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Abstract: In this study, we investigate the variation of characteristics of summer precipitation with
different magnitudes and the water vapor budget in different key areas of the Sichuan-Tibet Railway
by using the daily precipitation data from meteorological stations and the monthly mean ERA-Interim
reanalysis data from 1979 to 2018. The results show that the summer heavy precipitation anomaly
in the Brahmaputra valley and mountain (BVM) area is generated by the multi-scale interactions
between the unique topography and different water vapor transports at low latitudes. When an
intense anticyclonic circulation occurs over the western Pacific and the South China Sea, there is
also an anomalous anticyclonic circulation extending from the northern Indian Peninsula to the Bay
of Bengal. This circulation pattern is conductive to the increase of the water vapor inflow from the
southern boundary and the net water vapor budget in the BVM area. The strong southwesterly wind
and water vapor convergence over this area thus leading to heavy precipitation in the summer. The
summer heavy precipitation amount, frequency and intensity in the western parts of the steep terrain
(ST) area on the east slope of the plateau are positively correlated with the water vapor inflow from
its western boundary. However, the correlations of the water vapor budget to the summer heavy
precipitation amount and frequency are opposite in the eastern parts of the ST area. The unique
terrain and circulation patterns lead to the localization and diversity of heavy precipitation in the
ST area.

Keywords: key area of Sichuan-Tibet railway; summer heavy precipitation; water vapor budget;
unique terrain; circulation anomaly

1. Introduction

Traversing the Tibetan Plateau (TP), the Brahmaputra Valley, the Hengduan Mountains,
the Sichuan Basin, and and Chengdu Plain, the Sichuan-Tibet Railway crosses the first and
second terrain ladders of China and passes through five geomorphic units and several
rivers. The altitude differences of the terrain are huge along the railway, and the geological
conditions are extremely complex. Specifically, the Kangding-Changdu section of the
railway goes across the “Three Parallel Rivers” in the Hengduan Mountains, and spans the
mountain and valley area of western Sichuan and the alpine ravine area of southeastern
Tibet [1,2]. With the complex distribution of multi-scale terrain and the variable weather,
the area along Sichuan-Tibet Railway is frequently hit by disasters, especially mountain-
flood geological disasters. Mountain-flood geological disasters are among the most serious
latent dangers faced by railway construction, operation, and maintenance. They are
mainly caused by precipitation, especially heavy precipitation. Heavy precipitation can
affect high-speed railways mainly in two aspects. First, the floods of medium and small
rivers caused by heavy precipitation may directly destroy the infrastructure (such as
subgrade, power facilities and bridges), as well as the inundation of rails and culverts.
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Second, the secondary disasters including landslides, mudslides, and collapses may bury
rails, resulting in the operation interruption and overturning of trains. The most serious
railway accidents in China were all caused by heavy precipitation and secondary geological
disasters. Jiang et al. [3] pointed out that the disasters caused by heavy precipitation often
occur on the eastern boundary of the TP in summer. Based on the statistics in recent
50 years, Xu et al. [4] found that the railway accidents in China caused by landslides and
collapses mainly occur from May to August, among which 60% resulted from the geological
disasters generated by heavy precipitation.

The TP and its surrounding areas have complex topography and are very sensitive
to climate change. In this region, the intensity, temporal scale and characteristics of the
climate change are different, the responses of regional precipitation to warming climate
are also different, and the regional difference of precipitation variability is obvious [5-9].
The precipitation amount and precipitation days in the TP decrease from the southeast to
the northwest [10-13]. There is remarkable spatial difference in the inter-annual variation
of precipitation in the TP. Liu and Yin [10] found that the inter-annual variation of precip-
itation in the southeastern TP is much greater that in the central part. The inter-annual
variability of summer precipitation in the northern TP is opposite to that in the southern
TP [14-20]. However, there are divergences in the research on the inter-annual variability
of summer precipitation. Wu et al. [21] proposed that the precipitation amount displays an
overall increasing trend in the TP from 1971 to 2000, but the spatial difference is obvious.
Yao et al. [22] showed that from 1979 to 2010, the precipitation decreases in the southeastern
TP but increases in the northwestern TP. Gao et al. [23] found that under the background of
an overall increasing trend of humidity in the TP, the wet southeastern TP tends to become
dry, while the dry southwestern TP shows a wetting trend. Xu et al. [24] pointed out that
the precipitation increases in the central and eastern TP, but decreases in the western TP
from 1961 to 2001. Duan et al. [16] proposed that the annual precipitation amount increases
in the southern TP, while decreases in the northeastern TP from 1960 to 2004. Yang et al. [25]
and Li et al. [26] showed that the summer precipitation rises in the central TP, but decreases
in the peripheral areas of the TP from 1984 to 2006. The summer precipitation on the TP is
closely related to the variation of the mid-latitude westerly circulation, the South Asian
monsoon, the East Asian monsoon, the South Asian high, the western Pacific subtropical
high, the North Atlantic oscillation, and the sea surface temperature anomaly in the Indian
Ocean [11,27-32].

