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Abstract: Extreme precipitation events, which have intensified with global warming over the past
several decades, will become more intense in the future according to model projections. Although
many studies have been performed, the occurrence patterns for extreme precipitation events in past
and future periods in China remain unresolved. Additionally, few studies have explained how
extreme precipitation events developed over the past 58 years and how they will evolve in the next
90 years as global warming becomes much more serious. In this paper, we evaluated the
spatiotemporal characteristics of extreme precipitation events using indices for the frequency,
quantity, intensity, and proportion of extreme precipitation, which were proposed by the World
Meteorological Organization. We simultaneously analyzed the spatiotemporal characteristics of
extreme precipitation in China from 2011 to 2100 using data obtained from the Coupled Model
Intercomparison Project Phase 5 (CMIP5) models. Despite the fixed threshold, 95th percentile
precipitation values were also used as the extreme precipitation threshold to reduce the influence
of various rainfall events caused by different geographic locations; then, eight extreme precipitation
indices (EPIs) were calculated to evaluate extreme precipitation in China. We found that the spatial
characteristics of the eight EPIs exhibited downward trends from south to north. In the periods
19602017 and 2011-2100, trends in the EPIs were positive, but there were differences between
different regions. In the past 58 years, the extreme precipitation increased in the northwest,
southeast, and the Tibet Plateau of China, while decreased in northern China. Almost all the trends
of EPIs are positive in the next two periods (2011-2055 and 2056-2100) except for some EPIs, such
as intensity of extreme precipitation, which decrease in southeastern China in the second period
(2056-2100). This study suggests that the frequency of extreme precipitation events in China will
progressively increase, which implies that a substantial burden will be placed on social economies
and terrestrial ecological processes.
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In the context of global warming, the occurrences of extreme weather events and their trends
have become the focus of most climate change studies. The probability of heavy rainfall throughout
most areas of the world has increased [1], and the total amount of extreme precipitation has increased
significantly since the 1950s [2,3], with the largest changes occurring in the tropics [4]. The frequency
and intensity of extreme precipitation will show similar upward trends as the global climate
continues to warm [5-7], the changes in precipitation will enhance differences between arid and
humid areas [8,9], and the effects of extreme precipitation may further increase this discrepancy. At
the intercontinental scale, the variation characteristics of extreme precipitation are also different.
Since the late 1960s, heavy precipitation in North America has shown an upward trend [10]. The trend
for extreme precipitation in South American regions is consistent with the overall precipitation trend
[11], and heavy precipitation in African regions has shown a downward trend since the middle of the
last century [12]. Similarly, extreme precipitation events in the western Indian region have also shown
a downward trend [13]. Compared to the background of past climate change, future global warming
will likely cause the frequency and intensity of regional extreme precipitation to continue to increase.
Although it has been generally accepted that precipitation in subtropical regions will decrease due to
future climate change [14], global extreme precipitation will increase in the current warming climate
[15].

China is a typical area that has been seriously affected by extreme precipitation. From the 1960s
to 1980s, the total precipitation in China exhibited an upward trend and a downward trend after the
1980s; the frequency and intensity of extreme precipitation events have shown upward trends with
an increase in heavy rain events across the country [16,17]. At the regional scale, the amount and
frequency of annual extreme precipitation have shown downward spatial variation trends from
southeast to northwest [18]; both the frequency and the amount have increased in southwestern,
northwestern, and eastern China and decreased in central, northern, and northeastern China [16],
while no significant trends occurred during 1960-2013 in Loess Plateau [19]. The patterns of extreme
precipitation are associated with the enhanced water vapor supply related to the strengthened
monsoon flow over southeastern China and the anomalous easterlies over northwestern China [18].
Changes in extreme precipitation will have a significant impact on the economy and ecology of China,
and their uncertainties will increase with future climate change scenarios; thus, assessing the spatial
and temporal patterns of extreme precipitation in China is important.

Due to the intermittent nature of precipitation events and their discontinuity over time and
space, most studies have analyzed extreme precipitation over a small scale, and few studies have
expanded their study regions to a national scale (i.e., China). Over the last 30 years, the temperature
in China has increased significantly; the current rate of warming, which has induced the fastest
heating period over the last 100 years, is twice as fast as the rate of warming 30 years ago [20].
Additionally, the patterns of extreme precipitation over the past 58 years and for the future in China
are still unclear under rapid global warming scenarios. Most studies prefer to use climate modeling
to analyze extreme precipitation, but there are several uncertainties in climate modeling such as
coarse spatial resolution, simple physical processes, and parameterization.

