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ABSTRACT. This work analyzed the spatial and temporal variations of the extreme precipitation over China during the period 1982 to
2019, based on GPCC data. Meanwhile, the spatially clustering characteristic of China is evaluated based on the trends of summer
precipitation through K-means. This is the first to clustering based on the trend of summer precipitation. The results indicated that the
spatial distribution of MK trends for the summer precipitation indices over China during 1982 ~ 2019 shows increasing and decreasing
trends in different regions. The extreme precipitation has been found mainly in Pearl River Basin, Southeastern River Basin, Huaihe
River Basin, and the lower reaches of the Yangtze River. The risk of floods in SERB (the Southeastern River Basin), especially those
caused by short-term heavy precipitation, may increase in recent decades. Four clusters are identified through K-means, which can be
named as stable (59%), extreme wetter (5%), dryer (19%), and wetter (17%) zones. Combining the spatial distribution of the multi-year
average of precipitation indicators and four clusters, the ‘wet to wetter and dry to dryer’ is found in China summer precipitation.
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1. Introduction

Precipitation is an essential climate variable to assess the
fresh water supply of a region or nation (Yu et al., 2020). Pre-
cipitation varies from year to year and over decades and changes
in quantity, frequency and intensity with a direct influence of
global warming (Trenberth, 2011). The impact of extreme pre-
cipitation events on the populations and economies in affected
areas has drawn widespread attention (Fan et al., 2020; He et
al., 2021). The unusual behavior of summer precipitation often
causes local flooding during summer. Therefore, it is essential to
explore the recent changes in the summer precipitation pattern
and the background circulation all over the word.

China is located in east Asia (Figure 1). Because of large
landmass and various climate regions, weather and climate ex-
tremes bring frequent damage to the country (Wang et al.,
2021b). The spatiotemporal variations of summertime precip-
itation and their possible causes and underlying mechanisms
therefore have been attracting considerable concerns previ-
ously (Lin and Wang, 2016; Zhang et al., 2017). For example,
persistent heavy rainfall over the Yangtze River basins during
the 1998 meiyu season caused floods (Long and Chen, 2000).
Moreover, floods in 1998 caused $16 billion in direct economic
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losses and more than 1300 people killed in the Yangtze geo-
physical processes. In summer 2020, the extreme Yangtze pre-
cipitation caused flooding and landslides that resulted in loss of
life (Zhou et al., 2021). Researchers found that these extreme
conditions are all related to the variation of total and extreme
precipitation. Thus, changes in total and extreme precipitation
have attracted much attention. In recent years, substantial effort
has been devoted to investigating the variability of precipi-
tation over China, especially in summer. For example, on the
basis of daily precipitation analysis, Zhai et al. (1999) have
analyzed the trend in normalized annual precipitation anoma-
lies and in some annual extremes for the period 1951 ~ 1995 for
361 stations in China, and suggested that changes in extreme
and total precipitation might be closely related. Ren et al. (2000)
showed an increasing trend in summer precipitation over the
mid lower reaches of the Yangtze River and a decrease trend
over the Yellow River basin, but almost no change in the high-
latitude areas. Zhai et al. (2005) have found negative trends of
the annual mean precipitation and extreme precipitation events
from southern Northeast China to the upper Yangtze River valley
and positive trends over northwestern and southern China.

Zhai et al. (2005) analyzed the observed trends in extreme
precipitation events in China during 1961 ~ 2001, and found that
the annual mean precipitation increases significantly in south-
west, northwest, and east China, and decreases significantly in
central, north and northeast China. Qian et al. (2007) have ex-
amined the long-term trends of the precipitation frequencies in
China for a wide range of precipitation rates (1 ~ 50 mm per day)
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and detected an overall negative trend in the frequency of light
precipitation events and a positive trend in the frequency of
extreme precipitation. Xu et al. (2015) have found that the
summer precipitation over northwestern China has increased
obviously since the late 1970s, which may be related to the local
surface warming. Huang et al. (2013) studied the feature of the
interdecadal change of the summer precipitation around the late
1990s and its association with the atmospheric circulation anoma-
lies over East Asia by using the long-time observational preci-
pitation datasets and monthly and daily NCEP/NCAR reanaly-
sis datasets. Xu et al. (2015) have addressed the spatial patterns
of the decadal variation of summer precipitation over China and
found that the summer precipitation over China experienced
different decadal variation features from north to south after the
late 1990s. Recently, Liu et al. (2020) have evaluated the in-
traseasonal variability of China summer precipitation. He et al.
(2021) used K-means clustering to capture spatiotemporal cha-
racteristics of extreme precipitation events during summer over
eastern China subregions from 1961 to 2018.

