential height, temperature, horizontal
wind field, vertical wind speed, surface pressure, and specific humidity; (3) the ERA5
four-times-daily reanalysis dataset, which has a spatial resolution of 0.25◦ × 0.25◦ and
was used to estimate water vapor transport fluxes using variables such as meridional and
latitudinal winds, surface pressure, and specific humidity; and (4) a topographic dataset
collected using the global topographic model developed by the National Geophysical Data
Center (NGDC) under the National Oceanic and Atmospheric Administration (NOAA),
which had a resolution of 2 min and included the topography of the global land and ocean.
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Figure 1. Topography of SXJ (the black solid line indicates the study area).

In studies on extreme precipitation, the extreme precipitation index is mostly defined
using the threshold method [53–55], and precipitation events that exceed the threshold
values are considered extreme precipitation events. Thresholds can be divided into absolute
and percentile thresholds. SXJ has a wide range, and the absolute threshold would make
inter-regional comparisons meaningless; therefore, the percentile threshold method was
used. The specific extreme precipitation index threshold is defined by arranging daily
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precipitation data greater than 0.1 mm at a single grid point in ascending order and defining
the daily precipitation corresponding to the 95th percentile as the extreme precipitation
threshold, above which an extreme precipitation event is considered to have occurred.
The extreme precipitation characteristics used were the total extreme precipitation (R95p),
defined as the sum of the precipitation features (daily precipitation > the 95% daily precipi-
tation quantile); extreme precipitation days (R95f), defined as the number of days when
extreme precipitation occurs (daily precipitation > the 95% daily precipitation quantile);
extreme precipitation intensity (R95i), defined as the ratio of total extreme precipitation to
extreme precipitation days; and extreme precipitation contribution (R95r), defined as the
sum of extreme precipitation (daily precipitation > the 95% daily precipitation quantile) as
a percentage of total summer precipitation.

The vertical whole-layer water vapor flux (Q) is calculated as follows [56]:

Q =
1
g

∫ Pt

Ps
qv dp, (1)

where g is the acceleration of gravity, pt is set as 300 hPa, ps is the surface air pressure, q is
the specific humidity, v is the wind field, and p is the pressure.

The water vapor budget at the four boundaries in the east (QE), west (QW), south (QS),
and north (QN) is calculated as follows [57,58]:

QE =
∫ ϕN

ϕS

QλE αdϕ, (2)

QW =
∫ ϕN

ϕs
QλW αdϕ, (3)

Qs =
∫ λE

λW

Qϕs α cos ϕsdλ, (4)

QN =
∫ λE

λW

QϕN α cos ϕNdλ, (5)

where λE (λW) is the longitude of the east (west) boundary, ϕS (ϕN) is the latitude of the
south (north) boundary, and α is the radius of the Earth. The total water vapor budget is
calculated as follows:

QT = QE + QW + QS + QH (6)

In addition, the least squares method was used to calculate the linear trend of extreme
precipitation variability, and the Mann–Kendall test and sliding average method were
used to analyze the interdecadal characteristics of precipitation and boundary water vapor
transport in SXJ. The t-test and Pearson correlation coefficient were used to verify the
significance level and measure the linear correlation between variables, respectively.

3. Results
3.1. Spatial Distribution of Extreme Summer Precipitation Characteristics in SXJ

The spatial distribution of the total annual average summer precipitation (Figure 2a)
shows that summer precipitation in SXJ had very obvious geospatial distribution character-
istics, which were mainly reflected in a decreasing trend from the Tianshan Mountains to
the Tarim Basin and the eastern edge of the basin, where the precipitation was greater than
200 mm, less than 50 mm, and less than 20 mm, respectively.
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The spatial distribution of each characteristic quantity of extreme precipitation in sum-
mer in SXJ is shown in Figure 2b–e. R95p and R95f were similar to the spatial distribution
of total summer precipitation, and Figure 2b shows that the high value of R95p (more than
50 mm) was located in the Tianshan Mountains, whereas the low value (less than 10 mm)
was located in the eastern edge of the Tarim Basin. The areas with frequent extreme precip-
itation were located in the mountainous areas surrounding the basin, and the high value of
R95f could reach 5 days, whereas the low value was less than 1 day (Figure 2c). The spatial
distribution of R95i (Figure 2d) demonstrated that the high value of precipitation intensity
was located in the northern part of Bazhou towards the Tianshan Mountains, where it could
exceed 10 mm/day. R95r demonstrated an increasing trend in spatial distribution from
the mountains to the basin (Figure 2e), with high values in the Kashgar and Hotan areas
along the northern slope of the Kunlun Mountains and the central part of Bazhou, where
the contribution of extreme precipitation could reach approximately 45%.
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3.2. Spatial and Temporal Trends in Extreme Summer Precipitation Characteristics in SXJ

