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Abstract: To improve understanding of the characteristics of extreme summer rainfall and its water
vapor transport in the eastern part of southwestern China (ESWC), this study analyzed data on
daily precipitation from 118 meteorological stations in the ESWC from 1979 to 2020, as well as daily
reanalysis data from ERA5 and daily reanalysis data from NCEP/NCAR. The study employed
polynomial fitting, correlation, regression, clustering, and mixed single-particle Lagrangian trajectory
(HYSPLITv5.0) modeling methods to simulate extreme summer precipitation and its water vapor
transport characteristics in the ESWC and its possible formation mechanism. The results show that:
(1) The contribution rate of extreme precipitation in the ESWC from 1979 to 2020 varied significantly
on the interannual time scale. When the number of extreme precipitation days is high (low), the
contribution rate of extreme precipitation is also high (low), while the contribution rate of general
precipitation (the percentage of the sum of general precipitation to the total summer precipitation
of that year) is often low (high). (2) When extreme precipitation occurs in the ESWC, compared
with general precipitation, the high-level potential vortices are stronger, and the cold air from higher
latitude is more likely to move southward. Meanwhile, the amount of water vapor input to the region
is significantly larger than that of general precipitation. (3) There are four channels of water vapor
sources in the ESWC during the period of extreme precipitation: the Bay of Bengal, the Arabian Sea,
the western Pacific, and the northwest. The contribution of water vapor from the Bay of Bengal is the
highest. The number of extreme summer precipitation days in the ESWC is significantly negatively
correlated with the water vapor budget of the eastern boundary and positively correlated with Indian
Ocean Basin-Wide (IOBW) index in the previous winter. (4) When the winter SST is high in the IOBW
mode, it can cause the western Pacific subtropical high and the South Asian high to be stronger and
shifted southward in summer, resulting in an increase in the number of extreme precipitation days in
the ESWC.

Keywords: eastern part of Southwest China; summer extreme precipitation events; water vapor
transportation; Indian Ocean basin-wide; impact mechanism pattern

1. Introduction

Extreme precipitation refers to rare rainfall events in a certain area that, due to their
extreme nature, often lead to disasters such as floods, debris flows, landslides, and water-
logging, resulting in severe loss of life and property [1]. With the background of global
warming, extreme precipitation events are becoming more frequent. On 21 July 2012,
Beijing experienced the strongest heavy rainstorm since 1951. From 19 to 21 July 2016, large-
scale heavy rainstorms occurred in North China, with some areas experiencing extremely
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heavy rainfalls, causing significant casualties and property losses [2,3]. On 20-21 July 2021,
a severe rainstorm hit the central and northern parts of Henan province, with the maximum
hourly rainfall in Zhengzhou reaching 201.9 mm, which is the highest hourly rainfall in
mainland China’s history. This extreme rainfall caused severe flooding and urban water-
logging in cities such as Zhengzhou, resulting in pronounced loss of life and property [4,5].
In fact, extreme precipitation events have attracted widespread attention. And experts
and scholars have conducted some meaningful research on this topic [6-12]. Studies have
shown that in most parts of China, the frequency and intensity of heavy precipitation and
extreme precipitation events have increased, while light rain has decreased [13-15]. The
changes in extreme precipitation in China exhibit significant regional differences, with most
extreme precipitation indices showing an increasing trend in northwest China, southeast
China, and the middle and lower reaches of the Yangtze River, while a decreasing trend is
observed in North China, Northeast China, and Southwest China [16-20]. In general, the
formation of strong water vapor transport channels is an important prerequisite for the
occurrence of heavy rainstorms in eastern China during the summer, with the entire layer
of water vapor flux usually exceeding 200 kg m~1s71[21-23]. Chen and Xu [24] pointed
out that the water vapor transport in extreme precipitation events can be traced upstream
to the Arabian Sea and West Asia, and the topography of the Qinghai-Tibet Plateau and the
subtropical high-pressure system have an important influence on the water vapor transport
path. Bu et al. [25] analyzed the water vapor transport characteristics, water vapor sources,
and key weather scale systems of the 20 July 2021, Henan rainstorm and emphasized that
on the 20th, a stratospheric anticyclone breaking event occurred over the western region of
Henan, which, together with the typhoon, triggered a strong meridional water vapor flux
on the southern side of Henan, leading to this extreme rainstorm event.

