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ABSTRACT

Based on the Tropical Rainfall Measuring Mission (TRMM) precipitation radar observations, wide con-
vection (WC) is defined as contiguous convective echoes over 40 dBZ, accompanied with a near surface
rainfall area exceeding 1000 km2. In Southeast China, the maximal occurrence frequency of WC takes place
over the flat land region in the central plain of East China during the summer monsoon period of 1998–
2010. When WC occurs in this region, the 500-hPa atmospheric fields are categorized into three patterns by
using an objective classification method, i.e., the deep-trough-control (DTr) pattern, the subtropical-high-
maintenance (STH) pattern, and the typhoon-effect (Typh) pattern, which respectively accounts for 20.8%,
52.8%, and 26.4% of the total WC occurrences. The DTr pattern starts to emerge the earliest (16–31 May)
and occurs the most often in the second half of June; the STH pattern has a significant occurrence peak in
the first half of July; the Typh pattern occurs mostly in July and August.

Nearly all WC occurrences in this region are associated with thunderstorms, due to large convective
available potential energy and abundant moisture. Among the three synoptic patterns, the DTr pattern
features the driest and coldest air in the region, leading to the least occurrences of short-duration heavy
rainfall. Strong winds occur the most often under the DTr pattern, probably owing to the largest difference
in air humidity between the mid and low troposphere. Hail at the surface is rare for all occurrences of WC,
which is probably related to the humid environmental air under all weather patterns and the high (> 5 km)
freezing level under the STH pattern.
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1. Introduction

Precipitation over China is closely related to the

summer monsoon activities (Ding and Chan, 2005).

Occurrence frequency and intensity of heavy rainfall

over East China increase significantly after the onset

of the South China Sea (SCS) monsoon in May, while

the first rainy season over the mainland of China starts

in April (Wang et al., 2004; Ding and Wang, 2008). In-

fluence of the summer monsoon on precipitation over

China generally lasts until the end of August (Ding,

1994). During the summer monsoon period, floods oc-

cur frequently and cause serious economic losses and

quantities of casualties in East China (Huang et al.,

2004). More than 90% of the monsoon rainfall in East

China is contributed by precipitation systems that
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present convective features (Luo et al., 2013).

Convective intensity of storms is of importance

because of its close association with the rainfall inten-

sity, wind speed, and hail amount at the surface, and

thus societal and economic impacts. Vertical veloc-

ity of air mass in a storm is probably the most ac-

curate and direct parameter to measure the convec-

tive intensity of storms; but observation of air verti-

cal velocity is lacking around the world. While the

launch of the Tropical Rainfall Measuring Mission

(TRMM; Kummerow et al., 2001) aims at detecting

three-dimensional (3D) structures of precipitation sys-

tems, many studies have applied the TRMM data as a

measurement or estimation of convective intensity of

precipitating systems. The commonly used parame-

ters based on the TRMM observations include the ver-

tical profile of maximum reflectivity, minimum polar-

ization corrected temperatures at 85 and 37 GHz, and

flash rate (Cecil et al., 2002, 2005; Zipser et al., 2006).

The 3D echo structures viewed by TRMM precipita-

tion radar (PR; Kawanishi et al., 2000) have also been

used to classify precipitation systems, especially those

in association with extreme echo structures. For exam-

ple, Houze et al. (2007) and Romatschke et al. (2010)

identified three extreme echo structures: deep convec-

tive cores, wide convective cores, and broad stratiform

regions (Fig. 3 in Romatschke et al., 2010, showing

examples of the extreme echo structures), and inves-

tigated the temporal and spatial variations of the ex-

treme convection in South Asia.

As the precipitation of East China is highly con-

vective, knowledge of the convective structure and pro-

cesses over this region is helpful for understanding cli-

matological patterns of rain in the region. Wide con-

vection (WC), defined as contiguous convective echoes

over 40 dBZ with nonzero near surface rainfall rate

from PR (Iguchi et al., 2000) over a horizontal area

exceeding 1000 km2, is often located within mature

mesoscale convective systems (MCSs) with a large con-

vective area and probably in association with severe

convective weather. However, study on the statistics

of WC in China has not been done so far. This study

investigates the WC viewed by TRMM PR over South-

east China and its vicinity (land region of 15◦–35◦N,

105◦–125◦E; Fig. 1b) where the largest amount of pre-

cipitation occurs during the Asian summer monsoon

period.

There are a total of 697 WC occurrences over

Southeast China and its vicinity during the period

from the SCS monsoon onset to the end of August

during 1998–2010. The WC occurrences are extreme

in the sense that they account for only 0.19% of the

TRMM PR observed rainy storm population. Their

distribution (Fig. 1b) clearly suggests that the WC

tends to occur the most often over the flat land region

of central East China (i.e., 31◦–35◦N, 114◦–121◦E),

herein referred to as the central plain of East China

or the control region. This region is highly populated,

contributing a significant share of economy of China.

Classification of synoptic weather patterns for the WC

and understanding of the associated severe weather

phenomena are helpful for severe weather forecasting

in this region and therefore of practical importance.

