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ABSTRACT

Hourly rainfall measurements of 1919 national-level meteorological stations from 1981 through 2012 are used to docu-
ment, for the first time, the climatology of extreme rainfall in hourly through 24-h accumulation periods in China. Rainfall
amounts for 3-, 6-, 12- and 24-h periods at each station are constructed through running accumulation from hourly rainfall
data that have been screened by proper quality control procedures. For each station and for each accumulation period, the
historical maximum is found, and the corresponding 50-year return values are estimated using generalized extreme value the-
ory. Based on the percentiles of the two types of extreme rainfall values among all the stations, standard thresholds separating
Grade I, Grade II and Grade III extreme rainfall are established, which roughly correspond to the 70th and 90th percentiles
for each of the accumulation periods. The spatial characteristics of the two types of extreme rainfall are then examined for
different accumulation periods. The spatial distributions of extreme rainfall in hourly through 6-h periods are more similar
than those of 12- and 24-h periods. Grade III rainfall is mostly found over South China, the western Sichuan Basin, along
the southern and eastern coastlines, and in the large river basins and plains. There are similar numbers of stations with Grade
III extreme hourly rainfall north and south of 30°N, but the percentage increases to about 70% south of 30°N as the accumu-
lation period increases to 24 hours, reflecting richer moisture and more prolonged rain events in southern China. Potential
applications of the extreme rainfall climatology and classification standards are suggested at the end.
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1. Introduction

Extreme weather and climate events are receiving in-
creasing attention due to their great threat to people’s lives
and properties. For example, extremely heavy rainfall can
cause human casualties, urban flooding, river overflow, land-
slides, and other forms of disastrous consequences. Ex-
treme weather and climate events are usually defined as low-
probability events for particular times and locations, often
with a probability of occurrence lower than 10% (e.g., IPCC,
2013). Therefore, the probability for an extreme event is usu-
ally discussed in terms of percentiles, and the 95th percentile
is commonly used as the threshold (e.g., Frich et al., 2002;
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Zhai et al., 2005). To date, there have been numerous stud-
ies on extreme weather and climate events, but most have
focused on their detection, spatial distributions, and climate
change characteristics (e.g., Frich et al., 2002; Garrett and
Miiller, 2008; Sen Roy, 2009). Within China, Zhai et al.
(1999, 2005) studied the spatial distributions of extreme daily
temperature and rainfall, as well as their climatological trends
of change, based on a dataset of 349 meteorological stations
during 1951-95 and another dataset of 740 stations during
1951-2000. Gao et al. (2012) detailed the spatial distribu-
tions of a number of extreme weather and climate events in
China, including the extreme daily and 3-day precipitation,
using a dataset from 1031 meteorological stations in China
during 1951-2011.

Due to the unavailability of long-term hourly rainfall data
in China (Fig. 1), hardly any research exists prior to 2010
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on extreme rainfall for accumulation periods shorter than 24
hours. An hourly rainfall event of > 20 mm is commonly
referred to as a short-duration heavy rainfall (SDHR) event,
which is rare in China and the United States (Davis, 2001;
Zhang and Zhai, 2011; Chen et al., 2013). Zhang and Zhai
(2011) presented the temporal and spatial distributions and
the climatological trend of extreme hourly rainfall with in-
tensities greater than 20 mm h~! and 50 mm h~!. The study
focused on central and eastern China for May—September,
using hourly rainfall data from 480 meteorological stations
during 1961-2000. Chen et al. (2013) documented the tem-
poral and spatial characteristics of SDHR events of no less
than 10, 20, 30, 40 and 50 mm h~! over China during April-
September using hourly rainfall data from 549 stations for
1991-2009. Neither study, however, analyzed the spatial dis-
tributions of extreme rainfall for different return periods of

® 1981-2012
A ® 1965-2012

110 T20°E

Fig. 1. The (a) topography of China, and (b) locations of sta-
tions with continuous observations of hourly rainfall for 1965—
2012 (orange dots) and 1981-2012 (green dots). In (b), thick
solid lines separate various regions marked by numbers: 1—
South China; 2—Guizhou and Hunan provinces, and most parts
of Jiangxi Province; 3—eastern Jiangxi Province and inland
areas of Fujian and Zhejiang provinces; 4—coastal areas of
Fujian and Zhejiang provinces; 5—the Sichuan Basin; 6—
Hubei Province; 7—the Yangtze River—Huaihe River Basins;
8—the Huanghe River—Huaihe River Basins; 9—the Shandong
Peninsula; 10—the North China Plain; 11—southern Liaoning
Province.
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hourly rainfall. Using the probability distribution of the gen-
eralized extreme value (GEV; Coles, 2001), and based on
hourly rainfall data from 465 and 321 stations in China, re-
spectively, Li et al. (2013a, 2013b) presented the return val-
ues and their spatial characteristics for 2-, 5-, 10- and 50-yr
return periods. However, they did not examine and analyze
in detail the differences among extreme rainfall events for ac-
cumulation periods from hourly through 24 hours. Despite
these previous investigations, issues and problems remain, as
follows:

(1) The meteorological station data used in previous stud-
ies were all very sparse, with the number of stations consid-
ered usually less than 600, meaning those studies may not
have fully captured the extreme rainfall events produced by
meso- or convective-scale systems.

