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ABSTRACT

The variations of regional mean daily precipitation extreme (RMDPE) events in central China and
associated circulation anomalies during June, July, and August (JJA) of 1961–2010 are investigated by
using daily in-situ precipitation observations and the NCEP/NCAR reanalysis data. The precipitation data
were collected at 239 state-level stations distributed throughout the provinces of Henan, Hubei, and Hunan.
During 1961–2010, the 99th percentile threshold for RMDPE is 23.585 mm day−1. The number of RMDPE
events varies on both interannual and interdecadal timescales, and increases significantly after the mid 1980s.
The RMDPE events happen most frequently between late June and mid July, and are generally associated
with anomalous baroclinic tropospheric circulations. The supply of moisture to the southern part of central
China comes in a stepping way from the outer-region of an abnormal anticyclone over the Bay of Bengal
and the South China Sea. Fluxes of wave activity generated over the northeastern Tibetan Plateau converge
over central China, which favors the genesis and maintenance of wave disturbances over the region. RMDPE
events typically occur in tandem with a strong heating gradient formed by net heating in central China and
the large-scale net cooling in the surrounding area. The occurrence of RMDPE events over central China is
tied to anomalous local cyclonic circulations, topographic forcing over the northeast Tibetan Plateau, and
anomalous gradients of diabatic heating between central China and the surrounding areas.
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1. Introduction

An increasing amount of attention has been paid

to precipitation extreme events in recent decades. A

recent IPCC report (IPCC, 2012) on climate extremes

indicated that the frequency of strong rainfall events

and the proportion of intensive rainfall to total rainfall

may increase in many areas of the world under global

warming. This hypothesis is supported by a number of

primary studies (Karl and Knight, 1998; Stone et al.,

1999; Yamamoto and Sakurai, 1999). The intensity

and frequency of rainfall may increase even in regions

where the total rainfall remains constant or decreases

(Buffoni et al., 1999; Groisman et al., 1999; Kunkel et

al., 1999; Easterling et al., 2000; Manton et al., 2001).

Trends in the frequency of extreme rainfall in China

differ substantially by region and season, while trends

in total annual rainfall depend primarily on trends in

the occurrence of extreme rainfall events (Zou et al.,

2009). Regional trends and variations are not neces-

sarily consistent with global trends and variations.

Daily precipitation extremes (DPE) in China typ-

ically take place south of 35◦N, particularly over the

mid-low reaches of the Yangtze River, the area imme-
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diately south of the Yangtze River (the Jiangnan re-

gion), and the southeastern Tibetan Plateau. Re-

gional mean daily precipitation extreme (RMDPE)

events, which can persist for longer time, are also rel-

atively frequent over these regions (Wang and Qian,

2009). Research on interdecadal variations in torren-

tial rainfall indicates that the frequency of extreme

precipitation events has decreased significantly in re-

cent decades over North China and the Sichuan basin,

but has increased significantly over West China, the

Yangtze River valley, and coastal areas of Southeast

China (Zhai et al., 1999a, b; Zhai and Pan, 2003; Bao

and Huang, 2006).

Extreme precipitation events take place mainly

during summer and are generally of short duration.

The frequency of such extreme events has increased

over the Yangtze River basin and decreased over north-

ern China in recent decades (Wang and Zhou, 2005).

RMDPE events lasting for two days or less are most

common over the mid-low reaches of the Yangtze River

valley and the Jiangnan region, while RMDPE events

lasting three days or more occur predominantly over

the southeast coast, the southeast Tibetan Plateau,

and the western part of the Yun-Gui Plateau (Wang

and Qian, 2009). The area impacted by summer floods

south of the Qinling Mountains–Huai River has in-

creased over the past 50 years. This increase was par-

ticularly strong during the 1990s (Wang et al., 2005);

however, recent studies indicate slight reductions in

the intensity and frequency of summer DPE events

over the mid-low reaches of the Yangtze River valley

during the early 21st century (Zou et al., 2009; He et

al., 2013).

Weathers underlying RMDPE events fall largely

into two classes: rainstorms and floods. It is generally

believed that many torrential rain events originate as

meso-β weather systems. The physical mechanisms

behind the occurrence and development of these sys-

tems are extremely complicated as the systems are

heavily localized and develop very rapidly. So far,

the scientific understanding of meso-β rainstorms is

still not sufficient enough for reliable forecasting (Bei

and Zhao, 2002; Wang and Li, 2002; Xu et al., 2008).