To understand how extreme precipitation changed in the past six decades and to predict how it
will change in the next nine decades more accurately, we used observations dataset and projection
datasets to evaluate the temporal and spatial patterns of extreme precipitation during two periods
(1960-2017 and 2011-2100). Then, zonal statistics were preformed to further analyze the regional
variations in extreme precipitation in the six regions in China (Figure 1). Finally, the temporal and
spatial variations in extreme precipitation in China over the past 58 years and for the next 90 years
were discussed.

2. Materials and Methodology

2.1. Study Area

In this study, China was chosen as the study area. There are big differences in annual
precipitation from the southeast to the northwest in China, along with big changes in elevation.
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Plateaus, basins, plains, and hills are distributed all over China due to the big changes of elevations.
The precipitation in China is easily affected by the winter and summer monsoon and topography,
which result in the remarkable change in annual precipitation, from less than 25 mm in the remote
northwestern China to more than 2000 mm in southeast China [21]. For these differences, six regions
were classified according to the annual precipitation and the provincial administrative boundary in
our study (Figure 1).
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Figure 1. Regions, elevations, and locations of stations in China. The boundaries with blue are the six
regions of China, where NE represents the region of northeastern China, NC represents the region of
northern China, NW represents the region of northwestern China, SE represents the region of
southeastern China, SW represents the region of southwestern China, and TP represents the region
of the Tibetan Plateau; the sites are the locations and elevations of the China Meteorological
Administration (CMA) stations used in our study.

2.2. Data

The observed daily precipitation data used in this paper were in situ observations provided by
the China Meteorological Administration (CMA) meteorological stations, which were used to
analyze the phenomenon of extreme precipitation in China from 1960 to 2017. The site data were
derived from a ground climate dataset from the China Meteorological Administration Meteorological
Data Center (http://data.cma.cn/site/index.html). The CMA dataset is the best daily dataset currently
available for studying climate change in the country [21], which contains historical observations that
have been collected from 824 sites in China since 1951 with a daily temporal resolution [22].

The simulation precipitation datasets from five models (Table 1).of the Intergovernmental Panel
on Climate Change (IPCC) Fifth Assessment Report (AR5) CMIP5 [23] were used to analyze the
changes in extreme precipitation in China from 2011 to 2100 The data we used included historical
simulation results (1960-2005) and future climate projections (2006-2100) in the Representative
Concentration Pathway (RCP) 8.5 scenario; for the convenience of comparison and statistics, all the
models data were interpolated onto a common 1.5° x 2.5° grid using the nearest neighbor method.
The RCP scenario that are usually utilized are RCP 2.6, RCP 4.5, and RCP 8.5 [24-27]. Each RCP
scenario makes a different assumption for greenhouse gas concentrations and other factors that affect
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the Earth’s climate system [28]. Extensive details on the RCPs can be found in Moss et al. [29] and
Van Vuuren et al. [30], and the RCP 8.5 we utilized in our study served as a high emission scenario,
which can better present the climatic conditions in the future in the context of global warming.
Considering the uncertainties in the simulation data, the period from 1960 to 2005 was selected as the
contrast group to build a correction model to correct the systematic deviation.

Table 1. List of global climate models in this study.

ID Model Source Temporal Nurflber of
Resolution Pixels
1 BCC-CSM-1-1 Beijing Climate Center, China Meteorological Daily 64 x 128

Administration, China
BNU-ESM Beijing Normal University, China Daily 64 x 128
Institute of Atmospheric Physics, Chinese Academy
of Sciences, China
GFDL-ESM2M Geophysical Fluid Dynamics Laboratory, USA Daily 90 x 144
Bjerknes Centre for Climate Research, Norwegian
Meteorological Institute, Norway