(2) There has been no research on the spatial distributions
of extreme rainfall in accumulation periods of between 1 and
24 hours in China. Previous studies on extreme precipita-
tion in China either focused on daily or hourly rainfall (e.g.,
Zhai et al., 1999, 2005; Dong et al., 2011; Wang and Yan,
2011; Gao et al., 2012; Yu and Li, 2012; Li et al., 2013a,
2013b); and the 3-, 6-, 12- and 24-h running cumulative rain-
fall amounts at each hour have not been examined. Here,
the running accumulations are calculated in the same way as
the moving average, except summation is taken instead of
averaging. The use of daily rainfall, rather than 24-hour run-
ning accumulation from hourly rainfall, may underestimate
extreme rainfall that straddles the recording day.

(3) There is thus far no classification standard, based on
statistically determined thresholds, for extreme rainfall in dif-
ferent accumulation periods in China.

Because the occurrence of extreme rainfall at any sin-
gle meteorological station carries a very low probability, the
prediction of such highly improbable events is very difficult.
However, if a dataset from a large number of meteorological
stations covers a sufficiently long time period, it is possible
to estimate the distributions of extreme events and thereby
provide useful information for improving the prediction of
such rare events. For these reasons, utilizing hourly rainfall
data at 2420 national-level meteorological stations in China
that cover the period 1951-2012, we document and investi-
gate the spatial distributions of two types of extreme rainfall,
the historical maximum and the estimated 50-yr return value
(hereafter, 50-yr rainfall), for running accumulation periods
of 1, 3, 6, 12 and 24 hours. Based on such long-term histori-
cal data covering a large portion of China, we establish stan-
dards of classification for extreme rainfall, in terms of thresh-
old values that separate three grades of extreme rainfall, for
different accumulation periods. The thresholds roughly cor-
respond to the 70th and 90th percentiles of extreme rainfall
amounts among the stations. Our study allows us to obtain
the spatial characteristics and classify different regions based
on their extreme rainfall, and it also provides important refer-
ence information for the estimation and prediction of extreme
rainfall in China (Fig. 1).

Following this introduction, in section 2 we describe the
data and analysis methods used. In sections 3 and 4, we doc-
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ument and discuss the spatial distributions of historical rain-
fall maxima and 50-yr return values, respectively. Section
5 examines the regional distributions of extreme rainfall. A
summary and conclusions are given in section 6.

2. Data and methods

2.1. Data

The hourly rainfall dataset during 1951-2012 was ob-
tained from the National Meteorological Information Center
of the China Meteorological Administration. In this dataset,
the rainfall was measured by either tipping-buckets or self-
recording siphon rain gauges, or from automatic rain gauges,
at 2420 national-level meteorological stations in mainland
China. The data were subject to strict quality control by
the data provider according to the following rules. For each
individual rain gauge on any single day, the difference be-
tween the observed daily rainfall and the accumulated daily
value from hourly rainfall was calculated. The hourly rainfall
data were considered erroneous if this difference exceeded a
threshold: For daily rainfall > 5 mm, the threshold was 20%
of the daily amount; and for daily rainfall < 5 mm the thresh-
old was 1 mm. All erroneous data are discarded in this study.

The number of meteorological stations available in the
hourly rainfall dataset increased over the study period. In
the 1950s, there were less than 1000 stations, but the number
increased to more than 2000 after 1980. The number of sta-
tions taking observations in July is around two to three times
greater than that of January, because a number of stations in
northern China routinely stop taking rainfall measurement in
the freezing conditions of the winter season under certain reg-
ulations. In general, the densest observations occur in central
and eastern China. Although the spatial and temporal cover-
ages of the hourly rainfall dataset are not homogeneous, this
dataset represents the most complete and accurate measure-
ments of hourly rainfall in China to date.

For identifying extreme rainfall data series that cover
the same climatological periods over China, we only select
the stations that have at least 25 hourly-rainfall-observation
days in the summer months (June, July and August) of each
year. The reason for this screening is that China is signifi-
cantly affected by the East Asian summer monsoon, and thus
heavy rain and SDHR events mainly occur in summer (Ding
and Zhang, 2009; Chen et al., 2013). Ultimately, 783 sta-
tions with continuous observations are selected for the pe-
riod 1965-2012, and 1919 stations for the period 1981-2012,
with the former being a subset of the latter (Fig. 1b). The
average distance between the 1919 stations is about 50 km.
The selected stations are mainly located in central and east-
ern China, east of 100°E, and only a few stations are situated
in the Tibetan Plateau or in the western deserts, west of 100°E
(Fig. 1b).

To better capture extreme rainfall events, we use all avail-
able rainfall data from the 1919 stations for the period 1981—
2012 to obtain the historical maximum and estimate the 50-yr
return value at each station. Given that the observational peri-
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ods of the 1919 stations cover more than 30 years, the rainfall
data from these stations are regarded as carrying sufficient cli-
matological information. To obtain the historical maximum
rainfall series in different accumulation periods for each sta-
tion, we first compute the 3-, 6-, 12- and 24-h running cu-
mulative rainfall from the hourly rainfall data, and then find
the historical rainfall maximum for each accumulation pe-
riod from the complete series. This ensures a full account of
extreme rainfall that straddles the rainfall accumulation peri-
ods. We obtain the spatial distributions of the historical rain-
fall maximum for both 1965-2012 and 1981-2012, and find
that the spatial distributions of the two periods are similar for
all accumulation periods, although their rainfall amounts are
somewhat different. We show results from the latter period
only because of its larger number of stations.