To explore the temporal variation in extreme summer precipitation in SXJ, we analyzed
the interannual variation in summer precipitation and each extreme precipitation charac-
teristic from 1961 to 2020 (Figure 3a–e). Summer precipitation, R95p, R95f, and R95r in SXJ
showed a significant increasing trend during the study period at rates of 1.58 mm/10 a,
1.45 mm/10 a, 0.23 day/10 a, and 1%/10 a, respectively, which shows that extreme precipi-
tation in SXJ contributes significantly to the total summer precipitation. In contrast, R95i
also showed an increasing trend, but the change was not significant, which indicates that
the increase in extreme precipitation in SXJ was mainly caused by an increase in extreme
precipitation days rather than an increase in precipitation intensity. In addition, the results
from the 11-year sliding average showed that significant interdecadal variation occurred in
the characteristics of extreme precipitation in SXJ.
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Figure 3. Time series of summer precipitation and each extreme precipitation characteristic in SXJ
from 1961 to 2020: (a) summer precipitation, (b) R95p, (c) R95f, (d) R95i, and (e) R95r. The red line
is the trend line; the blue dashed line is the 11−year sliding average; and asterisk indicates that the
value passed the 0.05 t−test.

To provide details on the distribution of the changes in extreme summer precipitation
in SXJ, we analyzed the spatial distribution of summer precipitation and the linear trend
of each extreme precipitation characteristic in SXJ from 1961 to 2020. Figure 4a shows
that summer precipitation presented an increasing trend in western SXJ, the Tianshan
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Mountains, and the Hami region, with the maximum rate of growth reaching 8 mm/10 a;
however, a significant decreasing trend was observed in the northern region of the Kunlun
Mountains, with the maximum rate of decrease reaching −4 mm/10 a. The spatial distri-
bution of the R95p trend (Figure 4b) differed slightly from that of summer precipitation,
with a significant increasing trend in the northern region of the Kunlun Mountains and
a maximum growth rate in the Tianshan Mountains of up to 5 mm/10 a. The spatial
distribution of the R95r trend (Figure 4c) was broadly similar to and more extensive than
that of R95p, with a maximum value of 0.8 day/10 a along the mountains in the western
part of SXJ. Figure 4d reveals that R95i showed a significant increase only in a small part of
central Bazhou, with a maximum value of 0.6 mm/day/10 a. Figure 4e shows the spatial
distribution of the R95r trend, with significant increasing trends in the middle Tianshan
Mountains, southern Kashgar and Hotan regions, central Bazhou, and northern Hami, with
maximum values in the southern Hotan region of up to 5%/10 a. These results reveal that
changes in the extreme precipitation characteristics played a crucial role in the changes in
total precipitation.
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Figure 4. Spatial trend distribution of summer precipitation and each extreme precipitation charac-
teristic in SXJ from 1961 to 2020: (a) summer precipitation, (b) R95p, (c) R95f, (d) R95i, and (e) R95r.
The dotted areas indicate that the values passed the 0.05 t−test.

