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Abstract: In this research, the observation datasets from 106 gauge stations over the central and
eastern areas of the Tibetan Plateau (TP) and the ERA (ECMWF Re-Analysis)-Interim reanalysis
datasets in the summers of 1981-2016 are used to study the characteristics and synoptic patterns
of extreme precipitation events over the TP. By using a modern statistical method, the abnormal
circulation characteristics at high, middle, and low latitudes in the Northern Hemisphere during
extreme precipitation events over the central-eastern Tibetan Plateau are discussed, and the physical
mechanisms related to the extreme precipitation events are investigated. The results show that
the largest amount of extreme precipitation is found in the southern and eastern areas of the TP,
where the frequency of daily extreme rainfall events (exceeding 25 mm) and the frequency of
all extreme precipitation events both show obvious quasi-biweekly oscillation. When the daily
extreme precipitation event threshold over the TP is met and more than 5 stations show daily
extreme precipitation at the same time, with at least three of them being adjacent to each other,
this is determined as a regional extreme precipitation event. As such, 33 regional daily extreme
precipitation events occur during the summer periods of 1981-2016. According to the influence
system, the 33 regional extreme precipitation events can be divided into three types, namely the
plateau trough type, the plateau shear line type, and the plateau vortex type. For the plateau trough
type, the South Asian high is anomalously strong at 100 hPa. For the other two types, the South Asian
high is slightly weaker than usual. For the plateau shear line type, the development of the dynamic
disturbance is the strongest, reaching 200 hPa. In the plateau trough type and plateau vortex type, the
water vapor is transported by the westerly belt and the southwesterly flow from the Bay of Bengal.

Keywords: Tibetan Plateau; regional extreme precipitation event; circulation anomalies; water vapor

1. Introduction

Under global warming, extreme rainfall events are generally increasing [1], and
the impacts of extreme precipitation are becoming more serious [2], especially in the
Tibetan Plateau (TP), which is known as “the roof of the world” and “the third pole”.
Extreme rainfall events over the TP could lead to secondary disasters such as mudslides
and landslides, and have a significant impact on the local social economy. Additionally,
they also have significant impacts on the weather and climate in the surroundings and
downstream areas [3]. Extreme rainfall events over the TP have attracted much attention
in recent years [4-7].

Because there are many mountains and rivers on the TP and the topography is complex,
the precipitation is asymmetrically distributed over the plateau [8-14]. Additionally,
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the observation sites in the northern and western TP are sparse. Therefore, previous
studies mainly focus on the Lhasa area, Hengduan Mountains, and the central-eastern
TP. Significant progress has been made in the study of extreme precipitation in the above
areas of the TP. Cao and Pan [4] used meteorological observation datasets to study the
distribution characteristics of extreme precipitation over the TP and pointed out that the
extreme precipitation over the TP decreases from the southeast to northwest in summer,
while the centerpoint of these high values is located in the east of Sichuan Province,
followed by the southeast of the TP.

The threshold for extreme rainfall events over Tibet is between 15.7 and 36.0 mm. The
areas of high extreme precipitation threshold values are located in Nyalam at the edge of
the south Tibet, Rigaze along the middle of the river and Bomi, and Chayu in the southeast
of the Tibet [15]. In recent years, the extreme precipitation over the plateau has shown an
increasing trend. You et al. [6] pointed out that the extreme precipitation threshold in more
than 65% of the stations in the north, southeast, and southwest of the TP increased during
the 1960s—2000s. The extreme precipitation values and intensities are increasing in the
south of Shannan and the southeast of Linzhi [16]. The variation characteristics for extreme
precipitation in the whole basin show that from 1971 to 2010, the extreme precipitation in
the Nujiang River Basin in Tibet increased. The most significant increase was in Chayu, with
the rate of increase being 29.4 mm-(10a)~!. The intensity of annual extreme precipitation
increased most prominently in Naqu and Chayu [17]. Li et al. [18] predicted that the heavy
rainfall in the Three-River Headwaters area of the TP would increase from 2001 to 2050.
Although the extreme precipitation over the plateau generally shows an increasing trend,
in some places it still shows a decreasing trend. Severe precipitation and extremely severe
precipitation in the Mount Everest region have decreased considerably, with decrease rates
of —5.74 mm-(10a)~! and —1.2 mm-(10a) !, respectively, especially in Nyalam station on
the south slope of the Himalayas [19]. The change of extreme precipitation in the Hengduan
Mountains is not obvious, and the extreme precipitation there decreases from the south
to north.

From the distribution and variation characteristics of extreme precipitation over the TP,
we can see that the regional characteristics of extreme precipitation are very obvious and
that the total amount, frequency, intensity, and variation trends of extreme precipitation are
different in the different regions [20-22]. Therefore, improving the scientific understanding
of regional extreme precipitation events, especially their formation mechanisms, is of high
importance to atmospheric scientists.