Different regions of China are referred to in this paper.
Figure 1a labels the provinces and four main rivers of China,
while Fig. 1b divides and labels various regions. For brevity,
we use the term “Northeast China” to refer to the provinces
of Heilongjiang, Jilin and Liaoning. “North China” includes
the cities of Beijing and Tianjin, and the provinces of Hebei
and Shanxi; and “South China” comprises the provinces of
Guangxi, Guangdong, and Hainan.

2.2. GEYV distribution and estimation

The historical maximum rainfall series in different accu-
mulation periods at each station are considered random pro-
cesses of extremes, and thus we use the GEV distribution to
model the annual maxima, and then estimate the 50-yr rain-
fall amount for each station. The GEV distribution has been
widely applied to extreme rainfall estimation (e.g., Coles,
2001; Gao et al., 2012; Li et al., 2013a, 2013b). The 50-
yr rainfall is considered an extreme event according to the
definition of extreme weather and climate events (e.g., IPCC,
2013). According to probability theory, for an event with a
50-yr return period, the probability of at least one such oc-
currence in 50 years is 63.6% (Atomic Energy Regulatory
Board of India, 2008).

The GEV cumulative probability distribution of variable
z is defined as

G@2) = exp{_[l +§(%)]—l/§} |

where G(z) is the probability that z is not exceeded (z means
any value in the support of the distribution), and u, o and
& are the location, scale and shape parameters, respectively.
The parameters must satisfy 1+&(z—pu)/o >0, —oco < u < o0,
o> 0and —oo < ¢ < 00 (Coles, 2001). Given an annual maxi-
mum sample series, one can estimate the parameters and then
determine the cumulative probability function of the GEV
either using the maximum likelihood method (Coles, 2001)
or the L-moments method (Hosking, 1990). We choose the
maximum likelihood method in our estimation. After obtain-
ing the annual maximum rainfall series for a given accumula-
tion period and a given station, we estimate parameters , o
and ¢ of the GEV distribution, assuming the series is station-
ary. With the estimated GEV distribution function, we then
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estimate the rainfall amounts for different return periods.

Two stations, Beijing in North China and Qingyuan in
South China, are taken from those 783 stations for the pe-
riod 1965-2012 as examples to show the reliability of the
estimated GEV distribution function. The reason for choos-
ing these two stations is that they both have relatively longer
observational periods, and also represent different climate re-
gions. For brevity, we show in Figs. 2 and 3 only the prob-
ability plots, the fitted GEV distributions and the 95% con-
fidence intervals of hourly and 24-h rainfall, for the two sta-
tions respectively, in order to evaluate the goodness-of-fit of
the fitted model.

The fitted GEV distributions using the hourly, 3-, 6-, 12-
and 24-h rainfall data of 1965-2012 and 1981-2012 (in Figs.
2 and 3, respectively, but without showing the fitted GEV dis-
tributions of 3-, 6- and 12-h rainfall) all agree well with the
probability distributions of annual rainfall maxima. The fit-
ted probability distributions using the two datasets are very
similar. The confidence intervals for the estimated return
level curves are wider for longer return periods, in particu-
lar for return periods longer than 50 years, which is not sur-
prising. Therefore, in section 4, we only present the spatial
distributions of estimated rainfall at the 50-yr return level, al-
though all rainfall events with return periods no shorter than
50 years are considered extreme. In addition, due to the dif-
ferent lengths of the two datasets used, a number of differ-
ences between the fitted GEV distributions can also be seen.
The 50-yr rainfall amounts from the fitted GEV distribution
using the 1981-2012 dataset are higher than those using the
1965-2012 dataset, which may be related to the fact that the
observational period of the former dataset is shorter, and the
dataset features heavier rainfall amounts on average.

The reliability of the estimated 50-yr rainfall across China
is also tested by comparing the spatial distributions of the two
estimates from the two datasets. They are found to be consis-
tently similar for all of the different accumulation periods.

2.3. Classification of extreme rainfall

There is thus far no standard classification in China that
is particularly designed for extreme rainfall in different accu-
mulation periods; and all existing classifications are based on
fixed amounts of rainfall, regardless of their accumulation pe-
riods. Rainfall amounts with different accumulation periods
cannot be directly compared. Here, we propose a new stan-
dard categorization for classifying extreme rainfall according
to their accumulation periods, and then further classify differ-
ent regions based on their extreme rainfall classification. We
suggest using the percentiles of the extreme rainfall over the
1919 stations in different accumulation periods to define the
thresholds of classification. With the establishment of such
standard thresholds, the extreme rainfall in different accumu-
lation periods can be classified consistently, and thus the spa-
tial distributions of the extreme rainfall in different accumula-
tion periods can be compared, and the differences in extreme
rainfall for different accumulation periods among various re-
gions can be obtained.

For the historical maximum or the 50-yr rainfall in any
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accumulation period during 1981-2012, we first sort the ex-
treme rainfall data series at the 1919 stations (there is only
one extreme rainfall value at each station) in ascending order
then determine the 70th and 90th percentile values across
all stations. These values are given separately in Table 1
for the historical maximum and the 50-yr rainfall. As the
historical maximum rainfall values differ slightly from their
corresponding 50-yr return values, to facilitate the compar-
ison of the spatial distributions between these two types of
extreme rainfall and among different rainfall accumulation
periods, we compute the threshold values of two levels for
the extreme hourly, 3-, 6-, 12- and 24-h rainfall datasets
mainly according to the 50-yr rainfall values in Table 1 (see
Table 2). Table 2 shows that the threshold values for the low
level (defined as Grade I precipitation) are located around the
69th percentile of the ordered historical maximum rainfall
sequence, and around the 70th percentile of the ordered 50-
yr rainfall sequence among the 1919 stations. Thresholds for
the high level (defined as Grade III precipitation) correspond
approximately to the 89th percentile of the ordered historical

Table 1. The 70th and 90th percentiles of extreme rainfall values
for different accumulation periods based on the 1919 extreme rain-
fall values during 1981-2012.