3.3. Interdecadal Variation in Extreme Summer Precipitation in SXJ

The time series of R95p in SXJ revealed that extreme precipitation presented an inter-
decadal turn in the mid-1980s. To further pinpoint the time at which an abrupt change
occurred, the Mann–Kendall test was applied to the R95p results. Figure 5 shows that
the intersection of the curves for the UF statistical series and UB statistical series roughly
occurred in 1986, which passed the significance test at the 0.05 level, indicating that a
sudden change in extreme summer precipitation from low to high precipitation occurred
in 1986.
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3.4. Physical Mechanisms Associated with Extreme Summer Precipitation Variability in SXJ
3.4.1. Large-Scale Circulation Anomalies

The occurrence of extreme precipitation is often closely related to atmospheric cir-
culation; therefore, we analyzed the difference in circulation between the two periods
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before and after the abrupt change in extreme precipitation. The difference fields of the
200-hPa potential height and wind field (Figure 6a) revealed that cyclonic circulation and a
low potential center occurred on both the east and west sides of SXJ, whereas the rising
branch of the cyclonic circulation on the west side dominated the southern border area and
contributed to the upward motion and high-altitude divergence in the area. Figure 6b,c
show the differences in the geopotential height and wind fields at 500 hPa and 850 hPa,
respectively. In the middle and lower levels, the strong anticyclonic circulation in the Mon-
golian region controlled the western part of China. This circulation pattern led to periodic
changes in the anomalous southwesterly flow in the western region to southeasterly flow
and the formation of shear over SXJ. This circulation pattern strengthened the upward flow
from 1986 to 2020, thereby increasing precipitation in the region. The vertical profiles of the
wind field, the pseudo-equivalent level temperature, and the water vapor flux divergence
difference field averaged over 36–44◦ N from 1986 to 2020. Furthermore, the data from
1961 to 1985 (Figure 6d) showed that an upward vertical motion anomaly occurred over
western SXJ. Moreover, the negative divergence of the low-level water vapor flux indicated
strong low-level water vapor convergence, whereas decreases in the pseudo-equivalent
level temperature with increasing height indicated more unstable atmospheric convection.
These results demonstrate that enhanced vertical upward motion, greater water vapor
convergence at lower levels, and more unstable atmospheric convection contributed to the
increase in extreme precipitation over western SXJ.
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Figure 6. Difference fields at (a) 200 hPa, (b) 500 hPa, and (c) 850 hPa geopotential height (shading,
units: m) and horizontal winds (vectors, units: m·s−1). (d) Vertical profiles of the difference fields
along the 36–44◦ N wind field (vectors, units: m·s−1), pseudo−equivalent potential temperature
(contour, units: ◦C), and water vapor flux divergence (shading, units: 10−8·g·cm−2·hPa−1·s−1). The
dots and red vectors indicate significant differences between the two periods at the 0.05 level, and the
gray shading represents topographic shielding.

3.4.2. Water Vapor Transport Anomaly

Abundant water vapor is necessary for the formation of heavy rainfall; therefore, we
analyzed the distribution pattern of summer vertical water vapor flux anomalies from 1961
to 1985 and from 1986 to 2020 (Figure 7). The results showed that an anomalous anticyclonic
circulation occurred in the Mongolian region as well as the Indian Ocean region, where
anomalous water vapor was transported eastward from the Pacific Ocean and southward
from the Arabian Sea and the Bay of Bengal to the SXJ.