The water vapor flux and its divergence, as well as the water vapor budget, are not
only important processes affecting regional water cycling, but also the most important and
direct impact factors of precipitation [33-36]. The water vapor source of the precipitation
on the TP is mainly from the outside, including the water vapor transported by the South
Asian monsoon, the East Asian monsoon, and the westerlies. In recent years, the research
on the water vapor budget and its effect has made great progress. It is found that there is a
water vapor sink in the southeastern TP in summer. The water vapor is mainly transported
from the southern and western boundaries of this region, and the water vapor mainly
comes from the Arabian Sea, the Bay of Bengal, the South China Sea, and the mid-latitude
westerly transportation [11,20,37-39]. The long-term variation characteristics of water va-
por on the TP have been studied based on the ERA-Interim data [39,40], the NCEP/NCAR
reanalysis data [41,42], surface observation data, sounding data, and satellite data [43—45].
Most studies have indicated that the vertically integrated atmospheric precipitable water
vapor on the TP shows an overall increasing trend. However, the results vary with different
data, study periods, and areas. The water vapor transport in the southeastern TP is mainly
controlled by the Asian monsoon [46]. The overall humidification of TP is primarily due
to the northward movement of the jet and the enhancement of the South Asian summer
monsoon. The strengthening of the monsoon circulation is conducive to the water vapor
intrusion to TP from its southern boundary, which increases the water vapor content and
precipitation on the TP [23,47,48]. The water vapor variations in the areas controlled by the
westerly belt and monsoon contribute to the precipitation over the TP. The precipitation
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increase over the TP from 1979 to 2013 is mainly due to the enhancement of water vapor
transport from the southwest and local water vapor supply [49]. With the interdecadal
variation of water vapor over the TP in summer, the precipitation over the plateau also
shows corresponding interdecadal variation characteristics [39]. The anomalous water
vapor budget at the southern edge of TP directly affects the abnormal distribution of
precipitation over the TP and surrounding monsoon areas, and the occurrence and devel-
opment of extreme drought and flood events [50]. The water vapor transported through
the Brahmaputra Valley plays a critical role in the precipitation in the southeastern TP [51].

Previous studies mainly focused on the spatio-temporal variation characteristics of
water vapor and precipitation over the TP. However, there are few studies on the water
vapor transport variations and their effect on precipitation at the southeast verge of TP
under the joint influence of plateau terrain and the Indian thermal low. Moreover, the
investigation on the typical variation characteristics of regional precipitation and water
cycle process in the key area along the Sichuan-Tibet Railway has been seldom carried out.
The altitude difference in the key area of the Sichuan-Tibet Railway on the southeastern
TP exceeds 4000 m. Steep terrains and intense plate activities can be found in these areas,
resulting in frequent mountain hazards and a fragile ecological environment. The regional
precipitation in the key area of the Sichuan-Tibet Railway is an important component of the
plateau precipitation. However, what are the spatio-temporal distribution characteristics of
the precipitation in this area? What is the relationship between the regional precipitation
and the water vapor budget inside and outside this area? These questions are worth deep
and careful studying.

Therefore, the key area of the Sichuan-Tibet Railway is selected as the study area,
and it is also the most difficult section for the construction at present. In this study, the
spatio-temporal characteristics of precipitation with different magnitudes and the variation
characteristics of summer water vapor transport and budget in this area are analyzed.
Moreover, the occurrence and development mechanisms of heavy precipitation affected
by the multi-scale complex terrain are studied. Finally, the effects of plateau terrain, river
valley and mountains, and steep terrain of the TP eastern slope on the heavy precipitation
in the key area of Sichuan-Tibet Railway are analyzed. We hope this study could deepen the
understanding on the weather and climate of TP and help improve the forecast performance
on the summer precipitation in the key area of Sichuan-Tibet Railway. Moreover, the
conclusions can be applied to the construction of major projects and the disaster prevention
and mitigation, providing the meteorological scientific and technological support for the
safe and high-quality construction of the Sichuan-Tibet Railway:.

2. Materials and Methods

To explore the variability of the water vapor budget, we use the monthly mean ERA-
Interim reanalysis dataset [52] with a horizontal resolution 1.5° x 1.5° grid over the period
1979-2018, including the geo-potential height, horizontal meridional wind, horizontal zonal
wind, specific humidity from 1000 hPa to 300 hPa, and the corresponding surface pressure.
To explore the spatio-temporal characteristics of precipitation with different magnitudes,
we use the latest version (V3) of surface climatological daily rain gauge data from the
China National Meteorological Information Center. We selected 130 stations in the key
area of Sichuan-Tibet Railway (the distribution of stations is shown in Figure 1a). Only the
sites with complete daily data during 1979-2018 and a number of missing days less than
10 per year are selected.

The study area is the key area of the Sichuan-Tibet Railway (STR area) (28-33° N,
90-105° E, Figure la). The sub-area 1 is the key area of the Brahmaputra valley and
mountain (BVM area) on the southern slope of TP (29.0-30.5° N, 94.5-96.5° E). The sub-
area 2 is the key area of the steep terrain on the eastern slope of the plateau (ST area)
(29.0-30.5° N, 100.8-102.8° E) (Figure 1b). In addition, there are four boundaries for each
key area, and the S, W, N, and E represent the southern, western, northern, and eastern
boundaries, respectively. The positive values of water vapor budget indicate water vapor
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inflow on the boundary of the region, while negative values indicate outflow. The net
water vapor budget in the STR area (the BVM area and ST area) is the sum of the net water
vapor transport through the southern, western, northern and eastern boundaries, while the
positive (negative) values of net water vapor budget indicate that the whole region acts as
a water vapor sink (source).

