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ABSTRACT: An intensive observational hourly precipitation data set from the China Meteorological Administration was
utilized to investigate the changes in precipitation amount, frequency, intensity and duration over central eastern China during
the warm season from 1982 to 2012. Ten intensity categories were used to reveal the contributions of precipitation frequency
and intensity to the variation of rainfall amount. Moreover, the trends of frequency were also evaluated by comparing the
respective contributions of the number and the duration of precipitation events. The main results are as follows: (1) The
precipitation amount and intensity both decreased from southeast to northwest China, with two areas of high precipitation
frequency located in southwestern and southeastern China. A region of high precipitation duration was found in central
China and two lower duration regions were found in southern and northern China. (2) Generally, the extreme heavy rainfall
showed a significant increasing trend while the light rainfall showed a significant decreasing trend over central eastern China.
Nevertheless, the spatial unevenness was detected and in south and southeast China, significant increasing trends were found,
whereas in northeast China and the Sichuan Basin, precipitation amounts showed a declining trend in each precipitation
intensity category. (3) The trends of precipitation amount were mainly caused by the variations of precipitation frequency,
which had a contribution rate of greater than 95%; however, for the heavy rainfall category, intensity changes were also very
important. (4) Increased precipitation frequency was largely caused by the prolonged duration of rainfall events, whereas the
decreased frequency was mainly due to the reduction in the number of rainfall events.
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1. Introduction Over the past few decades, substantial evidence has con-
firmed that extreme precipitation has experienced signif-
icant changes worldwide (Karl and Knight, 1998; Kik-
tev etal., 2003; Zhai et al., 2005; Allan et al., 2010;
Zhang et al., 2011b; Donat et al., 2013; O’Gorman, 2015;
Trenberth et al., 2015). Increasing trends of extreme rain-
fall during the past several decades are detected over most
continents in a warmer climate based on daily precipitation
data (Alexander et al., 2006; Min et al., 2011).

However, precipitation extremes increase faster than cal-
culated by the Clausius—Clapeyron rate (‘super CC rate’)
has also been found (Lenderink and Van Meijgaard, 2008;
Berg et al., 2009; Hardwick-Jones et al., 2010; Utsumi
et al., 2011; Berg and Haerter, 2013; Molnar et al., 2015),
and the maximum daily precipitation showed distinct
meridional variations with the greatest sensitivity in the
tropics and higher latitudes for climate changes (Westra
et al., 2013; Asadieh and Krakauer, 2015). Additionally,
these trends are further studied at sub-daily time scale,
and the results show that the time scales and convec-
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Climate change is closely related to variations in the local
total accumulated precipitation amount, but changes in
intensity, frequency and duration are also very important to
the environment and society. For instance, steady moderate
rains soak into the soil and benefit plants, whereas the same
rainfall amount over a short period of time may cause local
flooding and runoff, leaving soils much drier after the event
(Trenberth et al., 2003). As a key component of the hydro-
logical cycle, the variation in precipitation could deter-
mine the distribution of water resources, which is closely
related to flood and drought regions, especially in vulner-
able areas. Under the influence of the East Asian summer
monsoon, central eastern China, which is densely popu-
lated and highly developed economy, often suffers from
flood or drought events that are caused by the variation in
precipitation, particularly in the warm season (from May
to September).
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Sisson, 2011; Berg et al., 2013), and there was also a
link between extreme rainfall duration and season (Zheng
etal., 2015).

For changes in temporal distribution of precipitation
in different regions, there are two distinct patterns in
observations: the first is ‘more heavy and light precipita-
tion while less moderate precipitation’, such as in western
Europe and the United States (Rajah ef al., 2014); the other
pattern is ‘increasing in heavy rainfall days at the expense
of moderate and/or light rainfall days’, such as in East
Asia (Liu et al., 2005; Trenberth, 2011; Wen et al., 2014).
In the United States, the precipitation amount generally
increased by about 10% during 1910-1996 (Karl and
Knight, 1998), but a less uniform distribution of precipita-
tion was also found during wet days and among different
regions (Kunkel et al., 2003; Groisman et al., 2005; Gro-
isman et al., 2012; Rajah et al., 2014). While in Japan,
the differential precipitation trends were characterized
by increasing at high categories and decreasing at low
categories (Fujibe et al., 2005). In Singapore, the yearly
rainfall totals as well as the hourly and daily precipitation
extremes increased, and the increase in daily extremes
was the fastest (Beck et al., 2015). In India, the trends of
the extreme hourly heavy rainfall events differed among
seasons, and in summer, an increasing trend was signif-
icant, whereas in winter the trend was very weak (Sen
Roy, 2009). Furthermore, climate models predicted that
extreme heavy precipitation will increase under global
warming and precipitation trends may become more
spatially heterogeneous (Voss et al., 2002; Kunkel et al.,
2003; Lau et al., 2013; Sillmann et al., 2013).