The ESWC (referring to the area between 27° N-32° N and 105° E-110° E, cover-
ing parts of eastern Sichuan, Chongqing, northern Guizhou, and western Hunan and
Hubei) is located on the eastern side of the Qinghai-Tibet Plateau, with complex terrain
and landforms. This region is one of the areas in China with relatively abundant sum-
mer precipitation. Due to its special geographical location, the weather and climate are
influenced by both the Qinghai-Tibet Plateau and the South Asian (Indian) monsoon and
the East Asian monsoon. Precipitation in this region affects the Three Gorges Reservoir
water storage scheduling and is located near the boundary of China’s large-scale rainy
(less rainy) areas. Therefore, extreme (heavy) precipitation in summer is of great concern.
Research has shown that extreme (heavy) summer precipitation in the eastern region of
Southwest China and its adjacent areas are closely related to water vapor transport. Huang
and Cui [26] studied the water vapor sources of extreme precipitation in the Sichuan Basin
in July 2013 and found that they were mainly concentrated in the lower and middle levels of
the troposphere, and the sources could be traced back to the Arabian Sea. More than 80% of
the total water vapor came from the source region, and the largest contribution came from
the Indian Peninsula-Bay of Bengal-Central and Southern Peninsula region. Li et al. [27]
analyzed the water vapor transport characteristics of nine extreme rainstorms in the upper
reaches of the Yangtze River in the summer of 1998. The results showed that the water
vapor of the extreme rainstorms in the upper reaches of the Yangtze River mainly came
from the Bay of Bengal, the South China Sea, and the western Pacific. There also existed
a water vapor pathway from the northern Arabian Sea, through the northern part of the
Indian Peninsula, and then through the southeastern part of the Qinghai-Tibet Plateau, into
the upper reaches of the Yangtze River. Li et al. [28,29] analyzed the sources, pathways, and
contributions of water vapor for summer precipitation in the eastern region of Southwest
China, indicating that the water vapor pathway for summer precipitation mainly comes
from the southern pathways of the Bay of Bengal, the South China Sea, and the Arabian
Sea. Qi and Li [30,31] found that water vapor in the Sichuan Basin flows in from the
southern and western boundaries, and flows out from the eastern and northern boundaries
during the summer. The Sichuan Basin is a water vapor sink, and summer precipitation
in this region is significantly positively correlated with the inflow of water vapor from
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the southern boundary. The spatial and temporal distribution of extreme rainstorms in
the Sichuan Basin is the result of the interaction between the special terrain and different
water vapor transport characteristics at low latitudes. The intensity of extreme rainstorms
is mainly influenced by the dynamic effects of regional and local terrain.

Some previous studies have also been conducted on the characteristics of extreme
precipitation in the ESWC [32,33], indicating a slight increase and strengthening trend of
extreme precipitation in this region during summer. However, most of these studies focus
on the analysis of the change patterns of extreme precipitation or the characteristics of
water vapor transport in summer. This article aims to comprehensively analyze the change
patterns of extreme summer precipitation and its water vapor transport characteristics in
the ESWC. From the perspective of climate prediction, it will analyze the factors affecting
extreme precipitation and its water vapor transport, and a physical conceptual model based
on the influence mechanism will be preliminarily discussed to provide a technical reference
for predicting extreme summer precipitation trends in this region. In this paper, the water
vapor characteristics (including water vapor budget, water vapor source and contribution)
of the summer extreme precipitation in ESWC are systematically and quantitatively an-
alyzed, and then a conceptual model of the factors affecting the interannual variation of
extreme precipitation days is established.

2. Data and Methods
2.1. Data

The data used in this article mainly include:

(1) The precipitation is from China Surface Daily Meteorological Elements Dataset
(V3.0) provided by the National Meteorological Information Center of the China Meteo-
rological Administration, which has undergone strict quality control. In this article, we
selected the 24 h accumulated precipitation data from 20:00 to the next day’s 20:00 (Beijing
time, same below) from 1979 to 2020 at 118 meteorological stations (Figure 1) uniformly
distributed, representative, and complete in data in the ESWC (27° N to 32° N, 105° E to
110° E) for analysis.

30°N

50 350 650 950 1250 1550 1850 2150 2450

Figure 1. Distribution of 118 meteorological stations in the ESWC.

(2) Monthly ERA5 reanalysis data from 1979 to 2020 provided by the European Centre
for Medium-Range Weather Forecasts (ECMWF) were used, including potential height,
temperature, meridional wind, zonal wind, vertical velocity, specific humidity, etc. The
horizontal resolution is 0.25° x 0.25°, and there are 37 vertical pressure layers from 1000 hPa
to 1 hPa.
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(3) Trajectory simulation data come from the reanalysis data provided by the Na-
tional Centers for Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) in the United States, which includes four times a day from 1991 to 2020.
The variables include geopotential height, temperature, meridional wind, zonal wind, and
vertical velocity. The horizontal resolution is 2.5° x 2.5°, and the vertical level is 17 layers.