The WC over the central plain of East China

is the focus of this study. The main objectives

are: (1) to identify major synoptic weather patterns

for the WC occurrences and their subseasonal vari-

ations; (2) to investigate occurrences of severe con-

vective weather phenomena in association with the

WC; and (3) to quantify the corresponding environ-

mental atmospheric conditions that are relevant to de-

velopment of distinctive convective weather phenom-

ena. This paper is organized as follows. Section 2

describes the data and methodology. Section 3 de-

scribes classification of synoptic patterns, and Section

4 presents subseasonal variations of the WC. Section

5 provides the statistics of severe convective weather

phenomena corresponding to each of the identified

synoptic patterns. The corresponding environmental

atmospheric conditions are introduced in Section 6.

Section 7 gives the summary and discussion of this

article.

2. Data and methodology

2.1 TRMM data

In this study, the University of Utah TRMM

Level-1 database is used to identify WC and to anal-
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Fig. 1. (a) Topography map overlaid by the average θe = 345 K isolines at 850 hPa in East China and its vicinity

from the onset of SCS summer monsoon (SCSSM) to 31 May, and each half month of 1–15 June, 16–30 June, 1–15 July,

16–31 July, 1–15 August, and 16–31 August. These isolines are the mean for 1998–2010. The cities of Beijing, Shanghai,

and Hong Kong (pink circles) are labeled. (b) Geographical distribution of occurrence frequency of the WC in Southeast

China and its vicinity (shadings), which is calculated as number of pixels of WC divided by the total number of TRMM

pixels for each 0.5◦

× 0.5◦ grid. The horizontal winds at 850 hPa averaged form the onset of SCSSM to the end of

August of 1998–2010 (black arrows) are based on the ERA-interim data. The Yangtze and Huai rivers are marked with

blue lines. The black rectangle in each panel represents location of the central plain of East China.

yze the geographical distribution of WC occurrences.

The dataset is developed by Liu et al. (2008), pro-

duced by collocation of measurements from four dif-

ferent instruments aboard the TRMM satellite: PR,

TRMM Microwave Imager, Visible and Infrared Scan-

ner, and Lightning Imaging Sensor (Liu, 2007). Infor-

mation of 3D distribution of radar reflectivity of cloud

and precipitation at the coordinates of PR pixels is

used in the present study.

2.2 ERA-interim data

The ERA-interim (Simmons et al., 2007; Dee et

al., 2011) reanalysis data from the ECMWF provide

atmospheric variables four times per day (at 0000,

0600, 1200, and 1800 UTC). They are analyzed herein

to reveal the synoptic weather patterns and the en-

vironmental thermodynamic conditions related to de-

velopment of the WC.

2.3 Surface observations

Quality-controlled surface observations at global

meteorological stations from 1998 to 2010 are ob-

tained from the National Meteorological Informa-

tion Center (NMIC) of China Meteorological Ad-

ministration (CMA) (http://mdss.cma.gov.cn:8080/

shuju/index3.jsp?tpcat=SURF&dsid=SURF−WEA−

GLB−MUL−FTM−QC&type=file). The observations

are available four times (0000, 0600, 1200, and 1800

UTC) per day. There are 56 surface observation sta-

tions quite evenly distributed in the central plain of

East China. The elements extracted from this dataset

include observation date/time, longitude and latitude

of station, wind speed, 6-h accumulated rainfall, and

weather phenomenon.

Four kinds of severe convective weather phenom-

ena are analyzed in this study, including thunder-

storm, gale, hail, and short-duration heavy rainfall.
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Thunderstorm and hail are determined by directly

referring to the observation of weather phenomenon

in the surface observation dataset; gale is defined as

the wind speed at the station turns greater than 17

m s−1; short-duration heavy rainfall is considered as

the accumulated rainfall during the past 6 h (R6h) is

larger than 20, 30, or 50 mm, respectively. Occur-

rence of a severe convective weather phenomenon at

a certain time in the central plain of East China is

defined as this severe convective weather phenomenon

was observed over at least 1 of the 56 surface stations

in the region during 1998–2010.

2.4 Definition of WC

The definition of WC is similar to the definition

of “wide convective cores” by Houze et al. (2007) and

Romatschke et al. (2010), who defined wide convec-

tive cores as contiguous convective echoes of � 40 dBZ

over a horizontal area of � 1000 km2. With such ex-

tensive intense convective cores, the WC often occurs

within extremely broad MCSs with large convective

areas. Compared to precipitation systems that are

the most intense as measured by proxies at the PR

pixel-level (e.g., maximum reflectivity at 6-km alti-

tude, maximum height of the 40-dBZ echo), this type

of precipitation system generally has larger horizon-

tal span and larger near surface volumetric rainfall.

As examples, Fig. 2 shows properties of three WCs

observed by TRMM on 17 May 2008, 29 June 2006,

and 20 July 2003, respectively. Clearly, the convec-

tive cores were embedded inside a large rainy area

where the radar echo was weak and generally smoothly

distributed. The convective area was 11233, 16463,

and 6838 km2, respectively, accounting for about 28%,

35%, and 21% of each MCS’s total area. The volumet-

ric rainfall of the MCS was 179827, 258677, and 74080

mm h−1 km2, respectively, with 68%, 70%, and 54%

contribution from convective rain. A majority of the

convective cores had tops located between 6- and 9-

km altitudes, although they could occasionally reach

up to 12 km.

