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Abstract

Extreme precipitation events can cause disasters, especially in areas with complex terrain. It is very important to identify
whether the spatiotemporal distribution of extreme precipitation intensity over the Chuandian Plateau of China has
changed. This paper selects five indices from the Expert Team on Climate Change Detection Indices that can reflect the
extreme precipitation intensity. K-means clustering results in two distinct precipitation seasons. The spatial distribution
and trends of precipitation are analyzed using daily quality-controlled data series from 20 meteorological stations from
1971 to 2015.The main results are as follows: (1) The extreme precipitation intensity increases from the north to the south
of the region, with high-value areas in the southwestern and southeastern areas and low-value areas in the western and
eastern areas. (2) The extreme precipitation intensity is higher, and the spatial differences are smaller during the wet sea-
son than during the dry season. The spatial variabilities in June and July are greater than those in August and September.
The largest contributors to annual rainfall are the wet season and July. (3) The extreme precipitation intensity shows an
increasing trend, especially in the central areas, even though the majority of the trends are not statistically significant. (4)
The intensity of the extreme precipitation exhibits a relatively strong trend during the wet season and July, which could
result in serious geomorphological disasters. It is critical to detect the characteristics and trends of extreme precipitation
intensity-related disasters and develop appropriate adaptation and mitigation strategies.

Keywords Extreme precipitation index - Spatiotemporal distribution - Intensity - K-means clustering method -
Chuandian Plateau - China

1 Introduction

In many regions of the world, extreme precipitation is one
of the most important climate variables [1], and precipi-
tation has a substantial influence on natural and social
environments, including various disasters. According to
the Intergovernmental Panel on Climate Change [2, 3],
extreme precipitation events will continue to increase in
number and intensity due to climate change and human

activities. For example, during the period from 2000 to
2016, a total of 2790 flood disasters were reported glob-
ally in the International Emergency Disasters Database
(EM-DAT), which is much more than the 1807 flood dis-
asters that were reported from 1960 to 1999. Obviously,
in regions with complex terrain, extreme precipitation
intensity can lead to more geomorphological disasters,
such as mountain flooding, soil and water losses, land-
slides and mudslides. Therefore, there is an important and
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urgent need to assess the spatial distributions and trends
of extreme precipitation events.

Extreme precipitation events have attracted increasing
interest in the scientific community. Substantial evidence
has indicated that the increasing trends of extreme pre-
cipitation events over the past several decades have been
detected over most areas in warmer climates [4]. However,
the spatial patterns of extreme precipitation differ from
one region to another throughout the world [5]. Previous
research has shown that extreme precipitation is highly
sensitive to climate warming, especially in mountain and
highland regions [6], and this trend is most obvious in the
southwestern region of China, where extreme precipita-
tion events are common [7].

The Chuandian Plateau is located in southwest China, at
98°08'-104°58'E, 26°28'-34°19’N. The Chuandian Plateau
has complex topography, and plateau and alpine valleys
are the main landforms of the region, which includes three
areas: the Songpan Plateau, the Western Sichuan Plateau
and the Hengduan Mountains (Fig. 1). In the southern
region, the north-south mountains and valleys are aligned
from the west to the east [8]. Comparatively, most rivers
also run north to south. The mountains obstruct the East
Asian Monsoon (EAM) in the west—east direction and pro-
vide a thoroughfare for the South Asian Monsoon (SAM) in
the south-north direction [9]. The Western Sichuan Plateau

and Songpan Plateau are located in the central and
northern regions, respectively. The Chuandian Plateau is
affected by complex seasonal monsoons, such as the SAM
from the Indian Ocean and Bay of Bengal, the southern
branch of the westerlies, the local climate of the Tibetan
Plateau [10] and the EAM. Among them, the energy driv-
ing the EAM and SAM results from the thermal contrast
between the Asian landmass and surrounding seas. This
significantly impacts patterns of continental temperature
and precipitation [11, 12]. The Pacific Decadal Oscillation
(PDO), defined by the leading empirical orthogonal func-
tion of Pacific sea surface temperature (SST) north of 20°N
after removing global SST [13], has been documented to
alter the EAM directly and through its response to ENSO.
Generally, the Chuandian Plateau is the main transition
zone from the terrain of the Tibetan Plateau to the Yun-
nan-Guizhou Plateau and the Sichuan Basin, which is the
main area of landslides, mountain floods and mudslides in
China. However, extreme precipitation plays a major role
in these geomorphological disasters.

To date, few studies have intensively discussed the
extreme precipitation events in some regions associated
with the Chuandian Plateau of China, such as the south-
west of China [14-16], Sichuan Province [17-19], and
Yunnan Province [20]. Although previous studies have
included the area, very little attention has been paid to
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Fig. 1 Locations of the meteorological stations on the Chuandian Plateau of China. Annual precipitation from 1971 to 2015
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the Chuandian Plateau of China, while many studies have
focused on the agropastoral ecotone of northern China
[21, 22]. Consequently, we need to provide sufficient infor-
mation on the spatiotemporal variability and trends of the
extreme precipitation intensity over the study region. Such
information is critical for understanding disasters related
to extreme precipitation intensity and developing appro-
priate adaptation and mitigation strategies.

This study aims to determine the spatiotemporal
changes in the extreme precipitation intensity. The main
goal is to determine the changes in the annual, seasonal
and monthly extreme precipitation intensities using a set
of 5 intensity indices generated by the joint CCI/CLIVAR/
JCOMM Expert Team on Climate Change Detection and
Indices (ETCCDI) (http://etccdi.pacificclimate.org/), which
is a widely used approach.

