
ATMOSPHERIC SCIENCE LETTERS
Atmos. Sci. Let. 17: 216–222 (2016)
Published online 25 January 2016 in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/asl.645

A 31-year trend of the hourly precipitation over South
China and the underlying mechanisms
Shenming Fu,1 Deshuai Li,2 Jianhua Sun,3 Dong Si,4 Jian Ling5,* and Fuyou Tian4

1Institute of Atmospheric Physics, Chinese Academy of Sciences, International Center for Climate and Environment Sciences, Beijing, China
2College of Atmospheric Sciences, Lanzhou University, China
3Institute of Atmospheric Physics, Chinese Academy of Sciences, Laboratory of Cloud–Precipitation Physics and Severe Storms, Beijing, China
4China Meteorological Administration, National Climate Center, Beijing, China
5Institute of Atmospheric Physics, Chinese Academy of Sciences, LASG, Beijing, China

*Correspondence to:
J. Ling, LASG, Institute of
Atmospheric Physics, Chinese
Academy of Sciences, 40
Huayanli, Chaoyang District,
Beijing 100029, China.
E-mail: lingjian@lasg.iap.ac.cn

Received: 6 May 2015
Revised: 7 October 2015
Accepted: 28 November 2015

Abstract
On the basis of a newly developed intensive hourly observational precipitation dataset,
the precipitation trend of South China was investigated. Results indicate that the hourly
precipitation over South China featured a significant increasing trend, particularly for the
extreme precipitation category. The trend is mainly due to the increasing frequency of the
precipitation events. A possible mechanism accounting for this increasing trend was proposed:
the global warming may be the original forcing for the trend, through its modulation on
activities of the western Pacific subtropical high, but the low-level vorticity is the most
important direct trigger.
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1. Introduction

Heavy rainfall events are one of the most severe
disastrous weathers worldwide (Tao, 1980; Karl and
Knight, 1998; Zhou et al., 2008; Grimm and Tedeschi,
2009; Hitchens et al., 2013; Stevenson and Schu-
macher, 2014). Every year, the flash flood, debris flow
and urban waterlogging triggered by heavy rainfall
events result in substantial casualties, great economic
losses and other large social consequences (Tao and
Ding, 1981; Karl and Knight, 1998; Zhao et al., 2004;
Ramos et al., 2014). Moreover, as a key component
of the hydrological cycle, the precipitation is vital
in determining the distribution of the water resource
that participates in many physical, chemical and bio-
geological processes of the Earth system. Therefore,
clarifying the trend of the precipitation and revealing
the main mechanisms accounting for the variation of
precipitation are very important in the recent climate
research (Karl and Knight, 1998; Buffoni et al., 1999;
Black, 2009; Chen et al., 2009; Yu and Li, 2012; Ramos
et al., 2014).

The South China, which is under the influences of the
East Asian summer monsoon, the Indian Monsoon, the
western Pacific subtropical high, and the dynami-
cal/thermodynamical effects of the Tibetan Plateau, is
one of the most famous and important rainy regions in
Asia (Tao, 1980; Zhao et al., 2004; Zhou et al., 2008).
In recent years, serious floods caused by torrential
rainfall events occurred frequently in South China
(e.g. the devastating floods in 1982, 1994, 1998, 2005
and 2008). Furthermore, many studies (Qian and Lin,

2005; Zhai et al., 2005; Ren et al., 2006; Fischer et al.,
2012) reveal that, under the background of the global
climate change, the precipitation over South China
show significant changes, which may render a potential
increasing flood risk. Possible mechanisms account-
ing for the variation of precipitation were discussed,
mainly focused on the El Niño Southern Oscillation
(ENSO) and the Pacific Decadal Oscillation (Chan
and Zhou, 2005), the tropical cyclone activities (Ren
et al., 2006), the variation of the East Asian summer
monsoon (Ding et al., 2008), the surface flux over the
Indochina Peninsula and the South China Sea (Liang
and Qian, 2009), the surface air temperature (Yu and
Li, 2012), as well as the remote impacts of the Arctic
Oscillation (Li and Leung, 2013). It should be noted
that, although many factors were found to be capable
of influencing/determining such variation over South
China, thus far, no comparisons have been conducted
among these factors. Moreover, most of the previous
studies were based on sparse station observation with
low temporal resolution (6-h or daily) and reanalysis
data with coarse horizontal resolution (2.5∘ × 2.5∘),
thus, rich features of the hourly precipitation cannot
be revealed in detail. Therefore, this study intends to
evaluate the trend of the hourly precipitation over South
China more thoroughly using a new intensive hourly
station observational rainfall dataset, and to determine
the main factors accounting for the variation of hourly
precipitation.