2.5 Definition of the onset date of the SCS

summer monsoon

The onset date of the SCS summer monsoon

is defined following the criterion of CMA National

Climate Center (http://cmd.ncc.cma.gov.cn/Monitor-

ing/monsoon.htm), which is the day when horizontal

zonal wind at 850 hPa stably changes from easterly

to westerly and the pseudo-equivalent potential tem-

perature (θe) at 850 hPa becomes larger than 340 K

over 10◦–20◦N, 110◦–120◦E. The onset dates of the

SCS summer monsoon during 1998–2010 are given in

Table 1.

Table 1. Onset dates of the SCS summer monsoon

during 1998–2010

Year
Onset date of the SCS

summer monsoon

1998 May 19

1999 May 23

2000 May 11

2001 May 07

2002 May 13

2003 May 22

2004 May 19

2005 May 26

2006 May 17

2007 May 21

2008 May 05

2009 May 26

2010 May 22

3. Classification and characteristics of synoptic

patterns

There are 212 WC occurrences detected by

TRMM over the central plain of East China from

the onset of the SCS summer monsoon to the end of

August during 1998–2010. According to the 500-hPa

geopotential height pattern over East Asia (15◦–45◦N,

100◦–130◦E) during the period when WC was detected

by TRMM, three synoptic weather patterns of the

WC were identified by using a two-step method as fol-

lows.

(1) Possible impact of a typhoon was considered

firstly. If the center of a typhoon was located less

than 1500 km from the boundary of the control re-

gion, the typhoon may have some effect on the WC.

The corresponding synoptic pattern was categorized

as the typhoon-effect (Typh) type.

(2) KMEANS clustering (Anderberg, 1973) was
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Fig. 2. Three examples of TRMM PR fields that exhibited the wide convection at (a–d) 1232 UTC 17 May 2008,

(e–h) 0208 UTC 29 June 2006, and (i–l) 1805 UTC 20 July 2003. The first row shows rain types from the TRMM

2A23 algorithm (Awaka et al., 1998) where yellow and green indicate convective and stratiform rainfall, respectively;

the second and third rows respectively show the horizontal cross-sections of near surface rain rate derived from the

TRMM PR (Iguchi et al., 2000) and radar reflectivity at 3-km altitude; the last row shows vertical cross-sections of radar

reflectivity through the black solid lines in the third row. The black dashed lines in the upper three rows represent the

boundaries of the TRMM PR scan.
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applied to classification of synoptic weather patterns

for the other WC cases. A predefined number of clus-

ters, being 2 and 3, respectively, was tested, and distri-

butions of the clustering centers are shown in Fig. 3.

The key results of the analysis are the mean pattern

within each cluster and the number of cases within

each cluster. With the number of clusters being 2, two

distinctive synoptic weather patterns were obtained: a

deep trough controls the central plain of East China

(C21; Fig. 3a), and a northwestern Pacific subtrop-

ical high maintains around the south of the control

region interacting with a trough to the north (C22;

Fig. 3b). When the clustering number was increased

to 3 (Figs. 3c–e), the first pattern (C31) was very

similar to C21 and the other two patterns (C32 and

C33) resemble C22, i.e., they were both characterized

with the northwestern Pacific subtropical high inter-

acting with a trough to the north, but the northwest-

ern Pacific subtropical high was located more south-

ward in C32 and more northward in C33 compared

to C22. In order to ensure uniqueness of the classi-

fied synoptic weather patterns, the results with the

number of clusters being 2 are adopted. The clas-

sified synoptic weather patterns (C21 and C22) are

named the deep-trough-control (DTr) pattern and the

subtropical-high-maintenance (STH) pattern, respec-

tively.

Therefore, the synoptic weather patterns of the

WC are categorized into three types, namely, DTr,

STH, and Typh. Some examples are given in Figs.

4–6. The major characteristics of the three synoptic

weather patterns are described below and summarized

in Table 2.

The DTr pattern is characterized with a quasi-

south-north oriented deep trough extending southward

to about 30◦N, controlling the central plain of East

China. More than half (68%) of the deep troughs ex-

tended from a cold vortex, i.e., a cold core cyclonic

center at 500 hPa (e.g., Fig. 4c). There were 44 WC

cases detected under this synoptic weather pattern, ac-

counting for 20.8% of the total WC cases. Among the

WC cases under the DTr pattern, 50% occurred pre

(i.e., east of) the deep trough (Figs. 4a and 4c), and

the other 50% occurred post (i.e., west of) the deep

trough (Fig. 4b). Under the DTr pattern, the central

plain of East China was usually influenced by cold air

invading as suggested by the cold thermal advection

at 500 hPa (e.g., Figs. 4a–c).