FGOALS-g2 Daily 60 x 128

[O2 BN S N S

NorESM1-M Daily 96 x 144

Source: http://www.ipcc-data.org/sim/gem_monthly/AR5/Reference-Archive.html

2.3. Methodology

To ensure the continuity and validity of these meteorological station data, we first checked and
retained stations where the sum of the missing observation days and the observation anomalies, such
as negative value and outliers [31,32], were less than 10% of the total observation days in a year
[21,33]. It was important to detect the outliers in the observations because the incorrect values due to
erroneous transcriptions of the daily data could be identified by the relationship between the outliers
and the maximum values of the daily precipitation in the observations [31,34]. Then, to control the
quality of the data strictly, we removed the stations missing observations for more than 10
consecutive days in the rainy season (i.e., April to September) [35,36]. Finally, 743 valid sites were
used in this study. For each selected site, the missing values were replaced by the average valid
precipitation of two days before and after the missing values. For simulated data, we extracted the
regions of China with the boundary of China and calculated EPIs using grids during the periods
1960-2005 and 2006-2100.

In this study, eight extreme precipitation indices (Table 2) were calculated using both fixed and
percentile thresholds. These indicators have been widely used for extreme precipitation studies and
were developed by the World Meteorological Organization, the Climatological Commission, and the
Climate Change and Forecasting Program Recommendations [37-41]. The method for defining
percentile thresholds in our paper was as follows: first, we sorted the precipitation values that were
greater than 1 mm from smallest to largest; then, the 75%, 95%, and 99% quantiles for precipitation
were used to calculate the thresholds for extreme precipitation. To select the most suitable threshold
to evaluate the extreme precipitation events in China, a comparison between the three quantiles and
fixed threshold of moderate rain, heavy rain, and rainstorm was applied. Finally, the 95th percentile
was used. The R10, R20, and R50 were defined as the number of rainy days when the precipitation
was greater than 10 mm, 20 mm, and 50 mm, respectively; the R95d was defined as the number of
rainy days when the precipitation was greater than the threshold; the R95p was defined as the total
rainfall during extreme days; and the R95pT was calculated as the ratio of the R95p to the total
precipitation on rainy days. We defined the AEPI to describe the absolute intensity of extreme
precipitation, which is the ratio of R95p to R95d.

Because the CMIP5 simulation dataset could not estimate the rainy days and precipitation
accurately in China [42], and there were some differences in the representations of the EPIs in China
calculated by the six simulations (five CMIP5 models and the average of five model) and observations
from 1960 to 2005 (Figure Al and A2), it is necessary to select an optimal model to evaluate the
extreme precipitation in China. Figure Al shows that there were slight differences among the
projections in the EPIs across the whole region of China, and they were underestimated by R20, R50,
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SDII, and AEPI Larger differences existed among the trends of the EPIs between the projections and
observations (Figure A2). In terms of the six regions, the differences in the indices among the six
models in the NE, NC, SW, and SE regions were larger than those in the other regions. To analyze
future extreme precipitation in China accurately, we calculated the Pearson correlation coefficient
(Table A1) and the RMSE (Table A2) between the simulations and observations from 1960 to 2005,
and selected the optimal model with the largest R and smallest RMSE to evaluate future extreme
precipitation in China. Then the BCC-ESM1-1 model was chosen to evaluate the extreme precipitation
in China in the next 90 years. Finally, a systematic correction was performed for each of the EPIs
using the comparison expression between the CMA and the model extreme precipitation indices
(Figure A3). In addition, to be consistent with the observation time scale, we divided the projected
dataset into two even 45-year periods (i.e., 2011 to 2055 and 2056 to 2100).

Table 2. Definitions of the extreme precipitation indices.

Indices Description Units
R10 Number of days per year with precipitation amount > 10 mm day
R20 Number of days per year with precipitation amount > 20 mm day
R50 Number of days per year with precipitation amount > 50 mm day

SDII  Average daily precipitation amount on wet days with RR>1 mm where RR is the daily = mm/day
precipitation amount on a wet day.

R95d  Number of days with P > 95th percentile during the whole year day
R95p  Fraction of annual total precipitation due to events exceeding the 95th percentile mm
R95pT  Ratio of extreme precipitation total to rainfall in rainy days (daily precipitation >1 mm) %
AEPI  Absolute intensity of extreme precipitation mm/day

To analyze the trends in extreme precipitation in China during the periods from 1960-2017 and
2011-2100, ordinary least squares regression was used to linearly fit the eight EPIs. A Mann—Kendall
test [43,44] was performed to detect whether the linear trends were significant at the 90% significance
level. Although there has always been controversy regarding the significance test [45,46], it is still
widely used in atmospheric and hydrologic research [47,48]. What is more, the Mann-Kendall (M-
K) test has been widely used in detecting the trends in hydrologic data [49,50], due to its advantage
in assessing the significance of variables that do not have normal distribution characteristics [51,52].
Thus, the M—K test was utilized here to study the inter-annual trends in extreme precipitation for
each station and grid and if the p-value of the trend was lower than 0.1, then we thought it was
statistically significant.