Rainfall (mm)
at 70th at 90th
percentile percentile

Historical maximum hourly rainfall 71.5 96.1
50-yr hourly rainfall 75.4 93.5
Historical maximum 3-h rainfall 127.3 163.9
50-yr 3-h rainfall 124.7 155.9
Historical maximum 6-h rainfall 161.2 212.1
50-yr 6-h rainfall 160.3 202.3
Historical maximum 12-h rainfall 196.4 262.1
50-yr 12-h rainfall 195.8 256.5
Historical maximum 24-h rainfall 232.3 309.4
50-yr 24-h rainfall 229.7 303.6

Table 2. The percentiles corresponding to different extreme rainfall
amounts of different accumulation periods for the 1919 stations dur-
ing 1981-2012.

Rainfall Rainfall Corresponding Corresponding

accumulation  amount percentile (%) of  Percentiles (%)

period (mm) historical maximum of 50-yr rainfall
Hourly 75 66 69
Hourly 95 89 91
3-h 125 68 70
3-h 155 87 90
6-h 160 70 70
6-h 205 89 91
12-h 195 69 70
12-h 260 90 91
24-h 230 69 70
24-h 305 89 90
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Fig. 2. Probability plots (a, b, e, f) and fitted GEV distributions (c, d, g, h) of (a—d) hourly and (e-h) 24-h
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Table 3. Grades of extreme rainfall defined in this study for different
accumulation periods (R denotes rainfall amounts in the table).

Rainfall (mm) of different grades

Grade I Grade 11 Grade III
Extreme hourly rainfall <75 75<R<95 >95
Extreme 3-h rainfall <125 125<R< 155 > 155
Extreme 6-h rainfall < 160 160 < R <205 > 205
Extreme 12-h rainfall <195 195 < R <260 > 260
Extreme 24-h rainfall <230 230 <R <305 > 305

maximum rainfall sequence, and the 90th percentile of the or-
dered 50-yr rainfall sequence. Thus, three grades of extreme
rainfall in Table 3 are proposed to classify and compare the
spatial distributions among different types of extreme rain-
fall. In the following sections, we use the classification and
threshold values defined above to examine the spatial distri-
butions of extreme rainfall.

Note that the Central Meteorological Office of China clas-
sifies daily rainfall of no less than 50 mm, 100 mm and
250 mm as heavy rainfall, very heavy rainfall, and extremely
heavy rainfall, respectively (Ding and Zhang, 2009). There-
fore, all the thresholds for Grade II and Grade III extreme
rainfall, in different accumulation periods, as defined above,
are much greater than that for the heavy rain threshold (50
mm) defined in China. Furthermore, except for the thresh-
olds for Grade II (75 mm) and Grade III (95 mm) extreme
hourly rainfall, all the other thresholds are greater than that
of the very heavy rainfall threshold (100 mm). The thresh-
old for Grade III extreme hourly rainfall (95 mm) approaches
that of very heavy rainfall (100 mm), and the thresholds for
Grade III extreme 12-h rainfall (260 mm) and Grade II ex-
treme 24-h rainfall (230 mm) are close to that of extremely
heavy rainfall (250 mm). Note that the threshold for Grade
[T extreme 24-h rainfall (305 mm) is much greater than that
of extremely heavy rainfall (250 mm).

2.4. Spatial distributions of extreme rainfall

For the convenience of contour plotting, we utilize a grid
of 0.75° x 0.75° latitude—longitude cells. We identify the
maximum extreme rainfall amount within each of the cells
for each accumulation period. For each grid cell, the max-
imum extreme rainfall amount is equal to the highest value
among the stations within that grid cell. If no rainfall obser-
vation is found within a cell, that cell is assigned a missing
value and is not contoured (the cell will be shown as white).
Since the average distance among the 1919 stations is about
50 km, the 0.75° grid distance is somewhat greater than the
average distance, so the use of this grid would smooth the
spatial distribution somewhat where station density is high.

The spatial distributions of the historical rainfall maxima
and the estimated 50-yr rainfall are shown in Fig. 4 and Fig.
5, respectively, for different accumulation periods. Note that
Figs. 4, 5 and 6 show only central and eastern China, as al-
most all of the 1919 stations used in this study lie over this
region. Grades II and III are shown for all periods in dark
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blue and magenta colors, respectively. The 20 mm thresh-
old is shown for hourly extreme rainfall, which corresponds
to the definition of SDHR (Chen et al., 2013), while 50 mm
is shown for all accumulation periods corresponding to the
definition of daily heavy rainfall (Ding and Zhang, 2009) in
China. In addition, the threshold value of Grade III extreme
hourly rainfall (95 mm) is also presented for accumulation
periods longer than 1 hour. In addition to the contour maps,
stations with Grade II and Grade III extreme rainfall are plot-
ted as light blue stars and yellow dots, respectively, in Figs.
4 and 5. While the contour maps are convenient for revealing
the spatial distributions, in the next sections we focus our dis-
cussions more on the stations because they are more faithful
to the original observations.