Over the mainland of China, the annual mean precipita-
tion featured no significant variation during 1951-2000,
but regional and seasonal variations were very obvious
(Liu et al., 2005; Zhai et al., 2005; Yao et al., 2008; Yu
et al., 2010). Regionally, precipitation increased in south-
east and northwest China but decreased in the middle and
northeast parts. Seasonally, precipitation increased dur-
ing winter and summer but decreased during spring and
autumn. When considering precipitation intensity, an over-
all negative trend in the frequency of light precipitation
events and a positive trend in the frequency of extreme
precipitation events have been found (Qian ef al., 2007;
Huang and Wen, 2013; Wen et al., 2014). The interan-
nual variability of rainfall has also been investigated (Yang
et al., 2013), revealing that most of the climate change
points occurred in the 1980s, which was consistent with
the rapid development period of the economy in China.

However, there remains significant uncertainty related to
the trends of hourly precipitation, because rainfall events
often last for only a few hours per day and sometimes
even for less than one hour, so the conclusions from
daily-scale studies could not be used to the sub-daily
time scale directly (Trenberth, 1998; Trenberth eral.,
2003; Westra et al., 2014). Most previous studies mainly
focused on daily or extreme precipitation events, while
we will emphasize the changes in precipitation character-
istics (amount, frequency and intensity) in each category
in this article. Moreover, the question that how much of
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any precipitation changes is attributable to variations in
rainfall frequency versus intensity over China is still not
clear. On the basis of previous studies, the purpose of this
article is to evaluate the changes in hourly precipitation in
China by using an intensive hourly precipitation data set,
and to separate and compare the respective contributions
of the frequency and intensity trends to the total precipi-
tation trend, which is critical in understanding changes in
the hydrological cycle and can help us to obtain additional
insight into these processes.

The remainder of the article is structured as follows.
The data and methods are described in the next section.
The geographic distribution of precipitation features and
regional trends of precipitation and frequency are shown
in Sections 3 and 4, respectively. Finally, a conclusion is
presented in Section 5.

2. Data and methods
2.1.

In this study, the intensive hourly precipitation data set was
obtained from the National Meteorological Information
Centre (NMIC) of the China Meteorological Administra-
tion, which includes a total of 2420 stations and covers the
entire warm season (May—September) from 1982 to 2012.
Compared with the sub-daily data set such as the HadISD
(Dunn et al., 2012; Westra et al., 2014), the hourly data
from the NMIC is much more complete and can give more
detailed information. In addition, although hourly precip-
itation data are available from 1951, there are many unre-
liable and missing data from most stations before 1982,
hence the period 1982-2012 was selected. The daily pre-
cipitation data set over China, which includes a total of
839 stations, was used to validate the hourly precipitation
data set. The hourly precipitation data were recorded auto-
matically using tipping-buckets or siphon rain gauges, and
daily precipitation was recorded through manual observa-
tions at 6-h intervals. It should be noted that these two pre-
cipitation data sets have already undergone strict quality
control, including an extreme value test for climate back-
ground and a time consistency and internal consistency
check (Yu et al., 2007a; Li et al., 2011).

To minimize the biases introduced by the presence of
missing data, further quality control has been applied.
According to Zhai et al. (2005) and Karl and Knight
(1998), each station had to preserve at least 80% of the
total data series. Furthermore, Kunkel ef al. (2003) and
Villarini et al. (2013) used the stations with a proportion
of missing data lower than 10% of the total length. In this
analysis, two strict quality control conditions have been
adopted: (1) for the hourly precipitation data, the missing
data must be less than 2% of the total data series and (2) for
the daily precipitation data, the data series should be 100%
complete during the analysis timeframe. After this proce-
dure, a total of 1141 stations for the hourly data (47.1%)
and a total of 820 stations for the daily data (97.7%) were
retained for the subsequent analyses. The daily data sta-
tions are fairly evenly distributed in the areas to the east

Data
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Figure 1. Distributions of the daily (a) and hourly (b) stations used in
this study, with symbols ‘-’ and ‘+’ both represent the locations of
precipitation stations, and the gray dots represent coincident stations of
daily and hourly data set. The shading colors denote altitude (units: m).