2. Materials and Methods

2.1. Overview of Study Area

The terrain of China is high in the west and low in the east.
Mountains, plateaus, and hills account for about 67% of the land
area, and basins and plains account for about 33% of the land

area. The mountains are mostly east-west and northeast-southwest.
In the west, there is the Qinghai-Tibet Plateau, the largest in the
world, with an average altitude of more than 4,000 meters,
which is known as the “Roof of the World”. China has a vast
territory, a wide span of latitudes, and a large distance from the
sea. In addition, the terrain is different in height, and the terrain
types and mountain directions are diverse. Therefore, the com-
bination of temperature and precipitation is diverse, forming a
variety of climate types. Affected by the alternating winter and
summer monsoons, and China is the most typical monsoon and
monsoon climate in the world. Compared with other parts of
the world at the same latitude, the temperature in China is rela-
tively low in winter, while the temperature in summer is rela-
tively high. The annual temperature varies greatly. Precipitation
is concentrated in summer. Summer precipitation is a critical
water source for China, which contributes to 40% (in wet areas)
— over 60% (in dry areas) of annual precipitation nationwide
(Lei etal., 2011). China has the largest population in the world.
More than 70% of the total population lived in eastern China
(Zhu et al., 2011), with many megacities such as Beijing, Shang-
hai, and Guangzhou. However, the society and socio-economy
in eastern China are remarkably vulnerable to summer precipi-
tation changes (Ding et al., 2008).

The frequency of extreme precipitation events in China is
projected to increase under the Representative Concentration Path-
way (RCP) 4.5 and RCP 8.5 scenarios (Chen et al., 2020; Duan
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Figure 1. The study area.
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etal., 2021). Thus, a better understanding of the spatiotemporal
variations of extreme precipitation events over China, as well
as of the related physical mechanisms, could improve the fore-
casting of current weather and the projections of future climate
change (He et al., 2021; Wang et al., 2021c). However, the pre-
vious studies are limited in their scope and data use. Their re-
sults also need to be reexamined since the statistical signifi-
cance of trends was not rigorously assessed. Therefore, as an
extrusion of the previous efforts, the objective of this study is
to update the temporal and spatial trends of summer precipita-
tion, especially for extreme precipitation over China for reveal-
ing the response of climate change.

There are many rivers in China, which flow through differ-
ent climatic and topographical regions. As shown in Figure 1, the
main river basins in China include Songhuajiang River Basin
(SRB), Liaohe River Basin (LRB), Haihe River Basin (HHRB),
Yellow River Basin (YRB), Continental River Basin (CRB),
Huai River Basin (HRB), Yangtze River Basin (YTRB), Pearl
River Basin (PRB), Southeastern River Basin (SERB), and
Southwestern River Basin (SWRB).

2.2. Data and Methods

We obtained daily precipitation from Full Data Daily Anal-
ysis Version 2020 published by the Global Precipitation Cli-
matology Centre (GPCC) at 0.5°spatial resolution. The daily
land-surface precipitation from rain-gauges built on GTS-based
and historic data. The data set covers the period from 1982 to
2019 and is available from https://opendata.dwd.de/climate_envi-
ronment/GPCC/full_data_daily v2020/. The GPCC precipitation
has been used in many previous studies for analysis of hydro-
climatic extremes.