(a)

40N

30N

25N
90t

1000 2000 3000 4000

98k 100E

1000 2000 3000 4000

Figure 1. The distribution of topography, the regional boundaries of water vapor transport and
130 meteorological stations in the key area of the Sichuan-Tibet Railway. (Shading shows the topog-
raphy, units: m, where different colors indicate different terrain heights; “+” represents the location
of meteorological stations. (a). the key area of the Sichuan-Tibet Railway (28-33° N, 90-105° E), (b).
the key area of the Brahmaputra valley and mountain (29.0-30.5° N, 94.5-96.5° E) and the key area of
the steep terrain on the eastern slope of the plateau (29.0-30.5° N, 100.8-102.8° E).

It should be noted that the STR area contains the complex terrain of the TP main body
and its surrounding slopes. The sub-area 1 (BVM area) reflects the south-north steep terrain
on the southern slope of TP. The sub-area 2 (ST area) exhibits the west—east steep terrain
on the eastern slope of TP. Moreover, the terrains and circulation patterns in these typical
areas have remarkable and unique influence on the TP climate.

The vertically integrated water vapor fluxes (units: kg m~! s~1) are defined as:

1 (B
Qr=—7 /P qudp M)
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The water vapor transport calculated by the boundary integral is calculated as:
F, = / Qad¢ ®3)
F, = / Qpit cos pdA )

where g is the specific humidity (units: kg kg™'), u, v are the zonal wind and meridional
wind, respectively (units: m s~1), ¢ is the acceleration of gravity (units: m s~2), A and ¢ are
the longitude and latitude, respectively, a is the radius of the earth, and P; is the surface
pressure. The pressure of top layer P; is set as 300 hPa (units: Pa), because there is negligible
water vapor above 300 hPa.

The regional total water vapor budget (units: kg s ') is calculated as follows:

Ds:Z(Furo):Fi_Fo (5)

where F; is the total water vapor inflow and F, is the total water vapor outflow.

According to the meteorological standards of grade classification of rainfall intensity
released by the China Meteorological Administration, the 24 h accumulated precipitation
R has the following levels: light to moderate rain (0.1 mm < R < 25 mm), heavy rain
(25 mm < R <50 mm, and rainstorm (R > 50 mm). Because the STR area is located on
the TP and the days with R above 50.0 mm are few, the heavy precipitation refers to the
events with R above 25.0 mm in this study. The precipitation amount is the accumulated
precipitation, the precipitation frequency is the number of precipitation occurrences, and
the precipitation intensity is the ratio of the precipitation amount to the precipitation
frequency. Analysis methods include correlation analysis, composite analysis, regression
analysis, linear trend estimation method, and Student’s ¢ test.

3. Results
3.1. Spatio-Temporal Variations of Summer Precipitation with Different Magnitudes in the
STR Area

Figure 2 shows that the spatial distribution differences of summer precipitation with
different magnitudes are remarkable in the STR area. Due to the terrain that is high in the
west and low in the east, the difference of summer heavy precipitation mainly distributes
in the west—east direction. The precipitation amount, frequency, and intensity of heavy pre-
cipitation increase gradually from west to east, with low values on the TP and high values
in the Sichuan-Chongging basin. The large gradient of heavy precipitation between the TP
and the Sichuan-Chonggqing basin is closely related to the abrupt elevation of terrain in the
Western Sichuan Plateau. The maximum values of precipitation amount, frequency, and
intensity of heavy precipitation are located in the western Sichuan-Chongqing basin which
is in the eastern part of the west—east steep terrain on the eastern slope of TP. The largest
values of precipitation amount, frequency, and intensity of heavy precipitation distribute
in Ya’an along the slope between the plateau and the basin. Ya’an is the precipitation center
of the China inland and is the well-known “Ya’an sky-leakage’ [8], where the precipitation
amount, frequency, and intensity of summer heavy precipitation are 711.0 mm, 11.7 times,
and 61.5 mm, respectively. The minimum areas of precipitation amount, frequency, and
intensity of heavy precipitation are located in the southern Qinghai Province on the TP. The
lowest values are observed in Yushu with the heavy precipitation amount of 6.2 mm, the
frequency of 0.2 times, and the intensity of 5.5 mm (Table 1 and Figure 2(al-a3)). The area
with the largest precipitation amount and frequency of heavy precipitation in the Tibet
is from Lhasa to Nyingchi on the northwest of BVM area. This is closely related to the
south—north steep terrain of the Brahmaputra Grand Canyon on the east of the Himalayas.
In addition, in the western Sichuan-Chongging basin and the area from Lhasa to Nyingchi
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where the heavy precipitation is large, and in the slope area of the Western Sichuan Plateau,
the secondary disasters such as landslides and mudslides often occur.

The precipitation amount and intensity of light to moderate rain are larger in the
area from Lhasa to Nyingchi in Xizang, the Western Sichuan Plateau and southwestern
Sichuan. The values are smaller in southern Shannan and the junction area of Gansu
and Sichuan. The maximum values of precipitation amount and intensity, respectively,
appear in Jiulong and Yuexi, while the minimum values are, respectively, in Wenxian and
Longzi. The precipitation frequency is large in the river valley and mountain areas of the
steep terrain on the southern slope of TP and the Western Sichuan Plateau, and is small in
the northern Sichuan-Chonggqing basin. The maximum value of precipitation frequency
appears in Jiulong, while the minimum value is in Zizhong (Table 1 and Figure 2(b1-b3)).

The precipitation amount and intensity of total summer precipitation are large in the
Sichuan-Chongging basin and are small in southern Shannan. The maximum values of
the precipitation amount and intensity, respectively, appear in E'meishan and Ya’an in
the Sichuan basin. The minimum values of the precipitation amount and intensity are in
Longzi in southern Shannan. The frequency of total summer precipitation is high in the
Western Sichuan Plateau and the river valley and mountain areas of the steep terrain on the
southern slope of TP, and is low in the junction area of Gansu and Sichuan. The maximum
value is in Jiulong, and the minimum value is in Wenxian (Table 1 and Figure 2(c1-c3)).