2.2. Methods

(1) Definition of extreme precipitation and general precipitation

The method of defining extreme precipitation events is as follows: the daily pre-
cipitation sequence (>1 mm) of all individual stations is arranged in ascending order,
and the daily precipitation corresponding to the 95th percentile is defined as the extreme
precipitation threshold. Precipitation exceeding the threshold is considered an extreme
precipitation event [34,35]. The two extreme precipitation indices used are: the number
of extreme precipitation days (R95d), defined as the number of days on which extreme
precipitation occurs (daily precipitation >95th percentile); and the contribution rate of
extreme precipitation (R95r), defined as the percentage of the sum of extreme precipitation
(daily precipitation >95th percentile) to the total summer precipitation in a given year.

To study the difference between extreme precipitation and general precipitation, this
paper defines a rainy day as a day in which at least 54 of the 118 stations in the eastern part
of Southwest China experience precipitation (daily precipitation > 1 mm) within 1 day.
The choice of 54 stations is based on the fact that the resulting number of rainy days (31
days) calculated in this way is the same as the average number of rainy days for all 118
stations over many years (31 days). Correspondingly, if at least 16 stations experience
extreme precipitation within 1 day (the choice of 16 stations is based on the fact that the
resulting number of extreme precipitation days (2 days) calculated in this way is the same
as the average number of extreme precipitation days for all the 118 stations over many
years (2 days)), the day is considered an extreme precipitation day. The number of general
precipitation days (R5d) is defined as the number of remaining rainy days in summer after
extreme precipitation days are excluded, and the contribution rate of general precipitation
(R5r) is defined as the percentage of the sum of general precipitation to the total summer
precipitation in a given year.

(2) Calculation of water vapor budget using the Eulerian method

The formula for calculating the unit column atmospheric water vapor flux vector is:

1 rps =
Q=_/ Vxqdp O

Ptop

The zonal and meridional water vapor flux is:

1 [ps
Q= / (uq)dp )
8 Ptop
1 [ps
Q= / (og)dp ®)
g Ptop
The boundary integration of water vapor transportation can be expressed as:
Fo= [ Quadg @
F, = / Qpa cos pdA (5)

Finally, the regional water vapor budget is:

Ds:Z(Fu/Fv):Fi_FO (6)



Atmosphere 2023, 14, 1328

50f17

—

In the above Equations (1)—(6), g represents the acceleration of gravity, V represents
the wind velocity vector of the atmosphere in each unit air column. F; is the total amount of
water vapor flowing into the unit air column, F, is the total amount of water vapor flowing
out of the unit air column, a is the radius of the Earth, ¢ is the latitude, A is the longitude,
ps is the surface air pressure, and pyp is the pressure at the top of the model layer.

(3) Trajectory mode

Trajstat [36] software and the HYSPLIT [37] model were used for water vapor trajectory
analysis in this paper. The trajectory simulation method of HYSPLIT involves integrating
the position vectors of the moving path of the mass point, using the average velocity
between the initial position of the mass point and the first estimated position to calculate
the tracking position of the air mass. Therefore, backward integration of the air mass can
be used to determine the source of water vapor [38—40].

In this paper, the simulation area was selected as the ESWC (27° N to 32° N, 105° E to
110° E). The initial height for the simulation was selected as 1500 m (approximately 850 hPa)
in the vertical direction. Three initial trajectory points were selected for the entire simulation
space, with latitude and longitude coordinates of (30.00° N, 105.00° E), (30.00° N, 107.50° E),
and (30.00° N, 110.00° E). The three-dimensional motion trajectories of these points were
simulated backward for 10 days, with trajectory points output every hour and corresponding
atmospheric fields (such as temperature, height, pressure, and relative humidity) interpolated.
Every 6 h, all initial trajectory points were re-simulated backward for 10 days to track the
water vapor trajectory of extreme precipitation from 1979 to 2020, and a large number of
trajectories were clustered to determine the final number of trajectories.

3. Extreme Precipitation Changes and Atmospheric Circulation Features
3.1. Extreme Precipitation Characteristics in the ESWC

