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Abstract: In view of the limited predictability of heavy rainfall (HR) events and the limited under-
standing of the physical mechanisms governing the initiation and organization of the associated
mesoscale convective systems (MCSs), a composite analysis of 58 HR events over the warm sector (i.e.,
far ahead of the surface cold front), referred to as WSHR events, over South China during the months
of April to June 2008~2014 is performed in terms of precipitation, large-scale circulations, pre-storm
environmental conditions, and MCS types. Results show that the large-scale circulations of the WSHR
events can be categorized into pre-frontal, southwesterly warm and moist ascending airflow, and
low-level vortex types, with higher frequency occurrences of the former two types. Their pre-storm
environments are characterized by a deep moist layer with >50 mm column-integrated precipitable
water, high convective available potential energy with the equivalent potential temperature of ≥340 K
at 850 hPa, weak vertical wind shear below 400 hPa, and a low-level jet near 925 hPa with weak warm
advection, based on atmospheric parameter composite. Three classes of the corresponding MCSs,
exhibiting peak convective activity in the afternoon and the early morning hours, can be identified as
linear-shaped, a leading convective line adjoined with trailing stratiform rainfall, and comma-shaped,
respectively. It is found that many linear-shaped MCSs in coastal regions are triggered by local
topography, enhanced by sea breezes, whereas the latter two classes of MCSs experience isentropic
lifting in the southwesterly warm and moist flows. They all develop in large-scale environments
with favorable quasi-geostrophic forcing, albeit weak. Conceptual models are finally developed to
facilitate our understanding and prediction of the WSHR events over South China.

Keywords: warm-sector heavy rainfall; mesoscale convective systems; statistical analysis; South China

1. Introduction

Previous studies have shown that more than 40% of annual rainfall in South China
occurs during the pre-summer months (April to June) [1–4]. In contrast to relatively
weak and broad rainfall occurring behind slowly moving surface cold fronts, many of the
growing-season rainfall events over the region are heavy and highly localized, where heavy
rainfall is defined herein as the daily rainfall amount of greater than 50 mm, following
that defined by the China Meteorological Administration. They are typically generated
in mesoscale convective systems (MCSs) that develop in the warm sector, i.e., far ahead
of surface fronts, where southwesterly warm and moist flows prevail with weak thermal
gradients. Hence, they have been often regarded as warm-sector heavy rainfall (WSHR)
events, although some of them may be initiated near surface fronts and then propagate
rapidly ahead [5–8].

Because of their high impacts on societal and economic activities, there has been con-
siderable interest in studying WSHR events over South China during the past few decades.
For example, high-resolution mesoscale observing networks were established in late 1990s
in South China to monitor the development of heavy rainfall (HR) and other severe con-
vective weather events. In addition, several field experiments were carried out, such as
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the South China Sea Monsoon Experiment (SCSMEX, 1996–2000) [9,10], Huanan Area
Mesoscale Experiment (HUAMEX, 1998) [11,12] and the Southern China Monsoon Rainfall
Experiment (SCMREX, 2014–2017) [13], to examine the development of HR-producing
MCSs. A few climatological conceptual models were developed for some WSHR events, in
which a quasi-stationary frontal system, formed in the southerly monsoonal air from the
South China Sea (SCS)-Indochina Peninsula interacting with northerly cold air, provides a
favorable condition for the generation of WSHR events over South China during the pre-
summer months. After analyzing two high-impact WSHR events, Sun and Zhao [14–16],
revealed the importance of surface heating, topography and sea breeze circulations in
the associated HR-producing MCSs, which differ from those associated with dynamical
forcing such as frontal lifting and upper-level troughs. Both observational and numerical
modeling studies have shown the effects of topographical lifting on the development of
HR-producing MCSs [17–20]. The importance of low-level jets (LLJs), and southwesterly
moisture supply has also been considered in the growth and organization of HR-producing
MCSs [21–24]. However, HR events are often associated with long-lived MCSs in weak
southwesterly wind environments [25–27]. These rainfall events also exhibit significant
diurnal variations [28,29], with high-frequency HR occurring during midnight to the early
morning hours that are closely related to LLJs, pre-existing cool pool, orographic lifting and
the planetary boundary layer (PBL) processes including urban heat island effects [30–32].