of 95°E (Figure 1(a)), whereas the hourly data stations are
mainly located over central eastern China (Figure 1(b)).
The stations in which both daily and hourly precipita-
tion data were recorded are shown by the gray dots in
Figure 1(b). From these stations, the daily data set can be
used as a reliable reference to validate the hourly data sets.
As Figure 1(b) illustrates, there are 288 stations in which
both data sets are recorded and are mainly located in cen-
tral eastern China. For each one of these stations, it is pos-
sible to convert the hourly precipitation into the daily accu-
mulated precipitation and obtain the bias between them as

follows:
24

h=1

(1)

where R, represents the hourly data records and R, is
the corresponding daily rainfall. Figure 2(a) shows the
frequency percentage of the bias with an increment of
0.1mmh~', from which it is clear that most of the bias
was between —1.0 and 1.0 mm with the accumulated con-
tribution exceeding 90%. Bias between 0.5 and 5.0 mm
accounted for 19.1% of the accumulated contribution;
however, only 1.3% exceeded 5mm. Overall, the bias
obeys the normal distribution, which implies that the
hourly precipitation data does not feature a systematic bias.
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Figure 2. Frequency percentage of the bias between 24-h total accumu-
lated amount of hourly precipitation and daily precipitation records (a)
and the 95th percentile of hourly precipitation (b, units: mmh=").

Therefore, the 2% of hourly data that is missing from the
total time series should have minimal impact on our results
and the data are considered reliable.

2.2. Methods

As the hourly data were used, precipitation frequency was
defined as the number of hours in which rain occurred and
precipitation rates lower than 0. mmh~! were excluded
from the calculation (Dai et al., 1999). The precipitation
intensity was defined as the accumulated rainfall amount
during each hour in which precipitation occurred (units:
mmh~!). Following Yu etal. (2007a) and Chen et al.
(2009), the duration of a rainfall event was defined as the
number of hours from the beginning to the end of a rain-
fall event, and the corresponding intermittence should be
no longer than 1h. Thus, those rainfall events with inter-
mittences greater than 1 h were regarded as two different
rainfall events.

Generally, precipitation decreases from more than
1800 mm year~! in southeastern coastal areas to less than
50 mmyear~! in northwestern inlands (Qian and Lin,
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2005). Thus, a fixed threshold to define the precipitation
categories from light to heavy may not be appropriate
for all regions. To scientifically reflect regional climate
features, the percentile thresholds were adopted to define
different categories. Percentiles near 100% represent very
heavy precipitation, whereas those percentiles near zero
signify very light precipitation (Frich et al., 2002; Zhang
and Zhai, 2011; Huang and Wen, 2013). It is notable that
although the absolute value is variable from site to site,
for a station, the class intervals are fixed based on the
quantiles of the entire sample.

Following Bonsal et al. (2001) and Zhai and Pan (2003),
hourly precipitation was first ranked in an ascending order
X{s Xpy ..e X, ... X, The probability (P) that a random
value is less than or equal to the rank of the value x,, was
calculated as P=(m—0.31)/n + 0.38), where m is the
sequence number of x,,, and n is the total frequency of a
station. Based on the above-mentioned method, a total of
ten precipitation categories were defined as the percentiles
of 20, 30, ..., 90, 95 and 100%, where 20% indicates
the range from the minimum precipitation value up to the
20th percentile, 30% denotes the precipitation category
between 20 and 30%, and so on. As the minimum record-
ing value is 0.1 mmh~!, the frequency of 0. mmh~' was
too high to distinguish the main precipitation intensity, so
the lowest category was defined as 20%. Figure 2(b) shows
the 95th percentile, i.e. the extreme heavy precipitation
category during the warm season of 1982-2012 at each
station. The values ranged from more than 16 mmh~! in
southeast coastal areas to only 3mmh~! in the northwest
part of the study region, with an additional region of rela-
tively strong precipitation located in the Sichuan Basin in
southwest China.

Referring to Karl and Knight (1998), it is possible to
estimate the proportion of any trend in the total precipi-
tation amount that can be attributed to the changes in the
precipitation frequency versus the changes in the precipi-
tation intensity. The trend caused by the rainfall frequency
changes was therefore defined as

b, = P, (by) 2)
where P_e is the average precipitation amount per class
interval (mmh~") and b; is the trend of any specific class
intervals (hyear™"), so b, is expressed in mm year~! or the
proportion (%) of mean precipitation. The trend related to
the intensity component was calculated by

3

where b is the trend of total precipitation in any category
(mm year™!). To compare results in different regions, the
trends were expressed as a percentage of the mean precip-
itation over a region.