Table 1. Extreme Index Definition

Index Definition Units

SumP Total precipitation amount in summer mm

RX1day Maximum 1-day precipitation amount in mm
summer

RX5day  Maximum consecutive 5-day precipitation mm
amount in summer

RD Count of rain days (defined as precipitation days

>= 1.0 mm) in summer

R10mm  Number of heavy precipitation days (defined  days
as precipitation >= 10 mm) in summer

R20mm  Number of very heavy precipitation days days
(defined as precipitation >= 20 mm) in
summer

Focusing on the changes of temperature and precipitation
extreme events, the Expert Team on Climate Change Detection
and Indices (ETCCDI) defined a set of 27 widely used indices
calculated from surface station observations. This allows for
the analysis of the distribution and changes of climate extremes
in global scale. Here, we examine six extreme precipitation
indices from the ETCCDI (Yu et al., 2020) to investigate extreme
summer precipitation events over China. They are the total pre-
cipitation (SumP), the maxima of 1-day (RX1lday) and 5-day

(RX5day) precipitation, the number of rain days (RD) with daily
precipitation not less than 1 mm, the number of days with daily
precipitation more than 10 mm (R10mm) and 20 mm (R20mm).
This study focuses not only on precipitation events but also on
the trends of precipitation amount and precipitation days. More
detailed information is shown in Table 1.

For each grid point, we performed the MK test (Mann-
Kendall test) to the significance of the possible trends of the six
aforementioned precipitation indices for 1982 ~ 2019 (Mann,
1945; Kendall, 1975). As a nonparametric test, the MK test has
been widely used in the fields of hydrology, climatology, and
meteorology (Helsel and Hirsch, 1992; Yue and Wang, 2004;
Khalig et al., 2009; Wang et al., 2021a). The proportion of con-
cordant pairs minus the proportion of discordant pairs in the
sample (i.e., defined as a statistic Z), is used to identify the tem-
poral trend in the MK test:

n-1 N
2,-3 3 sonfy, )
i=1 j=i+l
1 Y,-Y, >0 )
sgn(Y;-Y;)=4 0 Y,-Y,=0,
-1 Y;-Y,<0

where Y; and Y; are the precipitation indices in the time series
and n is the size of the sample (n = 38 in this study). The trend
is judged by the Z statistic, with Z;; lower than zero represents
the downward trend, and larger than zero represents the upward
trend. The absolute value of Z; larger than 1.69 indicates that
the precipitation indices have a trend at a 5% significant level.
The strength of the MK test is that as a nonparametric proce-
dure it does not assume a specific joint distribution of the pre-
cipitation indices, which is minimally affected by departures
from normality (Han et al., 2014). The limitations of this trend
test are frequently associated with its own null hypothesis (HO0),
which assumes that the precipitation indices are independently
and identically distributed (Wang et al., 2020). More details
about MK test are available in (Blain, 2013).

To evaluate the spatially clustering characteristic of China
based on the trends of summer precipitation, K-means is ap-
plied in this study. As one of the simplest clustering methods,
K-means is an unsupervised learning approach used to group
similar features using specific mathematical criteria. The goal
of K-means is to minimize the sum of the squared error be-
tween the empirical mean of a cluster and the points in the clus-
ter. Previously, K-means is independently discovered in differ-
ent scientific fields by (Ball and Hall, 1965; Drineas et al., 2004).
With the advantage of easy implementation, simplicity, effi-
ciency, and empirical success, K-means is still one of the most
widely used algorithms for clustering (Jain, 2010). A good over-
view of K-means is available in (Jain, 2010).

3. Spatial Patterns of Extreme Precipitation Indices

The GPCC Full Data Daily Analysis Version 2020 covering
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Figure 2. Spatial distribution of extreme summer precipitation index: (A) mean of sumP; (B) variance of sumP; (C) mean of
RX1day; (D) variance of RX1day; (E) mean of RX5day; (F) variance of RX5day.
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Figure 3. Spatial distribution of MK trends for: (A) sumP; (B)RD; (C) RX1day; (D) RX5day; (E) R10mm:; (F) R20mm. The dot
represents that the MK trend is statistically significant at the 0.05 level.

the years from 1982 to 2019 regraded at 0.5° >0.5<resolution
was directly used to calculate the indices sumP, RX1day, and
RX5day grid-by-grid. Figure 2 demonstrates the Spatial Patterns
of these indices in terms of the multi-year mean and variance
over mainland of China. The various climates of China are deci-
sively determined by the winter and summer monsoon (Domroes
and Peng, 1988). The monsoon system together with the effects
of topography yields a remarkable change in total summer pre-
cipitation, from less than 18 mm in the remote northwest to more
than 1500 mm in the southeast. As shown in Figures 2(D) and

4

2(D), China shows remarkable change in the max one-day pre-
cipitation, from less than 5 mm in the remote northwest to more
than 130 mm in the southeast.