Data and methods are presented in the next section,
main results are shown in Section 3, and finally a
conclusion is provided in Section 4.
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2. Data and methods

In this study, the hourly observational precipitation data
at 2420 stations (Figure 1(a)) of the China Meteoro-
logical Administration (CMA) from 1982 to 2012 were
used to determine the rainy region of South China in
the warm season (from May to September) objectively,
and also to calculate the trend of the hourly precipi-
tation. Six-hourly European Centre for Medium-range
Weather Forecasts Interim reanalysis (ERA-I) with a
horizontal resolution of 0.75∘ × 0.75∘ (Simmons et al.,
2007) was used for evaluating the relative importance of
various factors to the rainfall event. The Rotated Empir-
ical Orthogonal Function (REOF) analysis (Kaiser,
1958), the correlation analysis and the vorticity budget
are the main research methods. The Student’s t-test and
the Mann–Kendall trend test (Mann, 1945; Kendall,
1975) were used to verify the significance of the corre-
lation and the trend, respectively. The vorticity budget
equation (Kirk, 2003) used in this study is as follows:

𝜕𝜁

𝜕t
= HAV + VAV + TIL + STR + AF (1)

where 𝜁 is the vertical vorticity, HAV represents the hor-
izontal advection of vorticity, VAV denotes the vertical
advection of vorticity, TIL stands for the titling effect,
STR represents the stretching effect and AF denotes the
advection of the planetary vorticity (refer Appendix A
for detailed information).

3. Results

3.1. The trend of hourly precipitation over South
China

In this study, the REOF analysis (Horel, 1982) was
conducted to detect the similar localized modes of the
hourly precipitation objectively. The data scarcity of
each station that was used in the REOF analysis was
confined to be less than 2%. Thus, out of the 2420 sta-
tions shown in Figure 1(a), only 1095 meet the above
criteria, which distribute homogenously in the middle,
east and south China (not shown). As reported by Kaiser
(1958), eigenvalue separations were used to test the
number of region divisions, and their corresponding
maximum loading vectors were used to determine the
climate divisions. A total of ten spatial patterns were
determined over central eastern China, with their accu-
mulated variance contribution exceeding 60% (Li et al.,
2015). The rainy area over South China can be well rep-
resented by the second leading mode of the REOF anal-
ysis (Figure 1(b)) which contributes 7.84% to the total
variation of precipitation over China. The blue dashed
rectangle in Figure 1(b) was defined as the area of the
South China, which was used to calculate the averaged
value for each potential factor that may influence the
precipitation over South China, based on the ERA-I
reanalysis data. This region contains 99 stations; there-
fore, the mean hourly precipitation over South China

was defined as the averaged value of the hourly precip-
itation of all these stations.

As reported by Karl and Knight (1998), changes in
precipitation amount are determined by the change in
the frequency of occurrence of precipitation events (the
frequency factor) and the change in the intensity of pre-
cipitation per event (the intensity factor). In order to
evaluate the precipitation trend thoroughly, the hourly
precipitation intensity (mm h−1) was classified into ten
categories. All the hourly precipitation observed in 99
stations over South China was firstly sorted from low-
est to highest value and then equally divided into ten
categories. That is, Category 1 represents the first 10
percentile of hourly precipitation intensity correspond-
ing to the very light precipitation, and Category 10
stands for the last 10 percentile of hourly precipitation
intensity corresponding to very intense precipitation
events. The trends of these ten categories were calcu-
lated following Karl and Knight (1998), and an increas-
ing trend was detected for all categories. The hourly
precipitation in categories from five to ten accounts for
up to 96.9% of the total precipitation amount during
the warm season (Table 1). Therefore, the variation of
the precipitation over South China was dominated by
these categories, and their trends are discussed in detail
(Figure 2(a)).