The temporal trends of the heavy precipitation amount show a “+—+—" pattern from
west to east in the STR area. It is indicated that the heavy precipitation amount has increased
from Lhasa to Nyingchi and from the east edge of Tibet to the Western Sichuan Plateau.
The heavy precipitation amount has decreased in the western Sichuan basin and from the
east of Nyingchi to Zayii in the BVM area. The decreasing trend of heavy precipitation is
especially significant in the BVM area on the east of Nyingchi, and the increasing trend
is quite significant from Changdu to Mangkang in the east edge of Tibet (significant at
the 95% confidence level). The area from Kangding of Sichuan to Changdu of Tibet is
a high-hazard area of geological disasters [26], and meanwhile the heavy precipitation
amount has increased significantly in this area, which increases the risk of geological
disasters (Figure 3a).

Table 1. The climatological maximum and minimum values of summer precipitation amount,
frequency and intensity for different precipitation magnitudes in the key area of the Sichuan-Tibet
Railway from 1979 to 2018.

Precipitation Maximum Precipitation Minimum

heavy precipitation

Ya’an
29.98° N, 103.00° E

amount: 711.0 mm
frequency: 11.7 times
intensity: 61.5 mm

Yushu
33.00° N, 97.02° E

amount: 6.2 mm
frequency: 0.2 times
intensity: 5.5 mm

light to
moderate rain

Jiulong amount: 442.0 mm Wenxian amount: 178.2 mm
29.00° N, 101.50° E frequency: 70.2 times 32.95° N, 104.67° E : ’
Zizhong . .
Yuexi ensite: 6.6 29.77° N, 104.85° E frequency: 34.8 times
28.65° N, 102.52° E mtensity: 6.6-mm Longzi

28.42° N, 92.47° E

intensity: 3.6 mm

total summer
precipitation

E’meishan ) Longzi .
29.52° N, 103.33° E amount: 991.0 mm 28.42° N, 92.47° E amount: 207.8 mm
Jiulong . . Wenxian . .
29.00° N, 101.50° E frequency: 73.4 times 32.95° N, 104.67° E frequency: 38.7 times
Ya’an Longzi

29.98° N, 103.00° E

intensity: 17.0 mm

28.42° N, 92.47° E

intensity: 3.8 mm
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Figure 2. The climatological distributions of summer precipitation with different magnitudes in
the key area of the Sichuan-Tibet Railway from 1979 to 2018 ((a): heavy precipitation; (b): light to
moderate rain; (c): total summer precipitation; 1: precipitation amount, unit: mm; 2: precipitation

frequency, unit: times; 3: precipitation intensity, unit: mm).
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(a) heavy precipitation (b) light to moderate rain

105E

Figure 3. The trends of summer precipitation amount for different magnitudes in the key area of
the Sichuan-Tibet Railway from 1979 to 2018 ((a): heavy precipitation; (b): light to moderate rain;
(c): total summer precipitation. unit: mm (10 a)~!). Red stippling indicates the trends are statistically
significant at the 95% confidence level.

The light to moderate rain amount shows a significant increasing trend in the junction
area of Sichuan, Yunnan, and Tibet (significant at the 95% confidence level), and a significant
decreasing trend in the river valley and mountain areas of the steep terrain on the southern
slope of TP, southeastern Qinghai, and northern Sichuan-Chongqing basin (significant
at the 95% confidence level) (Figure 3b). The total summer precipitation amount shows
a significantly increasing trend near Lhasa and in the junction are of Sichuan, Yunnan,
and Tibet (significant at the 95% confidence level), and significant decreasing trend in the
southeastern Qinghai (significant at the 95% confidence level) (Figure 3c).

3.2. The Regional Variation Characteristics of Water Vapor Budget in the STR Area

Table 2 shows that water vapor flows into the STR area from the southern and western
boundaries for the whole year and each season, while it flows out from the eastern boundary.
The inflow from the western boundary is much smaller than from the southern boundary.
The water vapor flows out of the STR area from the northern boundary for the whole year,
summer and autumn, and flows into the area from the northern boundary in spring and
winter. The outflow in autumn is especially larger than that in summer, and the inflow in
spring is larger than that in winter. The total water vapor inflow is the largest in summer,
followed by spring, autumn, and winter. The total water vapor outflow is the largest in
autumn, followed by spring, winter, and summer. The net water vapor budget is positive
for the whole year and each season, being the largest in summer, followed by spring,
autumn, and winter. It is indicated that summer is the season with the most active water
vapor transport. Therefore, the STR area is an obvious water vapor sink for the whole year
and each season.

3.2.1. The Climate Change of Water Vapor Budget in the STR Area

Figure 4 shows that from 1979 to 2018, the water vapor inflow from the southern
and western boundaries of the STR area have gradually decreased, while the water vapor
outflow through the northern boundary has increased significantly and that from the
eastern boundary has decreased significantly (significant at the 95% confidence level),
leading to the decreasing trend of the net water vapor budget in summer (amplitude of
1.28 x 10° kg s~! (10 a)~!). As the decrease of water vapor inflow from the southern and
western boundaries and the decrease of water vapor outflow through the eastern boundary
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are close to each other, the reduction of the net water vapor budget in the STR area is mainly
caused by the increased water vapor outflow through the northern boundary.