Fig. 3. The clustering centers based on KMEANS clustering for 500-hPa geopotential height over East Asia (15◦–45◦N,

100◦–130◦E) with the clustering number of (a, b) 2 and (c–e) 3, respectively.
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Table 2. Summary of the attributes of the synoptic weather patterns (DTr, STH, and Typh) for the WC cases in
the central plain of East China: characteristics at 500 hPa, number and fraction (%) of the WC, number of proximal
ERA-interim dates of the WC, and location of the WC (or typhoon) relative to the trough or the northwestern
Pacific subtropical high under each synoptic weather pattern

DTr STH Typh

Characteristics The deep trough to The northwestern Pacific A typhoon is located around

at 500 hPa the north controls subtropical high maintains the northwestern Pacific

the central plain around the south of subtropical high, intensifying

of East China the central plain the transport of water

of East China vapor to the central

plain of East China

Number and percentage 44 (20.8%) 112 (52.8%) 56 (26.4%)

of WC

Number of proximal ERA- 30 75 39

interim dates of WC

Location of WC (or WC is pre-trough (50%) WC is pre-trough (60%), Typhoon is south to (70%),

typhoon) relative to or post-trough (50%) or post-trough (20%), or west to (23%),

the trough or or in the flat westerly or cut off (7%) the

subtropical high by the edge of the subtropical high

subtropical high (20%)

The STH pattern is featured with the northwest-

ern Pacific subtropical high maintaining around the

south of the central plain of East China, mostly inter-

acting with a trough to the north. The convergence of

westerly from the trough and southwest low-level jet

from the northwest edge of the subtropical high appar-

ently played an important role in the formation of the

WC. This synoptic weather pattern was the most pop-

ular among the three patterns, accounting for 52.8%

(112) of the total WC cases under study. Among all

WC cases under this synoptic pattern, 60% were lo-

cated pre-trough (e.g., Fig. 5a), 20% post-trough (e.g.,

Fig. 5b), and 20% in the flat westerly over the north-

ern side of the northwestern Pacific subtropical high

(e.g., Fig. 5c). Over the central plain of East China,

moisture was abundant (precipitable water > 55 mm),

mostly transported by low-level jets that were located

near the northwest of the northwestern Pacific sub-

tropical high (Fig. 5).

For the Typh pattern,the occurrence and devel-

opment of the WC had some relation with typhoons

over Southeast China or adjacent oceans, which prob-

ably intensified the transport of warm and moist air

to the region. There are 56 WC cases over the central

plain detected by TRMM under the Typh pattern, ac-

counting for 26.4% of the total WC occurrences, which

was comparable to that under the DTr pattern. The

typhoons were located south to, west to, or cut across

the northwestern Pacific subtropical high. The first

category (e.g., Fig. 6a) was the most often (70%), the

third was the least (7%), and the second in between

(23%). Under the Typh weather pattern, air over the

central plain of East China was warm and moist with

large amount of precipitable water and high θe (Fig.

6), similar to the STH pattern.

4. Subseasonal variations of WC occurrences

The number of the WC occurrences over the cen-

tral plain of East China during each half-month from

16 May to 31 August during 1998–2010 is shown in

Fig. 7a. On the whole, a small fraction (8 cases; 4%)

of the WC occurred in mid-to-end May (and early-to-

mid June). The occurrence increased substantially in

mid-to-end June (39 cases; 18%) probably owing to

northward march of the East Asian summer monsoon,

which is represented by the high-θe (� 340 K) air at

850 hPa (Ding and He, 2006) as shown in Fig. 1a.

About half (101 cases; 48%) of the WC occurrences

appeared in July with a peak during 1–15 July (53

cases), and 26% in August (56 cases), i.e., the WC

in the central plain of East China occurred most often
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Fig. 4. Examples of environmental fields for the WC under the DTr pattern at (a) 0000 UTC 1 July 1998, (b) 1800

UTC 20 June 2005, and (c) 1200 UTC 17 May 2008. Plotted are geopotential height (blue line, with 20-geopotential

meter intervals; 10 gpm), temperature (red dashed line, with 4-K intervals; K) and temperature advection (shadings in

green) at 500 hPa, horizontal wind (arrow; only wind speed > 12 m s−1 are shown), θe of 345 K (purple contour) at 850

hPa, water vapor flux (gray shadings) at 925 hPa, and column-integrated precipitable water larger than 55 mm (green

line, with 5-mm intervals). Locations of the WC and the central plain of East China are marked by the blue circle and

the red rectangle, respectively.

from mid June to end of August with the peak in

July. These results suggest that the WC in this re-

gion was mostly influenced by the summer monsoon,

as the monsoonal air arrived at and moved over at

least part of the region from mid June to end of August

(Fig. 1a).

The WC occurrences under the three synoptic

weather patterns exhibit distinctive subseasonal vari-

ations (Fig. 7b). The WC cases of the DTr pattern

emerged the earliest (8 cases during 16–31 May, 18%

of this pattern) among the three weather patterns, and

they occurred the most often in the second half of June

(16 cases, about 36% of this pattern). For this type of

WC during mid May to July, the subtropical high ridge

line was located at 25◦N or further to the south (Figs.

8a, 8d, 8g, and 8j), indicating that the monsoonal

flows could not significantly impact the central plain

of East China; on the other hand, the deep trough in

the north always dominated this region. Moreover, for

the DTr type WC, the western edge point of the sub-

tropical high was mostly located east of 110◦E (Figs.

8a, 8d, 8g, and 8j), suggesting eastward retreat of the

subtropical high accompanying southward extension

of the deep trough.