Additionally, because precipitation amount is deter-
mined by frequency and intensity, the frequency can also
be divided into two separate parts: the number of rain-
fall events and the duration hours of each event. Following
Equations (2) and (3), the contributions of rainfall events
were divided into the number and duration of precipitation

b,=b—b,
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events. The contribution of precipitation events (E,) was
calculated by

E.=D, e E; )
where D_e is the average duration of precipitation events
and E; is the overall trend of precipitation events
(events year™!). The trend related to the duration compo-
nent E; was calculated by

®)

where E is the trend of precipitation frequency in a region
(hyear™).

A linear trend was calculated by using the time series of
the precipitation in different categories. The linear function
of time ¢ can be written as

E,=E-E,

X=A+Bt (6)

where X is the precipitation amount or frequency, B
represents the regression coefficient calculated using the
least-squares method and A denotes the intercept. Subse-
quently, the relative trend was given by b= 10 B/X ,, where
X, is the average value of a typical precipitation region
during 1982-2012. The Student’s #-test and ‘field signif-
icance’ resampling approach (Livezey and Chen, 1983;
Westra et al., 2013) were used in this study to verify the
significant level.

To investigate and compare the quantitative trends of a
meteorological element, the climatic trend coefficient (Shi
et al., 2006) was also utilized.

Y (-9 (-2
\/g(x,—}) (1-221y

where r,, is defined as the correlation coefficient between
an element’s series and the sequence of natural numbers of
1,2,3, ... n,and can be tested by means of the Student’s
t-test method. As r, is a unitless quantity, its magnitudes
can be compared and utilized to estimate the intensity of
secular trends for different elements. It is applicable to
the investigation on the spatial features of a large-scale
meteorological field.

n

)

3. Geographic distribution of precipitation features

To improve our understanding of the changing characteris-
tics of precipitation, we first calculated the climatological
mean and variation coefficient using the hourly precipi-
tation data set. Figure 3(a) and (c) show the mean rainfall
amount and frequency distribution during the warm sea-
son, respectively. The rainfall amount decreased from
more than 1600 mm in southeastern coastal areas to less
than 200 mm in northwestern inland areas. A large gradi-
ent zone around 600 mm can be detected near 32—34°N,
which generally acts as the climatological boundary line
between the north and south parts of eastern China (Zhang
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Figure 3. Mean precipitation (a, units: mm) and variation coefficient of precipitation (b, units: %); mean frequency (c, units: h) and variation
coefficient of frequency (d units: %) during warm season for 1982-2012.

and Zhang, 1979; Zhang et al., 2012). In contrast to
rainfall amount, the distribution of the rainfall frequency
featured two key areas of high rainfall frequency, which
were located in the southwestern and southeast coastal
areas of China. The former may have been related to the
topography of the region, such as the Tibetan Plateau
and Yunnan-Guizhou Plateau (Yu ef al., 2004), and the
latter may have occurred as a result of the ample moisture
conditions in the coastal region.

The variation coefficient (C, ), expressed as a percentage,
was calculated using C, =S/M X 100%, where the stan-
dard deviation and the mean value are denoted by S and
M, respectively. Thus, C, denotes arelative variation of the
standard deviation. The variation coefficients of precipita-
tion and frequency are shown in Figure 3(b) and (d). The
higher C, regions were found in northern China, mainly
including the upper and lower reaches of the Huanghe
River and northeast China. Lower C, regions were mainly
observed in the eastern Tibetan Plateau and south of the
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Yangtze River. The centres of larger C, in northern China
are usually affected by severe drought, for example, those
located mainly along the Huanghe River valley (Wang
etal.,2011;Liet al, 2014), where the C,, is more than 30%
in Figure 3(b) and above 24% in Figure 3(d).

As shown in Figure 4(a), the average precipitation
intensity decreased from southeast to northwest with a
maximum of 4.13 mm h~! and a minimum of 0.72 mmh~!,
and a relative higher value was also found in the Sichuan
Basin in southwest China. The distribution pattern of
average precipitation intensity is very similar to the 95th
percentile of the hourly precipitation (Figure 2(b)). As the
climate average value cannot reflect the extreme value of
the maximum precipitation intensity, Figure 4(b) shows
the mean frequency of precipitation intensity greater than
20mmh~" from May to September during 1982—2012.
In the past 31years, the highest frequency of extreme
intensity mainly located in coastal areas of South China,
and the general high frequency is in Huang-Huai River

Int. J. Climatol. (2015)



D. Ll et al.

50°N —
36
3.2
40°N —
2.8
24
2
30°N — 16
12
08
20°N —
| | | |
100°E 110°E 120°E 130°E
50°N —
6.5
40°N —| e
55
5
4.5
30°N —
4
35
3
20°N —

100°E 110°E 120°E 130°E

50°N —

40°N —

30°N —

20°N —

100°E

(d)

110°E 120°E 130°E

50°N

40°N

30°N

20°N

100°E 110°E 120°E 130°E

Figure 4. Mean precipitation intensity (a, units: mmh~") and mean frequency (expressed by number of hours) of precipitation intensity greater than
20 mmh~! (b, units: h), and mean duration of rainfall events (c, units: h) and average frequency of rainfall events longer than 12 h (d) in 1982-2012.