As stated in the previous subsections, the spatial distribu-
tions of the historical maximum and the estimated 50-yr rain-
fall for the period 1965-2012 (not shown) are consistently
similar to those for 1981-2012, regardless of their accumu-
lation periods. However, considering that the latter data are
taken from more stations, which can provide a finer-scale spa-
tial representation, we only present the latter in this paper.

3. Spatial distributions of historical maximum
rainfall

At a given station for a given accumulation period, the
historical maximum rainfall represents the most extreme
value that has been recorded in the dataset used. Overall, the
spatial distributions of historical maximum rainfall are very
uneven (Fig. 4). It is not surprising that the rainfall amounts
over the southern part of China are larger than those over the
northern part, over eastern China are larger than over west-
ern China, over the coastal areas are larger than over inland
areas, over the southern coastal areas are larger than over
the northern coastal areas, over the southern inland areas are
larger than over the northern inland areas, and over the ma-
jor plains and river valleys are larger than over the adjacent
large plateaus and mountains. This has to do with the warm
air and moisture supply, which is the richest from the south
and from the ocean. Grade III historical maximum hourly, 3-,
6-, 12- and 24-h rainfall are most noticeable east and south of
the black solid line in each panel of Fig. 4, which runs from
southern Liaoning, through northern Hebei, Shanxi, Sichuan,
and then to Yunnan Province. The areas with heavier histor-
ical maximum rainfall in different accumulation periods are
mainly located in the coastal areas of China, South China,
the Yangtze River—Huaihe River Basins, the Huanghe River—
Huaihe River Basins, the western Sichuan Basin, and the
North China Plain.

The above spatial distributions share some similarities
with those of heavy rainfall and SDHR occurrence frequency
(Zhang and Lin, 1985; Chen et al., 2013) over central and
eastern China. For example, both South China and the
Sichuan Basin (Regions and in Fig. 1b) exhibit heavier histor-
ical maximum rainfall, a higher mesoscale convective system
(MCS) frequency (Zheng et al., 2008), a higher heavy rain-
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fall frequency, and heavier average annual precipitation, than
other regions of China.

However, the spatial distributions of the historical max-
imum rainfall differ from those of MCS frequency, heavy
rainfall frequency, and average annual precipitation (Zhang
and Lin, 1985; Zheng et al., 2008; Chen et al., 2013) over the
region between 25°N and 40°N in China, which includes Hu-
nan, Jiangxi, Zhejiang provinces, the Huanghe River—Huaihe
River Basins, the Shandong Peninsula, and the North China
Plain (Fig. 1). For instance, Hunan, Jiangxi, and Zhejiang
provinces exhibit higher MCS, heavy rainfall and SDHR fre-
quencies, and heavier average annual precipitation (Zhang
and Lin, 1985; Zheng et al., 2008; Chen et al., 2013), but
they still have less intense historical maximum rainfall than
the regions of the Huanghe River—Huaihe River Basins, the
Shandong Peninsula, and the North China Plain.

West of the thick black line in Fig. 4, most of the histori-
cal maximum hourly, 3-, 6-, 12- and 24-h rainfall amounts at-
tain only Grade I (below 75 mm, 125 mm, 160 mm, 195 mm
and 230 mm, respectively) according to our classification, al-
though most of them are greater than 20 mm, the threshold of
SDHR for hourly rainfall. Conversely, east of the line, there
are several areas featuring historical maximum hourly, 3-, 6-,
12- and 24-h rainfall of no less than 95 mm, 155 mm, 205
mm, 260 mm and 305 mm (Grade III), respectively.

Figure 4 shows that the stations with Grade II historical
maximum hourly, 3-, 6-, 12- and 24-h rainfall are mostly con-
centrated over South China, the western Sichuan Basin, east-
ern Hubei Province, the coastal areas of Zhejiang and Fujian
provinces, the Yangtze River—Huaihe River Basins (exclud-
ing the central Anhui Province), the Huanghe River—Huaihe
River Basins, the North China Plain, and southern Liaoning
Province. However, over Guizhou, Hunan, western Jiangxi,
inland Zhejiang, and inland Fujian provinces, which are lo-
cated between 25°N and 30°N, the stations with Grade II
rainfall are sparse and scattered, although there are higher
occurrence frequencies of SDHR events (Chen et al., 2013)
and MCSs (Zheng et al., 2008).

Furthermore, the densely distributed stations with Grade
IIT historical maximum hourly, 3-, 6-, 12- and 24-h rain-
fall (Fig. 4) are located mainly over South China, the west-
ern Sichuan Basin, eastern Hubei Province, the coastal
area of Zhejiang Province, the northern coastal area of Fu-
jian Province, eastern Henan Province, the Huanghe River—
Huaihe River Basins, the North China Plain, and parts of
southern Liaoning Province. Whereas, over the area north
of 30°N in China, the number of stations with Grade III his-
torical maximum 12- or 24-h rainfall (= 260 mm or > 305
mm) is significantly fewer than that with Grade III historical
maximum hourly and 3-h rainfall (> 95 mm and > 155 mm).
However, over eastern and northern Jiangxi Province, there
are more stations with Grade III 24-h rainfall than those with
Grade III hourly, 3-, 6- and 12-h rainfall.