2 Materials and methods
2.1 Extreme precipitation intensity indices

There are a variety of definitions for extreme precipitation
[23]. Here, we select five extreme precipitation indices rec-
ommended by the ETCCDI (http://etccdi.pacificclimate.
org/) to characterize the annual, seasonal and monthly
extreme precipitation events. These precipitation indices
address precipitation depth or intensity, and they are the
PRCPTOT, SDII, RX1 day, RX5 day and R95pTOT. In this way,
we can gain better insight into the often subtle or hidden
features of the major climatic regions of the Chuandian
Plateau of China [24].

PRCPTOT, which reflects the total precipitation in
days with daily precipitation values =1 mm during cer-
tain time periods, is probably the most important index
that reflects variations in precipitation. SDIl accounts for
the daily mean precipitation during wet days. RX1 day
and RX5 day account for the monthly maximum 1-day
and consecutive 5-day precipitation during certain time
periods, respectively. R95pTOT is an index for measur-
ing heavy precipitation that exceeds the 95th percentile

Table 1 Extreme precipitation indices used in this study

threshold, which is derived from precipitation on wet
days from 1971 to 2015. Detailed descriptions are pro-
vided in Table 1. Daily precipitation data from 20 mete-
orological stations (Table 2) covering the Chuandian
Plateau are provided by the National Climate Center of
the China Meteorological Administration (http://data.
cma.cn/). RClimDex software (which is developed and
maintained by the Climate Research Department of the
Canadian Meteorological Agency, http://etccdi.pacificcli
mate.org/software.shtml) and Excel software are used
to calculate the indices from the daily data after data
quality control [23]. We assume that the chosen indices
provide a good measure of intensity.

Table 2 List of meteorological stations, their World Meteorological
Organization (WMO) number, latitude, longitude and altitude (m)

Index Description

Station WMO no. Latitude (°N) Longitude Altitude (m)
name (°B)

Ruo'ergai 56079 33.58 102.97 3439.6
Ganzi 56146 31.62 100.00 33935
Seda 56152 32.28 100.33 3893.9
Daofu 56167 30.98 101.12 2957.2
Ma'erkang 56172 31.90 102.23 2664.4
Hongyuan 56173 32.80 102.55 3491.6
Xiaojin 56178 31.00 102.35 2369.2
Songpan 56182 32.65 103.57 2850.7
Batang 56247 30.00 99.10 2589.2
Xinlong 56251 30.93 100.32 3000.0
Litang 56257 30.00 100.27 3948.9
Daocheng 56357 29.05 100.30 37277
Kangding 56374 30.05 101.97 2615.7
Degin 56444 28.48 98.92 3319.0
Muli 56459 27.93 101.27 2426.5
Jiulong 56462 29.00 101.50 2987.3
Gongshan 56533 27.75 98.67 1583.3
Zhongdian 56543 27.83 99.70 3276.1
Weixi 56548 27.17 99.28 2326.1
Yanyuan 56565 27.43 101.52 2545.0

Formula

PRCPTOT (mm)
SDIl (mm/day)
RX1 day (mm)

Total wet-day precipitation

Simple daily intensity index

Highest precipitation amount in a one-
day period

RX5 day (mm) Highest precipitation amount over 5
consecutive days
RI5pTOT (mm) Very wet days

Total precipitation on wet days (RR=1 mm)
Total precipitation divided by the number of wet days (RR= 1) mm)
Maximum precipitation in 1-day intervals

Total maximum precipitation over 5-day intervals

Precipitation amounts due to very wet days (> 95th percentile)
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2.2 K-means clustering

Cluster analysis is a multivariate statistical method for
quantitative research classification that classifies samples
without classified information according to the degree of
similarity between samples. K-means clustering is a type of
cluster analysis method that was proposed by Mac Queen
in 1967. K-means clustering is suitable for rapidly clustering
large samples. When we know how many classes to group
the data into, the use of K-means clustering saves comput-
ing time. The idea behind K-means clustering is to form the
initial classification. First, we use a specific method to select
a number of cluster centers. The cluster centers ensure that
the samples are grouped close together. Then, according
to the nearest distance principle, these centers are con-
tinuously modified until the unreasonable classifications
become reasonable [25]. In this study, K-means clustering,
performed using the SPSS software, is used to divide the dry
season and wet season.

2.3 Trend calculation

The annual, seasonal and monthly trends of the climate
indices are calculated by a high-dimensional linear regres-
sion method. This procedure is implemented in the Excel
software, and the slopes, as well as their statistical signifi-
cance, are provided as outputs of the analysis. The detailed
calculation process can be found in Hu et al. [26]. We use two
statistical significance levels in this paper because the statis-
tical significance of precipitation trends is usually lower than
that of other climate elements due to the large spatial and
temporal variability in precipitation [27]. We consider the sta-
tistical significance levels < 0.05 ‘strongly significant changes'’
and values between 0.05 and 0.1 'significant changes.

2.4 Coefficient of variation

The spatial difference in the extreme precipitation intensity
can be expressed statistically by the coefficient of variation
(CV), which can measure the degree of spatial difference in
the same index [28]. The greater the CV is, the greater the
spatial difference is [29].

