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Abstract    Based on daily precipitation data of more than 2000 Chinese stations and more than 50 yr, we constructed time series
of extreme precipitation based on six different indices for each station: annual and summer maximum (top-1) precipitation,
accumulated amount of 10 precipitation maxima (annual, summer; top-10), and total annual and summer precipitation.
Furthermore, we constructed the time series of the total number of stations based on the total number of stations with top-1 and
top-10 annual extreme precipitation for the whole data period, the whole country, and six subregions, respectively. Analysis
of these time series indicate three regions with distinct trends of extreme precipitation: (1) a positive trend region in Southeast
China, (2) a positive trend region in Northwest China, and (3) a negative trend region in North China. Increasing (decreasing)
ratios of 10–30% or even >30% were observed in these three regions. The national total number of stations with top-1 and top-10
precipitation extremes increased respectively by 2.4 and 15 stations per decade on average but with great inter-annual variations.
There have been three periods with highly frequent precipitation extremes since 1960: (1) early 1960s, (2) middle and late 1990s,
and (3) early 21st century. There are significant regional differences in trends of regional total number of stations with top-1
and top-10 precipitation. The most significant increase was observed over Northwest China. During the same period, there are
significant changes in the atmospheric variables that favor the decrease of extreme precipitation over North China: an increase
in the geopotential height over North China and its upstream regions, a decrease in the low-level meridional wind from South
China coast to North China, and the corresponding low moisture content in North China. The extreme precipitation values with a
50-year empirical return period are 400–600 mm at the South China coastal regions and gradually decrease to less than 50 mm in
Northwest China. The mean increase rate in comparison with 20-year empirical return levels is 6.8%. The historical maximum
precipitation is more than twice the 50-year return levels.
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1.    Introduction
Extreme precipitation events (EPEs) refer to precipitation
events with low occurrence frequency at a given place in his-
tory. Once they happen, they often cause serious economic
losses and even the loss of lives through secondary disasters
such as floods, mudslides, landslides, and city waterlogging.
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Such EPEs can occur worldwide. During the past several
years, EPEs and secondary disasters greatly affected many
locations in Europe, America, and Asia (e.g., Gochis et al.,
2015; Moore et al., 2012; Lynch and Schumacher, 2014;
Houze Jr. et al., 2011; Martius et al., 2013; Bissolli et al.,
2011; Grams et al., 2014; Takahashi et al., 2015). China
is significantly affected by the East Asian monsoon. Tor-
rential rainfall often occurs when the summer monsoons
burst, advance northward, and prevail in China (Tao, 1980).
Several notorious EPEs have greatly damaged local areas
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in China in recent years. The Jilin flood occurring from the
end of July to the beginning of August in 2010 in the Jilin
Province was caused by ten sequential heavy rainfall events,
where the daily maximum rainfall at the national (regional)
station reached 388 mm (507 mm; Sun et al., 2011). The
serious Zhouqu debris flow disasters in Zhouqu County,
Gansu Province, in China on August 8, 2010, were also
caused by a localized EPE (Tang et al., 2011; Ren, 2014).
The torrential rainfall over Beijing and surrounding areas on
July 21, 2012, is a typical EPE. The precipitation at 11 of
20 national weather stations over the Beijing region broke
the daily precipitation record, 79 people lost their lives, and
the estimated total economic losses are over 10 billion RMB
(Sun et al., 2012; Chen et al., 2012; Du J et al., 2014). The
floods in the Sichuan Basin from early to mid-July in 2013
were caused by continuous heavy precipitation. The total
accumulated rainfall in Dujiangyan from July 8 to 11 reached
an extreme value of 721.4 mm (Wang Q et al., 2013). Be-
cause of frequent disasters induced by EPEs in recent years,
EPs and their trends in China have attracted much attention.
It is thus of great importance to analyze Chinese EPEs and
their statistical trends.
A single EPE may not contribute to climate change; how-

ever, because many EPEs have occurred in recent years, the
influence of climate change should be discussed. It has been
suggested that the frequency and intensity of EPEs increase
due to global warming. Based on 16 simulations of the Cou-
pled Model Intercomparison Project Phase 5 (CMIP5) for the
medium and high radiative forcing scenarios (RCP4.5 and
RCP8.5), consistent precipitation changes project that rainfall
events in China will significantly increase and become much
more extreme by the end of the 21st century (Chen, 2013).
The results of analyses of 14 CMIP5 model projections indi-
cate a robust, canonical global response of the precipitation
features to CO2 warming, that is, an increase in heavy rain
(monthly mean >9 mm day−1), reduction in moderate rain,
and increase in light rain. The probability of extreme heavy
rain (monthly mean >25 mm day−1) will increase globally by
100–250% for a scenario of 1% CO2 increase per year. The
increase in heavy rainfall is most pronounced in the equato-
rial Central Pacific and Asian monsoon regions (Lau et al.,
2013). The daily rainfall of the multi-model mean of CMIP5
is characterized by an increase of 1 % K−1 at all rain rates and
a shift to higher rain rates of 3.3 % K−1 in response to CO2

doubling. Some models also show a substantial increase in
the extreme rainfall mode in response to warming (Pender-
grass and Hartmann, 2014). Based on research of the relation
between rainfall extremes and naturally driven changes in the
surface temperature using satellite observations and model
simulations, it was predicted that heavy rainfall events will
increase during warm periods and decrease during cold peri-
ods (Allan and Soden, 2008). It is therefore very important
to determine the correlation of global warming and EPEs in