Many studies have examined the formation mecha-

nisms of large-scale droughts and floods, such as the

attribution of the 1998 Yangtze basin floods to ENSO

(Huang et al., 1998; Sun and Ma, 2001) and baro-

clinic wave activity at upper levels (Mei and Guan,

2009). Most studies on RMDPE have focused on the

long-term trends or small-scale events (Guan and Ren,

2012); relatively few studies have examined RMDPE

events with regional or large-scale coverage (Guan et

al., 2011).

Central China is one of the most important region

with dense population and quick economical develop-

ment. This region is located to the east of the Tibetan

Plateau, where cold air from the north and warm air

from the south converge at lower levels. RMDPE

events can cause severe flooding in central China, with

serious impacts on industrial activity, agricultural pro-

ductivity, and daily lives of the human population.

Torrential rain events that occur at low frequency but

with high intensity and long duration are very likely to

produce large-scale floods (Xiao et al., 2010). Exam-

ples include the 4-day rainstorm over Lake Dongting

valley in July 1996 (Zhang et al., 2004), the 10-day

rain event over the Jiangnan region in June 1998 (Na-

tional Climate Center, 1998), and the 9-day rain event

over the mid-lower Yangtze basin in June 1999 (Zhang

et al., 2001). All of these rain events had serious socio-

economic consequences.

Central China covers an extensive area in the

north-south direction with complex topography and

climate regime. Scientists in each of the three

provinces (Henan, Hubei, and Hunan) of central China

have conducted studies on the characteristics of rain-

fall in their own provinces (Qin and Wang, 1997; Jiao

and Kang, 2007; Zhang et al., 2008) and in central

China as a whole (Chen et al., 2010; Sun et al., 2010;

Ren et al., 2013). The exceptional flood that occurred

in the Yangtze River basin in 1998 was investigated by

many research groups (e.g., Huang et al., 1998; Ren et

al., 2000; Mei and Guan, 2009), demonstrating some

complicated features in circulation anomalies related

to both the anomalous sea surface temperature in the

tropics and the Rossby wave activities in midlatitudes.

Guan et al. (2011) showed that different patterns of

Pacific sea surface temperature anomalies (SSTA) are
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likely to have a considerable influence on the occur-

rence of RMDPE events in the Yangtze River basin.

However, little efforts have been made to identify and

attribute the causes of regional rainfall extremes over

central China. Therefore, we examine in the present

paper the variations of summertime RMDPE events

over central China during 1961–2010 using in situ pre-

cipitation observations from 239 stations and daily me-

teorological data from the NCEP/NCAR reanalysis.

The results that explore the features and causes of

summer RMDPE events over central China will help

to advance our understanding of the mechanisms of

weather and climate variations in this region and to

improve disaster prevention and mitigation efforts.

2. Data and methods

2.1 Data

This work is based on daily rainfall observations

from 239 stations within central China between 1961

and 2010, as well as historical records from the archives

of Henan, Hubei, and Hunan provinces. Of the 239

stations with complete data records between 1961 and

2010, 97 are located in Henan, 67 in Hubei, and

75 in Hunan. Meteorological variables and related

physical quantities are taken from the NCEP/NCAR

daily reanalysis (Kistler et al., 2001) at a horizon-

tal resolution of 2.5◦ × 2.5◦. Typhoons over central

China are identified using the Optimal Tropical Cy-

clone Paths Atlas released by the China Meteorolog-

ical Administration (CMA) (http://tcdata.typhoon.

gov.cn/zjljsjj−zlhq.html). Summer comprises June,

July, and August (JJA).

2.2 Methods

A number of techniques for testing the homogene-

ity of rainfall data have been developed in recent years,

including the standard normal homogeneity technique

(SNHT) and the Buishand method. SNHT is a pa-

rameter verification technique for judging the inho-

mogeneity of a time series against a reference time se-

ries, and can be used to detect sudden shifts or linear

trends (Hawkins, 1977; Li et al., 2008). The Buis-

hand method is based on the sum of departures from

the mean of the time series (Wijngaard et al., 2003).