To further explore the relationship between extreme precipitation variability and water
vapor transport variability in SXJ, we delineated the boundary of water vapor transport
in SXJ (South: 34◦ N, North: 44◦ N, West: 74◦ E, and East: 96◦ E), and analyzed the
combined difference in water vapor revenue and expenditure between 1961 and 1985 and
between 1986 and 2020 (Figure 8a). We also analyzed the time series of standardized
water vapor transport across the four borders (Figure 8 be). Compared with the previous
period, the water vapor in SXJ increased by 1.33 × 107 kg·s−1 from 1986 to 2020. The water
vapor along the western, southern, and eastern borders increased by 0.11 × 107 kg·s−1,
1.12 × 107 kg·s−1, and 0.65 × 107 kg·s−1, respectively, and the water vapor along the
northern boundary decreased by 0.55 × 107 kg·s−1. These results revealed that water vapor
transport in the meridional direction was dominant. The temporal trends of water vapor
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transport at the four boundaries over the last 60 years showed that significant changes
did not occur at the western boundary, a significant decrease in the outflow of water
vapor occurred at the eastern boundary, a significant increase in the inflow of water vapor
occurred at the southern boundary, and a significant increase in the outflow of water vapor
occurred at the northern boundary. The Mann–Kendall mutation test indicated that the
turning point of this change occurred after the 1980s, which corresponds well with the trend
of extreme precipitation. In addition, in order to determine whether wind or water vapor
perturbation had a greater contribution to the changes in water vapor transport at each
boundary, we analyzed the trends of the whole-layer integrals of the q and u/v components
at the four boundaries from 1986 to 2020. The trend of u-wind (Figure 9e) was stronger
than that of water vapor (Figure 9a), but it was not significantly stronger on the western
boundary. Both the u-wind and water vapor trends were significant, and the u-wind trend
(Figure 9f) was larger than that of water vapor on the eastern boundary (Figure 9b). The
water vapor trend (Figure 9c) was much stronger than that of v-wind (Figure 9g) on the
southern boundary and the v-wind trend (Figure 9h) was stronger than that of water vapor
on the northern boundary (Figure 9d). Therefore, the variation in water vapor transport
on the western, eastern, and northern boundaries was caused by perturbation of the wind
field, whereas the variation on the southern boundary was caused by perturbation of the
water vapor field.

Water 2023, 15, x FOR PEER REVIEW 12 of 20 
 

 

 

Figure 7. Differences in summer vertical water vapor fluxes (vectors, units: kg∙m−1∙s−1) and their 

convergence (shading, units: kg∙m−2∙s−1) between 1961 and 1985 and between 1986 and 2020. The 

red vectors indicate significant differences between the two periods at the 0.05 level. 

To further explore the relationship between extreme precipitation variability and wa-

ter vapor transport variability in SXJ, we delineated the boundary of water vapor 

transport in SXJ (South: 34° N, North: 44° N, West: 74° E, and East: 96° E), and analyzed 

the combined difference in water vapor revenue and expenditure between 1961 and 1985 

and between 1986 and 2020 (Figure 8a). We also analyzed the time series of standardized 

water vapor transport across the four borders (Figure 8 be). Compared with the previous 

period, the water vapor in SXJ increased by 1.33 × 107 kg∙s−1 from 1986 to 2020. The water 

vapor along the western, southern, and eastern borders increased by 0.11 × 107 kg∙s−1, 1.12 

× 107 kg∙s−1, and 0.65 × 107 kg∙s−1, respectively, and the water vapor along the northern 

boundary decreased by 0.55 × 107 kg∙s−1. These results revealed that water vapor transport 

in the meridional direction was dominant. The temporal trends of water vapor transport 

at the four boundaries over the last 60 years showed that significant changes did not occur 

at the western boundary, a significant decrease in the outflow of water vapor occurred at 

the eastern boundary, a significant increase in the inflow of water vapor occurred at the 

southern boundary, and a significant increase in the outflow of water vapor occurred at 

the northern boundary. The Mann–Kendall mutation test indicated that the turning point 

of this change occurred after the 1980s, which corresponds well with the trend of extreme 

precipitation. In addition, in order to determine whether wind or water vapor perturba-

tion had a greater contribution to the changes in water vapor transport at each boundary, 

we analyzed the trends of the whole-layer integrals of the q and u/v components at the 

four boundaries from 1986 to 2020. The trend of u-wind (Figure 9e) was stronger than that 

of water vapor (Figure 9a), but it was not significantly stronger on the western boundary. 

Both the u-wind and water vapor trends were significant, and the u-wind trend (Figure 

9f) was larger than that of water vapor on the eastern boundary (Figure 9b). The water 

vapor trend (Figure 9c) was much stronger than that of v-wind (Figure 9g) on the southern 

boundary and the v-wind trend (Figure 9h) was stronger than that of water vapor on the 

northern boundary (Figure 9d). Therefore, the variation in water vapor transport on the 

western, eastern, and northern boundaries was caused by perturbation of the wind field, 

whereas the variation on the southern boundary was caused by perturbation of the water 

vapor field. 