Although considerable progress has been made in understanding the development
of WSHR events in South China, many scientific issues are still elusive. In particular,
current operational (global and regional) numerical weather prediction (NWP) models still
remain either hit or miss in predicting the timing and location of convective initiation and
the development of WSHR-producing MCSs, thus showing little skill in the associated
quantitative precipitation forecasts [13,33–35]. Unlike rainstorms under the influences of
synoptic dynamic forcing [36], quasi-stationary fronts [37], shearlines or low-level vortices
and southwesterly LLJ [38–41] are often the necessary but not sufficient conditions for
determining the exact location, timing and amount of HR [42]. Therefore, it could be useful
to apply the ingredient-based analysis of environmental conditions for WSHR-producing
MCSs. Moreover, from the perspective of operational forecasts, it is desirable to examine
climatologically the geographical and temporal distributions of HR in South China, develop
conceptual models for the formation of different WSHR-producing MCSs under typical
environmental conditions, and refine empirical WSHR forecast techniques.

On the other hand, HR amounts are closely related to the structures, organization and
propagation of MCSs. In this regard, several three-dimensional morphological models of
MCSs were developed, based on Doppler radar observations [43,44]. Doswell et al. [45]
showed the relationship between localized rainfall, convective organization and movement
by demonstrating that flash floods could be produced by passing through a series of
convective elements aligned linearly, like an advancing train, the so-called echo-training
process. Schumacher and Johnson [46] classify Two archetypes of heavy-rain-producing
linear MCSs for multiple flash flood events in the Midwest of the United States: A line
of training convective elements with an adjoint trailing stratiform region (TL/AS), and
an area of back-building convection with a trailing stratiform region. Numerous HR
events in South China and elsewhere in China were also found to be directly linked to
multiple mesoscale echo- and rainband-training processes [47]. Recently, Liu et al. [48]
classified three types of persistent HR events in South China, based on their correlations
with geographical locations of the HR event occurrences.

Evidently, few statistical studies have been systematically performed to classify WSHR-
producing MCSs during the pre-summer months in accordance with synoptic environments
and topographic forcing in South China. Given our limited understanding of the large-
scale conditions associated with WSHR and the morphologies of HR-producing MCSs
during the pre-summer months over South China, the objectives of this study are to
(i) document the spatiotemporal characteristics of WSHR and classify a few major types
of WSHR events during the years of 2008–2014; (ii) identify the large-scale environmental
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conditions associated with the different types of WSHR events; and (iii) analyze the
structures, organization and evolution of typical MCSs that produce the WSHR events.

The next section describes the data and methodologies used for this study. Section 3
presents the spatiotemporal characteristics of WSHR and describes the classification of
major WSHR events, based on their large-scale flow patterns. Their associated environmen-
tal parameters, i.e., total precipitable water (PWAT), convective available potential energy
(CAPE), and the level of free convection (LFC) are also shown. Section 4 presents some
typical MCS morphologies using radar observations. A summary and concluding remarks
are given in the final section.

2. Data Source and Methodology

In this study, observations from the conventional (2418) surface weather stations
and upper-air network during the pre-summer months of 2008–2014, archived by the
National Meteorological Center of the China Meteorological Administration (CMA/NMC),
are used to describe the proximity of environmental conditions in which WSHR events
occurred. The 6-hourly National Centers for Environmental Prediction (NCEP) Global
Forecast System (GFS) 0.5◦ × 0.5◦ gridded model dataset is used to reveal the large-scale
flows and the environmental conditions under which WSHR-producing MCSs develop.

In general, South China is geographically referred to as the vast territory on the south
of Mt. Nanling, including most portion of Guangxi (GX) Province, all of Guangdong (GD)
and Hainan (HN) provinces, and part of Fujian (FJ) Province (see Figure 1). In this study,
we focus on the area ranging within 20–27◦ N and 105–120◦ E, which includes almost
all of South China, except for Hainan Province. The mean annual precipitation in South
China, obtained from 16 climatological stations, is 1614 mm, according to Year 1981–2010
precipitation statistics, over 45% of which occurred during the pre-summer months [2].
For the present study, out of 16 national surface stations, nine received top annual rainfall
amounts over South China, as highlighted with red dots in Figure 1. The top annual rainfall
amounts ranged from 1453 mm at Wuzhou, GX (No. 59265) to 2221 mm at Yangjiang, GD
(No. 59663).