Table 2. Annual and seasonal average water vapor budget through the four boundaries and the
regional net water vapor budget in the key area of the Sichuan-Tibet Railway from 1979 to 2018 (unit:
10° kg s~ 1.

Water Vapor Budget
Season Southern Western Northern Eastern Total Total Net Water Vapor
Boundary Boundary Boundary Boundary Inflow Outflow Budget
spring 494 25.09 1.78 —41.41 76.27 —41.41 34.86
summer 729 14.41 —2.83 —17.85 87.31 —20.68 66.63
autumn 47.05 17.41 —4.85 —37.43 64.46 —42.28 22.18
winter 18.83 14.52 0.94 —31.94 34.29 —31.94 2.35
annual 47.04 17.86 —1.24 —32.16 64.9 —33.40 31.5
—S w N E
150 ~ Net water vapor budget

-
o
o

a
o

&
S
T

Water Vapor Budget(10°kges )

0 1 1
1980 1985 1990 1995 2000 2005 2010 2015

-10
Year

Figure 4. Inter-annual variation of summer average water vapor inflow and outflow and net water
vapor budget at each boundary in the key area of the Sichuan-Tibet Railway from 1979 to 2018
(unit: 10° kg s~1;8, W, N, and E indicate the southern, western, northern, and eastern boundaries,
respectively. The thin lines indicate linear trends).

Figure 5 shows that the most remarkable characteristic for summer water vapor
transportation is the intensive southwesterly water vapor transport belt, which is formed
by the strong easterly flow from the southern hemisphere when it crosses the equator at
40-60° E. This water vapor transport belt reflects the interaction of weather systems in
the southern and northern hemispheres. The water vapor is continuously transported by
the southwesterly airflow to China. Affected by the East Asian monsoon, South Asian
monsoon and plateau monsoon, the water vapor transport in the STR area is complicated.
The water vapor in the whole study area is mainly transported by the southerly flow of the
monsoon circulation from the Bay of Bengal and the southwesterly flow from the northern
Arabian sea. The water vapor is also transported by the westerly flow at middle latitudes,
but not so much as that by the southerly flow. Therefore, the water vapor inflow from the
southern boundary is significantly larger than that from the western boundary in summer,
and the southern boundary is the main boundary for water vapor inflow to the STR area.
The eastern boundary is the main boundary for water vapor outflow from the STR area.
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Figure 5. Distributions of summer average vertically integrated water vapor fluxes from 1979 to 2018
(units: kg m~! s71; the shading denotes the areas with the water vapor flux >30).

3.2.2. The Climate Change of Water Vapor Budget in the BVM and ST Areas

Water vapor transport is closely related to the water vapor channel. The north-south
inclined terrain in the lower reaches of the Brahmaputra Grand Canyon in the southeastern
TP forms a topographic channel of the huge flabellate slope. In summer, the southerly
warm-wet airflow from the Indian Ocean and the Bay of Bengal travels from the estuary
of the Bay of Bengal to the Brahmaputra Grand Canyon along the Brahmaputra Rivers,
forming the famous Brahmaputra water vapor channel. The variations of water vapor
transport and precipitation in this area may influence the precipitation and climate of the
TP and even the whole East Asia [51,53,54]. Thus, the water vapor budget in the BVM area
has important significance on weather and climate. The west—east inclined terrain in the
transition zone between the TP and the Sichuan-Chongging Basin forms a topographic
barrier with a large altitude difference. Within 100 km from east to west, the elevation
difference is above 3000 m. Therefore, the water vapor budget in the ST area reflects the
multi-scale interaction of earth-atmosphere processes.

Table 3 shows that the water vapor inflows of the BVM and ST areas are all from the
southern and western boundaries for the whole year and summer, and the outflows are
from the northern and eastern boundaries. The inflow from the southern boundary of the
BVM area is larger than that from the western boundary, which is opposite to that of the ST
area. The outflow from the eastern boundary is larger than that from the northern boundary
in both areas. The net water vapor budgets are both positive, indicating that the two areas
are water vapor sinks. In addition, the water vapor inflow (outflow) from the southern
(northern) boundary of the BVM area is much larger than that of ST area, and the water
vapor inflow from the western boundary of the BVM area is less than that in the ST area. It
is illustrated that the south—north water vapor transport in the BVM area is more obvious,
while the east-west water vapor transport in the ST area is more obvious. Moreover, the
total inflow, total outflow, and net water vapor budget in the BVM area are all larger than
those in the ST area. This may be related to the influence of monsoons and topography.
The BVM area is directly affected by the South Asian monsoon. The south—north terrain
near the turning point of the Brahmaputra Grand Canyon is conducive to the south-north
water vapor transport by monsoon. Differently, the ST area is located in the inland area,
and is less directly affected by the Asian monsoon. The prominent altitude difference of the
west—east terrain in the ST area is more favorable for the water vapor transport from the
west to the east. Meanwhile, the relatively closed terrain of ST area is not conducive to its
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interaction with the peripheral circulation. However, the BVM area is in the water vapor
transport channel of the Asian monsoon. Therefore, the water vapor budget in the BVM
area changes more significantly and actively than that in the ST area.

Table 3. Annual and summer average water vapor budget through the four boundaries and the
regional net water vapor budget in the BVM and ST areas from 1979 to 2018 (unit: 10° kg s™1).