The calculation formula is as follows:

In the formula, CV is the coefficient of variation, i is the
sequence of the meteorological stations, x; is the extreme
precipitation intensity index of the ith meteorological sta-
tion, and x is the average value of the extreme precipita-
tion intensity indices of each meteorological station.
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3 Results
3.1 Annual extreme precipitation intensity analysis
3.1.1 Spatial characteristics

The spatial distributions of the PRCPTQOT, SDII, RX1 day,
RX5 day and R95pTOT indices over the Chuandian
Plateau are shown in Fig. 2. Over the period from
1971-2015, the annual extreme precipitation intensity
indices generally increase from the north to the south-
west and southeast, with values ranging from 456.6
to 1707.6 mm, 6.1 to 10.3 mm, 27.6 to 68.8 mm, 56.5
to 169.5 mm and 87.4 to 385.2 mm. Every index of the
annual extreme precipitation intensity shows a trend
of decreasing from the southwest to the northeast and
from the south to the north. This may be a reflection of
the fact that the longitudinal ridge valley acts as both
an east-west barrier and a north-south channel to the
EAM and SAM flowing through the region [30]. By com-
paring the coefficient of variation (CV) of each index, it
is found that R95pTOT has the largest spatial difference,
with a CV of 40.08%, followed by PRCPTOT, with a CV of
33.25%. SDII has the smallest spatial difference, with a
CV of 16.10%.

3.1.2 Trends

The annual PRCPTOT on the Chuandian Plateau has
increased by approximately 19.08 mm over the last
45 years, with an average trend of 4.24 mm per dec-
ade. On the Chuandian Plateau, SDIl increases slightly
(by 0.41 mm) over the period from 1971 to 2015, with
an average trend of 0.09 mm decade™', and 90% of
the stations show positive trends for SDII. RX1 day and
RO5pTOT increase on the Chuandian Plateau with trends
of 0.25 mm decade™ and 4.29 mm decade™’, respec-
tively. However, RX5 day decreases on the Chuandian
Plateau, with a trend of —0.05 mm decade™. In addi-
tion, for the above five indices, only 5-15% of the sta-
tions show significant trends. The spatial distributions
of the climatic trend rates for PRCPTOT, SDII, RX1 day,
RX5 day and R95pTOT are shown in Fig. 3. The trends for
both PRCPTOT and RX5 day decrease from the center to
the north and south. The largest increases in PRCPTOT
and RX5 day occur at the Litang station, which is in the
center of the region, with trends greater than 32.41 mm
decade™ and 4.9 mm decade™’, respectively (Fig. 3a,
d). The central area shows positive trends. In contrast,
most of the areas in the south and north show nega-
tive trends for PRCPTOT and RX5 day. SDII, RX1 day and
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Fig.2 Annual spatial characteristics of the extreme precipitation intensity over the Chuandian Plateau from 1971 to 2015

RI5pTOT increase faster at the Muli station in the south-
eastern area than in the other areas, with trends greater
than 0.4 mm decade™, 3.3 mm decade™' and 22.32 mm
decade™', respectively. The Gongshan station, which is
in the southwestern area, shows the largest decreases
in SDII, RX1 day and R95pTOT with trends less than
—0.1 mm decade™, —2.8 mm decade™" and —20.55 mm
decade™’, respectively, as shown in Fig. 3b, ¢, e. The SDII
and R95pTOT trends for the whole region are significant
at the 0.05 and 0.1 levels, respectively (Table 3). One
common feature of all the indices is that the southwest-
ern area shows the most pronounced decrease in the
study area. From May to September, the southwest mon-
soon (the south Asian summer monsoon, SASM) pre-
vails [31-33]. However, studies have confirmed that the
Asian monsoon (including the EAM and SAM) circulation
intensity appears to have been obviously reduced for
nearly half a century, especially since the 1970s [34, 35].
In recent years, some scholars have speculated about
the variation in the SASM by measuring the §'0 con-
tent in stalagmites, and the results show that the SASM

has had a weakening trend for almost half a century [36,
37]; it is proposed that the SASM weakening could be
the main reason for the decrease in precipitation in the
southwestern area of the Chuandian plateau over the
past 45 years.

3.2 Seasonal extreme precipitation intensity
analysis

This paper considers the average monthly precipita-
tion data for each meteorological station in the region
from 1971 to 2015 as a variable with which to divide
the twelve months into two categories. Among the sta-
tions, 19 meteorological stations have the same pat-
terns, including cluster 1 (January to May, October to
December) and cluster 2 (June to September) (Fig. 4a).
Only the Gongshan meteorological station has a differ-
ent pattern in cluster 1 (January, November, December)
and cluster 2 (February to October) (Fig. 4b). The above
categories identified by the K-means clustering analysis
were all significant at the 0.05 level; thus, this method
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Fig.3 Annual linear trends (per decade) of the extreme precipita-
tion intensity over the Chuandian Plateau from 1971 to 2015 (The
sizes of the triangles are proportional to the trend values: larger
triangles correspond to larger values of the linear trends. Filled

triangles indicate significant trends at the 0.1 level. Filled triangles
within circles indicate strongly significant trends at the 0.05 level.
The following figures have the same meaning)

Table 3 Average trends of

S Indices Annual Dry season Wet season June July August September
the extreme precipitation
intensity ﬁ(mm decade:) and PRCPTOT 4.24 2.72 3.89 165 077 4.95 —3.47%
the significant trends for all Sl 009* 007 0.13%* 011 018% 022 0.04
the stations on the Chuandian
Plateau except the Gongshan RX1 day 0.26 0.18 0.62%* 024  059*  081**  -005
station (the annual indices RX5 day -0.04 0.07 0.49 -0.48 0.96 0.55 -0.07
include the Gongshan station) R95pTOT 429+ -027 5.87%* 165  2.32% 1.79 0.08