Much progress has been made in studying the formation mechanisms of extreme
precipitation [23]. Macye et al. [24] analyzed the causes and statistical characteristics of
extreme precipitation in the eastern United States and studied the distribution characteris-
tics of regional extreme precipitation under five typical weather patterns. They pointed
out that hurricanes and humid tropical air flow are the most common systems causing
extreme precipitation of more than 150 mm. Sun et al. [25] pointed out that the circulation
background and dynamic-thermal characteristics of the two kinds of regional extreme
precipitation events in South China in summer—which are affected by tropical cyclones
and non-tropical cyclones, respectively—are obviously different. Li et al. [18] predicted
that the water vapor in extreme precipitation in the Three-River Headwaters mainly comes
from the Indian Ocean, which is transported by the southwest monsoons in summer and is
related to the small-scale atmospheric circulation.

However, most studies have focused on the distribution and variation characteristics
of extreme precipitation over the TP. There are few studies on regional extreme precipitation
events and less discussions on their causes over the TP. To this end, this study focuses on
the classification of weather systems that produce regional extreme precipitation events and
discusses the causes of different regional extreme precipitation events from the perspective
of influence systems. In order to deepen the understanding of extreme precipitation events
over the TP and provide a scientific basis for enhancing the prediction ability, firstly the
spatiotemporal distribution characteristics of extreme precipitation are analyzed, then the
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regional extreme precipitation events over the TP are counted. Next, the characteristics
of the weather system affecting the regional extreme precipitation events are discussed.
Finally, the physical mechanisms of extreme precipitation events in different regions
are revealed.

2. Datasets and Methods
2.1. Datasets

The datasets used in this research were the precipitation datasets from surface stations
in the Meteorological Daily Values of Basic Meteorological Elements of China National
Surface Weather Station (V3.0) set, derived from the China Meteorological Administration
(Available online: http://data.cma.cn/ (accessed on 20 June 2019)). Due to the scarcity
of stations in the west of the TP, in order to ensure that there were enough stations in
the study area with long time sequences and strong running stability, 106 stations were
selected from 124 stations over the central and eastern TP. The period of the datasets was
from June to August during 1981-2016. There are 20 stations in Qinghai, 38 stations in
Tibet, 25 stations in Sichuan, 9 stations in Yunnan, and 17 stations in Gansu, as shown in
Figure 1. The quality of the selected datasets was strictly controlled [26] via the correlation
coefficient weighted average and first difference methods.
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Figure 1. Distribution of stations over the Tibetan Plateau. The shade represents altitude (unit: m).
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Moreover, all atmospheric data fields came from the European Centre for Medium-
Range Weather Forecasts (ECMWF) interim reanalysis (ERA-Interim) dataset, with a hori-
zontal resolution of 0.5° x 0.5° [27] and 14 layers in the vertical direction. The variables
of the ERA-Interim data used herein include the horizontal wind direction, wind speed,
geopotential height, temperature, and specific humidity.

2.2. Definition of the Thresholds of Extreme Rainfall Events

A precipitation threshold is used to define an extreme rainfall event, and is related
to the precipitation amount and frequency of extreme rainfall events. By using the per-
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centile relative index method proposed by Easterling et al. [28], the precipitation datasets
(>0.1 mm) of 106 meteorological stations over the central and eastern TP from June to
August 1981-2016 were arranged in ascending order according to the precipitation of
each station. We calculated the 99th percentile value of the whole precipitation series at
each station, which is defined as the threshold value of extreme precipitation events for
that station. The dates where precipitation exceeded the threshold were classes extreme
precipitation events for that station.

2.3. Mann—Kenda (M-K) Test

The non-parametric M-K test can be used to test the significance of the variation trend.
The non-parametric test is also called the non-distribution test, the advantage of which is
that the sample does not need to follow a certain distribution and it cannot be affected by
outliers, which is convenient for calculation.

3. Results
3.1. Spatiotemporal Distribution Characteristics of Extreme Precipitation over the TP

Herein, as a basic study of the causes of extreme precipitation, firstly the spatiotempo-
ral distribution characteristics of extreme precipitation are analyzed.

3.1.1. Spatial Distribution Characteristics of Extreme Precipitation

From 1981 to 2016, the distribution of the total extreme precipitation over the TP
is uneven (Figure 2a). The extreme rainfall events are more frequent in the south and
east, and less so in the north and west, which is consistent with the previous study on
the distribution characteristics of summer precipitation over the TP [14]. Most of the
total extreme precipitation over the TP is in the range of 500-900 mm, while the values
in the northern part of the TP are the smallest, most of which are smaller than 500 mm.
The Hengduan Mountains on the southeast side of the TP have the largest total extreme
precipitation values at more than 1300 mm.