3. Results

3.1. Spatial Patterns for Extreme Precipitation

Figure 2 shows the spatial distribution of eight average EPIs and average rainfall in China from
1960 to 2017. EPIs and rainfall in China can be seen to decrease from south to north. Rainfall (Figure
2a) in the SE and SW regions were mainly more than 900 mm, while less than 600 mm in the NC,
NW, and TP regions. The values of R10 and R20 (Figure 2b,c) had similar distributions; that is, the
events with daily precipitation greater than 10 mm and 20 mm were concentrated in the SE region,
with more than 30 and 15 days per year, respectively. Meanwhile, the R50 values (Figure 2d) lay
mainly in the south of the SE region. R95d values (Figure 2f) in the SE and SW regions were primarily
greater than 4 days, while those in the NC, NE and TP regions were mainly less than 4 days. The
R95p index (Figure 2g) also varied greatly from south to north; extreme rainfall in most of the SE and
SW were greater than 200 mm, while that in the NC and TP were less than 200 mm; the R95pT index
values (Figure 2h) in the NE, SE, SW, and eastern NC regions were greater than 20%, among which
the R95pT was greater than 30% in the southernmost part of the SE region and the middle of the SW
region. Our results indicate that the AEPI (Figure 2i) in China exhibited obvious geographic
differences similar to those of the normal intensity of the precipitation index SDII (Figure 2e), but the
values of AEPI were much greater than the values of SDII. The average values of the AEPI were
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primarily greater than 60 mm/day in the SE, northeastern SW, southeastern NC, and the southern NE

regions, while the values in other areas were less than 60 mm/day.
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Figure 2. Spatial distribution of the average annual rainfall and EPIs from 1960 to 2017: (a) annual
average rainfall, (b) annual average R10, (c) annual average R20, (d) annual average R50, (e) annual

average SDII, (f) annual average R95d, (g) annual average R95p, (h) annual average R95pT, and (i)

annual average AEPI.

In general, the spatial pattern of extreme precipitation in China showed obvious north-south
differentiation, which is similar to the distribution of topography of China (Figure 1). Furthermore,
the values of almost all EPIs, except for AEPI, were highest in the SE region and lowest in NW region
(Table 3), meaning that extreme precipitation events in the SE region were the most serious events
and the NW region had the least serious events in the past 58 years; that said, it should not be ignored
that the AEPI was the highest in the NC region (AEPI = 44.89 mm/day). However, there are other
differences among the eight EPIs calculated here, in addition to this north-south differentiation. The
greater number of extreme precipitation events were observed with larger R95p in the SE region, but
the AEPI was smaller than that in the southernmost SE means that although the number of extreme
precipitation events observed in the southernmost SE was relatively small, the AEPI was very high
when extreme precipitation appeared (i.e., greater than 100 mm/day), and the R95pT was relatively
high (more than 25%). For the northeastern part of the SE region and the eastern part of the SW region,
although the extreme precipitation days and extreme precipitation amounts were relatively small,
more than 25% of the rainfall in these regions occurred during extreme precipitation.

Table 3. Averages of extreme precipitation indices in six regions in China.
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Region
Index (units)

NE NC NW SE SW TP China
Rainfall (mm) 581.98 500.19 12519 1453.02  1082.64 353.51  860.41
R10 (day) 17.05 4.71 2.68 41.33 31.59 9.37 22.05
R20 (day) 7.36 6.32 0.6 21.61 14.04 1.63 9.83
R50 (day) 1.19 1.05 0.02 4.86 2.44 0.01 1.85

SDII (mm/day) 6.73 6.37 2.52 10.08 6.92 3.62 6.5

R95d (day) 2.84 2.5 1.13 5.08 5.12 2.86 3.6
R95p (mm) 14951 14951 25.04  385.63 279.07 63.45 194.85
R95pT (%) 4929 2299 15.96 74.57 53.68 18.58 46.17
AEPI (mm/day)  23.83  44.89 12.48 25.31 2441 16.61 22.19