Water Vapor Budget
Reeion Season Southern Western Northern Eastern Total Total Net Water
8 Boundary Boundary Boundary Boundary Inflow Outflow  Vapor Budget
BVM summer 7.95 341 —-3.21 —6.02 11.36 —9.23 2.13
area annual 4.74 3.87 —2.01 —5.12 8.61 -7.13 1.48
ST summer 2.69 4.87 —1.81 —4.58 7.56 —6.39 1.17
area annual 2.39 5.80 -1.32 —6.73 8.19 —8.05 0.14

Figure 6 shows that from 1979 to 2018, the water vapor inflow from the southern
boundary of BVM area shows a remarkable decreasing trend. The water vapor outflow
from the northern and eastern boundaries and inflow from the western boundary both
exhibit a decreasing trend. The net water vapor budget displays a significant decreasing
trend of 0.40 x 10° kg s (10a)~! (significant at the 99.9% confidence level) (Figure 6a).
However, the water vapor inflow from the southern and western boundaries of the ST area
shows a decreasing trend. The water vapor outflow from the northern boundary has a
slight increasing trend, and that from the eastern boundary shows a significant decreasing
trend. Thus, the net water vapor budget exhibits a slight increasing trend (Figure 6b). In the
summers from 1979 to 2018, the significant reduction of the net water vapor budget in the
BVM area is mainly due to the obvious decrease of water vapor inflow from the southern
boundary which is the main boundary of water vapor inflow. In the ST area, the water
vapor inflow from the western boundary has significantly decreased, and the water vapor
outflow from the eastern boundary has also decreased. As a result, the net water vapor
budget has increased slightly. The abnormal evolution of the influence area and intensity
of the South Asian monsoon and the effect of north-south terrain in the BVM area near the
turning point of the Brahmaputra Grand Canyon on the water vapor transport jointly lead
to the significant inter-annual variation of water vapor inflow from the southern boundary
of the BVM area.

3.3. The Effects of the Water Vapor Budget on Summer Heavy Precipitation
3.3.1. The Effects of the Water Vapor Budget on Summer Heavy Precipitation in the
STR Area

Figure 7 shows that there are great spatial differences in the relationship between
summer water vapor budget and heavy precipitation amount in the STR area. The water
vapor inflow from the southern boundary is positively correlated with the summer heavy
precipitation amount in most parts of this area. The positive correlations in the area
from southern Qinghai to the northeastern Tibet, the eastern Lhasa, the southwestern
Nyingchi, and the southern parts of the Western Sichuan Plateau are especially significant.
The negative correlations in Lhari of southeastern Nagqu on the TP, southern Shannan,
the southeast edge of Tibet, and the southern Sichuan-Chongqing Basin are significant
(Figure 7a). The western boundary water vapor inflow is positively correlated with the
summer heavy precipitation amount in southern Qinghai and the southern parts of the
Western Sichuan Plateau. Moreover, it is negatively correlated with the summer heavy
precipitation amount in southern Shannan and the southeast edge of Tibet (significant at
the 95% confidence level) (Figure 7b).
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Figure 6. Inter-annual variation of summer average water vapor inflow and outflow and net water
vapor budget at each boundary in the BVM and ST areas from 1979 to 2018 ((a): the BVM area, (b):
the ST area; unit: 10° kg s~1;S, W, N, and E indicate the southern, western, northern, and eastern
boundaries, respectively. The thin lines indicate linear trends).

The water vapor budget contribution from the northern outflow is negatively cor-
related with the heavy precipitation amount in most of the study areas, especially in
the northern part of the Western Sichuan Plateau and the northern Sichuan-Chongging
Basin (Figure 7c). The water vapor budget contribution from the eastern outflow is in
significant and negative correlation with the heavy precipitation amount in the area from
southern Qinghai to northeastern Tibet and the northern Western Sichuan Plateau, while
in significant and positive correlation with the heavy precipitation amount in the south-
ern Shannan and the area from the southern Sichuan-Chongqing Basin to northeastern
Yunnan (Figure 7d).

The net water vapor budget in the STR area is positively and significantly correlated
with the heavy precipitation amount in eastern Lhasa, southwestern Nyingchi and the
southern Western Sichuan Plateau, while it is significantly and negatively correlated with
the heavy precipitation amount in southern Shannan, the southeast edge of Tibet and the
northern Sichuan-Chongqing Basin (Figure 7e).
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Figure 7. Summer heavy precipitation amount (unit: mm) regressed against the water vapor budget
through the (a) southern, (b) western, (c) northern and (d) eastern boundaries, and (e) the net water
vapor budget (unit: 10° kg s~!) in the key area of the Sichuan-Tibet Railway from 1979 to 2018.
Stippling indicates statistical significance at a 95% confidence level.

3.3.2. The Effects of the Water Vapor Budget on Summer Heavy Precipitation in the
BVM Area

Figure 8 shows that the summer heavy precipitation amount in the BVM area is
positively correlated with the net water vapor budget in this area (significant at the 90%
confidence level). The relationship between the heavy precipitation frequency and the
water vapor budget is unobvious. The heavy precipitation intensity is positively correlated
with the southern boundary inflow and the net water vapor budget (significant at the 90%
and 95% confidence level, respectively). It is indicated that the summer water vapor budget
in the BVM area has the largest influence on the local heavy precipitation intensity, followed
by the heavy precipitation amount and then the heavy precipitation frequency. When the
southern boundary water vapor inflow and the net water vapor budget in the BVM area
increase, the regional precipitation amount and intensity also increase. The summer water
vapor inflow from the southern boundary contributes greatly to the heavy precipitation in
the BVM area.