We also use a two-term regression (Solow, 1987), the

Pettitt scheme (Pettitt, 1979), and multivariate linear

regression to analyze the precipitation data. These

five tests are used as the criteria for selecting statis-

tically significant station data at the 99% confidence

level. Stations with annual total rainfall time series

that pass at least three of the five statistical tests are

selected for further study. These criteria are met for

233 of the 239 stations.

The stations in central China that meet our selec-

tion criteria are distributed densely and approximately

homogeneously. We therefore use a simple arithmetic

average to represent the regional mean:

P r =

n
∑

i=1

Pri/n, (1)

where Pri denotes daily mean rainfall at the ith sta-

tion.

We investigate the causes of RMDPE events by

computing vertically integrated water vapor fluxes, ap-

parent heat sources, and apparent water vapor sinks.

Water vapor fluxes are calculated as

F w =

∫ ps

300

qV dp, (2)

where q is specific humidity, ps is surface pressure, and

V is the horizontal wind vector. The apparent heat

source Q1 and the apparent vapor sink Q2 are calcu-

lated as

〈Q1〉 =
1

g

∫ ps

pt

Q1dp = (LPr + LC − LE)

+Qs + 〈QR〉, (3)

〈Q2〉 =
1

g

∫ ps

pt

Q2dp = (LPr + LC − LE)− LEs, (4)

〈Q1〉 − 〈Q2〉 = 〈QR〉+ (Qs + LEs), (5)

where g is gravitational acceleration, L is the latent

heat of condensation, Pr is rainfall, E is the evapo-

ration rate of cloud droplets in the air column, C is

the generation of liquid water via water vapor conden-

sation in the air column (excluding raindrops), LEs

is the surface latent heat flux, pt is the pressure at

the top of the troposphere (set to 300 hPa), Qs is the
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surface sensible heat flux and 〈Qr〉 is the vertical inte-

gral of radiative heating or cooling.

Takaya and Nakamura (2001) derived a wave ac-

tivity flux for migratory and stationary Rossby waves

relative to the background flow and independent of

wave phase. This wave activity flux can be used to di-

agnose the propagation of wave energy. The horizontal

component is calculated in pressure coordinates, and

has the form

W =W r +CUM, (6)

W r =
1

2|U |

·





U(ψ′2
x − ψ

′ψ′

xx) + V (ψ
′

xψ
′

y − ψ
′ψxy)

U(ψ′

xψ
′

y − ψ
′ψ′

xy) + V (ψ
′2
y − ψ

′ψ′

yy)



 , (7)

where U is the background flow (U = Ui+ V j), CU

is the phase speed relative to the background flow

(CU = CP

U

|U |
), W is the wave activity flux (TN

fluxes hereafter) parallel to the group speed, W r is

the wave disturbance energy flux excluding CUM , M

is the wave-activity pseudomomentum, and ψ′ is the

quasi-geostrophic perturbation stream function. Wave

activity intensifies in locations where the wave activ-

ity fluxW r converges, and weakens in locations where

W r diverges.

3. General characteristics of summer rainfall

over central China

The general features of annual and summer pre-

cipitation in central China provide necessary context

for studying summer RMDPE episodes. Figure 1

shows maps of the 50-yr climatological annual mean

and summer mean rainfall and the fractional contri-

bution (%) of summer precipitation to total precipi-

tation. Annual mean precipitation decreases progres-

sively from south to north over this region. The ar-

eas south of the Yangtze River receive greater than

1000 mm of rainfall per year, while much of the ar-

eas north of the Yangtze River receive less than 1000

mm. The latitudinal variation of summer precipita-

tion is less clear. The maximum summer precipitation

(> 650 mm) is located at Enshi, Hubei Province.

Summer rainfall accounts for more than 50% of

the total precipitation over much of Henan and more

than 40% over most parts of Hubei, but only about

30% over central-southern Hunan. The spatial distri-

bution of the ratio of summer to annual mean precip-

itation is approximately opposite to the spatial distri-

bution of annual mean precipitation, with a northward

increase in the relative contribution of summer rain-

fall.

Figure 2 shows the spatial distributions of maxi-

mum daily rainfall. The maximum daily rainfall dur-

ing summer was 755.1 mm on 7 August 1975 in Shang-

cai, Henan. This county is located in the northern part

of central China, and the daily mean precipitation over

the past 50 years at this location was relatively low. In

fact, this record daily rainfall approached the annual

mean precipitation at this station (874.4 mm). This

rainfall event can be attributed to the direct effects of

Typhoon No. 7503.