Spatially, precipitation of RX1day and RX5day are gen-
erally in phase. The RX1day and RX5day are typically used to
describe changes in potential flood risks. The results indicate
that extreme precipitation have been found mainly in Pearl River
Basin, Southeastern River Basin, Huaihe River Basin, and the
lower reaches of the Yangtze River. A decreasing trend of sum-
mer total precipitation was observed from the southern part of
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northeast China to the mid-low Yellow River valley and the
upper Yangtze River valley, which is consistent with previous
study. For instance, Qian and Lin (2005) found that persistent
wet days and strong rainfall have contributed to the increasing
frequency of floods in southeast China and the Xinjiang region
in the last two decades.

4. Trend of Extreme Precipitation Indices

Figure 3 presents the spatial distribution of MK trends for
the summer precipitation indices over China during 1982 ~ 2019,
which shows increasing and decreasing trends in different re-
gions. From Figure 3(A), 21% of grid points in China have a
statistically significant change trend at 0.05 level in terms of
the total precipitation in summer. In detail, significant decreas-
ing trends occurred mainly in the middle and lower reaches of
the Yangtze River, as well as north China, while statistically
significant increasing trends occurred in southeast China, and
is the Qinghai-Tibet Plateau. These are generally consistent with
the results of Lu et al. (2015). The increase in precipitation in
some areas in northwest China is as large as 5 mm/a, indicating
that the dry conditions in some areas in the arid/semi-arid
southeast China have been gradually alleviated over the last 38
years. The increased summer precipitation over northwestern
China may be related to the local surface warming (Zhou and
Huang, 2010). On the other hand, the decrease in precipitation
of approximately 5 mm/a in middle reaches of the Yangtze
River. From Figure 3(B), it can be found that, the amount of
rain day (precipitation >1 mm) has significantly changed in
38% China’s area, mainly increased in the Qinghai-Tibet Plateau
(west China) and decreased in northwest China. This suggests
that the precipitation increase in western China is due to the in-
crease in both precipitation frequency and intensity, which is
consistent with the results of Shang et al. (2019). Figures 3(C)
and 3(d) show the trends of RX1day and RX5day, where 18%
and 16% of grid points in China have a statistically significant
change trend. The Rx1lday and Rx5day is typically used to
describe changes in potential flood risks (Wang et al., 2013).
The results indicate that significant increases in extreme preci-
pitation have been found mainly in Pearl River Basin, South-
eastern River Basin, the lower reaches of the Yangtze River,
and the south of Continental River Basin. At the same time,
from Figures 3(E) and 3(F), it can be found that, 37% and 35%
of China’s area show increasing and decreasing trends in R10mm
and R20mm in different regions. Spatially, trends in R10mm
and R20mm are generally in phase. R10mm is used to diagnose
the wet part of the precipitation distribution. This suggests that
the number of the days of very heavy precipitation (i.e., R20mm)
may have a close relation with that of heavy precipitation (i.e.,
R10mm).

Figure 4 presents the statistics of significant MK trend by
watershed over China. The top three basins with the largest changes
in total summer precipitation sumP are SERB (39%), CRB
(35%), and PRB (26%). This means that the drought in the
northwest deserts would be eased due to climate change. As to
the extreme precipitation, the trends of RX1day and RX5day
are not synchronized in different regions. For instance, 26%

and 29% of CRB show a statistically significant trend in terms
of RX1day and RX5day. At the same time, 30% of SERB shows
a significant trend in term of RX1day, while only 7% of it shows
a significant trend in term of RX5day. This means that the risk
of floods in SERB (the Southeastern River Basin), especially
those caused by short-term heavy precipitation, may increase
in recent decades. From Figure 4, it can be found that the trends
in RD, R10mm, and R20mm are generally in phase, which
means that number of the days of heavy precipitation (i.e.,
R10mm), very heavy precipitation (i.e., R20mm) may have a
close relation with that of precipitation (i.e., RD). The top three
basins with the largest changes in precipitation frequency of
different magnitudes are CRB (52 ~ 55%), SWRB (37 ~ 50%),
and YTRB (35 ~ 37%).
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Figure 4. The Statistics of significant trend by watershed
over China.