China.
The EPE trend for the whole country or certain regions of

China was documented in many previous studied. The num-
ber of EPEs and average amount and intensity of EP are in-
creasing in China (Zhai et al., 2007). The study of Zhai et al.
(2007) also showed that the changes of the extreme and to-
tal precipitation correlate. The increase of total precipitation
is mainly caused by the increase of the amount of EP (Min
and Qian, 2008); the EP amount can contribute 1/3 of the an-
nual total precipitation in China and dominates the trends of
changing precipitation (Sun, 2012). The changes of summer
EP and total summer precipitation are similar. Increase was
observed in parts of Yangtze-Huaihe River Basin and in the
south and southwest of China, but decrease was observed in
the north and northwest of China (Zeng and Lu, 2015). The
change of the annual EPE frequency is consistent with that
of the summer frequency (Chen et al., 2009). The EPE trends
have different characteristics in distinct regions of China. The
EP amount increased in Northwest China and in the middle
and lower reaches of the Yangtze River, whereas it decreased
in North China and the Sichuan Basin (Zhai et al., 2005).
These differences are consistent with trends of the EPEs fre-
quency (Zou et al., 2009). Wang et al. (2014) found that
the changing EP amount and its proportion of total precipita-
tion increase in the north of eastern China and decrease in the
south of eastern China, especially in North China and in the
middle and lower reaches of the Yangtze River. Notable in-
creases in the summer total precipitation and number of rain-
storm days and a slight increase in the intensity of EPwere ob-
served in the middle and lower reaches of the Yangtze River
(Su et al., 2006). At most of the observation stations of the
North China Plain EPE trends are not notable, while signifi-
cant decreases were reported for Beijing and neighboring ar-
eas (Fan et al., 2012). Changes in the days with heavy and tor-
rential rainfall were not noted in the middle regions of North
China (Zhang et al., 2008). The EPE frequency in the flood
season remarkably increases in the north of Xinjiang, south
of Xinjiang, Qinghai Plateau, and Hetao area and decreases
in the east of Northwest China; however, no notable change
was observed in the east of the Qinghai-Xizang Plateau (Yang
et al., 2007). In the Xinjiang region, 70% of the observation
stations indicate an increase of the EP intensity. These sta-
tions are mainly located in northern Xinjiang and in the north
of southern Xinjiang (Jiang et al., 2013). The EPE changes
in the southwest of China are very complex and have distinct
regional features. The EP markedly increases in the moun-
tainous region of southwestern Sichuan, while it decreases
in the northwest and south of the basin. In the north of the
Western Sichuan Plateau, the EP frequency increases but its
intensity weakens in the middle of the Sichuan Basin (Zhang
and Ma, 2011). Most EP indices of most of the stations in
the Sichuan Province decrease. Especially, the total annual
precipitation in wet days and the maximum number of con-
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secutive wet days show significant negative trends (Huang et
al., 2014). The EPE trends of other regions of China were
also studied and meaningful results were obtained (Wang B
L et al., 2013; Cao and Pan, 2014; Du H et al., 2014; Yang et
al., 2010).
Generally, two common methods are used to define EPEs

(Solomon et al., 2007; Zhai et al., 2007; Feng et al., 2010).
One is the threshold method in which precipitation events
with a precipitation amount exceeding a certain threshold
are defined as extreme events. The second is the percentile
method in which daily precipitation is sorted and classified
as extreme when exceeding a certain percentile. These two
methods have a common deficit if all rain days are consid-
ered, that is, when a threshold or percentile is selected, the
number of precipitation events exceeding that threshold or
percentile distinctly varies in different regions. For example,
for a daily precipitation threshold of 50 mm, many events are
defined as EPEs in the south of China, whereas few events
satisfy this threshold in the west of China. Therefore, the
EPEs at different observation stations in different regions
are not comparable. Moreover, the data stations used in
previous studies of EPs in China are very sparse. There are
700 stations nationwide at most; therefore, regional features
of EP trends cannot be clearly detected. This work aims to
provide an overview of EP trends in China. The dataset used
in our study to investigate regional EPE features consists of
data from more than 2000 Chinese observation stations and
is therefore based on a much denser station network than
before.