Precipitation in central China varies on multiple

timescales. Figure 3 shows interannual variations in

the relative anomalies of annual and summer precip-

itation over central China relative to the 1961–2010

climatological means. No trends are apparent in the

relative anomaly of annual mean rainfall; however,

these anomalies do vary on interannual and decadal

timescales. Years of high and low rainfall tended to

alternate. On the decadal scale, less rainfall occurred

over central China before the 1990s, followed by a

period of relatively plentiful rainfall that lasted un-

til 2004. Rainfall was relatively scarce during 2005–

2010. In contrast to annual rainfall, summer rainfall

has increased over the past 50 years at a rate of 15.9

mm decade−1 (significant at the 0.05 level based on

Student’s t-test). Summer rainfall was relatively low

during the 1960s and early 1970s, high during the late

1970s and early 1980s, low from the mid 1980s un-

til the early 1990s, and high during the following 20

years. This result is consistent with the conclusions of

previous studies of abrupt changes in summer precipi-

tation over central China, particularly with respect to

the differences in the variability of annual and seasonal

rainfall and the abrupt increase in precipitation that

occurred between the end of the 1980s and the early

1990s (Sun et al., 2010).
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Fig. 1. Climatological mean (a) annual and (b) summer precipitation (mm) over central China during 1961–2010 and

(c) the fraction in percentage of total precipitation that occurs during summer. Black dots in (a) indicate the locations

of the meteorological stations used in this study.

Fig. 2. Maximum single-day summer rainfall (mm) dur-

ing 1961–2010.

The spatial patterns of climatological annual and

summer precipitation are vastly different (Fig. 1). The

interannual and decadal variability of summer rainfall

anomalies over central China also differs from the vari-

ability of annual rainfall anomalies (Fig. 3). In partic-

ular, summer rainfall has increased significantly. No

similar trends can be identified in annual rainfall.

4. Definition and characteristics of summer

RMDPE events in central China

By definition, RMDPE events are small probabil-

ity episodes for each station where they occur. Urban

floods are possible when extreme precipitation events

occur at even one station; however, RMDPE events

typically occur on regional scales, so they affect mul-

tiple stations simultaneously. Ground and river water

levels can rise substantially over a very short time,

potentially resulting in large-scale natural disasters

(Guan et al., 2011). We define RMDPE events as those

events with regional mean daily rainfall exceeding a

Fig. 3. Anomalies in the ratio (%) of (a) annual and (b) summer precipitation (mm) over central China relative to the

1961–2010 climatological means.
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particular percentile relative to the long-term time se-

ries of rainfall amount.

4.1 Definition of RMDPE events

In total, the summers (JJA) of 1961–2010 com-

prise 4600 days. Mean rainfall over central China ex-

ceeded 1 mm on 3458 of these 4600 days. We construct

a time series of rainfall amount using these 3458 sam-

ples. The 99th percentile of regional mean daily rain-

fall amount based on this time series is 23.585 mm.

We use this 99th percentile value as the criterion for

selecting the summer RMDPE events in central China.

A total of 35 events meet this criterion (Table 1). A

subset of these 35 events are described in more detail

in Appendix I.

Table 1. Dates (month.day) of RMDPE events over

central China during summers of 1961–2010

Year Date Year Date Year Date

1961 None 1977 None 1996 7.17

1962 6.23 1978 None 1996 8.3

1962 8.17 1979 None 1997 6.6

1963 None 1980 None 1998 None

1964 7.31 1981 None 1999 None

1965 None 1982 None 2000 None

1966 None 1983 None 2001 None

1967 None 1984 8.9 2002 7.23

1968 7.13 1985 None 2003 6.22

1969 7.11 1986 None 2003 7.8

1969 7.16 1987 6.1 2004 7.10

1969 8.11 1987 6.6 2004 7.17

1970 None 1988 None 2004 7.18

1971 6.25 1989 6.7 2005 6.26

1972 None 1990 7.1 2006 None

1973 7.2 1991 7.6 2007 7.14

1974 None 1992 None 2008 7.22

1975 8.5 1993 None 2008 8.16

1975 8.6 1994 7.12 2009 8.29

1975 8.7 1995 None 2010 6.8

1976 None 1996 7.14

4.2 Temporal variability

RMDPE events in central China varied on inter-

decadal timescales during the analysis period. Figure

4a shows the frequency of RMDPE events by year.