As Figure 2(a) illustrates, all the categories from five
to ten featured an increasing trend, which is dominated
by the frequency factor. This means that the increas-
ing trend of the hourly precipitation over South China
was mainly because of the growth in the number of the
precipitation events, whereas the intensity of the precip-
itation event changed slightly, except for the extreme
precipitation category. The time series of the extreme
precipitation events over South China during the last
31 years are shown in Figure 2(b). It clearly shows the
remarkable increasing trend exceeding the 95% confi-
dence level. It is obvious that, the category with larger
intensity of the precipitation has larger increasing trend.
For the extreme precipitation category (the Category
10), which accounted for about 57.1% of the total pre-
cipitation amount and generally featured a mean precip-
itation rate of 14.73 mm h−1 (Table 1), has the largest
increasing trend as well as its corresponding frequency
and intensity factors. Moreover, the intensity factor
account for about 10% of the total increasing trend
(Figure 2(a)). It suggests that the extreme hourly pre-
cipitation events over South China featured a significant
growth in their total number and a weak increasing in
their intensity, both of which may increase the flood risk
over South China remarkably.

3.2. The dominant factors for the hourly
precipitation over South China

In order to determine the dominant factors accounting
for the variation of precipitation, the factors proven
to be capable of influencing/dominating the rainfall
events over South China through detailed case studies
(Tao, 1980; Zhao et al., 2004; Xia et al., 2006; Xia and
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Figure 1. (a) Stations with hourly precipitation observation (black dots) and the terrain characteristics (shaded, units: m). (b) The
forth leading mode derived from hourly precipitation during the period of 1982–2012 (the shaded illustrates the value of the
loading vector). The blue rectangle represents the area of South China used in this study.

Table 1. The contribution rate (CR, %) of each category to the
total precipitation amount in the warm season, and the averaged
intensity (AI, mm h−1) of each category.

Category 5 6 7 8 9 10 5–10

CR (%) 2.1 3.5 5.8 9.9 18.5 57.1 96.9
AI (mm h−1) 0.6 0.95 1.54 2.59 4.83 14.73 4.21

Zhao, 2009; Zhao and Wang, 2009; Fu et al., 2010) had
been evaluated using the 6-h ERA-I reanalysis data.
Because the time interval of the ERA-I analysis was
6 h, the hourly precipitation at 0000, 0600, 1200 and
1800 UTC was used to calculate the correlation with
each possible factor.

In this study, 20 factors suggested by previous studies
were evaluated, including vertical velocity (VV), vor-
ticity (VOR), vertical helicity (HEL), front/baroclinity
(BAR) denoted by |∇hT |, where ∇h is the horizontal
gradient operator and TEM is the temperature, diver-
gence of the moisture transport (DMT), temperature
(TEM), temperature advection (TA), baroclinic con-
version term between the available potential energy
and kinetic energy (Lorenz, 1955), convective insta-
bility, convective available potential energy, thickness
between 925 and 500 hPa, specific humidity, entire
atmosphere precipitable water, potential vorticity,
surface pressure, zonal wind, meridional wind, hor-
izontal wind velocity, surface latent heat flux and
surface sensible heat flux. It should be noted that, all
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Figure 2. (a) Precipitation trend of each category
(10−1% year−1), with their corresponding contribution
from frequency and intensity factor respectively. (b) Time series
of the contribution (%) of the hourly precipitation in Category
10 to the total precipitation over South China, where the blue
curve is the smoothed curve (using a 9-point binomial filter),
and the red line is its linear trend.

the three-dimensional variables were calculated at ten
successive vertical levels from 925 to 500 hPa, and the
convective instability were calculated between 925 and
500 hPa, 900 and 700 hPa, 700 and 500 hPa, 900 and
800 hPa, as well as 800 and 700 hPa, respectively.