2.    Data and methods

2.1    Data

The daily dataset of the China National Basic Surface Mete-
orological elements (V3.0) developed by the National Mete-
orological Information Center (NMIC) of the China Meteo-
rological Administration was used in this study. The dataset
contains data from 2480 meteorological surface observation
stations from January 1, 1951, to July 31, 2012. The dataset
was subjected to a series of strict quality control processes by
the NMIC before publication including a climate range limits
or allowable values check, station extreme value check, in-
ternal consistency check, time consistency check, and space
consistency check. We extracted daily precipitation data from
the dataset which is from 20Z Beijing Time the previous day
to 20Z the observation day (12 UTC to 12 UTC). To use the
latest data available at the study time, real-time operational
daily precipitation data fromAugust 1, 2012, toDecember 31,
2013, were added to the dataset. The final precipitation data
were manually reexamined, and subsequently recording mis-
takes, such as errors in the station starting time and station ID,
were identified and corrected. After above-mentioned quality

control processes, daily precipitation data used in this study
were reliable and accurate. The accuracy rates reach 100%.
Meteorological surface observation stations have been built

since the 1950s in China. The number of stations has in-
creased rapidly from 182 stations in 1951 to 2088 stations
in 1961. After 1960, the number of stations remained rel-
atively constant at ~2400. Therefore, the data observation
time spans vary widely from station to station. The longest
time span is 63 yr, whereas the shortest time span is less than
10 yr. Because this research involves statistics of the number
of EP stations for each year, a relatively constant number of
observation stations is needed. Therefore, we only selected
data after 1960 because they are relatively complete and the
number of stations is relatively large. Two criteria were ap-
plied to each station to reject stations with a lot of missing
values: (1) For annual data, if a year shows missing precipi-
tation for more than 5% of the days (20 days), that year will
be considered as having inadequate observations and will be
omitted. For the summer (June to August) data, if a summer
shows missing data for more than 5 days, that summer will be
removed; and (2) Stations with data of less than 50 yr are ex-
cluded. Finally, the dataset including data from 2024 stations
for the whole year and from 2046 stations for the summer dur-
ing the period from 1961–2013 was retained. The full dataset
from 1951–2013 was used to study the return levels and pre-
cipitation extremes to keep extreme values more reliable and
reasonable.
Monthly averaged data from the National Centers for En-

vironmental Prediction-National Center for Atmospheric Re-
search (NCEP-NCAR) reanalysis project were used to ana-
lyze the trends of meteorological variables. The dataset has a
2.5°×2.5° grid resolution at 17 pressure levels (Kalnay et al.,
1996).

2.2    Methods

We adopted the top-value method to define EPEs. We sorted
the precipitation data (≥ 0.1 mm) of each station and selected
the top-n values. Based on this method, two types of EP time
series were constructed. Type one is the EP amount. The
top-1 precipitation (top-1P) and the accumulated value of the
top-10 precipitation (top-10P) were selected. Six time se-
ries were constructed based on these two measures and the
total precipitation (TPRE) at each station: annual top-1P, an-
nual top-10P, annual TPRE, summer top-1P, summer top-10P,
and summer TPRE (Table 1). Another type of time series is
the total number of stations. Taking advantage of the denser
stations, we sorted the daily precipitation data of the whole
recorded period and counted the number of stations at which
EPs occur in different regions for each year. Subsequently,
time series of the total number of stations of top-1 and top-10
precipitation (top-1N and top-10N) were constructed, respec-
tively, for the nation and each defined region. This  type  of
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Table 1        Abbreviations and definitions of the EP time series

Short name Definition

top-1P annual maximum daily precipitation

top-10P accumulated amount of annual top-10 maximum daily precipitation

summer top-1P top-1P in summer

summer top-10P top-10P in summer

annual TPRE total annual precipitation

summer TPRE total annual precipitation in summer

top-1N annual total number daily top-1 precipitation stations for the whole recorded
period in the Nation, NWC, NC, NEC, SE , SC, or SWC

top-10N annual total number daily top-10 precipitation stations for the whole recorded
period in the Nation, NWC, NC, NEC, SEC, SC, or SWC

time series has advantages; the occurrence frequency of
top-10 precipitation at each station is the same for the same
data time spans. For example, if the time span of the dataset
is 50 yr, all 10 maximum precipitation events at each station
have a 5-year return period. This type of time series ensures
both the extreme nature and area coverage of EPEs; the time
series of the total number of stations will therefore reflect
real EP trends for each region.
To investigate regional EP characteristics, we divided

China into six subregions, that is, Northeast China (NEC),
North China (NC), Northwest China (NWC), Southwest
China (SWC), Southeast China (SEC), and South China
(SC; Figure 1). We considered both of the administrative
boundaries of the provinces, autonomous regions and munic-
ipalities, and the spatial distribution of positive or negative
trends of the annual top-1 daily precipitation to subjectively
select these six subregions. The number of stations and cov-
erage of each subregion are as follows: NEC contains 180
observation stations including Liaoning, Jilin, Heilongjiang,
and the northeast of Inner Mongolia; NC includes 454 obser-
vation stations including Beijing, Tianjin, Hebei, Shanxi, the
middle-east of Inner Mongolia, and the northern area of the
Yellow River in the Henan and Shandong provinces; NWC
contains Xinjiang, Gansu, Qinghai, Ningxia, Shanxi, and
the west of Inner Mongolia (a total of 329 stations); SWC
covers Sichuan, Chongqing, Guizhou, Yunnan, and Tibet
(388 stations); SEC contains 434 stations including Hubei,
Anhui, Jiangsu, Zhejiang, Jiangxi, Hunan, and Shanghai;
and SC includes the Guangdong, Guangxi, Fujian, and
Hainan provinces (240 stations). Taiwan, Hong Kong, and
Macau are not included in these subregions due to the lack
of continuous observational record available to us.
Two methods were employed to calculate the trends of the

time series and test their statistical significance. For the time
series of continuous variables, such as top-1P and top-10P,
linear regression was used to assess trends. The trend results
are represented as increase (decrease) ratio, which is defined
as the ratio of the total trend value of the linear regression to
the mean value of EPs within the trend period. The Mann-