Three RMDPE events occurred during each year of

1969, 1975, 1996, and 2004, but no RMDPE events oc-

curred between 1976 and 1983. RMDPE events have

occurred relatively frequently since 2002.

Figure 4b shows the occurrence of RMDPE events

at 10-day intervals during summer. RMDPE events

were most frequent during mid July (9 events), while

no episodes took place during mid June. These results

indicate that the likelihood of an RMDPE event in-

crease substantially from mid June to mid July. This

increase in likelihood is consistent with the seasonal

development of the Meiyu rain band.

4.3 Spatial distribution

The mean daily rainfall averaged over the 35

RMDPE events is much larger than the climatologi-

cal mean daily rainfall during summer. The largest

amounts of precipitation associated with RMDPE

events occurred, in order, over southwestern Luohe

Prefecture in Henan, the Tangbai River catchment

area in Henan, and Xiaogan County in northeast-

ern Hubei. The intensity of rainfall during RMDPE

events exceeded 60 mm day−1 over these three loca-

tions (Fig. 5a). The spatial pattern of differences be-

tween the mean daily rainfall during the 35 RMDPE

events and the climatological mean daily rainfall dur-

ing summer (Fig. 5b) is largely consistent with the

spatial pattern of the daily mean during the RMDPE

events. The mean daily rainfall associated with the

35 RMDPE events is generally greater than the clima-

tological mean daily rainfall during summer, with the

exception of a small area in southern Hunan. The spa-

tial pattern of the fractional contribution of RMDPE

events to total summer rainfall (Fig. 5c) is also similar

to the mean daily rainfall during the RMDPE events.

RMDPE days are only 1% of the total number of days,

but account for more than 10% of the total summer

rainfall in central Henan.

Summertime RMDPE events are of regional scale

and are typically associated with persistent large-scale

precipitation. These events are therefore relatively

likely to result in flooding, especially in the moun-

tainous areas of central China. We provide a partial

description of the disastrous consequences of these 35

RMDPE events in Appendix I.

5. Circulation anomalies associated with sum-

mer RMDPE events

The occurrence of regional RMDPE events may
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Fig. 4. Occurrence frequencies of RMDPE events in central China during 1961–2010 by (a) year and (b) 10-day periods

during summer (from early June to late August).

be attributed to local circulation anomalies. Analy-

sis of the 35 RMDPE events relative to the strongest

single-day summertime precipitation event (Fig. 2)

shows that the catastrophic rainstorm over Henan dur-

ing 5–7 August 1975 was directly related to Typhoon

No. 7503. Rainfall of this intensity and its impacts

occurred only once in central China between 1961 and

2010. A number of previous studies have examined

the causes and circulation patterns associated with

this event (Research Team of the 1975 August Rain-

storm, 1977a, b; Ding et al., 1978; Beijing Cooper-

ative Research Group for “75.8” Heavy Rain, 1979;

Tan and Chen, 2008). Considering that this typhoon-

influenced RMDPE event (counted as three RMDDE

events in Table 1) was a special case, we focus our

analysis on the other 32 RMDPE events (excluding 5–

7 August 1975). The spatiotemporal characteristics of

these 32 events are shown in Appendix II for reference.

5.1 Circulation patterns

RMDPE episodes occur under the control of lo-

cal circulation anomalies. Figure 6 shows the differ-

ence between the mean circulation composited over the

32 RMDPEs and the summer climatology (RMDPE

minus climatology). RMDPE events were associated

with robust cyclonic circulation anomalies in the mid-

dle and lower troposphere over central China (Figs. 6a

and 6b), centered near 35◦N. Southwesterly anoma-

lies to the south favored a deepening of the trough

over central China. Anomalous anticyclones occurred

over Mongolia and Siberia in higher latitudes, and the

South China Sea (SCS) and Northwest Pacific at lower

latitudes. The northern anticyclonic anomaly steered

cold air southward, while the southwesterly flow asso-

Fig. 5. (a) Mean daily rainfall (mm) during the 35 RMDPE events, (b) differences (mm) between mean daily rainfall

during RMDPE events and the climatological mean, and (c) fractional contribution (%) of RMDPE events to total

summer rainfall during 1961–2010.
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Fig. 6. Mean composite anomalies of rotational (stream lines) and divergent (vectors) wind components (m s−1) at

(a) 850, (b) 500, and (c) 200 hPa for the 32 RMDPE events relative to the summertime climatological mean circulation

during 1961–2010.

ciated with the low-latitude anticyclonic steered warm

and moist air northward. These two flows acted to-

gether to produce strong rainfall over central China.