Subseasonal variations of the WC occurrence un-

der the STH pattern (Fig. 7b) present a major peak
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Fig. 5. As in Fig. 4, but for the WC under the STH pattern at (a) 1800 UTC 28 June 2001, (b) 0000 UTC 29 June

2006, and (c) 0000 UTC 12 July 2003, representing the situations of WC being located pre-trough, post-trough, and in

flat westerly, respectively.

in the first half of July (35 cases) and a third peak

in the second half of June (21 cases). The two peaks

together contributed 50% to the total WC occurrences

under the STH pattern, i.e., mid June to mid July was

the main period of the WC occurrence under this pat-

tern. This period corresponds to the Meiyu period of

East China (Luo et al., 2013), when the northern edge

of the southwesterly low-level jet was located over the

central plain of East China (Fig. 1a). During this

period, the ridge line of the northwestern Pacific sub-

tropical high over 110◦–130◦E was located over 25◦–

30◦N and the western ridge point of the subtropical

high was mostly around or to the east of 110◦E (Figs.

8e and 8h), favoring transport of moisture to the re-

gion along the western and northwestern sides of the

subtropical high (Fig. 5). For the STH-type WC cases

in mid July to August, the western ridge points of the

subtropical high were mostly located more westward

(Figs. 8k and 8n) than in mid June to mid July under

the STH pattern (Figs. 8e and 8h) and also than the

other two patterns in mid July to August (Figs. 8j, 8l,

8m, and 8o). Its location to the west of 110◦E indicates

that the subtropical high was strong enough to con-

trol all of Southeast China including the central plain

of East China. Under this condition in mid July to

August, transport of water vapor to the central plain

of East China was generally weaker than that during

mid June to mid July under the STH pattern.

Most WC cases under the Typh pattern occurred

in July and August (Fig. 7b), as the typhoons influ-

encing rainfall over China usually occurred from July

(Ren et al., 2002), with 23 cases (41% of this pattern)

in July and 28 cases (50% of this pattern) in August.

Only 3 WC cases (9%) under this pattern occurred
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Fig. 6. As in Fig. 4, but for the WC under the Typh pattern at (a) 1800 UTC 20 July 2003, (b) 0000 UTC 26 August

2003, and (c) 0000 UTC 28 July 2000, representing the situations of typhoon being located south to, west to, and across

off the subtropical high, respectively.

before July. All of the 3 cases belong to the situation

of typhoon across off the subtropical high. For some

cases under the Typh pattern in mid July to August,

the subtropical high ridge line tended to locate to the

north of 35◦N (Figs. 8l and 8o), suggesting that the

WCs could form over the central plain of East China

under the effect of typhoon when the subtropical high

ridge line was located to the north of the region.

5. Occurrences of severe convective weather

Whether the WC is accompanied with severe con-

vective weather is worth studying, as severe convective

weather can cause serious disaster to humanity. Ta-

ble 3 gives the statistics of severe convective weather

events, including thunderstorm, gale, hail, and short-

duration heavy rainfall, in the central plain of East

China when the WC occurrences were detected by

TRMM in the region. Comparisons of occurrences of

the four kinds of severe convective weather events un-

der the three synoptic weather patterns are described

below in the order of their occurrences from the most

to the least.

Table 3 reveals the following facts:

1) Thunderstorms occurred during nearly all

dates (93%–97%) of the WC under the DTr, STH, and

Typh patterns, suggesting that the WC cases were al-

ways associated with thunderstorms even for different

synoptic weather situations.

2) A majority (69%–85%) of the WC cases in

the central plain of East China occurred with short-

duration heavy rainfall (R6h � 20 mm) over the region.

The percentages decreased to 52%–64% for R6h �

30 mm and further to 38%–42% R6h � 50 mm. Among
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Fig. 7. Numbers of the WC cases in the central plain of

East China during each half-month period from 16 May to

31 August during 1998–2010: (a) all WC cases and (b) the

WC cases under DTr, STH, and Typh synoptic patterns.

the three synoptic patterns, the short-duration heavy

rainfalls occurred the least often under the DTr pat-

tern. The occurrence frequencies of the short-duration

heavy rainfalls with R6h � 20 mm were the largest un-

der the Typh pattern (85%); that with R6h � 30 mm

and R6h � 50 mm was the largest under the STH pat-

tern (65% and 42%, respectively); they were all the

least under the DTr pattern.

3) About a quarter of the WC cases occurred with

gale (i.e., surface wind speed > 17 m s−1). Gale oc-

curred the most often (28%) for the WC under the

DTr pattern, the least (21%) under the STH pattern,

and in between (23%) under the Typh.

4) Under the three synoptic weather patterns of

the WC, hail occurred very rarely, with only 0% (DTr),

1.4% (STH), and 2.6% (Typh) of the cases.

6. Relation of environmental atmospheric con-

ditions to the convective weather

This section gives detailed quantitative compar-

isons of environmental atmospheric thermodynamic

conditions of the WC cases among the three synop-

tic weather patterns (Figs. 9–12), hoping to better

understand the similarities and differences in the oc-

currences of severe convective weather in association

with the WC over the central plain of East China un-

der the three synoptic patterns. Differences and sim-

ilarities in the thermodynamic conditions among the

three synoptic patterns are discussed below in the con-

text of their possible relation to the various convective

weather phenomena.