80°E 90°E 100°E  80°E 90°E 100° E

a) (b) ,
40° Nr L~ 140° N
<. o8y
o [ N J
° ° 08 o |
8.
o
° * oo
o o 00 o008 & §
L]
30°N . 0 we 35 130° N
. < 100 g Oo:
: % e 15-20
00200 S1300 00 8 10-15 2027
T T T 1 T T
d)
40°N : o lsoe N
Z . P
oo 28,
®
&
30°N B °n. u:: °;EV.0 .°-° —30°N
2 0nt 20 . .dw
o905 )
©5080 ©1lo-192.7 |

>
80°E 90° E 100°E

Figure 2. Characteristics of precipitation and extreme precipitation over the Tibetan Plateau from
1981 to 2016: (a) extreme precipitation (unit: mm); (b) extreme precipitation frequency; (c) extreme
precipitation frequency greater than 25 mm; (d) Daily maximum precipitation (unit: mm).

The frequency distribution of extreme rainfall events (Figure 2b) is similar to the
distribution of extreme precipitation amounts, which are high in the south and east and low
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in the north and the west. The northern part of the TP has the lowest frequency, especially
for the northern part of Qinghai, most of which is about 3-5 events. The eastern part of the
TP and the east of Lake Qinghai have the highest frequencies at about 20-27 events. The
frequency of extreme rainfall events in the south is more than 15 events. The areas of high
values are located in the mountainous areas south of the Himalayas and near the Tanggula
Mountains, reaching 20-27 events.

Figure 2c presents the frequency distribution of severe extreme rainfall events with
extreme precipitation greater than 25 mm. Similar to Figure 2b, the severe extreme rainfall
events are also more frequent in the south and east, less so in the north and west, and
are the least frequent in the north. In the northern areas, taking Qinghai Lake as the
boundary, the frequency is highest in the east and lowest in the west (5 events in the west
and 15-20 events in the east, respectively). The eastern part of the TP has the highest
frequency at about 20-26. The frequency over the southern part of the TP is unevenly
distributed. The highest frequency appears near the Tanggula Mountains, reaching 20-26.
The frequency in the southern slope of the Himalayas is significantly lower than that in the
northern slope.

Figure 2d shows the distribution of daily maximum extreme precipitation. The
minimum value (less than 20 mm) is in the north of the plateau and the maximum value
(133 mm) is in the Hengduan Mountains. The daily maximum extreme precipitation in the
other areas is concentrated in the range of 20-50 mm. There are two centers of high daily
maximum extreme precipitation values over the TP—one is in the southeast of Qinghai
and the other in the Hengduan Mountain Range.

From the distribution characteristics of extreme precipitation, we can see that the
extreme precipitation over the TP contributes a lot to the total precipitation. Affected by
the South Asian monsoon airflow, the rainy days in summer are more frequent in the south
than in the north of the TP, and there are many rainy days and heavy rain fall events across
the mountain range. Regardless of the frequency of extreme precipitation or of rainfall
greater than 25 mm on the east side of Qinghai Lake, this is the area with the highest
values in the plateau. The distribution of maximum daily precipitation over the TP is the
most uneven, and there is no obvious trend of high precipitation in the south and low
precipitation in the north.

3.1.2. Temporal Distribution Characteristics of Extreme Precipitation

In order to reveal the temporal distribution characteristics of extreme precipitation
over the TP, the annual, ten-day, and pentad distributions of the extreme precipitation
frequency over the TP are analyzed herein. As seen from the annual distribution of extreme
precipitation frequency in Figure 3a, the annual average of the extreme precipitation in the
TP is 57, and there is an ascending trend on the whole, which passes the significance test at
the level of 0.01. In 2016, the extreme precipitation is the greatest of all 36 years, reaching
89, while the lowest value is 38 in 1992.

The ten-day distribution of extreme precipitation frequency shown in Figure 3b shows
that the extreme precipitation frequency increases from the 16th ten-day period, reaching
the maximum value of 192 in the 21st ten-day period. The 19th ten-day period, 21st ten-day
period, and 23rd ten-day period are the three peak periods, while the frequencies in the
20th ten-day period, 22nd ten-day period, and 24th ten-day period are relatively low, with a
return period of 20 days. Figure 3c shows the pentad variation of the extreme precipitation
frequency. The extreme precipitation frequency increases from the 31st pentad and the
42nd pentad is of the maximum frequency of 117. During the 31st—48th pentads, the
plateau extreme precipitation frequency displays an obvious cycle of 20 days, reaching a
large value every 2 pentads, which also includes a short period of 10 days. This is consistent
with the quasi-biweekly oscillation of the South Asia High over the TP.
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Figure 3. Time distribution of extreme precipitation over the Tibetan Plateau from 1981 to 2016:
(a) annual frequency of extreme precipitation over the Tibetan Plateau; (b) ten-day frequency of
extreme precipitation over the Tibetan Plateau; (c) pentad frequency of extreme precipitation over
the Tibetan Plateau.

According to the anomaly distribution of the daily extreme precipitation over the
TP in summer (figure not shown), the extreme precipitation can be roughly divided into
two stages, namely stages of relatively more and less anomalies. Relatively less anomalies
occurred before 1994, with only one positive anomaly in 1986. After 1994, a period of rela-
tively more anomalies occurred. Especially after 2006, the frequency and values of positive
anomalies increased significantly. The years with less extreme precipitation anomalies are
1982, 1987, and 1992, and those with more are 2012 and 2016.