A composite analysis and subjective classification of 58 WSHR events will be per-
formed to develop conceptual models of different MCSs for various types of WSHR events,
based on the given large-scale background flows. This approach has been used by Maddox
et al. [49] to classify four categories of large-scale flow patterns that are favorable for the
generation of flooding rainfall in the central and eastern United States, and by Tao [1], and
Huang [2] to characterize various large-scale circulation features, such as surface fronts,
LLJs, and low-level vortices, that are involved in the generation of WSHR events in South
China. In this study, a surface front is defined as a warm/moist—cold/dry air boundary,
accompanied with a height trough aloft. An LLJ is simply defined as the peak horizontal
wind speed of at least 10 m s−1 below 850 hPa, though occurring mostly near 925 hPa,
while a low-level vortex (LV) is just a closed circulation in the lowest 150 hPa. Given the
weak-gradient environments in which the WSHR events took place, an objective classifica-
tion scheme, e.g., through regional-scale vertical wind shear, CAPE, PWAT, and relative
vorticity, could be developed to identify some unique dynamical and thermodynamic
characteristics of the WSHR events.
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Figure 1. Distribution of topography (shaded, m) and some related national surface stations (red dots with identifications)
over South China. The inner red frame denotes the region of interest (20–27◦ N, 105–120◦ E) for the present study. The top
nine annual precipitation stations (with their identifiers) averaged during 1981–2010 are given with their corresponding
amounts listed in the bottom right box. Letters, “GX”, “GD”, and “FJ” denote the province of Guangxi, Guangdong and
Fujian, respectively, similarly for the rest of figures.

3. Spatiotemporal Characteristics of WSHR and Large-Scale Mean Flows

In this section, we examine first the temporal distribution of WSHR events, and
classify them into different categories, based on their common background characteristics.
Then, the corresponding composite fields will be analyzed to gain insight into different
characteristics in large-scale flows and energy supply, HR generation mechanisms, and
their spatial distributions in South China.

3.1. Characteristic of WSHR

In this study, an HR event is defined when 24-h (i.e., between 0800–0800 BST: Beijing
Standard Time = UTC + 8 h) accumulated precipitation at 3 and more adjacent (less than
200 km apart) or at five scattered (at least 300 km apart) national stations over South China
equals to or exceeds 50 mm. Clearly, this definition will filter out HR events generated by
local or random deep convection. Table 1 shows, on average, 37.7 HR days per year during
the pre-summer months of 2008–2014, 65% of which take place after the onset of summer
monsoon in East Asia. There are a total of 58 WSHR days or events (see Appendix A,
Appendix B, Appendix C for their individual occurrence dates), which give 8.3 WSHR
events per year or 22.0% of the total HR events during the pre-summer months of the
7-year period, and a total of 145 typical WSHR-producing MCSs move across South China.
Higher-frequency WSHR events occur during the pre-summer months of 2008 and 2009, as
compared to the lowest-frequency WSHR events in 2011.

Horizontal distribution of the mean daily rainfall amount from all 58 WSHR events
over South China is displayed in Figure 2, showing the top five rainfall maxima, denoted
as “C1”–“C5”, four of which are more than 100 mm day−1. They are located near surface
stations in Guilin of GX; Yangjiang of GD, Shanwei of GD, and the Pearl River Estuary of
GD, respectively. A single-day rainfall amount reaches 445.7 mm, named as the top one
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(C1) WSHR event, which occurs in Yunxiao of FJ, on 14 June 2008 as a result of a low-level
vortex interacting with strong monsoonal flows. The top 1–10 WSHR maxima correspond
more or less to climatological precipitation maxima.

Table 1. The number of HR versus WSHR days, and the ratio of HR days to WSHR days over South
China during the pre-summer months of 2008–2014.

Year 2008 2009 2010 2011 2012 2013 2014 Mean

HR
days 40 25 40 32 46 40 41 37.7

WSHR
days 14 9 8 5 6 10 6 8.3

Ratio 35% 36% 20% 15.6% 13.0% 25% 14.6% 22.0%

Figure 2. Horizontal distribution of the mean daily precipitation amount composite (shaded, mm) from the 58 WSHR events
over South China during the pre-summer months of 2008–2014. Symbols, “C1”–“C10”, denote the top 10 daily rainfall
maxima, which are also listed in Table 2.

Table 2. The locations (and station numbers), dates (day/month/year), amounts (mm), and classi-
fied weather types of the top ten daily-averaged WSHR events during the pre-summer months of
2008–2014 (also see Figure 2).