The water vapor transport flux and its divergence are the most important and direct
factors affecting precipitation. To analyze water vapor budget characteristics in the typical
anomalous years of summer heavy precipitation, five anomalous years with more heavy
precipitation amount (1980, 1991, 1995, 1997, and 2015), and five anomalous years with
less heavy precipitation amount (1989, 2009, 2013, 2016, and 2018) from 1979 to 2018 in
the BVM area are selected for the composite analysis. The spatial differences of water
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vapor transport and water vapor budget in these anomalous years in the BVM area are
discussed below.
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Figure 8. Correlation coefficients of the summer heavy precipitation amount, frequency, and intensity
with the water vapor budget in the BVM area from 1979 to 2018. Green and orange numbers indicate
correlation coefficients are significant at the 95% and 90% confidence levels, respectively.

Figure 9 shows the difference of the composites of integrated water vapor flux and its
divergence. Seen from Figure 9, there is an anticyclonic circulation over the western Pacific
and the South China Sea. The anomalous easterly flow on the south of the anticyclone
transports water vapor westward from the western Pacific and the South China Sea. A part
of the warm-wet airflow turns to southerly near the Indochina Peninsula and transports
water vapor to the east of the STR area. The other part transports water vapor westwards
and converges with the warm-wet airflow from the Bay of Bengal. Due to the anomalous
anticyclone over the northern Indian Peninsula to the Bay of Bengal, the transport direction
of a part of water vapor changes, and the water vapor is transported along the southern
plateau to the STR area continuously. In addition, the water vapor from the Arabian Sea is
also transported to the STR area by the southwesterly flow, and the water vapor converges
to form a convergence center. In particular, there is a large water vapor convergence in the
BVM area, which is conducive to the increase of the heavy precipitation amount in this area.
The results for heavy precipitation intensity are similar (figure omitted). When there is
more and stronger summer heavy precipitation in the BVM area, anomalous southwesterly
wind and water vapor convergence occur over the BVM area and eastern-southern China.
Moreover, the regional water vapor transport and convergence are intense, connecting with
the low-latitude water vapor convergence area over the Bay of Bengal. The water vapor
from the Bay of Bengal converges with the water vapor from the South China Sea, forming
a jet over the BVM area, which is an important factor of the heavy precipitation in this
region. This indicates that the summer water vapor inflow from the southern boundary
contributes greatly to the heavy precipitation in the BVM area.

3.3.3. The Effects of the Water Vapor Budget on Summer Heavy Precipitation in the
ST Area

According to the topographic altitude, the ST area is divided into the western/eastern
parts with 102° E longitude as the boundary. The eastern part of the ST area is here named
as the basin area of the eastern TP (BA). Then, the correlations of the heavy precipitation
amount, frequency, and intensity of the water vapor budget in the two areas are calculated.
Figure 10a shows that the heavy precipitation amount, frequency, and intensity in sum-
mer in the western part of the ST area are positively correlated to the western boundary
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water vapor inflow of the ST area (significant at the 90%, 95% and 95% confidence level,
respectively). It is indicated that the water vapor inflow from the western boundary of the
ST area has significant effects on the summer heavy precipitation amount, frequency, and
intensity in the western part of the ST area. When the water vapor inflow from the western
boundary increases, there is larger precipitation amount, higher frequency and stronger
intensity of summer heavy precipitation in the western part of the ST area. The correlation
between the heavy precipitation intensity and water vapor budget is the most significant.
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Figure 9. The difference of the composites of integrated water vapor flux (vectors, units: kg m~! s~1)
and its divergence (colored areas, units: 105 kg m~2 s~ 1) between the more heavy precipitation
years and less heavy precipitation years in the BVM area.

However, the summer heavy precipitation amount and frequency in the BA are
negatively correlated with the water vapor inflow from the western boundary of the ST
area (significant at the 90% and 99% confidence level, respectively). The relationship
between the heavy precipitation intensity and the water vapor budget is not significant
(Figure 10b). It shows that the water vapor inflow from the western boundary of the ST
area has significant impact on the summer heavy precipitation amount and intensity in
the BA. When the water vapor inflow from the western boundary of ST area decreases,
it is favorable for a larger precipitation amount and higher frequency of summer heavy
precipitation in the BA. The correlation between the heavy precipitation frequency and
water vapor budget is especially significant. In comparison, the water vapor budget from
the western boundary has obvious influence on the summer heavy precipitation in the
two sub-areas, but the effects of water vapor budget are opposite in different areas with
different terrains. It is revealed that the ST area has great influence on the water vapor
budget and heavy precipitation. In particular, when the South Asian monsoon and plateau
monsoon move eastward, the warm-wet airflow is blocked by the unique mountain terrain
on the eastern TP. It leads to the uplifting of water vapor and low-level convergence
and upper-level divergence in this area, which further generates the anomalous heavy
precipitation. Moreover, the BA is located in the leeward slope of the TP, which is related to
the southwesterly water vapor transport of monsoon. The precipitation intensity in this
area is always related to the uplifting of the easterly flow (the East Asian monsoon) into the
BA when it is blocked by the eastern plateau. Therefore, the heavy precipitation in the ST
area is affected by the joint effect of different monsoons and terrains.
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Figure 10. Correlation coefficients of the summer heavy precipitation amount, frequency, and
intensity to the water vapor budget in the ST area from 1979 to 2018 ((a): the western part of the ST
area, (b): the eastern part of the ST area). The numbers colored in blue, green, and orange indicate
the correlation coefficients are significant at the 99%, 95%, and 90% confidence levels, respectively.