3.2. Temporal Changes in Extreme Precipitation

The rainfall in China has been increasing since 1950, and there was a turning point in
approximately 1980, before which the precipitation in China exhibited an upward trend and after
which, a downward trend [16]. Though all EPIs calculated in our study have shown some fluctuations
since 1960, they all exhibit weak upward trends (Figure 3). Among them, R10, R20, R50, and R95d
significantly increased by 0.026 day/year (p <0.05), 0.018 day/year (p < 0.05), 0.008 day/year (p <0.01),
and 0.012 day/year (p < 0.01), respectively. The average R95p in a year was greater than 150 mm,
accounting for more than 21% of the annual rainfall, and increased with a trend of 0.66 mm/year (p <
0.01); the R95pT increased with a trend of 0.025% per year. Although the SDII basically remained
unchanged between 9 and 10 mm/year, the AEPI increased with an annual trend of 0.03 mm/day/year

(p <0.05).
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Figure 3. Trends in the EPIs in China from 1960 to 2017: (a) the trend in rainfall, (b) the trend in R10,
(c) the trend in R20, (d) the trend in R50, (e) the trend in SDII, (f) the trend in R95d, (g) the trend in
R95p, (h) the trend in R95pT, and (i) the trend in AEPL

Though the EPIs increased in the whole region of China during the past 58 years, there were
differences vary amongst different regions over the past six decades. It can be seen from Figure 4 that
the spatial pattern of trends in rainfall and eight EPIs were similar in spatial distribution in the six
regions, and the trends in majority of stations were positive in SE, NW, and TP regions, while there
were some differences in the NE, NC, and SW regions. For the rainfall, R10 and R20, these three EPIs
significantly decreased in the SW region, while they increased in the SE, NW, NC, and TP regions
(Table 3), and the proportion for significant negative stations to all stations were 1.88%, 2.56%, and
1.48% (Table A3), respectively. For the SDII, it decreased in almost all northern and western regions
(i.e., NE, NC, NW, and TP) and with a more obviously decreasing trend in the NE region, which were
less than —0.02 mm/day/year. The proportion of the significant negative stations in the NE, NC, and
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NW were 5.25%, 3.63%, and 0.27% respectively. The trends of R95d, R95p, R95pT, and AEPI in the
majority sites in the TP and NW regions were positive, while they were negative in the NC region.
The stations with significant trends of R50 mainly located in the SE, SW, NC, and NE regions, and
the significant trends in the SE and SW regions were mainly positive, and increased by more than
0.02 day/year, while the significant trends were negative in the NE and NC regions.
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Figure 4. Trends of extreme precipitation in China in sites from 1960 to 2017: (a) the trend in rainfall,
the “T-Rainfall” represents the trend in Rainfall; (b) the trend in R10, “T-R10” represents the trend in
R10; (c) the trend in R20, “T-R20” represents the trend in R20; (d) the trend in R50, “T-R50” represents
the trend in R50; (e) the trend in SDII, “T-SDII” represents the trend in SDII; (f) the trend in R95d, “T-
R95d” represents the trend in R95d; (g) the trend in R95p; “T-R95p” represents the trend in R95p; (h)
the trend in R95pT, “T-R95pT” represents the trend in R95pT; and (i) the trend in AEPI, “T-AEPI”
represents the trend in AEPL

In general, although the average EPIs for the whole China region have showed an upward trend
in the past 58 years, there are different increasing and decreasing trends in the six major regions of
China (Table 4). Rainfall, R10, and R20 showed downward trends in the SW region, while the other
six EPIs show a significant positive trend; although SDII decreased in the NE, NC, NW, and TP
regions, the trends were non-significant, but it was significant and positive in the SE and SW regions.
The trends of R50 were significant only in the SE and SW regions. The trends of R95d, R95p, R95pT,
and AEPI decreased in the NC region, while they only had significant trends in the SE, SW, and TP
regions. From these results, it can be found that there were wide differences between the trends of
EPIs calculated with the fixed threshold (i.e., 10 mm, 20 mm, and 50 mm) and that were calculated
by the percentile thresholds at the regional scale.