The composite circulation in the upper troposphere

(Fig. 6c) featured an anomalous anticyclone to the

north of Lake Baikal and a robust anomalous cyclone

over northwestern China. The South Asian high was

expected to be weaker than normal. These anomalies

enhanced the eastward zonal flow in the upper tropo-

sphere over central China. This zonal flow was located

between the outer flows of the cyclonic anomaly to

the north and the anomalous anticyclonic flow to the

south, and acted to enhance upper tropospheric di-

vergence over central China. The upper tropospheric

cyclone over the western North Pacific shifted substan-

tially eastward of Japan. The circulation over central
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China was therefore baroclinic, and favored the gene-

sis and maintenance of cloudbursts.

Composite anomalies in the divergent component

of the horizontal wind also facilitated the occurrence

of RMDPE events. Convergence was anomalously

strong in the lower and middle troposphere over cen-

tral China, while divergence was anomalously strong

over the region northwest of central China. Divergence

was anomalously strong in the upper troposphere over

central China, consistent with both the cyclonic cir-

culation to the northwest and the anticyclonic flow to

the south.

Anticyclone-cyclone-anticyclone anomalies were

prevalent from the northwest to the southeast at differ-

ent levels in the troposphere. This sequence of anoma-

lies may be evidence of wave disturbances propagating

from the midlatitudes.

5.2 Vertically integrated water vapor fluxes

Abnormal water vapor transport facilitated the

genesis of RMDPE episodes. Figure 7 shows water

vapor fluxes integrated from the surface to 300 hPa.

During RMDPE events, water vapor entered central

China through the outer region of the anomalous an-

ticyclones over the Bay of Bengal and SCS in a stepped

manner. Differences in mean water vapor flux diver-

gence between RMDPE composite and the 1961–2010

climatology show decreases in water vapor flux diver-

gence over central China and the area to the east of

central China. By contrast, water vapor flux diver-

gence was anomalously high over Shaanxi Province

and southern China. Anomalously high water va-

por flux convergence over central China evidently pro-

vided enough water vapor to facilitate the occurrence

of RMDPE events.

5.3 Wave activity fluxes

Wave activity fluxes depict the direction of wave

energy propagation. Figure 8 shows the horizontal

component and divergence of TN fluxes (excluding

CUM ; see Eqs. (6) and (7)) in the middle and up-

per troposphere. Mei and Guan (2008, 2009) stud-

ied upper tropospheric baroclinic wave activity over

the mid-lower Yangtze River valley during the Meiyu

Fig. 7. Composite anomalies of the stream function (kg m−1 s−1; vectors) and divergence (kg m−2 s−1; solid lines)

of the vertically integrated water vapor flux during the 32 RMDPE events. Bold arrows indicate vapor fluxes for which

both zonal and meridional components are greater than 100 kg m−1 s−1. Grey shaded areas indicate values of water

vapor flux divergence that are significant at the 99% confidence level using Student’s t-test.
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Fig. 8. Wave activity flux (m2 s−2; arrows) and wave activity flux divergence (10−6 m s−2; shading) as derived from

composites of anomalous rotational winds, and summertime mean geopotential height (dgpm; solid lines) at (a) 500 and

(b) 200 hPa. Dark shading indicates wave activity flux divergence greater than 5 × 10−6 m s−2, while light shading

indicates wave activity flux divergence less than –5 × 10−6 m s−2. The thick solid curve denotes the Tibetan Plateau.

period of 1998 and over the Jiang-Huai River val-

ley during the Meiyu period of 2003. They reported

that baroclinic waves organize into a wave packet that

moves downstream, carrying disturbance energy that

can accumulate to support the genesis and develop-

ment of localized rainstorms. Without consideration

of CUM , perturbation energy from the northeastern

Tibetan Plateau and Hexi Corridor converged over

central China (Fig. 8). The accumulation of energy

over central China favored the development and main-

tenance of disturbances in central China, and pro-

moted the occurrence of RMDPE events. Park and

Schubert (1997) suggested that the 1994 severe sum-

mer drought over eastern Asia might have been asso-

ciated with interactions between atmospheric distur-

bances and the topography of the Tibetan Plateau.