*At level a=0.1, **At level a=0.05

generated appropriate clustering results. According to
the average monthly precipitation data, cluster 1 rep-
resents the dry season, and cluster 2 represents the wet
season. The seasonal precipitation that occurs during the
wet season represents 70.48% and 92.06% of the total
annual precipitation for the 19 meteorological stations
and the Gongshan meteorological station, respectively.
The Gongshan meteorological station will be analyzed
separately.
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The Gongshan station does not conform with the dry
and wet season division patterns of the other stations.
Thus, the analysis of the seasonal extreme precipitation
intensity in this study does not consider the Gongshan
station. The spatial distributions of the seasonal PRCPTOT,
SDII, RX1 day, RX5 day and R95pTOT indices on the Chuan-
dian Plateau are shown in Fig. 5. Over the period from 1971
to 2015, the wet seasonal extreme precipitation intensity
indices generally decreased from the southeast to the
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Fig. 4 Division of the dry
and wet seasons. a The entire
research region except for
the Gongshan meteorologi-
cal station; b the Gongshan
meteorological station
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Fig.5 Seasonal spatial characteristics of the extreme precipitation intensity over the Chuandian Plateau from 1971 to 2015 (diamond
means that the Gongshan station is not included in the statistical range, and the following figures have the same meaning)

other areas, with values ranging from 358.4 to 675.5 mm,
7.2t010.5 mm, 27.0 to 50.7 mm, 55.8 t0 95.1 mm and 76.1
to 165.4 mm (Fig. 5a—e). The lowest PRCPTOT and R95pTOT
values are observed at the Deqin station, and the lowest
SDIl and RX1 day values are observed at the Ganzi station.
Both stations are located in the western part of the region.
However, the lowest RX5 day value is at the Xiaojin sta-
tion, which is in the eastern part of the region. In contrast,
the highest values of all the indices are observed at the
Jiulong station, Yanyuan station and Muli station, which
are in the southeastern part of the region. With the largest
spatial difference, R95pTOT has a CV of 21.51%, followed

by PRCPTOT and RX1 day, with CVs of 18.27% and 17.37%,
respectively. SDII has the smallest spatial difference
(11.31%). Moreover, the extreme precipitation intensity
during the wet season makes a very large contribution to
the annual extreme precipitation intensity, i.e., the aver-
age PRCPTOT, SDII, RX1 day, RX5 day and R95pTOT values
in the wet season are 71.2%, 114.7%, 96.2%, 96.7% and
83.6%, respectively.

However, the spatial distribution of the extreme precipi-
tation intensity indices during the dry season decreases
from the southwest to the other areas, with values ranging
from 77.0 to 422.6 mm, 3.8 to 8.7 mm, 14.4 to 45.5 mm,
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27.2t096.2 mm and 5.0 to 105.2 mm (Fig. 5fj). The lowest
PRCPTOT, RX1 day and RX5 day values are observed at the
Batang station, and the lowest SDIl and R95pTOT values
are observed at the Seda station and Daocheng station,
respectively. The above three stations are located in the
western part of the region. In contrast, the highest values
of all the indices are observed at the Weixi station. This
station is in the southwestern part of the region. RO5pTOT
shows the greatest spatial difference, with a CV of 94.32%,
followed by PRCPTOT, which has a CV of 41.33%. SDII has
the smallest spatial difference (20.41%). Compared with
the wet season, the extreme precipitation intensity indices
of the dry season have a larger range, larger spatial differ-
entiation and smaller average value.

The wet season PRCPTOT on the Chuandian Plateau
has increased by approximately 17.51 mm over the last
45 years, with an average trend value of 3.89 mm decade™".
R95pTOT on the Chuandian Plateau increases by 26.42 mm
over the period from 1971 to 2015, with an average trend
value of 5.87 mm decade™". SDII, RX1 day and RX5 day
also show slightly positive trends of 0.13 mm decade™,
0.62 mm decade™' and 0.49 mm decade ™, respectively. In
addition, for the above five indices, less than 21.05% of the
stations show a significant trend. The spatial distributions
of the climatic trends of PRCPTOT, SDII, RX1 day, RX5 day
and R95pTOT are shown in Fig. 6a—e. Both the PRCPTOT
and RX5 day trends decrease from the center to the north
and south. The largest increases in PRCPTOT and RX5 day
occur at the Litang station, which is located in the center
of the region, with trends greater than 24.02 mm decade™
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and 5.6 mm decade™, respectively. The central area shows

positive trend values. In contrast, most of the areas in the
south and north show negative trends for PRCPTOT and
RX5 day. SDII, RX1 day and R95pTOT increase faster at the
Muli station in the southeastern area than they do in the
other areas, with trends greater than 0.5 mm decade™,
3.3 mm decade™' and 20.49 mm decade™’, respectively.
The Yanyuan station, which is also in the southeast-
ern area, shows the largest decreases in SDII, RX1 day
and RX5 day, with trends less than —0.1 mm decade™,
—1.1 mm decade™" and —4.7 mm decade ™, respectively.
The climatic trends of the extreme precipitation intensity
indices during the wet season are all higher than those for
the entire year, except for PRCPTOT. For the whole region,
the SDII, RX1 day and R95pTOT indices during the wet sea-
son are significant at the 0.05 level (Table 3).