6.1 Conditions related to thunderstorm occur-

rence

Development of thunderstorms always needs large

instable energy and abundant moisture (Doswell,

1987; Johns and Doswell, 1992). The cumulative dis-

tributions of vertical profile of convective available po-

tential energy (CAPE) in the central plain of East

China during the dates when the WC occurrences were

detected over the region by TRMM show that the

largest CAPE existed for the air parcel being lifted

Table 3. Numbers of WC times with valid surface observation, and numbers and fractions (%) of severe weather

phenomena when the WC occurrences were detected by TRMM in the central plain of East China under the DTr,

STH, and Typh patterns, respectively

DTr STH Typh

Valid WC times 29 72 39

Thunderstorm 27 (93%) 70 (97%) 38 (97%)

Gale 8 (28%) 15 (21%) 9 (23%)

Hail 0 (0%) 1 (1.4%) 1 (2.6%)

Short-duration heavy rainfall: R6h � 20 mm 20 (69%) 59 (82%) 33 (85%)

R6h � 30 mm 15 (52%) 47 (65%) 25 (64%)

R6h � 50 mm 11 (38%) 30 (42%) 16 (41%)
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Fig. 8. Joint scatter distributions of the latitude of ridge line over 110◦–130◦E and the longitude of western ridge point

of the northwestern Pacific subtropical high during the dates when the WC occurred under the DTr, STH, and Typh

patterns, respectively, during (a–c) 16 May–15 June, (d–f) 16–30 June, (g–i) 1–15 July, (j–l) 16–31 July, and (m–o) 1–31

August of 1998–2010.

from the surface, i.e., the most unstable air was near

the surface for all the synoptic patterns (Fig. 9a).

The median values of CAPE at the surface were about

1000 J kg−1, i.e., nearly half of the CAPE values were

larger than 1000 J kg−1, satisfying the instability con-

dition for the development of convective storms pro-

posed by Weisman and Klemp (1982). Meanwhile, the

median values of precipitable water under DTr, STH,

and Typh were 50.4, 59.9, and 59.3 mm (Fig. 10a),

respectively, comparable to the averaged precipitable

water (56 mm) in the environment of squall lines in

East China (Meng et al., 2013), reflecting abundant

moisture supply for the formation of the WC. There-

fore, the large instability energy and plentiful mois-

ture in the WC’s environment under all synoptic pat-

terns formed favorable conditions for convection devel-

opment, supporting the conclusion that the WC cases

were always companied with thunderstorms (Section

5).

6.2 Conditions related to short-duration heavy

rainfall

The generally abundant moisture (Fig. 10a), co-

mbined with large CAPE (Fig. 9a), over the central
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Fig. 9. Vertical profiles of (a) CAPE and (b) CIN de-

rived from parcel ascents from different vertical levels in

the central plain of East China during the days when the

WC was detected by TRMM under the DTr (green), STH

(blue), and Typh (red) patterns, respectively. The dashed,

solid, and dotted lines represent the 10th, 50th, and 90th

percentile, respectively. The results are based on the ERA-

interim data.

plain of East China for the WC under study was prob-

ably the most important reason for the relatively fre-

quent occurrence of short-duration heavy rainfall un-

der the three synoptic patterns (Table 3). This is

consistent with the result of Zheng (2013): the short-

duration heavy rainfall over central East China tends

to be associated with moist environment, i.e., the pre-

cipitable water greater than 50 mm.

However, differences in the vertical distributions

of air temperature and moisture among the three syn-

optic patterns are noticeable (Figs. 10b and 11), which

probably contribute to the previously discussed differ-

ence in the occurrence of short-duration heavy rainfall.

The averaged air temperature and dew point temper-

ature at each level of the troposphere (1000–200 hPa)

under the DTr pattern were lower than those under

the STH and Typh patterns (Fig. 11a), suggesting

that there existed driest and coldest air over the cen-

tral plain of East China under the DTr pattern. The

averaged profiles of air temperature and dew point

temperature differed little between the STH and Typh

patterns, reflecting their similar temperature and hu-

midity conditions. Comparisons of cumulative distri-

butions of precipitable water and θe among the three

Fig. 10. (a) Box-and-whisker plots of precipitable water

(mm) in the central plain of East China when the WC was

detected by TRMM over the region under the DTr, STH,

and Typh synoptic weather patterns, as well as for the 39

hail events provided by Wu (2010), showing the median

(short line in the box), interquartile range (rectangle), and

outliers (i.e., the 10th and 90th percentile as whiskers) with

the median values labeled on the right. (b) Vertical profile

of θe in the central plain of East China under the three

synoptic weather patterns: DTr (green), STH (blue), and

Typh (red), with the dashed, solid, and dotted lines rep-

resenting the 10th, 50th, and 90th percentile, respectively.