Kendall method was used to test the statistical significance
of the trends. For time series of discrete variables, that is,
top-1N and top-10N, we used logistic regression to estimate
the trends and test their statistical significance (Schmidli and
Frei, 2005). The significance levels of the tests were set to
5%.
In most of the regions in China, summer (June to August)

is the main precipitation season; therefore, we used the mean
summer value to analyze the trends of atmospheric variables.
We constructed a time series with four variables for each grid.
The variables are the 500 hPa geopotential height, 850 hPa
geopotential height, 850 hPa v wind (meridional wind), and
850 hPa specific humidity. Their trends and statistical signif-
icance test were also investigated using the above-mentioned
methods (top-1P and top-10P). The results are represented as
total increasing or decreasing trend values of the linear re-
gression per 50 year.
Because the precipitation data spanmore than 50 yr, we can

calculate the empirical return levels from these data to further
evaluate the frequency of different precipitation extremes.
Sample quantiles are defined as weighted averages of consec-
utive order statistics. Given a series of values x x x, , , n1 2 ,
sort these values to form order statistics:

x x x .n(1) (2) ( ) (1)

Then, use the order statistics as quantiles, which correspond
to the fractions:

q
i
n

i n=
1
1

, ( = 1, , ).i (2)

Given a quantile q , if q lies between q  i and qi+ 1, define the
q th quantile to be:

Q q f Q q fQ q( ) = (1 ) ( ) + ( ).i i+ 1 (3)

In detail, we sorted the precipitation data for the whole
recorded period and each station. If the data period at a certain
station is n years, we selected the top-n values and calculated
the percentile based on the above-mentioned method. For ex-
ample, precipitation occurring once in 50 yr means that the
probability exceeding the percentile is 2% and that the prob-
ability of less than the percentile is 98%. We then calculated
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the percentile based on the given probability.
The trends and return levels were computed with the R soft-

ware package (Gilleland and Katz, 2011).

3.    Extreme precipitation trends in China

3.1    Top-1P and top-10P trends

Figure 1a displays the spatial distribution of linear top-1P
trends. Among the 2024 observation stations studied, 1225
stations (~61%) show increasing trends. The areas showing
an increase are much larger than those displaying a decrease.
Three regions show notable change: the SEC region showing
a positive trend extends widely along the middle and lower
reaches of the Yangtze River; the NWC region with a positive
trend mainly includes Xinjiang, the western part of Gansu,
north of Qinghai, and middle of Shanxi; and the NC region
with a negative trend includes Hebei, Beijing, and Tianjin.
The magnitudes of either increase or decrease ratio in most of
the stations located in the above-mentioned three subregions
(SEC, NWC and NC) reach 10–30% and are sometimes even
larger than 30%. Linear trends are not as notable in the other
three subregions. Positive trends were observed in NEC as
whole; however, the trends are not notable at most of individ-
ual stations. The trends in SC are mainly positive; however,
the ratios of change during the period are small, except for a

few stations in the northern part of SC and Hainan Province.
In SWC, notable increasing trends are observed in the central
eastern areas of the Sichuan Basin, east of Guizhou, and in the
middle of the Yunnan Province, whereas decreasing trends
are recorded in the west and south of the Sichuan Basin and
southeast of the Yunnan Province.
Among the 2024 observation stations, 145 stations (7.2%)

pass the statistical significance test; 115 (40) stations of the
145 stations show a significant increase (decrease). The aver-
age increase (decrease) ratio is 38% (39%). The stations pass-
ing the statistical significance test are mainly located in the
three subregions with notable trends (SEC, NWC and NC).
The spatial distribution of the top-10P trends (Figure omitted)
is very similar to that of top-1P. The positions with positive
and negative trends do not greatly differ; the main differences
lie in the trend distribution and intensity of stations passing
the statistical significance test. The number of top-10P sta-
tions passing the statistical significance test significantly in-
creases in the central western areas of NWC, especially in
Xinjiang, but significantly decreases in the central northern
areas of NC and east of SWC. The increase (decrease) ratios
of top-10P are more notable in Xinjiang but have varying de-
grees in the central eastern areas of China. Among the 142
stations passing the statistical significance test for top-10P,
121 stations show positive trends with ratios increasing by
29% and 21 stations display negative trends with  ratios  de-