Table 4. Trends in extreme precipitation indices in the six regions of China.
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Region
NE NC NW SE SW TP  China
Rainfall (mm/decade) 11.58 323 13.86* 31.11* -3.12 25.66* 14.86*

Index (units)

R10 (day/decade) 0.18 0.06 0.31* 0.66* -021 0.6* 0.29%
R20 (day/decade) 004 001 0.07 055 -0.05 0.09* 0.2%
R50 (day/decade) 0.02 -0.01 0.003* 0.2* 0.03 0.003 0.07*

SDII (mm/day/decade) -0.25 -0.12 -0.01 0.21* 0.08* -0.07  0.02
R95d (day/decade) 0.04 -0.01 0.15* 0.21* 0.06* 0.22* 0.11%
R95p (mm/decade) 199 -093 330* 17.58* 4.22* 4.79* 7.03*
R95pT (pct/decade) -0.20 -0.34 0.58* 0.63* 045 0.29 0.25

AEPI (mm/day/decade) 0.00 -0.27 0.90* 0.59* 0.33* 0.54* 0.31

Note: Values marked with * indicate statistical significance at the 0.1 significance level.

3.3. Projection of Extreme Precipitation Changes from 2011 to 2100

Zonal statistics were performed for the EPIs after system correction; the results (Figure 5) show
that the average annual index values in the second 45-year period (2056-2100) are expected to be
higher than those in the first 45-year period (2011-2055), and the trends of the EPIs are expected to
be positive in both periods. Therefore, extreme precipitation will increase in the future across the
whole area of China, while the average values of the indices will be relatively lower than those in the
past 58 years. In the next 90 years, the average values of the eight EPIs and rainfall, except for AEPI
in the SW region, are expected to be the highest among the six regions. Rainfall, R10, R20, R50, R95d,
R95p, and AEPI in the SE and SW regions are expected to be higher than the national average, while
the average values for these EPIs in the NE, NC, NW, and TP regions are expected to be lower than
the national average. All the EPIs are expected to relatively decrease, while rainfall and the EPIs of
R10, R20, R50, R95p, and AEPI in the SW and TP regions are expected to increase in the next two 45-
years periods in the SE region, which means that the extreme precipitation in the SW and TP regions
are expected to be more serious.
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Figure 5. Annual average extreme precipitation indices in the next 90 years and the relative changes
respect to the past 58 years (1960-2017) in China: (a) annual average rainfall, (b) annual average R10,
(c) annual average R20, (d) annual average R50, (e) annual average SDII, (f) annual average R95d, (g)
annual average R95p, (h) annual average R95pT, and (i) annual average in AEPI. The white bars
represent the average indices from 2011 to 2055, and the gray bars indicate the average indices from
2056 to 2100. The red lines are the relative changes during the period 2011-2055 with respect to 1960-
2017, and the blue lines are the relative changes in the period 2056-2100 with respect to 1960-2017.

The EPIs will increase in the next 90 years in the whole of China, while there are differences
between each region (Figure 6). The trends in EPIs for the second period (2056-2100) are generally
expected to be smaller than that in the first period (2011-2055), which means that the EPIs are
expected to increase slower in the second period, while all the trends of rainfall —R10, R20, R50, SDII,
and R95p in the SW region—are obvious expected to be larger in the second period, reaching 60
mm/decade, 1.5 day/decade, 0.9 day/decade, 0.4 mm/day/decade, and 36 mm/decade, respectively.
For R95d, R95pT, and AEPI, the difference of the trends in EPIs between different regions are
expected to be smaller. The trends of R50, R95p, and R95T in the NE, NC, and SW regions in the
second period is expected to be larger than that in the first period, while they are expected to be
smaller than that in the NW, SE, and TP regions. All the results imply that the extreme precipitation
is expected to become more and more serious in the NE, NC, and SW regions, and be alleviated in
the SE region in the second period.
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Figure 6. Trends of decade in regional extreme precipitation indices in the next 90 years in China: (a)
trends in rainfall, (b) trends in R10, (c) trends in R20, (d) trends in R50, (e) trends in SDI], (f) trends in
R95d, (g) trends in R95p, (h) trends in R95pT, and (i) trends in AEPIL. The white bars represent the
trends from 2011 to 2055, and the gray bars indicate the trends from 2056 to 2100.