Figure 7. Differences in summer vertical water vapor fluxes (vectors, units: kg·m−1·s−1) and their
convergence (shading, units: kg·m−2·s−1) between 1961 and 1985 and between 1986 and 2020. The
red vectors indicate significant differences between the two periods at the 0.05 level.

In order to better understand the influence of water vapor transport at the four
boundaries on extreme precipitation in SXJ, we analyzed the distribution of water vapor
fluxes in four directions that were related to extreme precipitation in SXJ in summer. A
negative correlation area between extreme precipitation and water vapor transport at the
western border was observed in the Kezhou region (Figure 10a), a negative correlation
area with the eastern border was observed in the middle part of the Tianshan Mountains
(Figure 10b), and a positive correlation area with the northern border was observed in the
middle part of the Tianshan Mountains (Figure 10d). Although these correlation areas were
small, a large area with positive correlations was observed with the southern border in the
western part of SXJ (Figure 10c), which means that water vapor transport from the southern
border plays a crucial role in extreme precipitation in SXJ.



Water 2023, 15, 2361 13 of 20Water 2023, 15, x FOR PEER REVIEW 13 of 20 
 

 

 

 

 

 

Figure 8. Cont.



Water 2023, 15, 2361 14 of 20Water 2023, 15, x FOR PEER REVIEW 14 of 20 
 

 

 

Figure 8. (a) Combined differences in summer water vapor receipts and expenditures in SXJ be-

tween 1961 and 1985 and between 1986 and 2020 (units: 107 kg∙s−1). The red rectangles represent the 

water vapor transport boundaries: (b) west, (c) east, (d) south, and (e) north. Standardized time 

series of boundary water vapor transport. The red line is the trend line, the blue dashed line is the 

11−year sliding average, double asterisk indicates values that passed the 0.05 t−test, and single as-

terisk indicates values that passed the 0.1 t−test. 

Figure 8. (a) Combined differences in summer water vapor receipts and expenditures in SXJ between
1961 and 1985 and between 1986 and 2020 (units: 107 kg·s−1). The red rectangles represent the water
vapor transport boundaries: (b) west, (c) east, (d) south, and (e) north. Standardized time series of
boundary water vapor transport. The red line is the trend line, the blue dashed line is the 11−year
sliding average, double asterisk indicates values that passed the 0.05 t−test, and single asterisk
indicates values that passed the 0.1 t−test.
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2020. The red solid line indicates the trend line, the blue dashed line indicates the 11−year sliding
average, and asterisk indicates that the value passed the 0.05 t−test.
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Figure 10. Correlation distribution of extreme precipitation in SXJ in summer with (a) western,
(b) eastern, (c) southern, and (d) northern boundary water vapor transport flux from 1986 to 2020.
The dotted area indicates that the value passed the 0.05 t–test.

In order to clarify how water vapor, which leads to a change in the water budget in SXJ,
is distributed in the vertical direction of each boundary, we present vertical cross-sections of
the differences in water vapor transport fluxes between the four borders from 1961 to 1985
and from 1986 to 2020. The anomalous water vapor input on the northern boundary was
concentrated in the lower 850 hPa, and the area with a large value of water vapor output
was concentrated in the 90–96◦ E region at 700–400 hPa (Figure 11a). The entire layer on the
southern boundary showed anomalous water vapor input, and the area with a large value
of water vapor output was located in the 87–92◦ E region at 500 hPa (Figure 11b). The water
vapor anomalies on the western boundary were scattered and anomalous water vapor
input was mainly dominant at 700–300 hPa (Figure 11c). Anomalous water vapor input
was observed at 850–500 hPa on the eastern boundary, with the high value area located at
40–43◦ N (Figure 11d).
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Figure 11. Vertical cross−sections of the difference in water vapor transport flux at the (a) northern,
(b) southern, (c) western, and (d) eastern boundaries between 1961 and 1985 and between 1986 and
2020. The gray shading represents topographic shielding.