The climatic trends of the extreme precipitation inten-
sity indices during the dry season are all smaller than
those during the wet season, i.e., the average PRCPTOT,
SDII, RX1 day, RX5 day and R95pTOT values during the dry
season are 2.72 mm decade™',0.07 mm decade™',0.18 mm
decade™, 0.07 mm decade™ and —0.27 mm decade™’,
respectively. None of them passed the significance test
(Table 3). In particular, R95pTOT exhibits the largest dif-
ference between the dry and wet seasons (Fig. 6e, j). This
should indicate an increasingly uneven distribution of the
extreme precipitation intensity between the wet season
and dry season. This also indicates that the strength of the
SASM and EASM (East Asian summer monsoon) tends to
concentrate more toward the wet season. For the above
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Fig. 6 Seasonal linear trends (per decade) of extreme precipitation intensity over the Chuandian Plateau from 1971 to 2015
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five indices, the largest increases in SDIl and RX1 day occur
at the Muli station, which is in the southeastern area, and
the largest increases in PRCPTOT, RX5 day and R95pTOT
occur at the Ma'erkang station and the Songpan sta-
tion, which are in the northern area. However, the larg-
est decreases occur at the Weixi station in the southwest,
which represents the highest value of all the indices in the
dry season (Fig. 6f—j).

3.3 Monthly extreme precipitation intensity
analysis

3.3.1 PRCPTOT index

PRCPTOT is calculated for each month. The results indicate
that the monthly PRCPTOT generally increases from north
to south and from west to east in this region (Fig. 7a-d).
It is affected by monsoons coming from both directions.
The largest spatial differences in PRCPTOT typically occur
in June (Fig. 7a), when the CV is 27.28%. The PRCPTOT
index is less than 200 mm for all stations in the analyzed
territory except for the Muli and Yanyuan stations, which
are in the southeastern area. The minimum PRCPTOT val-
ues are typically found at the Deqin station, which is in

the southwestern area, and the Xiaojin station, which is
in the eastern area. A large gradient in PRCPTOT exists in
the southern areas. The main reasons for this are that the
elevation difference between the stations in the southern
region is large, and the southern region is the first area
where the two monsoons arrive. July is characterized by
the greatest average PRCPTOT value (142.6 mm) and a
nonuniform distribution with a CV of 25.02%. (Figure 7b).
The values of PRCPTOT are higher than the average val-
ues in the southern areas. After July, the average values of
PRCPTOT decrease: the values for August and September
are 120.5 mm and 105.3 mm, respectively. Moreover, the
CV decreases successively from June to September.

In June and July, the linear trends of PRCPTOT are posi-
tive for the center of the Chuandian Plateau, but there
are almost as many negative trends in the northern and
southern areas (Fig. 7e, f). The linear trends of PRCPTOT
in August are predominantly positive throughout the
region (Fig. 7g), and significant positive trends appear
in the south-central region. In contrast, PRCPTOT is pre-
dominantly negative in September (Fig. 7h), and signifi-
cant negative PRCPTOT trends are typical for 26.32% of
the stations in the southeastern and northeastern areas.
For the whole region, PRCPTOT exhibits the most obvious
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Fig. 7 Monthly spatial distribution of the PRCPTOT characteristics and linear trends (per decade) over the Chuandian Plateau from 1971 to

2015
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increase in August at a rate of 4.95 mm decade™, but
PRCPTOT decreases by —3.47 mm decade™' in Septem-
ber, which passes the significance test at the 0.1 level
(Table 3). Clearly, the largest values of the PRCPTOT trends
are observed in August. This could be an indication that
the rainy season has lengthened from 1971 to 2015. In
addition, studies have confirmed that since the late 20th
century, the SASM and EASM have shown a weakening
trend and a consequent reduction in precipitation [35,
38]. This study reflects that this decrease mainly occurs in
September.

3.3.2 SDIlindex

The spatial distribution of the monthly SDII index is
expressed as the high-value area occupying most of the
eastern part of the region with a north to south distribu-
tion in June, which then moves to the south and north in
July. Later, the high-value area continues to move south
and north, and the range decreases. In September, the
high-value area is back in the eastern part of the region,
but the spatial difference exhibits a noticeable decrease
(Fig. 8a—d). From June to September, the spatial differences
are reduced, and the CV is 15.89%, 14.54%, 11.73% and
8.62, for June, July, August, and September, respectively.

The largest SDII values in all the months are at the Yanyuan
station. The largest average SDII throughout the region
occurs in July.

For the monthly SDII, positive trends are found at
68.42%, 73.68%, 89.47% and 52.63% of the stations con-
sidered for each month. Thus, there are no obvious spatial
distribution patterns (Fig. 8e-h). Approximately, 5.26%,
15.79%, 10.53% and 5.26% of the stations indicate sig-
nificant and strongly significant positive trends in each
month. However, there are nonsignificant negative lin-
ear trends. For the whole region, the SDII trends are pre-
dominantly positive in each month, and the SDII values
in August and July exhibit the most obvious increases of
0.22 mm decade™" and 0.18 mm decade™, respectively,
which pass the significance test at the 0.05 level (Table 3).

3.3.3 RX1 day index

The spatial distribution for the monthly RX1 day is consist-
ent with the years and seasons; moreover, there is little
difference between the months (Fig. 9a-d). In June, the
largest spatial difference is found, with a CV of 20.40%.
In July, there is a larger average value than that in the
other months. The minimum values of RX1 day typically
occur at the Deqin station in June and September and at
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Fig. 8 Monthly spatial distribution of the SDII characteristics and linear trends (per decade) over the Chuandian Plateau from 1971 to 2015
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Fig. 9 Monthly spatial distribution of the RX1 day characteristics and linear trends (per decade) over the Chuandian Plateau from 1971 to

2015

the Xiaojin station in July and August. The maximum val-
ues of RX1 day typically occur at the Yanyuan station in
all months. A large gradient of RX1 day still exists in the
southern area.