Figure 2 shows the interannual and decadal variations of the contribution rate of
extreme precipitation (R95r), the number of extreme precipitation days (R95d), the contri-
bution rate of general precipitation (R5r), the number of general precipitation days (R5d),
and the regional precipitation anomaly percentage (AR, relative to the average value from
1979 to 2020) in the ESWC from 1979 to 2020. The interannual variation of the contribution
rate of extreme precipitation in this region is significant, with 26% of years (11 years)
exceeding 15%, and the highest year reaching 22% (2016), while 21% of years (9 years)
did not experience extreme precipitation. From a decadal perspective, the contribution
rate of extreme precipitation was relatively large in the 1980s, the mid-late 1990s, the late
2000s to the 2010s. The contribution rate of extreme precipitation slightly increased but
was not significant (Figure 2a). In terms of the number of extreme precipitation days, there
were more than 3 days in 13 years, with 5 years (1979, 1998, 2005, 2010, and 2016) having
4 days. The decadal variation of extreme precipitation days was similar to that of the
contribution rate. And the number of extreme precipitation days slightly increased but was
not significant (Figure 2b). The contribution rate of general precipitation varied between
44% and 78%, and was higher than the contribution rate of extreme precipitation each
year, especially in the late 1990s, early 2000s, and since 2014. From the linear trend of the
entire period, the contribution rate of general precipitation slightly decreased but was not
significant (Figure 2c). The number of general precipitation days ranged from 12 to 43 days,
with the most in the 1980s and the least in 2006. From the linear trend of the entire period,
the number of general precipitation days also slightly decreased but was not significant
(Figure 2d). The interannual variation of the regional precipitation anomaly percentage
was significant, with the most in 1998 (45%) and the least in 2006 (—44%). The precipitation
was relatively high in the early 1980s, 1990s, and since 2014. Moreover, the percentage of
summer precipitation anomaly slightly decreased but was not significant (Figure 2e).
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Figure 2. Interannual and interdecadal changes in the contribution rate of extreme summer precip-
itation ((a) R95r; unit: %), extreme precipitation days ((b) R95d; unit: day), general precipitation
contribution rate ((c) R5r; unit: %), general precipitation days ((d) R5d; unit: day), and regional
precipitation anomaly percentage ((e) AR, relative to the average value of 1979-2020) in ESWC from
1979 to 2020. (The black line represents the linear trend, while the red line represents the 5-term
polynomial fit).

According to the correlation coefficients (Table 1) between the contribution rate of
extreme precipitation (R95r), the number of extreme precipitation days (R95d), the contribu-
tion rate of general precipitation (R5r), the number of general precipitation days (R5d), and
the percentage deviation of regional precipitation (AR), the R95r and R95d are significantly
positively correlated with each other, and both are significantly positively correlated with
AR, while they are significantly negatively correlated with R5r and not closely related to
R5d. Therefore, when the number of extreme precipitation days in the summer in the ESWC
is relatively high (low), the contribution rate of extreme precipitation is also relatively high
(low), and the contribution rate of general precipitation tends to be low (high), which may
result in an overall increase (decrease) in precipitation.

Table 1. Correlation coefficients between R95r, R95d, R5r, R5d, and AR in the ESWC during the
summer period from 1979 to 2020.

R95d R5r R5d AR
R95r 0.96 *** —0.55 *** -0.09 0.30*
R95d 1.00 —0.44 *** 0.09 0.44 **

Note: *, **, and *** passed the 90%, 95%, and 99% significance tests, respectively.

3.2. Characteristics of Associated Circulation

To analyze the differences in atmospheric circulation characteristics between extreme
precipitation and general precipitation, we calculated the composite distribution of the
300 hPa potential vorticity (PV), 500 hPa geopotential height (Z), 850 hPa wind field, and
1000-300 hPa vertically integrated water vapor transport for extreme precipitation events
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and general precipitation events from 1979 to 2020 (Figure 3). From the 300 hPa PV fields
(Figure 3a—c), it can be seen that the high-level PV during extreme precipitation events
is significantly stronger than that during general precipitation events. According to the
PV theory, the high-level PV of cold air can promote the increase in low-level PV and the
development of cyclones [41]. When combined with water vapor and other conditions,
this can cause heavy or extreme precipitation. On the 500 hPa height field (Figure 3d—f),
compared with general precipitation, during extreme precipitation events, the height field
over the northeast Asia region, such as the Sea of Okhotsk, is significantly higher, forming a
blocking high, which guides cold air southward. At the same time, the height field over the
ESWC is lower, and there is low trough activity to the west of it, and the ESWC is located in
front of the trough, which is conducive to the occurrence of heavy precipitation events. On
the 850 hPa wind field (Figure 3g—i), during extreme precipitation events, the southwest
wind is significantly stronger than that during general precipitation events, which leads
warm and moist airflow from the south to transport more water vapor to the ESWC. From
the vertically integrated water vapor transport field (Figure 3j-1), it can be seen that during
extreme precipitation events, the water vapor transported to the ESWC is more apparent
than that during general precipitation events. In summary, when extreme precipitation
events occur in the ESWC, compared with general precipitation events, the high-level
PV is stronger. Stronger cold air invades from the higher latitudes to the ESWC, and the
southward flow of water vapor is stronger.

10K m*/kg/s 10K m’/kg/s

60N

40N

20N

EQ
i o s = ]
02 06 1 14 18 22 02 06 1
(d) H500 10gpm  (e) H500
e F———— —
60N f————— - ————
= = [ ————57% —--
40N :f;:\\@és_ ?;’_Q—‘N——
e ko
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Figure 3. Circulation characteristics of extreme summer precipitation processes (a,d,g,j), general precipi-
tation processes (b,e,h k), and the difference in vortex (c), 500 hPa geopotential height (f), 850 hPa wind
fields (i), and 1000-300 hPa integrated water vapor transport flux fields (1) in ESWC from summer 1979
to 2020. The blue box in the figure represents ESWC region.