4. Discussion

This study evaluated extreme precipitation events in China over the past 58 years (1960-2017)
and for the future (2011-2100) based on observations and CMIP5 projections. Rainfall and eight EPIs
(R10, R20, R50, SDII, R95d, R95p, R95pT, and AEPI) were chosen to evaluate the extreme precipitation
in China. The historical extreme precipitation was assessed using the observations, while the future
extreme precipitation were evaluated using the BCC-ESM1-1 model.

The results show that all the eight EPIs and rainfall increased for the whole China region in the
past 58 years, and is expected to increase in the next two 45-year periods (2011-2055 and 2056-2100).
The results are similar to the existing conclusions [16,21,40,53], and the trends in the future for all of
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China is also expected to increase in the RCP 8.5 scenarios [42]. However, there were some differences
in different regions. The R10, R20 R95d, and AEPI increase in the TP and SW regions, and the patterns
of extreme precipitation days were similar to the results obtained by Wang et al. [54] in some regions.
The R10, R20, R50, and R95d increased in the SE and western NW regions and decreased in the
eastern and northern SW, NC, and NE regions, while the values were not very similar in the other
regions. These differences may be attributed to the methods used to evaluate extreme precipitation
and the time series of datasets. The missing values were filled with the two days before and after the
missing values, which may have had an effect on the results, but the effects may not be obvious.
Furthermore, though the process of a significant test of trends might ignore the non-significant trends
(p > 0.1) of some sites [45], the significant trends can represent the basic situations of extreme
precipitation in various regions of China. Therefore, it is necessary pay more attention to the non-
significant trends in our future analysis.

Five CMIP5 models and the average of five models were used to simulate the extreme
precipitation in China over the past 58 years, but none of them could repeat the EPIs perfectly due to
the model uncertainties [42,55]. The projections overestimated the rainfall, R10, and R95d, while they
underestimated the R50, R95pT, and AEPI in almost all the regions (Figure Al). Although we select
the optimal model with a maximum R and minimum RMSE, the results of the EPIs in the future also
have much uncertainties under the RCP 8.5, which is a scenario with comparatively high greenhouse
gas emissions [56]. Additionally, the one RCP scenario that was used may enhance the uncertainties
of the results.

It is known that extreme precipitation patterns are affected by the complex topography [42,53],
monsoons [36], and human activities [57,58]. In our work, simple statistical analysis of the spatial and
temporal patterns of extreme precipitation were carried out in China. Although eight EPIs were used
in this paper and can clearly characterize the basic features of extreme precipitation to a degree, they
cannot characterize the duration of extreme precipitation events. Nevertheless, this work can provide
materials for further research on the impacts of extreme precipitation on ecosystems [59] and human
life [60].

5. Conclusions

Based on observations and simulation data, this paper analyzed the variations and distributions
of extreme precipitation in China. The results showed that the trend in extreme precipitation in China
was consistent with the overall global trend during the last 58 years (1960-2017), but there were large
differences in the spatial distribution of extreme precipitation, which generally decreased from south
to north. During the next two 45-year periods (2011-2055 and 2056-2100), the average extreme
precipitation in China is expected to continue to increase, but the averages are expected to be smaller
than those during the last 58 years.

Extreme precipitation increased in China over the past 58 years and exhibited great spatial
heterogeneity. The annual averages of all extreme precipitation indices showed spatial patterns with
smaller values in the north and west and larger values in the south and east. Regarding the
distribution patterns for annual average extreme precipitation, almost all the EPIs exhibited weak
upward trends in the NW, SE, and TP regions, while they decreased in the NC region. The trends
were larger in the SE region and relatively smaller in the NE, NC, and SW regions. In addition, the
trends in extreme precipitation days calculated by the percentile threshold and fixed threshold
showed different spatial patterns in the NE, NC, NW, TP, and SW regions.