The maximum correlation coefficient of each factor
was identified (for the three-dimensional variable, the
correlation coefficients is different for different level),
and then sorted from large to small. In this study, only
eight factors can be regarded as in good correlation
with the hourly precipitation passing the significant
test at 95% level. They are the seven factors shown
in Figure 3, and the convective instability calculated
between 900 and 700 hPa with a correlation coeffi-
cient of −0.215. All other factors featured correlation
coefficients below 0.11, and thus were not discussed
in this study. Among all the eight factors, VOR has
the maximum correlation coefficient among the lev-
els between 925 and 600 hPa (Figure. 3), whereas VV
has the largest correlation at 550 hPa, slightly greater
than that of VOR. Thus, overall, VOR was the most
important factor that impacts the hourly precipitation
over South China. As Figure 3 illustrates, DMT at 900
hPa ranks the third place (−0.245). DMT was in neg-
ative correlation with the precipitation below 750 hPa,
implying the importance of low-level moisture conver-
gence to the precipitation; whereas positive correlation

appeared above 750 hPa, indicating the importance of
divergence at higher levels to the precipitation. In addi-
tion, the non-divergent level was mainly located around
750 hPa. The convective instability, HEL, TA, TEM and
BAR rank from the forth to eighth place respectively. It
reveals that convective unstable layer, positive helicity,
warm TA, cold low-level temperature and strong baro-
clinity are generally conducive to the precipitation over
South China.

The maximum correlation (0.442) between VOR and
precipitation is at 850 hPa, therefore, the low-level vor-
ticity, that is closely related to the shear lines (Zhao
et al., 2004), the quasi-stationary front (Tao, 1980; Xia
and Zhao, 2009), the mesoscale vortices (Tao, 1980;
Fu et al., 2010) and the tropical disturbance/cyclones
(Zhao et al., 2004) is vital in triggering the precipita-
tion over South China. Because the variation of VOR is
governed by the vorticity budget equation, the correla-
tion coefficients between each vorticity budget term on
the right hand side of the Equation (1) and VOR were
evaluated. It indicates that STR was highly correlated
with VOR, with a correlation coefficient up to 0.636,
which means that the convergence was the dominant
factor for the maintenance of positive vorticity at lower
level. HAV ranks the second place (−0.259), implying
HAV is the most detrimental factor consuming the pos-
itive vorticity. It should be noted that, the above results
were also confirmed by many case studies (Zhao et al.,
2004; Fu et al., 2010).

3.3. Mechanisms of the trend of hourly
precipitation

In order to explore the hourly precipitation trend over
South China, correlation between the 850-hPa VOR
and hourly precipitation as well as the variance of the
850-hPa VOR were calculated during the warm season
of each year (613 samples per year). As Figure 4(a)
illustrates, every year, VOR was generally well cor-
related with the hourly precipitation, particularly for
the year 1982 (0.511), 1994 (0.529), 1998 (0.521),
2002 (0.539), 2006 (0.515), 2008 (0.516) and 2009
(0.548), whereas 1991 features the smallest correla-
tion coefficient (0.231), when a severe drought appeared
over South China. The annual correlation coefficient
between VOR and the hourly precipitation features an
increasing trend (exceeds the 90% confidence level),
which means that the low-level vorticity may become
more important in the rainfall events over South China.
The annual variance of VOR generally featured an
increasing trend (Figure 4(b)), exceeding the 95% con-
fidence level. This implies that, the weather systems
directly triggered the rainfall events (e.g. the synop-
tical, subsynoptical, mesoscale weather systems, etc.)
generally became more frequent and/or stronger. There-
fore, the vorticity related perturbation circulations gen-
erally became more favorable for the rainfall events
over South China. It might be the reason for the increas-
ing trend of hourly precipitation there. Moreover, from
Figure 4(a) and (b), it is obvious that, overall, the
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Figure 3. Correlation between the mean hourly precipitation and the seven factors averaged over South China at different levels.
The maximum correlation coefficient of each factor is marked with corresponding color.

stronger the annual variance of VOR, the larger the cor-
relation coefficient (their correlation coefficient is 0.48),
which also confirms that, the vorticity related perturba-
tion circulations were very important in triggering the
rainfall events over South China.