Figure 1            Spatial distribution of linear trends of the EP time series (represented as increasing/decreasing ratio in percent); the red (blue) dot shows the increas-
ing (decreasing) trend; a solid (hollow) dot means passing (not passing) the statistical significance test with a significant level of 0.05; the thick grey lines are
the region boundaries. (a) annual top-1P, (b) annual TPRE, (c) summer top-10P, (d) summer TPRE.
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creasing by 25%, on average. The number of stations with a
significant increase is much larger than that with a decrease,
for both time series (top-1P and top-10P).
The annual TPRE trends include more negative stations

compared with top-1P (Figure 1b), but the general spatial
distribution patterns do not change, except for some regional
features. The three obvious trend regions of top-1P are also
observed for annual TPRE. The NWC region also shows no-
table increasing trends, especially in Xinjiang, but decreases
are observed in the east of NWC. Most of the stations in SEC
show positive trends compared with top-1P, but the increase
ratios and number of stations passing the statistical signifi-
cance test are reduced. Most areas with decreasing trends
of annual TPRE are larger in NC, much larger than that of
top-1P. The most notable differences between the trends of
annual TPRE and top-1P were observed in the east of SWC
and east of NWC. Most stations in these two areas, which
are dominated by positive trends with respect to top-1P, show
negative trends in the annual TPRE. Furthermore, more sta-
tions pass the statistical significance test for annual TPRE
compared with top-1P. The opposite trends between top-1P
and annual TPRE indicate that the proportion of EP of annual
total precipitation increases. Thus, special attention must be
paid to the east of NWC and east of SWC. The increase of
annual TPRE in the middle and lower reaches of the Yangtze
River are less notable than that of top-1P, which means that
the EP increases much faster than the total precipitation. Fig-
ure 1b also shows that the areas with stations with negative
trends are mainly situated in the second step terrains and their
transition zones to plains.
The spatial trend patterns of summer top-1P and summer

top-10P (Figure 1c) are similar to that of the annual top-1P.
However, the intensity and coverage of the decreasing trends
of summer top-10P in NC are much larger than that of an-
nual top-1P. The trends of summer TPRE (Figure 1d) are
in better agreement with the trends of annual top-1P, sum-
mer top-1P, and summer top-10P, especially in the east of
NWC and Sichuan Basin. Negative trends or weak positive
trends are observed for annual TPRE in these two areas; how-
ever, notable positive trends are observed for summer TPRE,
which are consistent with that of annual top-1P and top-10P.
Above all, the EP trends are in much better agreement with
the trends of summer TPRE than with that of annual TPRE.
This also means that the EP mainly occurs in summer. We
also noticed inconsistencies between the EP trends and sum-
mer TPRE. For example, most of the stations with positive
trends of annual top-1P are located in the middle and west
of the Yunnan Province, but negative trends are observed for
summer TPRE.

3.2    Top-1N and top-10N trends

The monthly distribution of the total number of stations with

EP from 1961 to 2013 for the whole country of China indi-
cates that EPEs mainly occur from June to August. In July,
the largest number of stations has EP, while August takes the
second place. In fact, 84.8% (81.4%) of the national top-1N
(top-10N) are observed in the summer season (Figure 2a and
b). This result supports the conclusion mentioned above, that
is, that the EP trends are in much better agreement with the
summer TPRE trends.
Increasing trends are observed for both national top-1N

(Figure 3a) and top-10N (Figure 3b). The P-values of the
statistical significance test are both 0.03, passing the statisti-
cal significance test of the defined significance level of 0.05.
The trends of national top-1N and top-10N on average in-
crease by 2.4 and 15 stations per decade, respectively. The in-
crease of the two time series becomes larger as time advances.
The national top-1N and top-10N show very distinct interan-
nual variations, with median values of 38 and 382 stations
and standard variations of 13 and 94, respectively. Figure 3
shows that there have been three periods with highly frequent
EPs since 1960: early 1960s, especially 1963; middle and
late 1990s, mainly 1994–1998; and early 21st century, mainly
2010–2013. More discrete features have been observed in
the trends of the national top-1N and top-10N since the mid-
1990s. The years with an abnormal large number of stations
have increased since 1993; therefore, a few of the years be-
come off-group points in the box-whisker plot. For example,
the annual mean national top-1N and top-10N are 34 and 355
stations, respectively, for the period of 1961–1993, compared
with 46 and 427 stations for the period of 1994–2013 (Figure
3a and b). To determine if this result indicates that EPEs are
likely to abnormally burst in certain years after 1990s, further
research is required. Zhao et al. (2016) also showed that the
frequency of EPs (>50, 100, 200 mm) significantly increases
after the 1990s in the east of China.
The top 5 of the national top-1N are 70 stations in 1998 and

2010, 68 stations in 1994, 62 stations in 1996 and 2013, and
57 stations in 1963 and 2012. The least number of stations
are 14 stations in 1986. The top 5 national top-10N are 621
stations in 1998, 534 stations in 2010, 529 stations in 1994,
510 stations in 1996, and 502 stations in 2012. The least
number of stations are 267 stations in 1986 (the same year
as for the national top-1N). The years with the top 5 number
of national top-1N and top-10N are basically consistent. The
years with a large number of top-1N and top-10N correspond
to serious historic flooding events such as the floods in 1998
along the Yangtze River Basin and along the Nen-Songhua
River Basin, floods in 2010 in the south of China and Jilin
Province, the big flood in 1994 along the Pearl River Basin,
flood of the Xijiang and Dongting Lake in 1996, torrential
rainfall in NC in 2012, and the heavy rainfall event in the
Sichuan Basin in 2013.
The increases of the national top-1N and top-10N are not

always consistent with that of the  regional  top-1N  (Figure
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Figure 2            Monthly distribution of the total number of stations with EP. (a) Top-1, (b) top-10.