Basin, the middle and lower reaches of the Yangtze River
and the Sichuan Basin.

The mean duration of rainfall events is revealed in
Figure 4(c). It shows a significant ‘sandwich-like pattern’
with higher values located in central China, specifically
around the Yangtze River and Huanghe River, whereas
relatively low values were distributed in southern and
northern China. It is very interesting to note that the
highest values were located in western China along the
Qinling Mountains, with an average duration of about 6 h
per rainfall event. The long-duration rainfall events mainly
occurred in September, referred to as the ‘Autumn rainfall
over western China’ (Gao and Guo, 1958; Bai and Dong,
2004). The long-duration rainfall events located along the
Yangtze River and the coastal areas may be related to the
Mei-yu front (Ding, 1992; Sun et al., 2010) and tropical
cyclones (Wang et al., 2008; Zhang et al., 2009), respec-
tively. The high frequencies of rainfall events longer than
12h (Figure 4(d)) are found in southeast coastal areas,

© 2015 Royal Meteorological Society

western China along the Qinling Mountains and southwest
China. In addition, the longest duration on record is about
125h in southeast coastal areas of China in June, 2002
(not shown).

4. Regional trends in precipitation characteristics
4.1.

In Section 3, it was shown that the characteristics of pre-
cipitation are different from region to region. Therefore,
the detailed precipitation trend should be evaluated on
a regional basis. In previous studies, the regionalization
of climate was usually performed based on administra-
tive boundaries, watersheds or topography (Zhao et al.,
2012; Zhang and Cong, 2014). Such boundaries may
suffer from subjectivity, due to a lack of consideration
of the inner linkages among meteorological stations and
studied areas. Therefore, the rotated empirical orthogonal

Regional divisions
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Table 1. Percentage of the total normalized variance explained
by each of the first 10 initial and final (rotated) principal

components.
Component Variance explained (%)
number
Principal Rotated principal
component component

1 13.73 8.54

2 8.70 6.87

3 7.67 7.40

4 6.94 7.84

5 5.92 7.42

6 5.07 5.98

7 4.64 5.40

8 4.03 5.14

9 3.89 5.10
10 2.94 3.83
Total 63.52 63.52

function (REOF) analysis was applied to detect the similar
localized modes of the hourly precipitation objectively
(Horel, 1981). According to varimax REOF analysis
(Kaiser, 1958), eigenvalue separations were used to test
the number of regions, and the maximum loading (where
y=0.5 or y =-0.5), was used to determine the climate
divisions. Nine spatial patterns were determined over cen-
tral eastern China. The variance contribution of the first
nine EOF/REOF vectors, whose accumulated variance
contribution exceeded 60%, is shown in Table 1.
According to the locations of the high loading values,
central eastern China can be divided into nine regions
as shown in Figure 5: Northeast China (NE), Bohai-sea
Rim (BR), the Huang-Huai River Basin (HH), the Loess
Plateau (LP), the middle reaches of the Yangtze River
Basin (MYR), the lower reaches of the Yangtze River
Basin (LYR), south China (S), southeast coastal areas (SE)
and Yunnan district (YN). Compared with factors such as
terrain and rivers, these nine regions can reasonably repre-
sent the geographic features in Figures 3 and 4, and thus
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Figure 5. Schematic diagram of the ten sub-regions over central east-
ern China, and these regions are: Northeast China (NE), Bohai-sea
Rim (BR), Huang-Huai River Basin (HH), Loess Plateau (LP), Middle
reaches of Yangtze River Basin (MYR), Lower reaches of Yangtze River
Basin (LYR), South China (S), South-East coastal areas (SE) and Yunnan
district (YN). The shading colors denote altitude (units: m).
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Figure 6. The contribution categories

the division of results based on the hourly precipitation was
deemed appropriate. The Sichuan Basin (SC), located in
the east of the Tibetan Plateau, features heavier precipita-
tion more often than other regions at the same longitude
(Figure 3), with peaks from the night to early morning (Yu
et al., 2007b; Qian et al., 2015). Hence the Sichuan Basin
was added as a typical region for analysis.