From Figure 4(c), the longitude of westernmost ridge
point of the western Pacific subtropical high features a
decreasing trend (exceeds the 90% confidence level),
implying that the subtropical high generally stretched
more westward and thus influenced wider areas over
South China. Therefore, the circulations associated with
the subtropical high became more favorable for the
divergence around 500 hPa over South China, which
can be confirmed by the significant increasing trend
(exceeding the 90% confidence level) of averaged diver-
gence at 500 hPa over South China (Figure 4(d)).
Because the non-divergent level was mainly located
around 750 hPa (Figure 3), according to the conti-
nuity equation, the stronger divergence around 500
hPa favors stronger convergence at lower levels. This
result can be confirmed by the correlation coefficient
between the divergence at 500 and 850 hPa for 31
years with a value of −0.38 (above the 95% confidence
level). Because STR dominated the variation of vortic-
ity (Section 3.2), stronger lower-level convergence were
more conducive to the occurrence/enhancement of pos-
itive vorticity related anomalous circulation, therefore,
the low-level VOR’s variance shows an increasing trend
(Figure 4(b)), which may account for the increasing
trend of the precipitation over South China (Figure 3).

4. Conclusion and discussion

In this study, on the basis of a new intensive hourly
observational precipitation dataset during the warm
seasons of 1982–2012, the rainy region over South
China was determined objectively using REOF anal-
ysis. The trend of the hourly precipitation over South
China was investigated in detail by calculating both
frequency and intensity factors. A significant increas-
ing trend was detected in the hourly precipitation over
South China, particularly for the extreme precipita-
tion category, which accounts for about 57.1% of the
total precipitation. Generally, the increasing trend was

due to the growth in the number of the precipitation
events; whereas for the extreme precipitation events, an
increase of about 10% in the precipitation intensity was
also significant, which may increase the risk of flooding
over South China remarkably.

A total of 20 factors proven to determine/influence
the precipitation by previous case studies were eval-
uated. The results reveal that the non-divergent level
was mainly located around 750 hPa over South China
and the low-level vorticity was the key factor influenc-
ing the hourly precipitation. The low-level shear lines,
quasi-stationary front, mesoscale vortices and tropical
disturbance/cyclones are vital in triggering the precip-
itation over South China directly. The vorticity budget
was used to understand the variation of VOR, and STR
which is determined by the divergence was found to be
the dominant factor.

A possible mechanism accounting for the increas-
ing trend of the hourly precipitation over South
China is proposed. The western Pacific subtropical
high stretched more westward during the last 31
years, which favored the divergence at higher levels
over South China. Thus, low-level convergence was
enhanced, which rendered an increasing trend of VOR
in the lower level through term STR. This increasing
trend in the low-level vorticity was corresponding
to the increasing and/or intensifying of the weather
systems that triggered the precipitation directly. Thus
the precipitation over South China shows an increasing
trend.

Recently, He and Zhou (2015) proposed that, the
change in the zonal sea surface temperature gradient
between the tropical Indian Ocean and the tropical
western Pacific which is closely related to the global
warming, dominated the variation of the intensity of the
western Pacific subtropic high. Therefore, the global
warming may be the original forcing for the increasing
trend of hourly precipitation over South China through
its modulation on activities of the western Pacific
subtropical high.
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Appendix A: The vorticity budget equation

The vorticity budget equation is following Kirk
(2003):

𝜕𝜁

𝜕t
= −Vh · ∇h𝜁 − 𝜔

𝜕𝜁

𝜕p
+ k ·

(
𝜕Vh

𝜕p
× ∇h𝜔

)
− (𝜁 + f ) ∇h · Vh − 𝛽v

HAV VAV TIL STR AF

where 𝜁 is the vertical vorticity; Vh = ui+ vj is the
horizontal velocity vector, i, j, k stand for the unit
vector points to the east, north and zenith respectively;
∇h = 𝜕

𝜕x
i + 𝜕

𝜕y
j is the horizontal gradient operator; f is

the Coriolis parameter; p is the pressure; 𝜔= dp/dt and
𝛽 = 𝜕f /𝜕y.
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