omitted) and top-10N (Figure 4). However, the change of the
top-1N and top-10N in each region is consistent, that is, in-
crease in each of the five regions and decrease in one region.
The amplitude of the change in different regions differs. In
NEC (Figure 4a), both top-1N and top-10N show insignifi-
cant increases. The trends in NC are both negative and in-
significant (Figure 4b). Significant increases are observed in
NWC, with top-1N and top-10N on average increasing by 1.2
and 5.2 stations per decade, respectively. Both trends pass
the statistical significance test of the significance level of 5%
(Figure 4c). The top-1N and top-10N in SWC (Figure 4) in-
creased by 0.5 and 2.7 stations per decade, respectively, but
the trends are not significant. The top-1N in SEC (Figure
4e) slightly (insignificantly) increases; however, the top-10N
trend is notable and statistically significant, increasing by 5.8
stations per decade. Increasing trends are observed in SC for
top-1N and top-10N, which on average increase by 0.57 and
2.9 stations per decade, respectively. The top-1N trend passes
the statistical significance test; the top-10N trend does not

pass but has a relatively small P-value (0.05; Figure 4f). The
analysis shows that the trends of the total number of stations
are basically consistent with the EP trends in each region, that
is, a region dominated by positive EP trends also shows an
increase in the total number of stations and the region dom-
inated by negative EP trends also displays a decrease in the
total number of stations.
We selected 2024 stations nationwide and 10 maximum

precipitations at each station to study the EP; thus, the aver-
age number of top-10N per year is 382 stations. If the number
of top-10N in a certain year is greater than the normal average
value, that year will experience more EP. The more top-10N
stations are determined in a year, the more EP will occur in
that year. The top-10N is higher than normal in 23 yr (Figure
5). The top three years are 1998, 2010, and 1994 with 382,
152, and 147 stations above normal, respectively. We also
found that the EP often focuses on certain areas in abnormal
years, for example, a higher number of top-10N is observed
in NC in 1963 and 2000, in SEC in 1969, and in SC in 2006.
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Figure 3            Time series and trend of the national total number of stations (right; the red line are trends; the black lines are the mean stations of the time periods
from 1961–1993 and 1994–2013, respectively) and box-whisker plots of the number of stations (left; the thick lines in the box are medians; the thin lines at the
box are the first and third quartile, respectively; the thin line at the whiskers are equal to or less than first and third quartile ± the 1.5 interquartile range (IQR)
values; the IQR is the difference between the third and first quartiles). (a) Top-1N, (b) top-10N.

Figure 4            The same as Figure 3 but for the top-10 regional total number of stations. (a) NEC, (b) NC, (c) NWC, (d) SWC, (e) SEC, (f) SC.

As mentioned above, the time series of top-10N have three
peak periods. Each period can be represented by the typical

year of 1963, 1998, and 2010, respectively, which shows the
highest number of stations in the respective period. The na-
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Figure 5            Sorted years of national top-10N, showing a positive anomaly and the corresponding regional top-10N anomaly.

tional top-10N is higher than normal at 98 stations in 1963 but
much higher than normal at 146 stations in NC. This caused
by the long-lasting “63.8” torrential rainfall event occurring
in the middle and south of NC in August of 1963, which led
to a large number of EP stations. The top-10N is smaller than
normal in other regions in 1963. Serious floods struck China
in 1998. The Yangtze River Basin and Nen-Songhua River
Basin were the most seriously affected areas. Therefore, the
highest number of national top-10N were observed in 1998;
they were higher by 60, 51, 50, 48, 20, and 10 stations in NC,
NWC, SEC, SWC, NEC. and SC, respectively. The year of
2010 is the year with the second highest number of national
top-10N, the top-10N was smaller than normal by 9 stations
in NC but higher than normal by 46, 40, 28, 27, 20 stations in
NWC, SEC, NEC, SC, and SWC, respectively.

4.    Trend relations between atmospheric vari-
ables and EP in NC
Many factors may affect the spatial and temporal variations of
EPEs. Climate change is one of the important factors. Physi-
cal arguments, empirical evidence, and global climate model
(GCM) results all suggest that a warmer world likely will ex-
perience an increase in the frequency and magnitude of EPEs,

which are associated with a more intense hydrological cycle
and increased water-holding capacity of the warmer atmos-
phere (Fowler and Hennessy, 1995). Satellite observations
indicated that both precipitation and total atmospheric water
have increased at approximately the same rate from 1987 to
2006, which is 7% per kelvin of surface warming (Wentz et
al., 2007). However, our study shows that the EP trends and
total number of stations in the east and north of NC decrease.
Therefore, taking NC as example, we will further investigate
the relations between the trends of atmospheric variables and
the EP decrease. The weather conditions, which favor pre-
cipitation, are mainly the vertical movement of air and water
vapor in the air. Temperature conditions can indirectly turn
into water vapor conditions (Wentz et al., 2007). In our study,
we selected several variables, which are related to precipita-
tion dynamics and water vapor conditions: 500 and 850 hPa
geopotential heights, 850 hPa v wind, and 850 hPa specific
humidity. The time series of annual summer-averaged values
of these variables were constructed at each grid point.
The linear trends of the 500-hPa and 850-hPa geopoten-

tial heights indicate the increase in China and nearby regions
(Figure 6a and b). Areas showing the largest positive trend
are located in the Mongolian Plateau and extend northeast-
ward. Regions in which the geopotential height increases by
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Figure 6            The total trend of increasing or decreasing values of the linear regression of atmospheric variables (shading area, unit: m; the contours are the mean
values of the atmospheric variables from 1961–2013; the black dots are the grid points passing the statistical significance test; the area with the slant lines are
terrains above 1500 m at 850 hPa), (a) 500 hPa geopotential height (m), (b) 850 hPa geopotential height (m), (c) 850 hPa v wind (m s−1), (d) 850 hPa specific
humidity (g kg−1).