For various regions labeled in Fig. 1b, the heaviest rain-
fall for a region is obtained as the maximum that has ever
been recorded at any one station within the region. The heav-
iest hourly rainfall is above 140 mm over South China, and it
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is 135 mm and close to 140 mm over eastern Hubei Province,
the Huanghe River—Huaihe River Basins, and southern North
China. Therefore, there are only slight regional differences
in historical maximum hourly rainfall amounts among south-
ern North China, the Huanghe River—Huaihe River Basins,
and South China. However, for the historical maximum 24-
h rainfall, the heaviest rainfall is above 550 mm over South
China, while over southern North China and the Huanghe
River—Huaihe River Basins, it is only about 420 mm. Clearly,
there are larger differences, in both relative and absolute val-
ues, among 24-h extreme rainfall across China than hourly
extreme rainfall. This suggests that heavy rainfall events
in southern China are longer-lasting than those in northern
China.

Apart from the spatial distributions of historical maxi-
mum rainfall, we are also interested in how the extreme rain-
fall is distributed in amounts. The most popular amounts
of the historical maximum rainfall among the 1919 stations
are determined by applying different bin-widths to different
accumulation periods. Using 20 mm as the bin-width, sta-
tions with hourly extreme rainfall between 60 mm and 80
mm are most common, accounting for 40.8% of total sta-
tions. Using 50 mm as an interval, stations with 3-h extreme
rainfall between 100 mm and 150 mm are most common
(42.7%); stations with rainfall between 100 mm and 150 mm
are most common for 6-h extreme rainfall (36.5%); and for
12-h extreme rainfall, 150-200 mm amounts are most com-
mon (27.7%). Using 100 mm as an interval of 24-h extreme
rainfall, amounts between 100 mm and 200 mm are most
common, accounting for 44.8% of total stations.

4. Spatial distributions of 50-yr return values

This section describes the spatial distributions of 50-yr
return values for hourly, 3-, 6-, 12- and 24-h rainfall ob-
tained from the fitted GEV distribution based on the 1981-
2012 data. These spatial distributions are compared to those
of the historical maximum rainfall in different accumulation
periods.

As given in Table 2, the numbers of stations with Grade
IT and Grade III 50-yr rainfall for different accumulation pe-
riods are less than those with their corresponding historical
maximum rainfall. Nevertheless, the spatial patterns of the
50-yr return values for hourly, 3-, 6-, 12- and 24-hr rainfall
are generally similar to those of the corresponding historical
maximum rainfall. Similar to Fig. 4, over the areas east and
south of the thick black line in each panel of Fig. 5, the esti-
mated 50-yr rainfall return values at some stations can attain
Grade III. Figures 5d and Se clearly show that there are far
fewer stations with Grade III 50-yr return values for 12- or
24-h rainfall than those for hourly and 3-h rainfall over the
area north of 30°N in China.

Similar to how we obtain the most common rainfall
amounts in the historical maxima, we also examine the 50-
yr return values. With a 20 mm bin-width for hourly rainfall,
stations with 60—-80 mm rainfall are most common, account-
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ing for 42.4% of all stations. Using 50 mm as an interval for
3-, 6- and 12-h rainfall, stations with rainfall amounts of 100—
150 mm, 100-150 mm and 150-200 mm are most common
(44.2%, 35.7% and 27.4%), respectively. Using 100 mm as
the interval, stations with 100-200 mm 24-h rainfall are most
common, amounting to 44.1% of all stations. These statis-
tics are all comparable to those of corresponding historical
maximum rainfall.

Similarly, for various regions labeled in Fig. 1b, the heav-
iest 50-yr return value for hourly rainfall is about 150 mm
over South China. Over the Huanghe River—Huaihe River
Basins, and southern North China, the heaviest 50-yr hourly
rainfall is about 140 mm. Therefore, there is also only a slight
difference in the 50-yr hourly rainfall amounts across these
regions. However, for the 50-yr 24-h rainfall, the heaviest
rainfall can be above 500 mm over South China; yet, it is
only above 400 mm over the Huanghe River—Huaihe River
Basins, and less than 400 mm over southern North China.
These results also indicate that the absolute and relative dif-
ferences in the 50-yr 24-h rainfall between South China and
the regions of the Huanghe River—Huaihe River Basins and
southern North China is larger than that in 50-yr hourly rain-
fall.

Rainfall is the product of rainfall rate and duration; how-
ever, rainfall is also a complex nonlinear physical process,
during which rainfall rates are usually non-uniform. There-
fore, for any given site, the extreme cumulative rainfall
amount in the accumulation period longer than 1 hour al-
most never equals the extreme hourly rainfall amount mul-
tiplied by the number of hours, and its average hourly rain-
fall intensity is usually less than the extreme hourly rain-
fall amount. As stated earlier, the regional heaviest histori-
cal maximum and the 50-yr hourly rainfall return value over
the Huanghe River—Huaihe River Basins are close to those
over South China; but if we consider the 50-yr rainfall re-
turn value in the accumulation periods that are greater than 3
hours, then the differences between these two regions signifi-
cantly increase as the accumulation period increases. This is
because, in South China, extreme rainfall tends to last longer
(Chen et al., 2013; Li et al., 2013b). Overall, the results from
the historical maximum rainfall and the estimated 50-yr rain-
fall are consistent.

5. Regional classification and differences in ex-
treme rainfall

5.1. Regional classification based on extreme rainfall

The similarity between the spatial distribution of the his-
torical maximum rainfall and that of the estimated 50-yr rain-
fall suggests the results obtained in this paper are reliable. In
this section, we further examine the spatial distributions of
extreme rainfall of the three grades for different accumula-
tion periods.