The proportion of different precipitation categories in the
total precipitation is shown in Figure 6. Extreme rainfall
had the highest contribution, although it only accounted for
about 5% of the total frequency. In addition, the upper 10%
of hourly precipitation events constituted about 49—-58%
of the total rainfall amount in central eastern China. This
shows that the heavy rainfall was concentrated in time and
therefore it is necessary to describe changes in different
intensity categories.

4.2. Regional trends in precipitation amount and
frequency across different categories

Figure 7(a) shows the linear trends of precipitation amount
in different categories, where the abscissa indicates the
level of precipitation intensity from light to heavy, and
the ordinate indicates the linear trend of each category.
A common feature can be found that the upper decile
contributed more strongly to the precipitation changes,
whereas the contributions of the moderate to light precipi-
tation were relatively smaller. The heavy rainfall events in
the top decile dominated the changes in the total precipi-
tation amount over central eastern China.

However, regional differences were also apparent. For S
and SE, the precipitation amount changes passed the sig-
nificance test of @ = 0.1, and the positive trend was much
more obvious in the extreme heavy precipitation category,
with trend values of 3.01 and 4.07% per decade, respec-
tively. In S, all levels of precipitation featured increasing
trends, but in SE, there were weak downward trends in the
light precipitation category, whereas gradually increasing
trends were detected in the moderate to extreme heavy pre-
cipitation category. In NE and SC, precipitation declined
in all categories, and there were significant decreasing
trends at the intensity levels of 30—40% and 40—-50%
in NE, and below 30% in SC. These results revealed
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Figure 7. Trends of precipitation amount (a) and precipitation frequency
(b) at different categories. Trends are expressed as a percentage of the
mean precipitation amount and frequency per decade. Value plotted at
20th percentile represents the trend from the lowest percentile to the 20th
percentile, and value plotted for the 30th percentile represents the trend
for the 20th to the 30th percentile. Value plotted at the 95th percentile
represents the trend for the 95th to the highest percentiles.

that light precipitation decreased more significantly than
heavy precipitation in these two areas, but the greatest
contribution to precipitation belonged to the extreme
heavy rainfall category, with downward trends of —1.28
and —1.06% per decade, separately. In other regions, such
as BR, LP and HH, increasing trends were significant in
the heavy and moderate precipitation categories, whereas
in MYR and YN the negative trends were very weak. For
LYR, an increasing trend in extreme heavy precipitation
was detected.

Changes in precipitation can be caused by both fre-
quency variations and intensity changes. As shown in
Figure 7(b), precipitation frequency changes were mainly
reflected in the lower decile of intensity categories. In
terms of regional distribution, rainfall frequency was char-
acterized by a decreasing trend in each category in NE
and SC. Significant decreasing trends at the 90% confi-
dence level were detected in the categories of 30—40%
and 40—-50% in NE, and below 30% in SC. In S and
BR, the precipitation frequency increased, and this was
mainly reflected in the increase in light precipitation in
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BR, whereas for S, the increasing trends were found in
the categories from light to heavy precipitation, and the
trend of extreme precipitation was significant at the 95%
confidence level. For HH, light precipitation featured a
decreasing trend, but moderate and heavy rainfall cate-
gories behaved in the opposite manner. In LP and SE, the
frequency of light precipitation decreased, whereas mod-
erate and heavy precipitation featured increasing trends.
For MYR, LYR and YN, the total frequency decreased,
but the frequency of extreme heavy precipitation exhibited
an increasing trend, which implies that the precipitation
shifted from weak intensity to strong intensity. Besides
the Student’s #-test, a field significance resampling-based
procedure (Livezey and Chen, 1983; Westra et al., 2013)
was also used, but the results showed that only 15 trends
to be significant. This may caused by the stations, with
increasing and decreasing, precipitation appear to be ran-
domly distributed over the studied area and it is diffi-
cult to isolate a clear geographic pattern, as mentioned
by Min efal (2011), Westra et al. (2013) and Wang
et al. (2013).

It is interesting to compare Figure 7(a) and (b). For
the same region, the general trend was similar in pre-
cipitation amount and frequency. However, although fre-
quency changed more obviously in the light rainfall cate-
gory, heavy rainfall contributed more strongly to the total
precipitation amount. This was due to the low intensity of
light rainfall, so the accumulated precipitation amount was
not as high as heavy precipitation.