Climate mutation is an important phenomenon in climate change. The results of
the M-K mutation test show that (Figure 4) the annual extreme precipitation over the TP
showed an obvious mutation in 1995. Although the extreme precipitation began to increase
after 1985, it did pass the significance test of 0.05 until 1997.
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Figure 4. The Mann—Kenda (M-K) test for summer extreme precipitation over the Tibetan Plateau.

In 1995, the frequency of the annual extreme precipitation over the TP also changed
abruptly. The increasing trends for both the annual extreme precipitation frequency and
the periods passing the significance test are in accordance with the change trend for the
annual extreme precipitation.

The Morlet wavelet transform for the extreme precipitation frequency (Figure 5a) is
combined with the transformed modular squared time frequency distribution to carry
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out the periodic analysis [29]. The real part of the wavelet transform coefficients shows
a false oscillation trend in the periodic analysis. The modular squared time frequency
distribution of the wavelet coefficients (Figure 5b) further verifies the stability of the
periodic variation [30]. The module size represents the strength of the characteristic time
scale signal, while the signal strength distribution is different at different time scales. It can
be seen from Figure 5a that the frequency of extreme precipitation shows obvious peaks
at 12a and 16-18a, and the signals for these two periods are relatively strong. This shows
that the oscillation periods of about 12 years and 16-18 years have high reliability. The
oscillation period of 3 years before 1995 is also obvious, which is consistent with the abrupt
change of extreme precipitation, however the signal for the short period is weak and there
is no obvious signal in the time frequency distribution of the modular square root.
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Figure 5. (a) The Morlet wavelet transform of extreme precipitation frequency. (b) The modular squared time frequency of

the Morlet wavelet transformation of the extreme precipitation frequency.

3.2. Mechanism of Extreme Precipitation in Different Regions over the TP
3.2.1. Influence of Regional Extreme Precipitation Events

The Qinghai Lake in the north, the Himalayas and Tanggula Mountain in the south,
and the Hengduan Mountains in the east all have important effects on the distribution
of extreme precipitation over the TP (Section 2.1). Meanwhile, a trough often occurs in
the north of the TP when the Xinjiang trough moves southeastward. The south branch
of the circumfluence of the westerlies forms low vortices on the northern slope of the
Himalayas, while multiple shear lines exist in the steep areas on the eastern side of the
plateau [31-33]. In this study, we explore the different mechanisms that produce regional
extreme precipitation events over the TP. A regional extreme precipitation event is defined
as extreme precipitation simultaneously occurring at more than five stations over the TP, at
least three of which are adjacent. From this, 33 regional extreme precipitation events were
obtained for the period 1981-2016. According to the frequency distribution of regional
extreme precipitation events at each station (Figure 6), the total frequency of extreme
precipitation events in most stations is less than 3. The stations without regional extreme
precipitation events are mainly distributed in the south of the Yarlung Zangbo River, near
Naqu and northwest Qinghai, while the areas with the most regional extreme precipitation
events are in the east of Qinghai. Statistics for the 500 hPa influence systems of regional
extreme precipitation events (Table 1) show that the extreme precipitation events are mainly
caused by the plateau trough, the plateau shear line, and the plateau vortex. The westerly
trough across the TP is called the plateau trough. The plateau shear line generated in the
plateau area refers to the discontinuous line of horizontal wind direction or wind speed
of 500 hPa. It is a long and narrow air flow belt with cyclonic rotation due to the rapid
change of wind direction or wind speed, and its length is more than 5 degrees of longitude
and latitude. The plateau vortex is a kind of «-mesoscale, low-pressure vortex, which is
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generated in the main boundary layer of the TP, with a horizontal scale of 400-500 km, and
which is mainly active at 500 hPa.

40°N b~

30°N

80°E 90°E 100°E

Figure 6. The frequency distribution of regional extreme precipitation events at each station.

Table 1. The 500 hPa influence system of regional extreme precipitation events.