Figure 11 shows the summer heavy precipitation amount regressed against the 700 hPa
wind in the ST area from 1979 to 2018. In the western part of the ST area, positive anomalies
of summer heavy precipitation are closely related to the southwesterly flow water vapor
transportation from the Bay of Bengal and the westerly flow water vapor transportation
at mid-latitudes. There is an anomalous cyclonic circulation in the south of the Indian
Peninsula, and an anomalous anti-cyclonic circulation in the north of the Indochina Penin-
sula. The southwesterly wind anomaly to the north of this anomalous anti-cyclone leads to
more water-vapor inflow from the western boundary of the ST area (Figure 11a). Increased
summer heavy precipitation in the BA is closely related to the East Asia summer monsoon.
There is an anti-cyclone anomaly and cyclone-anomaly over North China to the Japan Sea
and the Northwest Pacific, respectively, presenting the East Asia-Pacific teleconnection
pattern. Correspondingly, there is easterly wind anomaly in the east of the TP, which
counts against the water-vapor inflow from the western boundary and the outflow from
the eastern boundary of the ST area (Figure 11b).
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Figure 11. Summer heavy precipitation amount (unit: mm) regressed against the 700 hPa wind (unit:
m s~ 1) in the ST area from 1979 to 2018 ((a): the western part of the ST area, (b): the eastern part of
the ST area). Stippling indicates the statistical significance at 95% confidence level.

4. Conclusions

In this study, based on the daily precipitation data from 130 meteorological stations
from 1979 to 2018 and the monthly mean ERA-Interim data, the spatio-temporal variation
characteristics of summer precipitation with different magnitudes in the STR area are
analyzed, and the relationship between the heavy precipitation and water vapor budget is
revealed by various statistical and diagnostic methods. The main conclusions are as follows.

As the terrain is high in the west and low in the east, the difference of summer heavy
precipitation mainly distributes in the west—east direction. The precipitation amount,
frequency, and intensity of heavy precipitation increase gradually from west to east. The
maximum values are located in the western Sichuan-Chongqing basin, and the minimum
values are located in southern Qinghai of the TP. The amount, frequency, and intensity
of heavy precipitation are also large in the area from Lhasa to Nyingchi. The heavy
precipitation amount, frequency, and intensity have significant decreasing trends in the
BVM area, while they have significant increasing trends from Changdu to Mangkang,
which increases the risk of geologic hazards.

In the STR area, the net water vapor budget is positive for the whole year and each
season, being the smallest in winter and the largest in summer. The water vapor flows
out through the eastern and northern boundaries and flows in through the southern and
western boundaries in the whole year and summer, with the southern (eastern) boundary
being the main boundary via which the water vapor flows in (out). In the summers of
recent 40 years, the water vapor inflow from the southern and western boundaries of the
STR area has gradually decreased; the water vapor outflow from the northern boundary has
increased; the water vapor outflow from the eastern boundary has obviously decreased. On
the whole, the regional net water vapor budget in summer shows a slight decreasing trend.

In the BVM and ST areas, the water vapor flows in from the southern and western
boundaries for the whole year and summer, and flows out from the northern and eastern
boundaries. In the BVM area, the inflow from the southern boundary is larger than that
from the western boundary while it is opposite in the ST area. The net water vapor budgets
are both positive for the whole year and summer, indicating that the two areas are water
vapor sinks. The south-north water vapor transport in the BVM area is more significant,
while the east-west transport in the ST area is more obvious. In addition, the net water
vapor budget in the BVM area is much larger than that in the ST area, and the water vapor
budget variations are more obvious and active in the BVM area. In the summers of recent
40 years, the significantly decreasing trend of net water vapor budget in the BVM area is
due to the remarkable reduction of water vapor inflow from the southern boundary. The
water vapor inflow from the western boundary and the outflow from the eastern boundary
of the ST area decrease significantly, and the net water vapor budget increases slightly.

In the BVM area, the summer heavy precipitation is directly related to monsoon circu-
lations and water vapor transport. The water vapor inflow from the southern boundary has
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great contribution to the regional heavy precipitation. When the water vapor inflow from
the southern boundary and the net water vapor budget increase, the regional precipitation
amount and intensity of heavy precipitation also increase. The summer heavy precipitation
anomaly in the BVM area is generated by the multi-scale interaction of unique topography
and water vapor transport by different low-latitude circulations. When an intense anticy-
clonic circulation occurs over the western Pacific and the South China Sea, there is also an
anomalous anticyclonic circulation extending from the northern Indian Peninsula to the Bay
of Bengal. This circulation pattern is conducive to the water vapor transport from the South
China Sea, western Pacific and the Bay of Bengal to the STR area. The effect of the unique
terrain of the BVM area leads to the anomalous variations of regional water vapor budget
and convergence (divergence) distribution. The remarkable southwesterly wind and water
vapor convergence over the BVM area leads to more summer heavy precipitation.

The water vapor inflow from the western boundary of the ST area has significant
effects on the summer heavy precipitation amount, frequency, and intensity in the western
part of the ST area. It also greatly affects the summer heavy precipitation amount and
frequency in the BA. The water vapor budget from the western boundary has the opposite
influence on these two areas. When the water vapor inflow from the western boundary
increases, it is favorable for larger summer heavy precipitation amount, higher frequency,
and stronger intensity in the western part of the ST area. However, it is unfavorable for
larger summer heavy precipitation amount and higher frequency in the BA. The joint effect
of different terrains and circulation patterns leads to the localization and diversity of heavy
precipitation in the ST area.
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