The results are based on the ERA-interim data.
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Fig. 11. (a) Vertical profiles plotted on the skew T -logp

diagram of the composite temperature (thick solid color

lines) and dew point temperature (thick dashed color lines)

in the central plain of East China during the days when the

WC was detected by TRMM under the synoptic weather

patterns of DTr (green lines), STH (blue lines), and Typh

(red lines) during 1998–2010. (b) Box-and-whisker plots

of the difference in dew-point depression between 500 and

925 hPa over the central plain of East China under the

three synoptic weather patterns of the WC, showing the

median (short line in the box), interquartile range (rect-

angle), and outliers (i.e., the 10th and 90th percentile as

whiskers) with the median values labeled on the right. The

results are based on the ERA-interim data.

weather patterns (Fig. 10) further confirm the driest

and coldest air under the DTr pattern: the median val-

ues of precipitable water under the DTr pattern was

50.4 mm, substantially smaller than the STH (59.9

mm) and Typh (59.3 mm) patterns (Fig. 10a); the

10th, 50th, and 90th percentiles of the profiles of θe

under the DTr pattern were all lower than those un-

der the other two patterns (Fig. 10b), probably due to

stronger transport of warm and moist air into the cen-

tral plain of East China by the low-level flows in asso-

ciation with the subtropical high and typhoons under

the latter two patterns. In addition, the largest pre-

cipitable water (59.9 mm) and the highest values of θe

in the central plain of East China were both found un-

der the STH pattern, suggesting the highest moisture

under this pattern. Therefore, the driest and cold-

est air over the central plain of East China under the

DTr pattern induced the least occurrences of short-

duration heavy rainfall under this pattern (Table 3),

while the most abundant moisture under the STH pat-

tern supported the most occurrences of short-duration

heavy rainfall (R6h � 30 mm and R6h � 50 mm; see

Table 3).

6.3 Conditions related to gale formation

Occurrence of gale is also related to vertical distri-

bution of air humidity (e.g., Zheng, 2013). The max-

imum values of depression of dew point (T − Td) un-

der the three synoptic weather patterns were all in

the mid troposphere with the largest under the DTr

pattern (Fig. 11a), likely reflecting the largest im-

pacts of dry air invasion in the mid troposphere in

this case. For example, the depression of dew point at

500 hPa under the DTr pattern is 9.1 K, which was 2.5

and 3.4 K larger than those under the STH and Typh

pattern, respectively. Moreover, the DTr pattern had

larger differences in depression of dew-point between

mid and low levels (Fig. 11b), indicating larger dif-

ferences of air humidity between the low and mid tro-

posphere under the DTr pattern than under the other

two patterns. These features of vertical distribution of

air humidity under the DTr pattern were more favor-

able for gale formation, because when the drier air in

the mid troposphere falling down encounters moister

air at the low level, evaporation of the moist air and

the resultant latent cooling will increase, and thus the

downdraft will strengthen. This is consistent with the
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larger occurrences (28%) of gale in association with

the WC under the DTr pattern than under the STH

(21%) and Typh (23%) pattern. On the other hand,

although the Typh pattern was associated with the

least moisture difference between mid and low levels

(Fig. 11b), the occurrence of gale was not the least

under the Typh pattern, due likely to the acceleration

of wind by the effect of typhoon.

6.4 Conditions related to hail occurrence

Three important environmental conditions for

presence of hail at the surface are concluded in pre-

vious studies (Das, 1962; John and Doswell, 1992;

Groenemeijer and Delden, 2007): (1) large thermal

buoyancy (represented by CAPE), (2) strong verti-

cal wind shear, and (3) moderate freezing level (Hfz).

These have been applied to studies of dynamic and

thermodynamic environment for hail in, e.g., northern

Greece (Sioutas and Flocas, 2003) and China (Xie et

al., 2008). To obtain quantitative environmental con-

ditions favoring occurrence of hail in central plain of

East China, we derived the statistics of three parame-

ters (CAPE, vertical wind shear between 500 hPa and

near surface, and Hfz) 0–12 h before 39 hail events

(Wu, 2010; herein Wu2010) that occurred in the land

region of 30◦–40◦N and east of 110◦E during May–

August of 2002–2009 based on sounding data. It is

found that 85% of these hail-producing storms oc-

curred when the three conditions were satisfied simul-

taneously: 1) CAPE � 1000 J kg−1, 2) vertical wind

shear Vshr � 1×10−3 s−1, and 3) Hfz � 5.0 km. The

three parameters were also calculated for the WC cases

under study, by using the 6-h ERA-interim data 3–9

h before the WC occurrence detected by TRMM. Fig-

ures 12a–c show the joint distributions of Hfz and Vshr

under the condition of CAPE � 1000 J kg−1. It is

found that Hfz was mostly above 5 km under the STH

pattern (Fig. 12b), which was probably one of the

major reasons for the lack of hail presence at the sur-

face under the STH pattern. However, for the DTr,

STH, and Typh pattern, respectively, 55%, 12%, and

19% of the samples satisfied the above three favorable

environmental conditions (Figs. 12a–c), but without

hail on the ground.

To further explore possible reasons for the lack of

hail in these WC samples, averaged profiles of tem-

perature and dew point of these cases were compared

to those of the 39 hail events in Wu2010 (Figs. 12d–

f). This analysis was conducted because hail in China

is speculated to be sensitive to air humidity based on

the spatial and seasonal distributions of hail in China

(i.e., hail is rare in very wet areas and relatively rare

during rainy seasons; Zhang et al., 2008). The results

show that the entire troposphere was much moister for

the WC under the three synoptic patterns (Figs. 12d–

f) than that of the 39 hail events of Wu2010. This

is consistent with the substantially larger precipitable

water for the WC cases (median values of 50.4–59.9

mm) than for the 39 hail events (37.5 mm) (Fig. 10a).