For the results of extreme precipitation in China in the future, although the average EPIs in the
whole China region are expected to be lower than that in the past 58 years, almost all EPIs are
expected to still increase in the next 90 years except for some EPIs, such as AEPI, which is expected
to decrease in the SE region in the second period (2056-2100). The upward trends of R10, R20, SDII,
and R95d in the second period (2056-2100) in the SW region is expected to be obviously larger than
that in the first period (2011-2055), and is expected to be smaller than that in the first 45 years in the
NE and NC regions; the trends of each EPIs during the two periods in other regions (i.e., except for
SW) are expected to be very small. These results imply that the extreme precipitation is expected to
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become more serious in the NE, NC, and SW regions, and is expected to subside in the SE region in

the second period.
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average R20, (d) annual average R50, (e) annual average SDII, (f) annual average R95d, (g) annual
average R95p, (h) annual average R95pT, and (i) annual average in AEPL
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Figure A3. Scatterplot of the annual extreme precipitation indices calculated with CMA data and
BCC-ESM 1-1 data: (a) scatterplot of rainfall, (b) scatterplot of R10, (c) scatterplot of R20, (d) scatterplot
of R50, (e) scatterplot of SDII, (f) scatterplot of R95d, (g) scatterplot of R95p, (h) scatterplot of R95pT,
and (i) scatterplot of in AEPL

Table Al. The Pearson correlation coefficients for extreme precipitation indices between CMIP5
models and CMA observations.

Index BCC-CSM1 BNU-ESM FGOALS-g2 GFDL-ESM2M NorEsM  ‘rverage of the Five

Models
Rainfall 0.71 0.64 0.58 0.60 0.63 0.68
R10 0.71 0.67 0.62 0.73 0.66 0.73
R20 0.72 0.56 0.55 0.54 0.51 0.64
R50 0.60 0.34 0.56 0.24 0.20 0.49
SDII 0.58 0.52 0.60 0.58 0.54 0.60
R95d 0.63 0.69 0.39 0.64 0.79 0.71
R95p 0.81 0.65 0.61 0.53 0.67 0.73
R95pt 0.76 0.67 0.63 0.71 0.81 0.81
AEPI 0.81 0.67 0.71 0.67 0.73 0.79

Table A2. RMSE of extreme precipitation indices between CMIP5 models and CMA observations.
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Average of the Five

Index BCC-CSM1 BNU-ESM FGOALS-g2 GFDL-ESM2M NorESM Models
Rainfall 589.47 738.52 601.61 641.43 754.14 602.67
R10 16.71 25.88 15.91 17.10 24.35 17.36
R20 7.70 10.29 9.05 9.70 12.16 8.32
R50 2.38 3.18 2.89 3.11 3.49 2.78
SDII 4.86 4.79 5.42 4.86 4.92 4.88
R95d 5.04 5.56 5.12 4.55 5.01 4.83
R95p 130.93 150.02 152.36 174.48 153.20 134.06
R95pt 4.84 6.02 4.76 5.29 4.98 4.14
AEPI 25.71 34.27 31.84 31.69 31.82 30.24
Table A3. The percentage of sites with significant trend (p < 0.1) in six regions of China.
Index Trend NE NC NW SE SW TP China
Rainfall positive 1.62 1.35 8.34 10.77 1.35 4.04 27.46
negative 0.00 0.54 0.00 0.13 1.88 0.00 2.56
R10 positive 1.21 1.08 6.33 9.02 0.67 3.63 21.94
negative 0.27 1.08 0.13 0.00 2.56 0.00 4.04
R20 positive 0.67 1.08 3.50 10.90 1.62 2.02 19.78
negative 0.94 1.62 0.40 0.13 1.48 0.13 4.71
R50 positive 0.40 1.48 0.13 7.00 3.23 0.00 12.25
negative 0.40 1.48 0.00 0.40 1.21 0.00 3.50
SDII positive 0.00 0.54 1.08 13.19 3.63 0.13 18.57
negative 5.25 3.63 0.27 0.40 0.27 0.40 10.23
R95d positive 0.67 0.94 4.04 8.48 2.29 2.56 18.98
negative 0.13 2.15 0.13 0.40 1.35 0.13 4.31
R95 positive 0.94 0.54 4.31 7.54 2.69 2.29 18.30
P negative 0.13 1.75 0.13 0.13 0.81 0.13 3.10
R950T positive 0.54 1.48 1.75 5.38 3.23 0.94 13.32
P negative 0.54 2.56 0.13 0.00 0.54 0.13 3.90
AEPI positive 1.21 1.35 3.77 4.85 2.15 1.35 14.67
negative 1.08 1.62 0.13 0.94 0.27 0.13 4.17
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