For the monthly RX1 day, which exhibit no obvious
spatial distribution pattern, positive trends are found at
63.16%, 73.68%, 68.42% and 47.37% of the stations con-
sidered for June, July, August and September, respectively
(Fig. 9e-h). Approximately, 10.53% and 21.05% of the sta-
tions show significant and strongly significant positive
trends in July and August, respectively. However, there are
nonsignificant linear trends in June. The trends of RX1 day
are predominantly positive over the whole region in June,
July and August. The negative trends are mainly observed
in September, with 20% of the stations exhibiting sig-
nificance and strong significance. For the whole region,
the RX1 day in August and July show the most obvious
increases of 0.8 mm decade™" and 0.6 mm decade ™, which
are significant at the 0.05 level (Table 3).

3.3.4 RX5 day index

The spatial distributions for the monthly RX5 day are
consistent among the different years and seasons;

moreover, there are few differences between the months
(Fig. 10a-d). In June, the CV is 24.93%, which is the larg-
est spatial difference in any of the months. In July, the
average value of 59.39 mm is larger than that in the other
months. The minimum RX5 day values typically occur at
the Deqin station in June and September and the Xiaojin
station in July and August, and these patterns are con-
sistent with those for RX1 day. The maximum RX5 day
values typically occur at the Yanyuan station in June and
July, the Muli station in August and the Jiulong station
in September. A large gradient of RX5 day still exists in
the southern area.

For the monthly RX5 day, positive trends are found in
31.58%, 68.42%, 63.16% and 47.37% of the stations con-
sidered for each month (Fig. 10e-h). The spatial distribu-
tion of RX5 day reveals that most of the downward trends
are specific to the southern and northern locations, while
the upward trends are more specific to the central areas.
However, there are large differences between the months.
The trends of RX5 day are predominantly negative, with
values of —0.48 mm and —0.07 mm over the whole region
in June and September, respectively. The positive trends
of 0.97 mm and 0.55 mm are mainly observed in July and
August, respectively.
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Fig. 10 Monthly spatial distribution of the RX5 day characteristics and linear trends (per decade) over the Chuandian Plateau from 1971 to

2015

3.3.5 R95pTOT index

The spatial distribution of the monthly R95pTOT shows
that the high-value areas occupy most of the eastern part
of the region with a north to south distribution in June.
Then, these high values move to the central part of the
region, where the largest spatial difference occurs in June.
Next, the spatial differences continue decreasing. In Sep-
tember, the high-value areas return to the eastern part of
the region, and there is minimal differentiation between
stations (Fig. 11a-d). However, the highest average value
still occurs in July.

Most of the R95pTOT series is characterized by increas-
ing slopes (73.68%, 78.95% and 63.16% of the loca-
tions in June, July and August, respectively) except for a
decrease in this trend (52.63% of the locations) in Septem-
ber (Fig. 11e-h). The spatial distribution of the monthly
trends is similar to those identified in the different years
and seasons: R95pTOT increases by 2.32 mm decade™' in
July, which is similar to the average for the whole region
over the period from 1971 to 2015; this pattern is signifi-
cant at the 0.1 level (Table 3). The R95pTOT values increase
in August and June and are lower than those in July. The
increasing rate (between 0.8 and 10.59 mm decade™)
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varies more than the decreasing rate (between —0.14
and —4.32 mm decade™) in August. However, there are
downward trends of —0.08 mm decade™! in September.
For the whole region, a dominant increase is observed in
the eastern and central areas, and decreasing trends are
observed in the western and northern areas.

It must be noted that June and July are the months
with relatively large precipitation (Fig. 1). As expected,
the spatial distribution of the average extreme precipi-
tation indices during these months reflects the spatial
pattern observed in the wet season. However, the largest
trends are observed in July and August, except for that of
PRCPTOT (Table 3). This could be an indication that the
rainy season is lengthening. A similar conclusion has been
reached in other areas [40, 41].

3.4 Extreme precipitation intensity analysis
at the Gongshan station

The trends of the extreme precipitation intensity are
listed in Table 4. The annual average trends of PRCPTOT,
SDII, RX1 day, RX5 day and R95pTOT reached —40.98 mm
decade™, —=0.1 mm decade™, —2.4 mm decade™',

—3.3mmdecade™’ and —20.55 mm decade™', respectively.
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Fig. 11 Monthly spatial distribution of the R95pTOT characteristics and linear trends (per decade) over the Chuandian Plateau from 1971 to

2015

Table 4 Average trends of the extreme precipitation intensity indices (mm decade™) and significant trends at the Gongshan station

Indices Annual Dryseason Wetseason February March April May  June July August September October
PRCPTOT -4098 -7.62 -33.36 -6.93 -562 -14.74 11.89 -1334 -3.05 10.77 -6.27 -6.07
Nl -0.1 0.23 -0.13 -0.24 -0.14 -0.72 076 -05 —-0.07 044* -0.19 -0.26
RX1 day -24 -1.13 -2.37 -0.07 -0.36 -2.50 3.57* =259 1.65 1.50 -0.71 -1.50
RX5 day -33 1.32 -3.33 -1.80 2.03 -73 543 -481 -0.22 258 -4.91 -4.36
RO5pTOT —-20.55 -3.40 -16.07 2.19 0 —-26.74** 873 -7.36 1.28 3.08 -3.78 -5.72