Moreover, we defined three major rain types: light rain
(LR) which below the 30th percentile, moderate rain (MR)
which between 40th and 70th percentile and extreme heavy
rain (EHR) which above the 95th percentile. The trends of
frequency were showed in Figure 8, and positive changes
dominate most of the EHR, while negative trends were
detected on LR and MR in most sub-regions. In aver-
age of the ten sub-regions over central, the EHR showed
a significant increasing trend (90% confidence level) of
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Figure 8. The climatic trend coefficients of light rain (LR), moderate rain
(MR) and extreme heavy rain (EHR) in ten sub-regions and the average

value (bar chart in the upper left), and the #-test method is used to detect
whether the trend of a series reaches statistical significance.
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5.12hdecade™", and the LR showed a significant decreas-
ing trend (90% confidence level) of 22.45h decade™" over
central eastern China (not shown), i.e. there is a shift
from light precipitation towards heavy precipitation. These
trends are consistent with the pattern of ‘increasing in
extremely heavy rainfall at the expense of light rainfall’
mentioned by Rajah er al. (2014).

4.3. The contribution of frequency and intensity to total
precipitation changes

As mentioned above, the overall trends in precipitation
amount resulted from changes in both frequency and
intensity of precipitation. Using Equations (2) and (3),
the contributions of precipitation frequency and intensity
were calculated and the results are shown in Figure 9. In
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comparison to precipitation intensity, changes in rainfall
frequency, especially the frequency of the top decile,
provided greater contributions to the total precipitation
changes than other deciles. However, for the heavy rainfall
category, intensity changes were also very important.

In the regions where precipitation amount increased
significantly, i.e. S and SE, the trends were mainly due to
increases in heavy and extreme heavy rainfall frequency,
although the rainfall intensity also showed an increasing
trend. In NE and SC, where precipitation showed clear
negative trends in every category, the changes were mainly
due to the decline in frequency, whereas the precipita-
tion intensity did not change significantly (although the
intensity of extreme heavy precipitation showed posi-
tive trends). For regions with no significant trend, both
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Figure 10. Contribution of the number and the duration of precipitation

events to the total frequency changes. The upward (downward) arrow

indicates the positive (negative) trend of total precipitation frequency in
this region.

frequency and intensity showed rising trends in extreme
heavy rainfall in HH, LP, MYR, LYR and YN. In BR,
meanwhile, the intensity of heavy precipitation decreased
while the frequency showed increasing trends. This is also
an indirect proof of the diversity and complexity of the
key factors that influence regional precipitation changes
in China.

In general, the change in precipitation frequency was the
main reason for the variance of precipitation amount over
central eastern China and the contribution rate was more
than 95%. In some categories, the changes in rainfall fre-
quency and intensity were opposite, but the trend of precip-
itation intensity was lower than that of rainfall frequency.
Overall, the trends of precipitation were determined by the
frequency changes.

4.4. The contribution of rainfall events and its duration
in frequency changes

For the data limitations of daily data, previous studies
lacked the ability to accurately determine the precipitation
duration at hourly intervals (Trenberth et al., 2003), so it is
necessary to use the hourly data to analyse the changes of
precipitation duration. Precipitation frequency is the total
accumulated hours in which precipitation occurred, and it
is also the sum of the duration of every rainfall event. Using
the same method as precipitation amount is determined by
frequency and intensity, the frequency can also be divided
into the number of rainfall events and the duration hours
of every event, and calculated by Equations (4) and (5).
Figure 10 depicts the relative contributions of precipita-
tion events and duration time to the changes of frequency.
The upward (downward) arrow indicates a positive (nega-
tive) trend of total precipitation frequency in the region. It
shows that the area-averaged rainfall duration (number of
precipitation events) increased (decreased) in all regions
except LYR. In different regions, such as S, the increase
in duration time produced a larger contribution to the total
frequency trends, accounting for 79.1% of the total change.
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However, in the areas with decreasing trends in every cate-
gory (NE, SC), a sharp decline was found in the number of
precipitation events, with a contribution rate of 110.0 and
114.3%, respectively. The rates larger than 100% occurred
as a result of the precipitation events and their durations
acting opposite to each other, but the changes to the pre-
cipitation events were on balance more important.