Figure 8 shows that wave energy fluxes emerged at

the northern and northeastern boundaries of the Ti-

betan Plateau, suggesting that the enhancement and

eastward propagation of these disturbances are likely

to be linked to the effects of complex terrain.

5.4 Heating field

Figure 9 shows composite anomalies in appar-

ent heat source and apparent water vapor sink for

RMDPE events relative to the summer climatological

mean. The spatial distributions and orders of mag-

nitude of these two variables are largely consistent.

The largest values are located over eastern and cen-

tral China, where the apparent heat source is approxi-

mately 500 W m−2 and the apparent water vapor sink

is approximately 400 W m−2. As the surface sensible

heat and evaporative fluxes are typically very small

during rainstorms (Wang et al., 2008), these maxima

are primarily due to condensational heating associated

with strong convective precipitation (e.g., Guan et al.,

2011; Song et al., 2011). Note that the heat source and

water vapor sink are both negative over northwestern

China, and the heat source is also negative over the

western North Pacific and the SCS (with absolute val-

ues of approximately 400 W m−2), suggesting that the

heating and cooling contrast from the region north-

east of Tibetan Plateau southeastward to the Taiwan

region may play a certain role in the occurrences of

RMDPE over central China.

The difference 〈Q1〉 − 〈Q2〉 indicates the portion

of diabatic heating not due to condensation of water

vapor. Figure 9c shows composite anomalies of this
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Fig. 9. Composite anomalies of vertically-integrated (a) apparent heat sources 〈Q1〉, (b) apparent water vapor sinks

〈Q2〉, and (c) differences between the two (〈Q1〉 − 〈Q2〉) during the 32 RMDPE events relative to the summertime

climatological mean during 1961–2010. All data are in unit of W m−2. Shaded areas indicate values that are significant

at the 99% confidence level based on Student’s t-test.

quantity for the 32 RMDPE events relative to the sum-

mertime climatological mean. Small values indicate

that latent heating due to condensation plays a dom-

inant role in the local heat budget. Positive values

indicate radiative heating and/or heating by the sur-

face sensible or latent heat flux, while negative val-

ues indicate radiative cooling and/or cooling by the

surface sensible or latent heat flux (Han et al., 2012).

Anomalies of 〈Q1〉−〈Q2〉 associated with RMDPE are

positive in the western part of central China, which

indicates that rainfall associated with RMDPE events

was stronger over the eastern part of central China.

Anomalies of 〈Q1〉 − 〈Q2〉 are negative over the re-

gion south of central China and the coastal regions.

Negative values of 〈Q1〉 − 〈Q2〉 suppressed air-column

heating and associated upward motion; however, neg-
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ative values of 〈Q1〉 − 〈Q2〉 over the Bay of Bengal,

SCS, and western North Pacific promoted lower tro-

pospheric divergence and enhanced water vapor con-

vergence over central China. Han et al. (2012) exam-

ined summertime RMDPE over the mid-lower reaches

of the Yangtze River valley. They found that anticy-

clonic anomalies tend to develop to the northwest of

the regions of diabatic cooling. The genesis of these

anticyclonic anomalies excites wave trains traveling

toward the north and east, and provides large-scale

disturbances that could promote the development of

RMDPE events. No distinct wave trains propagat-

ing northeastward from the SCS are apparent in Fig.

6. Nevertheless, the horizontal gradient in diabatic

heating is extremely beneficial to the production and

maintenance of ascending motion over central China,

furnishing a necessary condition for RMDPE episodes.

6. Concluding remarks

We have performed a composite analysis of re-

gional mean daily precipitation extreme (RMDPE)

events during 1961–2010. The conclusions are as fol-

lows.