. Precipitation Area . Maximum
Serial Number (A djafent Stations) Influence System Case Time Precipitation (mm)
1 E (4) Plateau low trough 19830818 39.8
2 E (6) Plateau low trough 20160714 41.6
3 N (6) Plateau low trough 19900725 37.5
4 N (7) Plateau low trough 19970702 48.3
5 N (4) Plateau low trough 19970805 42.0
6 N (4) Plateau low trough 19980710 65.0
7 N (5) Plateau low trough 19950810 445
8 N (6) Plateau low trough 19960809 49.0
9 N (5) Plateau low trough 20080730 38.9
10 N (5) Plateau low trough 20090818 45.9
11 N (7) Plateau low trough 20120730 48.0
12 N (5) Plateau low trough 20010709 40.8
13 N (5) Plateau low trough 20130827 52.6
14 N (6) Plateau low trough 20140708 46.8
15 N (5) Plateau low trough 20160710 46.6
16 N (5) Plateau low trough 20160711 39.8
17 E (5) Plateau shear line 19890727 115.8
18 E (5) Plateau shear line 19930829 66.0
19 E (5) Plateau shear line 19950703 39.9
20 E©9) Plateau shear line 19970708 67.8
21 E (4) Plateau shear line 20070721 44.5
22 E (5) Plateau shear line 20100718 55.9
23 S-C (5) Plateau shear line 19950704 34.2
24 N (5) Plateau shear line 19930720 42.7
25 N (5) Plateau shear line 20070830 60.5
26 N (6) Plateau shear line 20100607 52.0
27 N (5) Plateau shear line 20120605 93.7
28 S-C (4) Plateau vortex 19900731 35.4
29 S-C (5) Plateau vortex 19860716 359
30 S-C (3) Plateau vortex 20130807 44.5
31 S-C (6) Plateau vortex 20150819 75.9
32 E (5) Plateau vortex 20000828 421
33 N (4) Plateau vortex 19980709 35.4
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The plateau trough type of extreme precipitation event accounts for 48.5% of the
total number, the plateau vortex type accounts for 18.2%, and the plateau shear line type
accounts for 33.3%.

The main influence systems are counted in this paper and the conclusions drawn are
in accordance with the previous study [34,35]. The regional extreme precipitation events
caused by different systems influence the variability of the rainfall extent and amount. The
extreme precipitation events caused by the plateau trough mainly occur in the northern part
of the TP. The extreme precipitation events caused by the plateau shear line mainly occur
in the eastern part of the TP. The extreme precipitation events caused by the plateau vortex
mainly occur in the central-southern part of the TP. The extreme precipitation caused by the
plateau shear line is generally the largest, followed by the plateau vortex and the plateau
trough. In the following analysis, the regional extreme precipitation events are divided into
three types according to the influence system at 500 hPa, namely the plateau trough-type
(short for PT-type) extreme precipitation events, which are the extreme precipitation events
mainly caused by the plateau trough; the plateau-vortex-type (short for PV-type) extreme
precipitation events, which are the extreme precipitation events mainly caused by the
plateau vortex; and the plateau shear line-type (short for PSL-type) extreme precipitation
events, which are the extreme precipitation events mainly caused by the plateau shear
line. In order to make the research results more universal, different types of regional
extreme precipitation events are selected to conduct a composite analysis. Four extreme
precipitation events are selected for each type. The influence of the selected cases basically
occurs in the same position, and the specific selected cases and times are shown in Table 2
(the times are shown in UTC).

Table 2. Synthetic case information table.

Year Precipitation Period Synthesis Time Precipitation Type Influence System
1990 24 July-25 July 24 July 18:00 PT-type Plateau low trough
1995 09 Aug-10 Aug 09 Aug 18:00 PT-type Plateau low trough
2013 26 Aug-27 Aug 26 Aug 18:00 PT-type Plateau low trough
2014 07 July-08 July 07 July 18:00 PT-type Plateau low trough
1989 26 July—-27 July 26 July 18:00 PSL-type Plateau shear line
1993 28 Aug-29 Aug 28 Aug 18:00 PSL-type Plateau shear line
1997 07 July-08 July 07 July 18:00 PSL-type Plateau shear line
2007 20 July—-21 July 20 July 18:00 PSL-type Plateau shear line
1986 15 July-16 July 15 July 18:00 PV-type Plateau vortex
1990 30 July7-31 July 30 July 18:00 PV-type Plateau vortex
2013 06 Aug-07 Aug 06 Augl18:00 PV-type Plateau vortex
2015 18 Aug-19 Aug 18 Aug 18:00 PV-type Plateau vortex

The extreme precipitation events are affected by many factors, such as global warming
and changes in water resources. However, precipitation is more closely related to water
vapor transport and dynamic and thermal conditions. The physical mechanisms of the three
types extreme precipitation events will be discussed herein by analyzing the characteristics
of atmospheric circulation and dynamics and thermal and water vapor conditions in the
next sections.

3.2.2. Characteristics of Atmospheric Circulation

The composite situation fields at 500 hPa for the three types of the regional extreme
precipitation events are shown in Figure 7. At 500 hPa, the PT-type extreme precipitation
event (Figure 7a) is characterized by a northern vortex and a southern trough (the vortex
is located near Lake Baikal and the trough is located in the south of Lake Baikal). The
region from Qinghai to central Tibet is dominated by a low trough, with the extreme
precipitation occurring in front of the trough. The contour lines of the 500 hPa geopotential
height north of 40° N are distributed latitudinally, which is not conducive to the southward
transportation of cold air. The PSL-type extreme precipitation event at 500 hPa shows a
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meridional distribution in the mid-high latitudes of Asia (Figure 7b), along the ridge to the
west of Lake Baikal. The northwest airflow in the front of the ridge reaches around 30° N
The influence system from the south to the east of the TP is a shear line, near which the
PSL-type extreme precipitation event occurs. The PV-type extreme precipitation event at
500 hPa shows a vortex in central Tibet (Figure 7c), while the PV-type extreme precipitation
event occurs on the south side of it. The west of Lake Baikal is controlled by a weak ridge,
while the northwest air flow in front of it strengthens the north wind on the north side of
the vortex.
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Figure 7. The composite of the 500 hPa circulation for (a) PT-type, (b) PSL-type, and (c) PV-type
precipitation events. The blue contour lines represent the potential height (unit: gpm), the red box
represents the extreme precipitation area, and the thick red lines indicate the shear line or trough line.