*At level a=0.1, **At level a=0.05

Of the two seasons, the wet season shows a greater
decreasing trend than that of the dry season for all the
indices, with average trend values of —33.36 mm decade™,

—0.13 mm decade™

, —2.37 mm decade™’, =3.33 mm

decade™" and — 16.07 mm decade™". Of the 9 months ana-
lyzed, April shows the greatest decreasing trend, with an
average PRCPTOT trend value of — 14.74 mm decade™', an

average SDII trend value of —0.72 mm decade

-1 an aver-

age RX5 day trend value of —7.3 mm decade™' and an
average R95pTOT trend value of — 26.74 mm decade™'. The
greatest decreasing trend in RX1 day is observed in June,
with an average value of —2.59 mm decade™. However,
in May, each index is positive, and the maximum values of

all the months are observed in May. According to Table 4,
71.67% of the indices show negative trends, and R95pTOT
in April shows a significant decreasing trend at the 0.05
level. SDII in August and RX1 day in May show significant
increasing trends at the 0.1 level.

4 Discussion and conclusions

4.1 Discussion

The changes in the extreme precipitation intensity are
compared with those in other regions (Table 5). The annual
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Table5 Trends of the extreme precipitation intensity from this
study and other studies. Data sources: Yunnan Province (Chen et al.
[20]), Southwest (Li et al.[14]), China (You et al. [39]), and Global
(Alexander et al. [44])

Region  Thisstudy YunnanProv- Southwest China Global
ince

PRCPTOT  4.24 —-4.68 0.03 321 10.59**

SDll 0.09** 0.11%** 0.03 0.06 0.05

RX1 day 0.26 0.47 0.05%* 1.37 0.85%*

RX5day —0.04 —-0.14 0.03 1.9 0.55

RO5pTOT  4.29* 3.76 0.04 4.06 4.07**

*At level a=0.1, **At level a=0.05

PRCPTOT trend value on the Chuandian Plateau is 4.24 mm
decade™, which is less than the global rate of PRCPTOT
increase (i.e., 10.59 mm decade™") over the period from
1951 to 2003. However, this value is higher than the aver-
age rates of PRCPTOT increase over the period from 1961
to 2005 in China (i.e., 3.21 mm decade™), the period from
1961 to 2008 in southwestern China (i.e., 0.03 mm decade
=Y and the period from 1960 to 2013 in Yunnan Province
in China (i.e., —4.68 mm decade™"). SDIl shows an increas-
ing trend that is similar to that in other regions, and the
magnitude of the trend is greater than that in all the other
regions except Yunnan Province, and the RX1 day trend is
smaller than that in all other regions except the southwest-
ern region. RX5 day is the only index with a negative trend,
which is consistent with the trend of Yunnan Province. The

largest positive trend among all the comparable regions
on the Chuandian Plateau is found in the R95pTOT index.
Generally, for the annual extreme precipitation intensity,
the climate of the Chuandian Plateau became wetter over
the 45-year period (1971-2015), especially in the central
areas. It can be concluded that the precipitation inten-
sity becomes more extreme, indicating consistent trends
toward wetter conditions across most of the indices, even
though the great majority are not statistically significant.

The precipitation regime on the Chuandian Plateau is
highly variable in both space and time, as the topography
of the region is highly complex. Table 6 shows that the
negative correlation coefficients between the extreme pre-
cipitation intensity indices and altitude reached 91.43%
for all the indices, and 62.86% of the indices passed the
significance test. Table 6 also shows that 100% of the indi-
ces show negative correlations between the extreme pre-
cipitation intensity indices and latitude, with 71.43% of
the indices passing the significance test. However, the cor-
relation between the extreme precipitation intensity and
longitude is not significant, with only 25.71% of the indices
passing the significance test. The study area is located at
the intersection of the movement of water vapor from the
Indian Ocean and the Pacific Ocean. The contribution rate
of water vapor from the Pacific Ocean decreases gradually
in the western and northern parts of the region, while the
contribution rate of water vapor from the Indian Ocean
generally decreases in the eastern and northern parts of
the region [42]. In addition, the altitude of the study area

Table 6 Correlation coefficients of the extreme precipitation intensity indices and altitude, latitude and longitude