more than 30 m per 50 yr extend from Inner Mongolia to the
east of NEC. Previous studies indicated that upper cold vor-
tices are one of the main influencing systems during the sum-
mer precipitation periods in NC. Most of the heavy rainfall
events in Beijing are caused by this type of circulation situ-
ation (Sun et al., 2005). An increasing geopotential height
indicates the weakening of upper cold vortices and therefore
the weakening of dynamic conditions triggering heavy rain-
fall. This may be one reason for the negative EP trends in
NC.
In addition to above-mentioned dynamical conditions, de-

creasing trends in the water vapor transport and content are
likely the other main causes of negative EP trends in NC.
The 850 hPa v wind trends (Figure 6c) indicate that notable
negative trends are observed over a large but narrow quasi-

meridional zone ranging from the south coast of China to the
north of NC. The wind speed has decreased by more than
3 m s−1 per 50 yr. China is part of the East Asian monsoon
region. The monsoon system moving northward to NC in
July and August is responsible for the main precipitation sea-
son in NC. Northward transport of water vapor induced by a
low-level southwest jet is the main source of water vapor for
precipitation in NC. The decrease in v wind leads to a weak-
ened northward transport of water vapor, which is also tes-
tified by areas with a negative trend of the specific humidity
that overlap with areas with 850 hPa v wind. A notable nega-
tive trend center of 2–3 g kg−1 per 50 yr is seen in NC (Figure
6d).
Above all, the trends of the analyzed atmospheric variables

indicate the increase of the geopotential height in NC and its
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upstream regions and decrease of the low-level v wind and
specific humidity in NC and its southwest areas. The increase
of the geopotential height causes the weakening of the inten-
sity of cold vortices and dynamic conditions triggering heavy
precipitation. On the other hand, the decrease of the low-level
v wind and specific humidity lead to the weakening water va-
por content and transport. The changes of some atmospheric
variables are favorable for EP decrease in NC. It is partic-
ularly important to note that we only explain the causes of
the decreasing EP trends in NC in terms of some atmospheric
variables directly affecting the precipitation. In this paper,
we will not discuss other indirect factors such as the air tem-
perature, westerlies, subtropical high, South Asia high, and
climate-affecting factors.

5.    Empirical return level of extreme precipita-
tion
Another important purpose of trend analysis is to estimate
the frequency and recurrence of the precipitation extremes.
The return period and return level are two most important
variables for this purpose. They are not only used for deci-
sion-making in water conservancy planning, bridge construc-
tion, house building, and insurance but are also very signifi-
cant for routine operations in weather forecasting. Based on
the analysis of the return period and level, the extremes of a
certain precipitation event can be estimated and appropriate
forecasting service measurements may be performed by fore-
casters. The return period and level are inversely related and
have a one-to-one correspondence. According to the method
introduced in Section 2.2, the return period will be 1/p if the
probability exceeding a percentile or threshold for selected
data is p. For example, a 50-year return level gives one pre-
cipitation amount in 50 yr; on the contrary, one different pre-
cipitation amount in 50 yr at different stations will correspond
to the same 50-year return period. Here, we will only analyze
the extreme event return level.
The spatial distribution of the empirical return level ana-

lyzed using real observation data is shown in Figure 7. The
20-year return levels gradually decrease from the southeast
to the northwest of China (Figure 7a). The return levels are
below 50 mm in the Tibetan Plateau and the middle and west
of NWC. The values are 50–100 mm in the north of NEC,

Inner Mongolia Plateau, Loess Plateau, and Western Yun-
nan Province. In the south of NC, North China Plain, and
south of the Qinling Mountains and Huaihe, the values are
generally above 100 mm. Values >200 mm and locally even
>300 mm are mainly distributed in the coastal areas of SEC
and SC. The largest value, observed at the Xisha Station in the
Hainan Province, is 462 mm. Values of 200–300 mm were
also observed in several scattered areas inland. These ar-
eas are in good agreement with the local topography such
as the Tongbai and Dabie mountains in the south of Henan
and northeast of Hubei, Huangshan Mountains in the south
of Anhui, HuaiyuMountains in the northeast of Jiangxi, Wul-
ing Mountains in the northwest of Hunan, and Longmen and
Daba mountains in the northern and western Sichuan Basin.
The spatial distribution features of the 50-year return lev-
els are very similar to that of the 20-year return levels but
have larger distribution values. The 50-year return levels
are 400–600 mm at the south coast; they gradually reduce
to 10–50 mm in NWC (Figure 7b). Here, we define the in-
creasing rate as the value of 50-year return levels minus the
20-year return level divided by the 20-year return level. The
mean increasing rate is 6.8%, which is less than 20% at 76%
of the stations and can reach more than 100% at most (Figure
7c).
The historical maximum daily precipitation reflects the