4. Characteristics of Water Vapor Transport during Extreme Precipitation
4.1. Water Vapor Budget
Figure 4 shows the average water vapor budget for extreme precipitation and general

precipitation in the summer of ESWC from 1979 to 2020. In the case of extreme precipita-
tion (Figure 4a), the total water vapor convergence is 5.99 x 107 kg/s, with water vapor



Atmosphere 2023, 14, 1328

8of 17

inflow from the south, west, and north boundaries, which are 10.92 x 107 kg/s, 2.65 x 107
kg/s, and 1.26 x 107 kg/s, respectively, and outflow from the east boundary (8.84 x 107
kg/s). In contrast, for general precipitation (Figure 4b), the total water vapor convergence
is 2.61 x 107 kg/s, which is only 44% of that during extreme precipitation. Water vapor in-
flow occurs from the south and west boundaries, which are 7.38 x 107 kg/s and 2.49 x 107
kg/s, respectively. The water vapor inflow from the south boundary is significantly less
than that during extreme precipitation, while that from the west boundary remains relatively
stable. Water vapor outflows occur from the east and north boundaries, which are 6.16 x

107 kg/s and 1.10 x 107 kg/s, respectively. It can be seen that during extreme precipitation
events in the ESWC, more water vapor is transported into this region than during general
precipitation events.

(a) (b)

[
2 L
IZ@J‘} 5.99 @f} IIQ} 2.61 IE?‘)

1H2 138
Figure 4. Water vapor budget of summertime mean extreme precipitation (a) and general precipitation

(b) in the ESWC from 1979 to 2020 (unit: 10” kg/s). The red font in the figure indicates the amount of
water vapor inflow, and the blue font indicates the amount of water vapor outflow.

Table 2 shows the correlation coefficients between R95r, R95d of extreme precipitation
events and the water vapor budget at different boundaries and overall. It can be seen that
the contribution rate of extreme precipitation and the number of extreme precipitation
days are significantly positively correlated with the water vapor income at the boundary of
south and west, as well as the overall water vapor budget, while significantly negatively
correlated with the outflow at the eastern boundary. This indicates that there is a significant
water vapor input from the south and west boundaries during extreme precipitation events
in the ESWC during summer.

Table 2. Correlation coefficients of R95r and R95d with the boundary and total water vapor budget
of extreme summer precipitation processes in ESWC from 1979 to 2020.

R95r R95d
East boundary —0.44 *** —0.46 ***
South boundary 0.45 *** 0.44 ***
West boundary 0.34 ** 0.32 **
North boundary 0.11 0.11
Total water vapor budget 0.46 *** 0.40 ***

Note: ** and *** passed the 95% and 99% significance tests, respectively.

4.2. Source of Water Vapor

To further understand the characteristics of external water vapor source paths and
contributions during extreme precipitation events in the ESWC during summer, we used
the HYSPLIT model to simulate the backward trajectory of extreme precipitation events
from 1979 to 2020.
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By simulating the water vapor path of extreme precipitation events during the summer
from 1979 to 2020 and clustering the obtained trajectories using cluster analysis, the spatial
variance growth rate during the clustering process was analyzed (Figure 5a). It can be seen
that the spatial variance growth rate of the trajectory increases rapidly after the number
of clusters is less than four; therefore, the simulated trajectories were finally clustered
into four categories. Figure 5b shows the four water vapor pathways during extreme
precipitation events in the ESWC: the first pathway is the Bay of Bengal pathway, where
water vapor mainly comes from the cross-equatorial flow in the middle and east of the
Indian Ocean, passes through the Bay of Bengal and Indochina, and enters the ESWC; the
second pathway is the Arabian Sea pathway, where water vapor mainly comes from the
Somali Peninsula east of Africa, passes through the Bay of Bengal and northern Indochina,
and enters the ESWC through Yunnan; the third pathway is the western Pacific pathway,
where water vapor mainly comes from the coastal areas of eastern China and the western
Pacific, moves westward from northern Fujian, passes through Jiangxi and Hunan before
entering the ESWC; the fourth pathway is from the northwest, where water vapor mainly
comes from West Siberia, passes through Kazakhstan and enters Xinjiang, then enters
the ESWC through Gansu, Shaanxi, Sichuan, which is consistent with previous research
results [42-44].
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14 50° N-|
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S0 30N ~
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@ 8
= 6 10° N+
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Figure 5. Spatial variance increase rate of water vapor trajectory clustering in extreme precipitation
processes in summer from 1979 to 2020 ((a) unit: %); spatial distribution and proportion of water
vapor channels ((b) unit: %); height change in water vapor channels ((c) unit: hPa); change in water
vapor flux ((d) unit: kg/(m?-s)).