Therefore, the environmental air seemed to be too hu-

mid to form hail when the WC was present over the

central plain of East China.

7. Concluding remarks

In this study, wide convection (WC) is defined

as contiguous convective echoes over 40 dBZ with

nonzero near surface rainfall rate from the TRMM PR

(Iguchi et al., 2000) over a horizontal area exceeding

1000 km2. The flat land region over the central East

China (31◦–35◦N, 114◦–121◦E; referred to as central

plain of East China for simplicity) sees the maximum

frequency of WC occurrence from the onset of the SCS

summer monsoon to the end of August during 1998–

2010. For the WC occurrences over this region, three

representative synoptic weather patterns are identi-

fied, and occurrences of severe convective weather phe-

nomena in association with the WC are then exam-

ined, followed by quantifying the corresponding atmo-

spheric thermodynamic conditions. The major con-

clusions are as follows.

(1) Based on the atmospheric circulation at 500

hPa when the WC was present in the central plain

of East China, the environmental fields of WC are

classified into three weather patterns by using an

objective classification method: deep-trough-in-the-

north (DTr), subtropical-high-maintenance (STH),

and typhoon-effect (Typh), accounting for 20.8%,

52.8%, and 26.4%, respectively, of the total WC oc-

currences. Among the three patterns, the WC under



56 JOURNAL OF METEOROLOGICAL RESEARCH VOL.29

Fig. 12. (a–c) Joint scatter distributions of freezing level height (Hfz; km) and vertical wind shear between 500 hPa

and 10 m above the ground (Vshr; 10−3 s−1) in the condition of CAPE � 1000 J kg−1 over the central plain of East

China under three synoptic weather patterns: (a) DTr, (b) STH, and (c) Typh. The numbers and percentages at the

bottom of the panels are the total numbers and fractions of grid points in the central plain of East China with CAPE

� 1000 J kg−1 under the corresponding synoptic weather pattern. The four pairs of number and percentage in each of

the panels represent the number and fraction of grid points located in the four portions of the Vshr–Hfz plane. (d–f)

Averaged profiles of temperature (solid lines) and dew point (dashed lines) representing the environmental conditions of

storms. The lines in gray represent those for the 39 hail-producing storms collected by Wu2010, while the lines in black

are averaged over grid points in the central plain of East China with CAPE � 1000 J kg−1, Hfz � 5 km, and Vshr �

1 × 10−3 s−1 for the WC under the (d) DTr, (e) STH, and (f) Typh synoptic pattern. The results are based on the

ERA-interim data 0–6 h before the WC occurrence detected by TRMM in the region.
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the DTr pattern started to emerge the earliest (16–31

May) and occurred the most often in the second half

of June; the WC under the STH pattern had a sig-

nificant peak in the first half of July; those under the

Typh pattern mainly occurred in July and August.

On the whole, the WC in the central plain of East

China mostly formed under the influence of the Asian

summer monsoon during 16 June–31 August, with a

main peak of occurrence in July.

(2) The WC occurrences in the central plain of

East China were mostly companied with thunder-

storms, i.e., for 93%, 97%, and 97% of the times under

the DTr, STH, and Typh pattern. But WC occurred

very rarely (< 3%) with hail on the ground. Under

the various weather patterns, a majority (69%–85%)

of the WC cases occurred with short-duration heavy

rainfall (R6h � 20 mm), with the DTr pattern seeing

the smallest occurrence. Gales occurred the most of-

ten (28%) under the DTr pattern and the least (21%)

under the STH pattern.

(3) The large CAPE and abundant moisture in

the environment of the WC made thunderstorms

always accompany. Among the three weather pat-

terns, the DTr pattern featured the least occurrences

of short-duration heavy rainfall, the lowest rainfall

amount, and the smallest rainy coverage, probably

due to the driest and coldest air in the region un-

der this weather pattern; the STH pattern saw the

most occurrences of short-time heavy rainfall (R6h

� 30 mm and R6h � 50 mm) over the region, sup-

ported by the most abundant moisture and warmest

air. Gales occurred more often under the DTr pattern

than the other two patterns, probably contributed by

the stronger dry air invading in the mid troposphere

and the larger difference in depression of dew-point

between mid and low troposphere under the DTr pat-

tern. The rare occurrences of hail during the WC cases

were possibly owing to the humid environmental air

over the region under the various weather patterns.

Under the STH pattern, lack of hail on the ground

could also be contributed by the high freezing levels

(mostly above 5 km), which made it hard for hail-

stones, if any, formed aloft in the storms, to survive

on their way falling toward the ground.

This study provides some statistical charac-

teristics of synoptic patterns, surface weather phe-

nomenon, and thermodynamic conditions for the WC

occurrences in the flat land region of central East

China. Mechanisms that govern the occurrence and

development of the WC, as well as the relation between

the environmental conditions and severe weather phe-

nomena are not very clear yet. These will be further

explored in future studies using high-resolution obser-

vations and numerical simulations.
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