The composite anomalies of 100 hPa geopotential height are shown in Figure 7a—c.
During the PT-type extreme precipitation event (Figure 8a), the whole East Asian continent
at 100 hPa maintains positive anomalies of geopotential height, indicating that the South
Asia High is strengthening, while the strengthening of the upper-level high pressure is
conducive to the enhancement of pumping. During the PSL-type extreme precipitation
event (Figure 8b), the East Asian continent exhibits positive anomalies in the west and
negative anomalies in the east, while extreme precipitation occurs in the wide range of
negative anomalies. During the PV-type extreme precipitation event (Figure 8c), the South
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Asia High is weaker than usual and the precipitation appears at the junction of the negative
anomalies and positive anomalies.

The composite anomalies of 500 hPa geopotential height are shown in Figure 8d-f.
During the PT-type extreme precipitation event (Figure 8d), the whole East Asian continent
has two positive anomalies and one negative anomaly, with the negative anomaly in favor
of the deepening and maintenance of the low-level trough. During the PSL-type extreme
precipitation event (Figure 8e), the situations at 500 hPa and 100 hPa in the East Asia
continent are similar, with positive anomalies in the west and negative anomalies in the
east. This indicates that the negative anomaly should be maintained from 500 to 100 hPa
when the extreme precipitation occurs in the east. The negative anomaly for the whole layer
is favorable for the eastern plateau, being in the low-value system. During the PV-type
extreme precipitation event (Figure 8f), the region is characterized by positive anomalies
in the east and negative anomalies in the west, similar to that at 100 hPa. The extreme
precipitation area shows a weakly negative anomaly, which is beneficial to the development
of vortices.
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Figure 8. The composite of the height anomaly at 100 hPa for (a) PT-type, (b) PSL-type, and (c) PV-type precipitation events.
The composite of the height anomaly at 500 hPa for (d) PT-type, (e) PSL-type, and (f) PV-type precipitation events. The red
box represents the extreme precipitation area.

The comparison of the three types shows that the PT-type extreme precipitation
event needs the enhancement of the upper-level high pressure and that the pumping at
the upper level can provide a strong upward motion. The PSL-type and the PV-type
extreme precipitation events occur at the junction of positive and negative anomalies,
which indicates that during the extreme precipitation period, a weaker South Asia High
is needed. In the extreme precipitation area, there is a negative anomaly field at 500 hPa,
which is beneficial to the development of the trough, vortices, and shear lines.

3.2.3. Characteristics of Dynamic Field

In order to better reveal the vertical structure of the dynamic conditions in the extreme
precipitation area, the anomalies of vorticity and divergence are analyzed. In the PT-
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100 T

type extreme precipitation event (Figure 9a), there are obvious low-level convergence
disturbances and upper-level divergence disturbances in the extreme precipitation area
(35° N—40° N). The level of convergence disturbance lifts with the increase of latitude,
however the disturbance value weakens. The convergence disturbance center at low levels
near 35° N—40° N is accompanied by a strong positive vorticity disturbance, with the
strongest disturbance appearing at 600-500 hPa. In the PSL-type extreme precipitation
event (Figure 9b), there are obvious low-level convergence disturbances and upper-level
divergence disturbances in the extreme precipitation area (25° N-30° N). The area of
positive (negative) vorticity disturbance overlaps with that of convergence (divergence)
disturbance. The cooperation between the vorticity field and divergence field increases the
divergence up to almost 200 hPa. The PV-type extreme precipitation area (28° N-32° N)
(Figure 9c) exhibits weak low-level convergence disturbance and upper-level divergence
disturbance, corresponding to positive vorticity disturbance at low levels. Convergence
and divergence disturbances only remain below 400 hPa.
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Figure 9. The vertical section of divergence anomalies (shade, unit: 10~°s~1) and vorticity anomalies (black solid line, unit:
107%s~1) over the Tibetan Plateau for (a) the PT-type precipitation event at 100° E, (b) the PSL-type precipitation event at
99° E, and (c) the PV-type precipitation event at 90° E. The black rectangle on the horizontal axis represents the extreme

precipitation area.