From the variation of the height of water vapor channels (Figure 5c), it can be seen
that the heights of water vapor channels from the Bay of Bengal, Arabian Sea, and western
Pacific are mostly below 900 hPa, and they undergo varying degrees of uplift before
entering the ESWC. The height uplift is more apparent for the Bay of Bengal and Arabian
Sea channels due to the need to pass through the Yunnan-Guizhou Plateau, and the water
vapor is transported to the vicinity of 800 hPa above the ESWC. The vertical variation of
water vapor channels from the northwest channel is small, basically maintained at around
750 hPa to 650 hPa, and it decreases slightly after reaching the ESWC, finally merging
with the water vapor from the Bay of Bengal, Arabian Sea, and western Pacific at around
800 hPa above southwestern China. From the variation of water vapor flux (Figure 5d), it
can be seen that the water vapor flux from low-latitude oceanic channels (Bay of Bengal and
Arabian Sea channels) is significantly greater than that from high-latitude inland channels
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(northwest channel), and the water vapor flux from the western Pacific channel is between
the two. The water vapor flux of the Arabian Sea channel undergoes an apparent increase
when over the ocean and then decreases slightly after entering the land and crossing the
Yunnan-Guizhou Plateau. The water vapor flux of the other three water vapor channels
does not change much over time.

Comparing the quantities of the water vapor channels that finally arrive at the ESWC
(Table 3), it is found that among the four channels, the trajectory number from the Bay of
Bengal channel has the largest proportion (40.1%), followed by the Arabian Sea channel
and the western Pacific channel (28.4% and 25.4%, respectively), and the northwest channel
has the smallest proportion (6.1%). In terms of the specific humidity contribution rate of
each channel, the Bay of Bengal channel has the largest specific humidity contribution rate,
accounting for 42.12% of the total contribution rate, followed by the Arabian Sea channel
(30.13%), the western Pacific channel (23.09%), and the northwest channel (4.66%). In terms
of the water vapor flux contribution rate of each channel, the water vapor flux contribution
rate of the Bay of Bengal channel is still the largest, reaching 38.88%, followed by the
Arabian Sea channel (34.82%), the western Pacific channel (21.91%), and the northwest
channel still has the smallest water vapor flux contribution rate, accounting for only 4.39%.
It can be seen that the trajectory number from the Bay of Bengal channel has the largest
proportion and the greatest contribution to water vapor, followed by the Arabian Sea.
In summary, during the summer of 1979-2020, the water vapor contribution to extreme
precipitation in the ESWC was the largest from the Bay of Bengal, followed by the Arabian
Sea, the western Pacific, and a small amount from the north. In addition, it can be seen
from the equivalent potential temperature that the water vapor from the ocean (Bay of
Bengal, Arabian Sea, and western Pacific) has a warm and humid characteristic (large
equivalent potential temperature), while the water vapor from the north has a dry and cold
characteristic (small equivalent potential temperature).

Table 3. Total number of water vapor channel trajectories, specific humidity, water vapor flux
contribution rates, and potential pseudo-equivalent temperature during extreme precipitation.

Physical Quantity Bay of Bengal Arabian Sea Western Pacific Northwest
Total number of trajectories/tracks 40.1 28.4 254 6.1
Specific humidity contribution rate/% 4212 30.13 23.09 4.66
Moisture flux contribution rate/% 38.88 34.82 2191 4.39

Potential pseudo-equivalent

temperature/K 349.59 351.48 337.78 330.98

5. Driven Factors of Interannual Variability of Extreme Precipitation and Physical
Conceptual Model

Accurately predicting the inter-annual variation in extreme precipitation days is crucial
for disaster prevention and relief decision making. In this section, we use the number of
extreme precipitation days in summer as the object of analysis to investigate the factors
affecting its interannual variability and to preliminarily establish a physical conceptual
model of its influencing mechanism.

5.1. Relationship between the Number of Extreme Precipitation Days and the IOBW Index, Water
Vapor Budget

Previous analyses have shown that the largest contribution to extreme precipitation
in the eastern part of the southwest region comes from the Bay of Bengal, followed by the
Arabian Sea, the western Pacific, and the northwest region. The variation in the strength
of water vapor transport in the water vapor channel is closely related to changes in sea
surface temperature and atmospheric circulation. Sea surface temperature mainly affects
the transport path and strength of the water vapor channel by influencing atmospheric
circulation. Previous studies have shown that Indian Ocean sea surface temperature has
an important impact on East Asian water vapor transport and climate [45-49]. In this
section, we calculate the correlation coefficient between the IOBW index in the previous
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winter and R95d, water vapor budget of the four boundaries and total water vapor budget
(Table 4). It can be seen that the correlation coefficient between IOBW index and R95d
reached 0.37, passing the 95% significance test. IOBW index is most closely related to the
eastern boundary, with correlation coefficient reaching —0.53, passing the significance test
of 99.9%. The correlation coefficient with the southern and western boundaries also passed
the significance test. This indicates that when the IOBW index in winter has a positive
(negative) value and outflow of the water vapor budget of east boundary is weak (strong),
the number of extreme precipitation days in the ESWC in summer is more (less).