4. Discussion and Conclusions

In this study, 60 years of precipitation data were used to analyze the spatial and
temporal variations of each extreme precipitation feature in SXJ, to identify the abrupt
time points of interdecadal transitions in extreme precipitation, and to explore large-
scale circulation and water vapor transport anomalies before and after the transitions. In
addition, the trends of boundary water vapor transport and the contributions of water
vapor disturbance and wind disturbance to the changes in water vapor transport were
investigated, and the correlation between extreme precipitation changes in SXJ and the
water vapor flux of each boundary were analyzed. The vertical distribution characteristics
of water vapor transport at each boundary were also given. The following conclusions
were reached:

1. The areas with large values of extreme precipitation, extreme precipitation days,
and extreme precipitation intensity in summer in SXJ were located in the Tianshan
Mountains, at the northern slope of the Kunlun Mountains, and in the Hami region.
The areas with large values of extreme precipitation contribution were located in the
area around the southern leaning mountains of Kashgar and Hotan and the central
part of Bazhou. Apart from extreme precipitation intensity, the other characteristic
quantities showed an interdecadal increasing trend over the past 60 years, and the
increase in extreme precipitation was likely more associated with an increase in the
number of extreme precipitation days. In the western part of SXJ, the Tianshan
Mountains, and the Hami area, extreme precipitation, the number of precipitation
days, and the contribution of precipitation all exhibited a significant increasing trend.
The turning point for the sudden change in extreme precipitation was 1986.

2. The large-scale circulation differences that caused the dramatic increase in extreme
precipitation after 1986 were as follows: the upper levels in SXJ were dominated by
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the ascending branch of the western cyclonic circulation, thus leading to enhanced
upward motion and dispersion in the upper levels; and the middle and lower levels
were dominated by the ascending branch of the anticyclone in Mongolia, thus leading
to periodic shifts in the upper airflow in SXJ and enhanced upward motion. In
addition, stronger water vapor convergence at lower levels and enhanced atmospheric
convective instability combined to cause an increase in extreme summer precipitation
in SXJ.

3. The anomalous water vapor that caused the increase in extreme precipitation in
summer in SXJ originated from the eastward Pacific Ocean and the southward Indian
Ocean. Water vapor flow to the eastern, western, and southern boundaries increased
and water vapor flow decreased at the northern boundary. The changes in water vapor
transport at the southern and northern boundaries were significant and consistent with
the trends in extreme precipitation, indicating that meridional water vapor transport
was dominant. The changes in water vapor transport on the western, eastern, and
northern boundaries were caused by perturbation of the wind field, whereas changes
on the southern boundary were caused by perturbation of the water vapor field. Water
vapor on the southern boundary was highly correlated with extreme precipitation in
the western part of the southern border, which implies that water vapor transport
on the southern boundary played a major role in the variations observed in extreme
summer precipitation in SXJ after 1986. The water vapor transport at vertical heights
exhibited greater input at the eastern and southern boundaries and greater output at
the northern boundary. The meridional water vapor transport flux was concentrated
in the middle and upper layers, whereas the latitudinal water vapor transport flux
was concentrated in the middle and lower layers.

In general, this paper reveals the anomalous water vapor transport characteristics
associated with the interdecadal variability in extreme precipitation in SXJ and highlights
the importance of water vapor transport at the southern border for increases in extreme
precipitation in summer. However, the station data included in the CN05.1 dataset were
basically distributed at the edge of the Tarim Basin and relatively few data points were
located in the desert hinterland, which introduced some uncertainty in the spatial distri-
bution of extreme precipitation in the South Xinjiang Basin. Although the accuracy of the
ERA5 data has been widely verified [59,60], the analysis of water vapor transport may
still be biased. In the future, we will use satellite data to study water vapor transport
in SXJ, to identify the source–sink structure of water vapor transport, and to verify our
conclusions. In addition to large-scale circulation and water vapor transport anomalies,
thermal anomalies in the plateau and sea surface temperature anomalies can also affect
summer precipitation in SXJ [61,62]. These physical mechanisms related to precipitation
variability still require further exploration. Thus, our group will attempt to further identify
the physical mechanisms affecting extreme precipitation in SXJ through numerical models.
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