Comparing the three types, we find that the regions of extreme precipitation are
accompanied by the low-level convergence, positive vorticity disturbance, and upper-level
divergence disturbance. However, the height and intensity of disturbance development
in the PV-type extreme precipitation event are the weakest (corresponding to a slight
enhancement of convergence and divergence in the original field). The center of high
divergence disturbance at 500 hPa in the PT-type extreme precipitation event is obviously
stronger than that in the PSL-type and PV-type extreme precipitation events. This shows
that the extreme precipitation event caused by the low trough requires stronger dynamic
disturbance than that caused by vortices and shear lines.

3.2.4. Characteristics of Thermal Field

Because the thermal field provides a trigger mechanism for precipitation, the thermal
anomaly field of extreme precipitation events over the TP is analyzed.

During the period of extreme precipitation in the PV-type extreme precipitation event
(Figure 10a), the potential temperature anomaly of the extreme precipitation area gradually
increases with the height, with a center of high values near 300 hPa, while the positive
anomaly inclines to high latitudes. There is a strong disturbance of ascending speed in
the extreme precipitation area, which strengthens the release of condensational heat. This
leads to a strong temperature increase over the extreme precipitation area. The PSL-type
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extreme precipitation event (Figure 10b) is accompanied by a weak temperature increase
and a strong vertical ascending velocity disturbance. The area of high ascending velocity
disturbance reaches around 200 hPa, which is highly consistent with the development of
upper-level divergence disturbance in the PSL-type. There is an obvious cooling area at
30° N—40° N, with the strongest cooling occurring near 300 hPa. This shows that a strong
cold air invades in the north side of the shear line, which is in accordance with the results
for the 500 hPa composite field in the eastern plateau. For the PV-type extreme precipitation
event (Figure 10c), no significant warming in the extreme precipitation area occurs because
there is no disturbance of ascending velocity at 600-500 hPa. There is a small velocity
disturbance from 500 hPa to 200 hPa and also an obvious cooling zone at 30° N-40° N,
with the maximum cooling center at 300 hPa. This is consistent with the analysis results
that there is strong cold air invasion in the north of the vortex in the 500 hPa composite
field in the PV-type extreme precipitation event.
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Figure 10. The vertical section of vertical velocity anomalies (shade, units: 1072 Pa/s) and potential temperature anomalies

(unit: k) over the Tibetan Plateau for (a) the PT-type extreme precipitation event at 100° E, (b) the PSL-type extreme

precipitation event at 99° E, and (c) the PV-type extreme precipitation event at 90° E. The black rectangle on the horizontal

axis represents the extreme precipitation area.

Comparing the three types, we find that the disturbance of the ascending speed
(corresponding to the enhancement of the ascending motion in the original field) and the
intensity of cold air play important roles in the adiabatic heating in the extreme precipitation
region. The latitudinal air flow in the PT-type extreme precipitation event is not affected by
the cold air, so the strong ascending disturbance could cause warming across the whole
atmosphere layer. During the PSL-type extreme precipitation event, although there is
a strong ascending disturbance, the invasion of cold air weakens the warming effect of
the precipitation area. In the PV-type extreme precipitation event, there is no obvious
increase of temperature due to the weak ascending disturbance and strong cold air. At the
same time, it is also found that the centers of high temperature increase and temperature
decrease values both appear at 300-200 hPa, while the centers of high values for three
regions basically appear at the same height.

3.2.5. Characteristics of Water Vapor

According to the study by Xie et al. [36], there are two main water vapor channels
for summer precipitation over the TP. In the first channel, the Indian summer monsoon
transports the water vapor from the Arabian Sea and the Bay of Bengal to the southeast of
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the TP. In the second channel, the water vapor is transported by the mid-latitude westerlies.
For the PT-type extreme precipitation event (Figure 11a), the water vapor from the westerly
flow turns into a southwest wind due to the friction of the plateau and converges with
the southerly flow of the Bay of Bengal. It is transported to the precipitation area through
the middle of the plateau. There is an obvious convergence of water vapor flux in the
precipitation area, with maximum specific humidity of up to 7 g kg . During the PSL-type
extreme precipitation event period (Figure 11b), the water vapor mainly comes from the
Bay of Bengal, and there is also an obvious convergence of water vapor flux in the center of
the severe precipitation area, with a maximum specific humidity of 5 g kg 1. During the
PV-type extreme precipitation event period (Figure 11c), the water vapor is transported
to the south of the plateau by both the southerly flow from the Bay of Bengal and the
westerlies. A strong convergence center of water vapor flux is found in the region of severe
precipitation, accompanied by a large specific humidity center of 8 g kg ™.
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Figure 11. The 500 hPa water vapor flux divergence (shade, unit: 10~7g-cm~2 hPa~! s~!) and water vapor flux (vector, unit:
1073g-cm~! hPa~! s~ 1) over the Tibetan Plateau for (a) PT-type, (b) PSL-type, and (c) the PV-type extreme precipitation
events. The red box represents the extreme precipitation area, while the yellow boundary lines represent the Tibetan Plateau.