Table 4. Correlation coefficients of IOBW index in the previous winter and R95d with the boundary
water vapor budget in ESWC from 1979 to 2020.

R95d East Boundary South Boundary West Boundary North Boundary
IOBW 0.37 ** —0.53 *** 0.43 *** 0.38 ** 0.14
Note: ** and *** passed the 95% and 99% significance tests, respectively.

5.2. Physical Concept Model of the Impact of Extreme Summer Precipitation

Figure 6 shows the linear regression against the IOBW index in winter, water va-
por budget of east boundary, extreme precipitation days in the ESWC of the summer
atmospheric fields. When the current period’s winter IOBW mode is in a positive (nega-
tive) phase, the South Asian high pressure is significantly stronger (weaker) in summer
(Figure 6a). The 500 hPa western Pacific subtropical high is stronger (weaker), and the
height field is stronger (weaker) in the middle and high latitudes of the Ural Mountains
and Lake Baikal region. In the entire Yangtze River basin including Chongqing, there
is a prevalent upward (downward) airflow (Figure 6d,g). In China’s middle and lower
reaches of the Yangtze River and its south region, there is a prevalent southwest-northeast
(northeast-southwest) airflow and water vapor transport (Figure 6j,m). When outflow of
the water vapor budget of east boundary in the ESWC is weaker, the intensity changes
in the South Asian high pressure, western Pacific subtropical high, and other factors are
relatively insignificant (Figure 6b,e). There is a prevalent downward airflow in the middle
and lower reaches of the Yangtze River and its south region (Figure 6h), and the southwest-
northeast airflow and water vapor transport are relatively weak (Figure 6k,n). When the
summer extreme precipitation days in the eastern part of the Southwest region are more,
the intensity of the South Asian high pressure and western Pacific subtropical high is
stronger (Figure 6¢,f), there is a prevalent upward airflow in the middle and lower reaches
of the Yangtze River and Jiangnan region (Figure 6i), and the southwest-northeast airflow
and water vapor transport are more significant (Figure 61,0). This is consistent with the
atmospheric circulation and water vapor transport characteristics when the IOBW mode is
in a positive phase and the water vapor budget of east boundary is weaker.

At the same time, we calculated the correlation coefficient between the IOBW index
in the previous winter and the IOBW index in spring and summer, which reached 0.91 in
spring and 0.73 in summer, both passing the significance test of 99.9%, showing that the
SST of the Indian Ocean in winter will continue to affect the SST of the Indian Ocean in
spring or summer.

The abnormal winter Indian Ocean sea surface temperature affects summer water
vapor transport and atmospheric circulation, thus affecting extreme summer precipita-
tion in the ESWC. Previous studies [50] have shown that if the sea surface temperature
of the Indian Ocean is warm, it will intensify water vapor evaporation and the sea-air
temperature difference, resulting in an abnormal increase in sensible heat, the formation
of cyclonic circulation in the lower atmosphere, a weakening of the westerly winds in
the northern part, a reduction in meridional water vapor transport in the Bay of Bengal,
and an intensification of zonal water vapor transport. The strong southward wind on the
eastern side of the abnormal development area transports a large amount of water vapor
northward, resulting in anomalous precipitation. These anomalous precipitation events,
while extending northeastward, are accompanied by deep convective latent heating. In the
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lower troposphere, heating increases with height, leading to the development of southerly
wind and the strengthening of the subtropical high-pressure system on the eastern side of
the heating region. In the upper troposphere, heating decreases with height, resulting in
the development of a northern wind and the strengthening of the subtropical high-pressure
system on the western side of the heating region. Therefore, when the northern Indian
Ocean exhibits positive sea surface temperature anomalies, the western Pacific subtropical
high-pressure system at the 500 hPa level and below will anomalously develop and inten-
sify in a southward direction, and the South Asian high-pressure system at the 200 hPa
level will also anomalously develop and strengthen. Additionally, the warm anomalies in
the tropical Indian Ocean can induce a Matsuno-Gill response in the upper atmosphere,
causing abnormal height field anomalies in the troposphere, which in turn, lead to an inten-
sified South Asian high-pressure system. At the same time, enhanced convective activity
in the upper atmosphere can excite eastward propagating Kelvin waves to the western
Pacific region. Under the Ekman pumping effect, this leads to an anomalous intensification
of anticyclones over the northwest Pacific (Kelvin wave-Ekman pumping effect), which
favors the strengthening of eastward water vapor transport in East Asia [51-56].
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Figure 6. Linear regression of the 200 hPa and 500 hPa geopotential height, 500 hPa vertical velocity,
850 hPa wind, and 1000-300 hPa water vapor transport flux field in summer against the IOBW index
in winter (a,d,g,j,m), water vapor budget of east boundary (b,e,h k,n) and extreme precipitation days
in the ESWC (c,£,i,1,0). The blue box in the figure represents ESWC region. (The dotted and red
vectors in the figure represent areas that have passed the 90% significance test, respectively).
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Figure 7 shows the anomaly variations of the winter IOBW index, standardized water
vapor budget of east boundary, and summer extreme precipitation days in the ESWC. It
can be observed that when the winter sea surface temperature in the tropical Indian Ocean
is higher (lower), the outflow of water vapor budget of east boundary is weaker (stronger)
(correlation coefficient —0.53, above a 99.9% confidence level), and the summer extreme
precipitation days in the ESWC are more (less) (correlation coefficient 0.37, reaching a 95%
confidence level).
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—e—extreme precipitation days
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Figure 7. Variation of the IOBW index in the previous winter, summer zonal water vapor intensity
index in the Bay of Bengal, and extreme precipitation days in the ESWC during summer.