5. Clustering Analysis

K-means is one of the widely used clustering methods.
The only parameter of the K-means algorithm is that the num-
ber of clusters, K (Hardy, 1996). In this study, we estimate the
number of clusters using Bayesian information criterion (BIC).
As shown in Figure 5, the BIC/K significantly decreased with
the number of clusters increased from 1 to 4, and increased after
that. In this study, four clusters are chosen under which the clu-
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stering is the most efficient. Figure 6 presents the cluster results
based on K means, which shows strong spatial clustering. 5%
of grids over China belong to the Cluster 2, which mainly loca-
ted in the southeastern China, presenting a banded distribution
spatially. 19% of grids belong to the Cluster 3, which mainly lo-
cated in the middle reaches of the Yangtze River and part of
northeastern China. 17% of grids belong to the Cluster 4, which
mainly located in the Qinghai-Tibet Plateau and area around
the Cluster 2. The rest 59% of grids belongs to the Cluster 1,
which mainly located in the Northwestern and middle China.
Figure 7 presents the boxplot of summer precipitation trends
for different clusters.
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Figure 5. Optimum number of clusters in K mean clustering
using Bayesian information criterion (BIC).

As shown in Figure 7, significant differences between the
four clusters are observed. In detail, the main feature of cluster
1isthat there is little change in extreme precipitation indicators
in summer. The mean MK trends of the six indicators are all

around 0. The cluster 1 can be named as stable zone. The main
feature of cluster 2 is that the total amount of summer preci-
pitation and extreme precipitation have increased significantly.
For example, the average MK trend of SumP is higher than 4
mm/a; the average MK of RX5day is higher than0.75 mm/a,
which is significantly higher than other clusters. The cluster 2
can be named as extreme wetter. The main feature of cluster 3
is that the total summer precipitation and extreme precipitation
are significantly reduced. For example, the average MK trend
of SumP is lower than -1.5 mm/a; the average MK of RX5day
is lower than -0.25 mm/a, which is significantly lower than other
clusters. The cluster 3 can be named as stable dryer. The main
feature of cluster 4 is that the total amount of summer precipita-
tion and extreme precipitation have increased significantly, but
the increase rate is lower than that of cluster 1. For example, the
average MK trend of SumP is higher than 2 mm/a; the average
MK trend of RX5day’s is higher than 0.15 mm/a. The cluster 4
can be named as wetter. Overall, there are significant differences
between the four clusters, which can be named as stable, extreme
wetter, dryer, and wetter zones. Combining the spatial distribu-
tion of the multi-year average of precipitation indicators in
Figure 2, and the spatial distribution of the four clusters in
Figure 6, the results show that summer precipitation in China
shows wet to wetter and dry to dryer.

6. Conclusions

In this study, the temporal and spatial trends of summer
precipitation, especially for extreme precipitation over China
are analyzed for revealing the response of climate change.
Meanwhile, the spatially clustering characteristic of China is
evaluated based on the trends of summer precipitation through
K-means. The main conclusions are as follows:

N

cluster 1
cluster 2
cluster 3

cluster 4

Cluster analysis
A based on K-means

Figure 6. The MK trend of summer extreme precipitation over China.
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Figure 7. The boxplot of summer precipitation trends for different clusters.

The spatial distribution of MK trends for the summer pre-
cipitation indices over China during 1982 ~ 2019 shows in-
creasing and decreasing trends in different regions. The extreme
precipitation have been found mainly in Pearl River Basin,
Southeastern River Basin, Huaihe River Basin, and the lower
reaches of the Yangtze River. The risk of floods in SERB (the
Southeastern River Basin), especially those caused by short-
term heavy precipitation, may increase in recent decades. Four
clusters are identified through K-means, which can be named
as stable (59%), extreme wetter (5%), dryer (19%), and wetter
(17%) zones. Combining the spatial distribution of the multi-
year average of precipitation indicators and four clusters, the
“wet to wetter and dry to dryer” is found in China summer pre-
cipitation. This is the first to clustering based on the trend of
summer precipitation.

The above analyses are obtained only from reanalysis data
GPCC. Climate model-based studies with numerical simulations
are necessary to further interpret and verify the results, and will

be the focus of a future follow-up study.
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