highest EP in history. This precipitation value is certainly
greater than the 50-year empirical return levels. The max-
imum values can reach more than 100 mm in the east of
the Greater Khingan Range, Inner Mongolia Plateau, and
Qinghai-Tibet Plateau (Figure 7d). The west sides with
>200 mm precipitation include the mountains of Yanshan,
Taihang, Funiu, Wudang, Wushan, and Daloushan and the
east of the Yunnan-Guizhou Plateau. The distribution of
>300 mm precipitation is closely related to the local terrain
mentioned above, while large coastal values are mainly
related to typhoon precipitation. Based on the comparison
of the precipitation maxima in six regions and the 50-year
empirical return levels, the maximum precipitation can reach
more than twice the 50-year empirical return levels. As of
2013, the precipitation maximum at all national stations is
755 mm, which is due to the “75.8” torrential rain in the
Henan Province; the corresponding 50-year empirical return
level is 354 mm (Table 2).

Table 2       Maximum daily precipitation in six regions and corresponding 50-year empirical return levela)

Regions Maximum daily precipitation (mm) Date Station (ID) 50-year empirical return level (mm)
NWC 304 08-29-2003 Ningshan, Shanxi (57137) 116
NC 755 08-07-1975 Shangcai, Henan (57194) 354
NEC 414 08-04-1958 Dandong, Liaoning (54497) 244
SEC 539 07-12-1994 Yangxin, Hubei (58500) 201
NC 645 08-30-2001 Qingyuan, Guangdong (59280) 294
SWC 525 07-29-1993 Ermei, Sichuan (56384) 360

a) The date is the ending observation time of daily precipitation.
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Figure 7            (a) 20-year empirical return levels (unit: mm), (b) 50-year empirical return levels (unit: mm), (c) 50-year empirical return level increase rates
compared with the 20-year empirical return level (%), (d) historical daily maximum precipitations (unit: mm).

6.    Conclusions and discussion

Examination of the trends of the time series of annual top-1
precipitation, accumulated top-10 precipitation, summer
top-1 precipitation, and accumulated summer top-10 precip-
itation indicates that there are three significant trend regions
of EP over China: a positive trend region in SEC widely
extending along the middle and lower reaches of the Yangtze
River; a positive trend region in NWC, mainly containing
Xinjiang, west of Gansu, north of Qinghai, and middle of
Shanxi; a negative trend region in NC including Hebei,
Beijing, and Tianjin. The ratios of changes (either increase or
decrease) of 10–30% or even >30% were observed in these
three regions. In other regions, the trends are insignificant or
the change ratios are small. The EP trends are not consistent
with the trends of the total annual precipitation but agree
better with the trends of the total summer precipitation.
Increasing trends were observed for the time series of the

national top-1N and top-10N. The number of stations on aver-
age increases by 2.4 and 15 stations per decade, respectively,

but with great interannual variations. There have been three
periods with a large amount of EP stations since 1960: the
early 1960s, middle and late 1990s, and early 21st century.
Themaximum number of stations of these time series was ob-
served in 1998. The trends of regional top-1N and top-10N
show differences. Themost significant increase was observed
in NWC. In SEC, the top-1N trends change steadily, but a no-
table top-10N increase was observed. In the SC, the two time
series show a significant increase. The trends of the two time
series in NEC and SWC are slightly increasing. An insignifi-
cant decrease of the two time series was observed in NC. The
trends of the total number of stations are basically consistent
with the EP trends in each region.
The trends of the atmospheric variables indicate an increase

in the geopotential height in NC and its upstream regions
and decrease in the low-level v wind and specific humidity in
NC and its southwest areas. The increase of the geopotential
height reflects the weakening of the intensities of upper cold
vortices and dynamic conditions triggering heavy precipita-
tion. On the other hand, the decrease of the low-level v wind
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and specific humidity lead to the decrease of the water va-
por content and transport. The changes of these atmospheric
variables favor the EP decrease in NC.
The 50-year empirical return levels are 400–600 mm at the

south coast and gradually reduce to <50 mm in NWC. The
mean increasing rate is 6.8% compared with the 20-year em-
pirical return levels; historical maximum precipitation can be
more than twice the 50-year empirical return levels.
This study only focuses on the daily precipitation and inter-

annual variations. We did not analyze the extremes and trends
of long-lasting heavy precipitation processes and short-dura-
tion heavy precipitation. We did not discuss the decadal vari-
ations of the trends. The causes of the EP trends are complex
and vary in different regions. Changes of the atmospheric cir-
culation, atmospheric thermal conditions, and climate factors
may all impact the EP trends. Taking NC as example, we here
only discussed the causes of decreasing EP trends in this re-
gion in terms of atmospheric variables directly affecting the
precipitation. The atmospheric thermal conditions may indi-
rectly affect the atmospheric water vapor content (Wentz et
al., 2007), which is note discussed here.
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