Based on the above analysis, it can be concluded that a higher sea surface temperature
(SST) in the tropical Indian Ocean during the preceding winter (positive phase of IOBW) can
lead to the intensification and southward displacement of the western Pacific subtropical
high-pressure system and the South Asian high-pressure system during the summer. This
result has led to an increase in water vapor transport at the eastern boundary of the
southwestern region. Consequently, the number of extreme precipitation days in the ESWC
increases. The physical conceptual model illustrating these relationships is presented in
Figure 8.
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Figure 8. Mechanism pattern illustrating the impact of sea surface temperature (SST) in the tropical
Indian Ocean during the previous winter on the frequency of extreme summer precipitation events
in the ESWC.

6. Conclusions and Discussion

Through the analysis of extreme precipitation and water vapor transport charac-
teristics in the ESWC during summer, followed by a preliminary diagnostic analysis of
the relationship between extreme precipitation days and preceding winter sea surface
temperature (SST) in the tropical Indian Ocean, the following main conclusions are drawn:

(1) Since 1979, the contribution rate and number of extreme precipitation days in the
ESWC during summer have shown a slight increasing trend. When there are more (fewer)
extreme precipitation days in this region, the contribution rate of extreme precipitation
also tends to be higher (lower), while the contribution rate of general precipitation tends to
be lower (higher). This may result in a higher (lower) total precipitation amount. During
extreme precipitation events in this region, the upper-level potential vorticity is stronger,
and the northward movement of cold air is more likely to occur, while the southward water
vapor transport is stronger compared to general precipitation events. The amount of water
vapor input to this region during extreme precipitation events is significantly higher than
that during general precipitation events.

(2) During periods of extreme precipitation event, there are four main pathways for
water vapor transport in the ESWC: the Bay of Bengal, the Arabian Sea, the western Pacific,
and the northwest direction. The largest contribution of water vapor comes from the Bay
of Bengal, followed by the Arabian Sea, then the western Pacific, and there is also a small
amount coming from the northwest direction. Water vapor from the oceans has warm and
humid characteristics, while water vapor from the north has dry and cold characteristics.

(3) Preceding winter SST in the tropical Indian Ocean affects summer water vapor
transport and atmospheric circulation, thereby influencing extreme precipitation in the
ESWC. Higher SST in the tropical Indian Ocean during the preceding winter (positive
phase of IOBW) can lead to the intensification and southward displacement of the western
Pacific subtropical high-pressure system and the South Asian high-pressure system, as
well as the weakening of outflow of the water vapor budget of the eastern boundary. This,
in turn, results in an increase in the number of extreme precipitation days in the ESWC
during summer.

This study analyzed the water vapor transport characteristics of extreme precipitation
in the ESWC during summer and preliminarily established a conceptual model to under-
stand the factors influencing the number of extreme precipitation events. In this paper, the
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clustering method and mixed single-particle Lagrange integrated trajectory (HYSPLITv5.0)
model was used to simulate the water vapor characteristics of extreme precipitation in the
ESWC, and the quantitative and objective water vapor budget and water vapor sources
and contributions were obtained. However, further verification and quantitative modeling
work are required before its practical application in forecasting operations. Regarding the
cross-seasonal mechanism of how preceding winter sea surface temperature (SST) in the
tropical Indian Ocean affects the number of extreme precipitation days in the ESWC during
summer, it involves aspects such as SST persistence, which requires further dynamical
diagnostic analysis using numerical modeling and other methods. Due to the complexity
of factors influencing extreme precipitation events, future research and application verifica-
tion work should focus on studying and understanding other influencing factors, such as
the Qinghai-Tibet Plateau, and their comprehensive interactive mechanisms, as well as the
development of quantitative prediction models.
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