Based on the historical maximum and 50-yr rainfall
amounts over each 0.75° x0.75° grid cell, we present a re-
gional classification in Fig. 6. The main characteristics of the
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classified regions are summarized below:

(1) The extreme rainfall reaching Grade II and Grade
IIT is mainly observed east and south of the black lines in
Figs. 4 and 5, which runs from southern Northeast China
through Shanxi Province, then around the western edge of
the Sichuan Basin towards the eastern slope of the Yunnan—
Guizhou Plateau, more or less following the terrain elevation
contour. However, Grade II is not reached over nearly half
of the region between 25°N and 30°N for extreme 3-, 6- and
12-h rainfall especially.

(2) Over Yunnan Province, eastern Inner Mongolia, and
northern and central Northeast China, there are still a number
of cells with Grade II extreme hourly rainfall (no less than 75
mm), but there are fewer cells with Grade II extreme 3-, 6-,
12- and 24-h rainfall. This shows that, over these areas, even
if an SDHR event occurs and reaches Grade II extreme hourly
rainfall, because of the shorter lifespan of convective sys-
tems producing the rainfall, the cumulative rainfall amounts
in longer accumulation periods are less likely to attain Grade
IL.

(3) For different accumulation periods, the spatial distri-
butions of Grade III extreme rainfall are somewhat similar to
each other. The similarity is greater among extreme hourly,
3- and 6-h rainfall, and less so for 12-h and 24-h rainfall.

(4) The spatial distributions of Grade III extreme rainfall
possess the following characteristics: they are situated over
the lower latitudes (e.g., South China), along the southern
and eastern coastlines, in the large Huanghe River—Yangtze
River Basins, and over the lower-elevation side of the border
region between plains or basins and plateaus or mountains
(e.g., the west side of the Sichuan Basin, and the west side of
the North China Plain).

(5) Both South China and the Sichuan Basin exhibit not
only heavier extreme rainfall, but also higher SDHR frequen-
cies (Chen et al., 2013) and more heavy-rainfall days (Zhang
and Lin, 1985).

(6) Between 25°N and 30°N in China, there are fewer
cells with Grade III extreme rainfall for different accumula-
tion periods than in the regions of South China, the Yangtze
River—Huaihe River Basin, and the Huanghe River—Huaihe
River Basins. However, there are more cells with Grade III
extreme 24-h rainfall than with hourly and 3-h rainfall (Fig.
4e, Fig. Se and Fig. 6e) over some parts of this region, such
as southern Anhui Province, eastern Jiangxi Province, and
northwestern Hunan Province. This indicates that, although
these regions do not exhibit Grade III extreme hourly rain-
fall, they can suffer more often from Grade III extreme 24-
h rainfall. This phenomenon may be related to their terrain
distributions or tropical weather systems, such as tropical
cyclones, which affect these areas and cause long-duration
rainfall.

Rainfall rates in tropical systems are generally high, be-
cause they are usually associated with deep moist and orga-
nized convection (Davis, 2001). Extreme rainfall over South
China is often associated with tropical systems that affect
this region. Low-level southwesterly jets, land—sea breezes
(Zheng et al., 2008; Zheng and Chen, 2013; Chen et al.,
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2015), and differential friction effects between the sea and
land (Chen et al., 2014), have been found to provide addi-
tional local forcing and triggers for long-duration convection
and precipitation near the coast. The extreme rainfall over
the coastal areas of Zhejiang and Fujian provinces may be
related to the frequent influence of tropical cyclones in these
areas (Zheng et al., 2014), as well as land—sea breezes and
differential friction effects present along the coast (Chen et
al.,2014). The cause for the extreme rainfall over the Yangtze
River—Huaihe River Basins, and the Huanghe River—Huaihe
River Basins, appears to be due to the fact that these areas are
situated at the edge of the summer monsoon and the subtrop-
ical high in summer, such that these regions experience long-
duration Mei-yu rainfall. From the perspective of convec-
tive systems, the regions belong to the active My CS (Meso-
a-scale Convective System) and Mg CS (Meso-{3-scale Con-
vective System) areas (Ma et al., 1997; Zheng et al., 2008),
which will also have direct impacts. The extreme rainfall over
the Sichuan Basin and the North China Plain is likely related
to the northward migrating summer monsoon, which regu-
larly influences these regions (Chen et al., 1991), as well as
the impact of regional terrain. The heavier extreme rainfall
for accumulation periods greater than 6 hours may be associ-
ated with nocturnal occurrences of heavy rainfall and SDHR
over South China, the Sichuan Basin, the Yangtze River—
Huaihe River Basins, and the Huanghe River—-Huaihe River
Basins (Chen et al., 2013); and nocturnal rainfall is often as-
sociated with MCSs that last longer.

Our study does not try to document climate variability
or seasonal cycles in the extreme rainfall, but these aspects
could be potential topics for future research. There have been
some studies (e.g., Zhai et al., 1999, 2005; Dong et al., 2011;
Wang and Yan, 2011; Zhang and Zhai, 2011) on the climate
variability of extreme daily or hourly rainfall over different
regions of China, but not over the country as a whole. As
the spatial distribution of rainfall in China is determined pri-
marily by the advance and retreat of the summer monsoon
(Tao, 1980; Ding and Zhang, 2009), heavy rainfall and SDHR
events in China occur most frequently during the summer
(June, July and August). The second highest heavy rainfall
and SDHR frequency is in April and May, but their frequency
then drops substantially in September (Tao, 1980; Ding and
Zhang, 2009; Chen et al., 2013). For various regions, heavy
rainfall and SDHR events in South China occur mainly in
April, May, June, August and September; those in the mid-
dle and lower reaches of the Yangtze River appear mainly
in June, July and August; and those over North China and
Northeast China occur mainly in July and August. There-
fore, we can speculate that extreme rainfall events in China
occur mainly in summer, although their seasonal cycles may
vary from region to region due to the influence of the summer
monsoon. For example, historically, several extremely heavy
rainfall events have occurred in summer, such as those of Au-
gust 1963 in North China, August 1975 in Henan Province,
August 1996 in North China, and July 2012 and 2016 in Bei-
jing and Hebei Province, all of which caused heavy losses of
life and serious damage to property.
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5.2. Differences in extreme rainfall between the south and
the north