Comparing the three types, we find that the water vapor from the Bay of Bengal
is very important to the extreme precipitation over the TP. During the three extreme
precipitation periods, all are influenced by the water vapor from the Bay of Bengal. The
joint action of two water vapor channels is needed because the latitude of the PT-type
extreme precipitation event is higher and the water vapor dissipates greatly in the event
of northward transportation. Due to the relatively low latitude of the PSL-type extreme
precipitation event, the water vapor in the Bay of Bengal dissipates less and can be directly
transported to the precipitation area. Besides the water vapor in the Bay of Bengal, the
strong convergence of the vortex also involves part of the water vapor from the westerly
flow over the TP during the PV-type extreme precipitation event, which is produced by the
plateau vortex system.

4. Discussion and Conclusions
4.1. Discussion

In recent years, the extreme precipitation over the plateau has shown an increas-
ing trend. The distribution of precipitation is affected by the special topography of the
plateau [6]. In this study, the summer extreme precipitation event in the central-eastern
part over the TP shows a significant increasing trend. The centers of high maximum daily
precipitation values are distributed along the edge of the plateau. There are two centers of
daily maximum precipitation over the TP. One is in the southeast of Qinghai and the other
is over the Hengduan Mountains. The largest amounts of extreme precipitation are found
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in the southern and eastern TP, where there are the highest frequencies of daily extreme
rainfall (exceeding 25 mm). Multiple shear lines exist in the steep areas on the eastern
side of the plateau [31-33]. In this study, the extreme precipitation events caused by the
plateau shear line mainly occur in the eastern part of the TP, which is similar to past studies.
In addition to the plateau shear line, in this paper we also study the plateau vortex and
plateau trough, finding that the extreme precipitation events caused by the plateau trough
mainly occur in the northern part of the TP and the extreme precipitation events caused by
the plateau vortex mainly occur in the central-southern part of the TP.

4.2. Conclusions

Based on the daily gauge precipitation datasets of 106 national surface weather stations
and the ERA-Interim reanalysis datasets in summer from 1981 to 2016 over the TP, according
to the statistics for extreme precipitation events in the mid-eastern part of the Tibetan
Plateau from 1981 to 2016, there were 33 regional extreme precipitation events in 36 years,
which have three main influence systems at 500 hPa, namely the plateau trough, plateau
vortex, and plateau shear line. Different systems influence the variability of the rainfall
extent and amount, therefore according to the three influence systems, the regional extreme
precipitation events can be divided into three categories, namely the plateau-trough-type
extreme precipitation event, plateau-vortex-type extreme precipitation event, and plateau
shear line-type extreme precipitation event. On this basis, the characteristics of the three
types of regional extreme precipitation events were studied and the preliminary conclusions
are as follows.

The frequency was high in early July (21st ten-day period, or 42nd pentad). Among
them, the frequencies in the 19th, 21st, and 23rd ten-day periods were high, while those
in the 20th, 22nd, and 24th ten-day periods were relatively low. Obviously, there was
a significant quasi-biweekly oscillation. Before 1993, extreme precipitation over the TP
was rare. After 2007, the total amount of extreme precipitation in the plateau increased
significantly. The years with negative anomalies of extreme precipitation were 1982, 1987,
and 1992, while the years with positive anomalies were 2012 and 2016. The M-K test
showed that extreme precipitation amounts over the TP entered a significant mutation
period after 1995, while the frequency of extreme precipitation showed obvious oscillation
periods of 12a and 16-18a.

During the 33 regional extreme precipitation events over the TP, the plateau trough
type accounted for 48.5% of the total number, the plateau vortex type accounted for 18.2%,
and plateau shear line accounted for 33.3%.

During the plateau-trough-type extreme precipitation event period, there was a posi-
tive anomaly at 100 hPa, indicating that the South Asian High was anomalously strong.
However, for the other two types, the South Asian High was slightly weaker than usual.
There were negative height anomalies at 500 hPa for the three types, which is favorable for
the development of low troughs, shear lines, and vortices. During the period of extreme
precipitation events, the development height of the dynamic disturbance for the plateau
shear line-type extreme precipitation event was the highest, reaching 200 hPa. The ascend-
ing disturbance at low levels and the strength of the cold air played important roles in the
temperature increase in the extreme precipitation area.

The water vapor in the Bay of Bengal is very important for the extreme precipitation
over the Tibetan Plateau. The water vapor in the plateau trough type and plateau vortex
type extreme precipitation events were transported by the westerly belt and the southwest-
erly flow of the Bay of Bengal. There was larger specific humidity in the plateau vortex
type than in the other types, reaching up to 8 g-kg ™.

Based on the ground rain gauge datasets, this research presented the characteristics of
extreme precipitation over the TP in summer, along with the regional extreme precipitation
events and their influence systems over the TP. The causes of extreme precipitation events
were preliminarily analyzed from circulation, heat, power, and water vapor characteristics.
The mechanism behind the extreme precipitation events remains to be further explored.
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