The pattern of annual mean rainfall averaged

over central China exhibits a pronounced dependence

on latitude (decreasing from south to north) and sig-

nificant interannual variations, but with no apparent

long-term trend. By contrast, the 1961–2010 summer

mean precipitation has increased at a rate of 15.9 mm

per decade and has a very different spatial distribu-

tion, with a maximum of more than 650 mm centered

at Enshi, Hubei Province. The fractional contribu-

tion of summer rainfall to total annual precipitation

increases from south to north.

The 99th percentile of regional mean daily precip-

itation between 1961 and 2010 was 23.585 mm day−1.

The occurrence frequency of RMDPE events (defined

as daily precipitation exceeding the 99th percentile)

varied substantially on interannual and interdecadal

timescales, with a marked increase after the mid 1980s.

RMDPE events occurred more frequently between late

June and mid July.

The genesis and maintenance of RMDPE events

were associated with robust cyclonic circulation

anomalies in the lower and middle troposphere over

central China. The composite upper-level flow over

central China was more zonal than normal during

RMDPE events, which promoted upper-level diver-

gence. Anomalous convergence in the lower and

middle troposphere over central China reflected en-

hanced flow from the western North Pacific. The

baroclinic structure of the anomalous tropospheric

circulation promoted the formation and maintenance

of the RMDPE events. Water vapor converged over

central China in a stepped fashion via the outer re-

gions of the anomalous low-level anticyclones over the

Bay of Bengal and the SCS. RMDPE events were

associated with anomalous water vapor convergence

over central China and the areas to the east, and

anomalous water vapor divergence over Shaanxi and

southern China. Strong water vapor convergence over

central China also favored the development and main-

tenance of RMDPE events.

The circulation anomalies associated with

RMDPE events were connected to wave disturbances

and atmospheric heating anomalies. RMDPE events

over central China were associated with the eastward

propagation of Rossby wave disturbance energy from

the northeastern Tibetan Plateau. These wave distur-

bances appeared to be caused by the complex terrain

in this region. Anomalies in the apparent heat source

and water vapor sink associated with RMDPE events

were positive over central China and negative (or

small) over the surrounding areas. Diabatic heating

anomalies due to processes other than condensation

were positive over the western part of central China

and negative over surrounding areas. The resulting

gradient in diabatic heating anomalies promoted as-

cending motion over central China.

Rossby wave energy in this region appeared

to originate mainly over the northeastern Tibetan

Plateau and propagated eastward (Fig. 8). This

feature suggests that topographic effects may play

an important role in the genesis and maintenance of

RMDPE events over central China, particularly with

respect to the high topography over Lanzhou and the

associated baroclinic circulation in the middle and up-
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per troposphere. The magnitude of this role remains

to be revealed in future.

Appendix I∗

Central China suffered a number of severe dis-

asters associated with RMDPE events between 1961

and 2010 (Wen and Pang, 2005; Wen and Zeng, 2006;

Wen and Jiang, 2007; China Meteorological Admin-

istration, 2008, 2009, 2010). This appendix describes

the serious consequences of selected RMDPE events.

For detailed description of those events and associated

damage statistics, refer to the Chinese version of this

paper (doi: 10.11676/qxxb2014.037).

Appendix II

Figure A shows the spatiotemporal patterns

of rainfall for 32 RMDPE events, excluding the three

Fig. A. Occurrence frequencies of summertime RMDPE

events in central China during 1961–2010 excluding the

three days of Typhoon No. 7503 by (a) year and (b) 10-

day intervals during JJA (from early June to late August).

Fig. B. Daily rainfall (mm) averaged over 32 summer

RMDPE events in central China (excluding Typhoon No.

7503) during 1961–2010.

days of Typhoon No. 7503. Comparison with Fig. 4

shows that the three episodes in August 1975 are due

to the passage of the typhoon. This extends the break

without summertime RMDPE events to 1975–1983 (a

total of 9 yr), and reduces the frequency of RMDPE

events in early August to two.

The spatial distribution of mean daily rainfall av-

eraged over these 32 RMDPE events (Fig. B) shows

no significant change relative to that averaged over all

35 RMDPE events (Fig. 5a). Excluding the typhoon

reduces the area of the maximum, with drops in mean

daily rainfall over Henan and the emergence of a new

local maximum (74.3 mm) in Anlu, Xiaogan, Hubei.
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