Therefore, the increased rainfall hours were largely
caused by the prolonged rainfall events, whereas the
decreased rainfall hours were mainly due to reduction in
the number of rainfall events rather than reduced duration
of each event. To some degree, the number of precipita-
tion events reflected the frequency of the rainfall process,
and the duration denoted the intensity of the precipita-
tion process. This implies that the precipitation frequency
over central eastern China has a potential trend for less
frequent rainfall events that are much longer in duration,
just as in the proverb ‘it never rains but it pours’ (Tren-
berth, 1998; Trenberth, 2011). This result is consistent with
the research of Yu et al. (2010), which showed that the
mean rainfall hours have increased because of the pro-
longed rainfall duration in the mid-lower reaches of the
Yangtze River based on hourly data. A positive trend in the
maximum number of consecutive wet days was detected in
southeast China except near the coast, and a negative trend
was found along the Huanghe River valley based on daily
data (Qian and Lin, 2005; Zhang et al., 2011a). While the
enhanced number of consecutive dry days in east China
(Qian and Lin, 2005; Alexander et al., 2006; Wang and
Fu, 2013) is connected to the decreases of light and moder-
ate precipitation. Over Europe, Zolina et al. (2010) found
that the duration of rainfall events has become longer since
short-rain events have been regrouped into prolonged wet
spells from 1950 to 2008. Perhaps the longer duration of
precipitation events are related to the slower progression of
planetary waves in 500-hPa height fields, thus storms were
expected to propagate more slowly resulting in more per-
sistent weather patterns (Francis and Vavrus, 2012; Screen
and Simmonds, 2014; Guilbert et al., 2015). Further inves-
tigations will be needed to explain the mechanisms about
these changes in China.

5. Conclusions

On the basis of an intensive hourly precipitation data set,
the precipitation features and regional trends in both rain-
fall amount and frequency were investigated over central
eastern China during the warm season from 1982 to 2012.
The contributions of frequency and intensity to the precip-
itation changes were subsequently compared for different
precipitation intensity categories. In addition, the precipi-
tation frequency was evaluated by the number of rainfall
events and the duration of each event. The main findings
of this study are summarized as follows:

1. The spatial features of precipitation were significant
during the warm season and the mean precipitation
amount and intensity decreased from southeastern
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coastal areas to northwestern inland areas. In con-
trast, the precipitation duration showed a remarkable
‘sandwich-like structure’, with a higher value located
in central China and relatively lower values distributed
in southern and northern China. A higher variation
coefficient of precipitation amount and frequency was
found in northern China, such as along the Huanghe
River valley.

2. Generally, the extreme heavy rainfall showed a signif-
icant increasing trend while the light rainfall showed a
significant decreasing trend over central eastern China,
which is consistent with the pattern of ‘it never rains
but it pours’. According to the EOF/REOF vectors, a
total of 10 spatial patterns were determined over cen-
tral eastern China. In south and southeast China, sig-
nificantly increasing trends were found, whereas in
Bohai-sea Rim and the Sichuan Basin, precipitation
amounts showed a declining trend in each precipitation
category.

3. The changes in precipitation frequency, especially the
frequency of heavy and extreme heavy rainfall, were
the main reason for the variation of precipitation
amount over central eastern China, and the contribu-
tion rate of frequency changes was greater than 95%.
Therefore, the trend of precipitation was mainly caused
by frequency changes, but to the heavy rainfall cate-
gory, intensity changes were also very important.

4. Meanwhile, the increased precipitation frequency was
largely caused by the prolonged duration of rainfall
events, but the decreased rainfall hours were mainly
due to the reduction in the number of rainfall events.
The area-averaged rainfall duration (number of pre-
cipitation events) increased (decreased) in all regions
except for the lower reaches of the Yangtze River,
which implies that the precipitation frequency over
central eastern China has a potential trend for much
longer and less-frequent rainfall events.

Precipitation processes are affected by many factors,
such as the East Asian summer monsoon, the Indian
monsoon, the El Nifio—Southern Oscillation and Pacific
Decadal Oscillation, atmospheric aerosols, surface air (or
sea) temperature, changes in precipitable water vapour,
precipitation efficiency, dynamical contributions and the
microphysics of cloud droplets. These reasons possibly
lead to complexity of precipitation changes. As regional
precipitation variability is one of the major features of
China’s climatology, our results suggest that the response
of precipitation characteristics may vary among differ-
ent regions over central eastern China, and that perhaps
local and mesoscale features are also important. Siler and
Roe (2014) evaluated the response of orographic precip-
itation to surface warming, and recently Shi and Durran
(2015) found the increases are larger on the climatologi-
cal leeward side than on the windward side of a midlati-
tude mountain based on idealized simulations. Groisman
et al. (2012) suggested that the changing crop patterns and
water use over large areas may feed back to the water
cycle and result in changes of atmospheric water vapour

© 2015 Royal Meteorological Society

and the precipitation recycling ratio. Therefore, further
work is needed to study the role of local or mesoscale fac-
tors on precipitation changes through models or empirical
analysis.
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