Indices Altitude (m) Latitude (°N) Longitude (°E) Indices Altitude (m) Latitude (°N) Longitude (°E)
PRCPTOT —0.604** —0.395*% -0.22 RX1 day in July —-0.295 —-0.675%* -0.159
PRCPTOT in wet season —0.32 —0.504** -0.105 RX1 day in August —-0.283 —-0.618** -0.177
PRCPTOT in dry season  —0.623** —-0.248 -0.232 RX1 day in September  —0.61** -0.367 0.156
PRCPTOT in June -0.376 —-0.071 0.202 RX5 day —0.568*%* —0.643*%* —0.46**
PRCPTOT in July -0.16 —0.727** —-0.343 RX5 day in wet season  —0.442* —0.712%* -0.337
PRCPTOT in August -0.138 —0.762** —0.402*% RX5 day in dry season ~ —0.632** —0.463** —0.394*
PRCPTOT in September —0.383* —-0.029 0.243 RX5 day in June —0.497*%* -0.325 0.026
SDll —-0.618%* —0.77%* —-0.36 RX5 day in July -0.217** —0.729*%* —-0.307
SDIl in wet season -0.431% —0.637** —-0.057 RX5 day in August -0.132 —0.729** —0.446**
SDIlin dry season —0.712%* —0.568*%* —0.38*% RX5 day in September  —0.527** —0.434* —-0.064
SDIlin June —0.474** —-0.426* 0.117 RO5pTOT -0.611* —0.44* —-0.264
SDIlin July —-0.258 —0.682*%* —-0.165 R95pTOT in wet season  0.025 —-0.145 0.406*
SDIl'in August -0.196 —0.394*% 0.061 RI5pTOT in dry season  —0.612%* -0.376 -0.418*%
SDIl in September —0.623** —-0.387* 0.111 R95pTOT in June —-0.341 —-0.023 0.477%*
RX1 day —0.605** —0.646%* —-0.325 R95pTOT in July 0.318 -0.333 —-0.011
RX1 day in wet season  —0.457** —0.627** —-0.095 RO5pTOT in August 0.221 —-0.291 0.064
RX1 day in dry season  —0.668** —0.528** —-0.401* R95pTOT in September —0.552%* —0.583** —-0.261
RX1 day in June —0.534** -0.395* 0.156

*At level a=0.1, **At level a=0.05
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increases from south to north, the south is dominated by
longitudinal mountains and valleys, and the water vapor
mainly comes from the Indian Ocean [43]. The north is
dominated by a plateau, which is relatively far from the
ocean, so it is not easily reached by the water vapor. There-
fore, the latitude and altitude magnify the difference in
the spatial distribution of the water vapor from the Indian
Ocean and the Pacific Ocean in his study area. The exist-
ence of clear dry and wet seasons is an important climatic
characteristic in the region. In previous studies on pre-
cipitation, seasonal time series used the standard season
definition: winter (DJF), spring (MAM), summer (JJA) and
autumn (SON) [44, 45]. This definition is based on tempera-
ture changes throughout a year. However, precipitation
varies from regionally and has large spatial and temporal
variability. Therefore, the standard season definition masks
the temporal distribution of precipitation in specific areas
and cannot be used to accurately identify the dry and wet
seasons. In this study, we divide the dry and wet seasons
by using K-means clustering, and the results are very clear.
The wet season includes four continuous months when
67.3% of the total annual precipitation occurs, and the
dry season includes eight months when 32.7% of the total
annual precipitation occurs. This method can better reflect
the seasonal concentration of precipitation.

4.2 Conclusions

In this work, the annual, seasonal and monthly spatial dis-
tribution and trends of the extreme precipitation intensity
are evaluated using observations from 20 stations on the
Chuandian Plateau from 1971 to 2015, and these trends
are tested for statistical significance. Almost all of the
stations show consistent characteristics among the five
extreme precipitation intensity indices at multiple time
scales: (1) The overall characteristic of the spatial difference
in the extreme precipitation intensity increases from the
north to the south. (2) Due to the influence of monsoons,
there are distinct wet and dry seasons in this region. All the
indices have larger values and smaller spatial differences
during the wet season than those during the dry season.
The spatial variability of June and the average values of
July are greater than those of the other months in the wet
season. (3) The maximum values of the indices throughout
the year and during the dry season occur in the south-
western part of the region, and those for the wet season
and June to September occur in the southeastern part
of the region. The minimum values occur in the western
part of the region (including the Batang, Ganzi, Seda and
Deqin stations) and the eastern part of the region (Xiaojin
station).

At the seasonal scale, the trend rates of each index
increase more evidently during the wet season than

those throughout the year, except that of PRCPTOT. The
values of SDII, RX1 day and R95pTOT during the wet sea-
son are significant at the 0.05 level. Both the PRCPTOT
and RX5 day trend rates increase from the north and
south to the center. SDII, RX1 day and R95pTOT increase
faster in the southeastern area than in the other areas.
The climatic trends of the extreme precipitation inten-
sity indices during the dry season are all much less
than those during the wet season. This is especially
true for RO5pTOT during the dry season (i.e.,, —0.27 mm
decade™), which exhibits the largest difference from the
values in the wet season (i.e., 5.87 mm decade™). June
and July are the months with relatively large precipita-
tion. However, all the indices of extreme precipitation
intensity in July and August show consistently increas-
ing trends, with 50% of the values passing the signifi-
cant test, and the largest trends are observed in July
and August, except for that of PRCPTOT. This could be
an indication that the rainy season is lengthening.

For the entire region, the intensity of the extreme
precipitation has a relatively strong trend in the wet
season, especially SDII, RX1 day and R95pTOT in July
and August, which are the largest contributors to the
annual rainfall seasonally and monthly. In addition,
the precipitation days in the whole region are decreas-
ing, especially in Muli, Gongshan and Yanyuan, with
decreases of — 6.62 days decade™, —6.39 days decade™
and —6.38 days decade™, respectively. This could be an
indication that precipitation is becoming more concen-
trated and occurring in fewer and more intense events.
Thus, very serious problems, such as landslides, mud-
slides, mountain floods and other geomorphological
disasters, will be caused by the increase in the extreme
precipitation intensity in the region. This study focuses
on the characteristics and trends of the annual, seasonal
and monthly extreme precipitation intensity, which is
critical for understanding the extreme precipitation
intensity-related disasters and developing appropriate
adaptation and mitigation strategies. An analysis of the
mechanisms that influence the precipitation extremes is
planned in future work.
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