To highlight the differences in the spatial distributions of
extreme rainfall between the south and the north in China,
the 30°N parallel is selected (light blue dashed line in Fig.
1) to divide China into northern and southern regions. Based
on the historical maximum rainfall and the 50-yr return val-
ues, Fig. 7a compares Grade III extreme rainfall with differ-
ent accumulation periods between these two regions. Figure
7a shows that the percentage of total stations with Grade III
extreme rainfall south of 30°N increases significantly as the
accumulation period increases, with the percentage increas-
ing from about 49% to about 69% for the historical maximum
rainfall, and from about 50% to about 72% for the 50-yr rain-
fall. In contrast, the percentages over the area north of 30°N
significantly decrease as the accumulation period increases,
from about 51% to about 31% for the historical maximum
rainfall, and from about 50% to about 28% for the 50-yr rain-
fall.

Similarly, Fig. 7b shows the difference in the percent-
ages of total stations with Grade III extreme rainfall between
Guangdong Province and the Beijing—Tianjin—Hebei area (in-
dicated by the light blue solid lines in Fig. 1). Although
there are some differences between Fig. 7a and b, the trends
along with the accumulation period in Fig. 7b for the two
local regions are similar to those for the south and north of
China shown in Fig. 7a. Again, these results show that long-
duration rainfall events are much more prevalent in the south-
ern part of China, for which the occurrence frequencies of
hourly extremely rainfall are very similar. The northern and
inner parts of China have climates of a more continental na-
ture, which are capable of producing intense short-duration
convection, but the lack of sustained moisture supply from
the ocean tends to limit the duration of heavy rainfall.

6. Summary and conclusions

Based on the hourly rainfall data from 1919 national-level
meteorological stations in China during the period 1981-
2012, we first derive the 3-, 6-, 12- and 24-h running cumu-
lative rainfall, and then estimate the GEV distributions using
the hourly and different running cumulative rainfall series.
Based on our analysis of these data, we propose a new clas-
sification for different accumulation periods to divide the ex-
treme rainfall into three grades. The thresholds separating
the three grades correspond to roughly the 70th and 90th per-
centiles of extreme rainfall among the stations. We analyze,
compare and classify the spatial distributions of the histori-
cal maximum hourly, 3-, 6-, 12- and 24-h rainfall, and their
corresponding estimated 50-yr return values over China.

The coastal areas of southern and eastern China, the large
river basins, the western Sichuan Basin, and the North China
Plain, all exhibit heavier extreme rainfall for different accu-
mulation periods. Furthermore, both South China and the
western Sichuan Basin exhibit not only heavier extreme rain-
fall, but also higher occurrence frequencies of SDHR and
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more heavy-rainfall days. In general, the spatial distributions
of Grade III extreme hourly, 3-, 6-, 12- and 24-h rainfall are
similar, especially for hourly, 3- and 6-h rainfall. The distri-
butions of 12- and 24-h rainfall are more different.

The number of stations with Grade III extreme hourly
rainfall over the area south of 30°N is nearly as many as that
over the area north of 30°N in China. However, when con-
sidering the stations with Grade III extreme 6-, 12- and 24-h
rainfall, the differences in the station numbers between these
two areas increases significantly as the accumulation period
becomes longer. This characteristic reflects the fact that the
extreme hourly rainfall amounts of these two areas are almost
equal, but the extreme rainfall events over the former area
last longer than those over the latter area due to the effects
of richer moisture, the low-level southwesterly jet, tropical
cyclones, and so on.

The spatial distributions of the 50-yr rainfall using the
fitted GEV of static parameters are presented in this paper.
They differ somewhat from those of the historical maximum
rainfall over certain areas. The differences may be related
to the fact that the fitted GEV parameters are static and thus
cannot fully reflect climate variabilities in extreme rainfall.
In addition, the detailed temporal characteristics of extreme
rainfall for different accumulation periods, including long-
term trends, seasonal cycles, and diurnal variations, are not
presented in this study; they can be topics for further re-
search. In future studies, an alternative method, the Gen-
eralized Pareto distribution, can be explored to investigate
long-term trends or climate variabilities in extreme rainfall by
defining non-stationary thresholds. Finally, although many
studies have investigated the development mechanisms of

heavy rainstorms in China (e.g., Tao, 1980; Ding and Zhang,
2009; Tao and Zheng, 2013; Zhao et al., 2013; Luo et al.,
2014), there remain needs for further research on the weather
patterns, the environmental characteristics, and the mesoscale
and small-scale mechanisms, of extreme rainfall in China.

Our current study provides only a climatological back-
ground for such specific research. Our climatological study,
including the classification standards set based on long-term
historical data for accumulation periods ranging from hourly
through 24-h, also has the potential to help policy-makers
draw up region-specific regulations and standards, including
those on buildings, roads, reservoirs, dams, and other infras-
tructure types. The standards could also be adopted by the
central and regional meteorological services for operational
use.
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