Index Station ID/Name Date Amount(mm) Type

C1 59322/Yunxiao 13 June 2008 445.7 LLV
C2 59290/Longmen 14 June 2008 327.0 PSF
C3 59087/Fogang 15 May 2013 292.4 WMF
C4 59663/Yangjiang 28 June 2011 256.5 WMF
C5 59094/Wongyuan 6 May 2010 240.1 PSF
C6 59254/Guiping 12 May 2012 237.2 LLV
C7 59500/Haifeng 21 June 2012 226.4 WMF
C8 59501/Shanwei 7 June 2008 216.9 WMF
C9 59664/Dianbai 5 May 2008 209.8 WMF
C10 59069/Zhaoping 22 June 2012 206.9 LLV

3.2. Classification of WSHR Events

Based on the previous studies of HR-producing MCSs, it is convenient to use the
surface front and low-level vortex as the two key weather system identifiers to classify
the large-scale environments in which all the above WSHR events occur. The following
three major types of flow configuration could be identified: (i) a pre-surface-frontal (PSF)
type, (ii) a warm-moist airflow (WMF) type, and (iii) a low-level vortex (LLV) type. The
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remaining HR events appear to be more associated with typical frontal rainbelts, tropical
cyclones or randomly generated local thunderstorms. Monthly distribution of each type of
WSHR events is given in Figure 3, showing the least occurrences of (10) WSHR events in
April and the frequent occurrences in May and June (24 in each month). The frequencies of
the individual types of WSHR events appear to follow closely the seasonal transition from
more surface frontal passages in April to more influences of southwesterly monsoonal
flows in May and June. In particular, few LLV-type WSHR events could occur in April and
May due to the presence of more baroclinicity on the lee side of the Tibet Plateau, but they
become the dominant HR producer in June as more moist monsoonal air is processed. After
describing briefly their general characteristics below, more detailed rainfall characteristics
and mean environmental conditions associated with the three types of WSHR events are
presented in subsections 3b-d that follow, respectively.

Figure 3. Monthly number distribution of the three major types (i.e., PSF, WMF, and LLV) of the
58 WSHR events over South China during the pre-summer months of 2008–2014.

(i) The PSF type consists of 21 HR events (see Appendix A for their occurrence dates),
accounting for 36.2% of the total WSHR events. It occurs in the moist southwesterly flows
far ahead of a surface front (i.e., in a warm sector), and the associated WSHR belt is well
separated from those rainbelts with much weak rainfall intensity along or behind the
frontal zone.

(ii) The WMF type consists of 24 HR events (see Appendix B for their occurrence dates),
accounting for 41.4% of the total WSHR events, which is of the highest frequency among
the three types. Its large-scale flow pattern is dominated by a warm-moist southwesterly
airstream with little evidence of a surface front, but experiencing northeastward isentropic
lifting [50–54]. It is often accompanied by a southwesterly LLJ extending from the SCS,
with some typical monsoonal rainfall characteristics.

(iii) The LLV type consists of 13 HR events (see Appendix C for their occurrence dates),
accounting for 22.4% of the total WSHR events. An LLV is often generated on the lee side
of the Yunnan-Guizhou Plateau and then moves eastward across GX, during which course
HR takes place in its southern and eastern quadrants. This type of WSHR events tends to
be a HR producer. One example is the record-breaking HR event of 13–15 June 2008, listed
as the top one HR producer in Table 2, that is associated with a slow-moving LLV across
GX with high-θe air masses fed by southwesterly monsoonal flows.

In addition to the above three-types of large-scale flow patterns, some WSHR events
may be produced by the other types of MCSs, such as LLVs moving from the SCS that are
similar to landfalling tropical depressions. Two such examples are the WSHR events of
5–6 June 2008 and 23–24 May 2009 leading to torrential rainfall over the coastal regions of
South China. Nevertheless, few such WSHR events occur during the pre-summer months
of 2008–2014, and so they will not be investigated herein.



Atmosphere 2021, 12, 914 7 of 24

3.3. Large-Scale Mean Flows of the WSHR Events
3.3.1. The PSF-Type Events

The relative contribution (%) of the PSF-type rainfall to the total WSHR amount during
the pre-summer months of the study period is given in Figure 4, showing a narrow small-
percentage (i.e., <12.5%) zone of about 80-km width along the southern coastal region,
followed by an elongated high-percentage (i.e., >15%) belt of about 120-km width inland,
and a secondary rainbelt (i.e., <20%) in the southern Hunan Province. Several distinct
high percentage (i.e., >20%) maxima are located near Nanning (No. 59431) and Wuzhou
(No. 59265) of GX, Longmen (No. 59290) of GD, and Sanming (No. 58828) of FJ, which
coincide well with several top HR centers shown in Figure 2.

Figure 4. The percentage (%, shadings) of the 21 PSF-type WSHR events with respect to the total WSHR amount during the
pre-summer months of 2008–2014.

The composite 500-hPa height field for the PSF events is given in Figure 5a, showing
a weak trough located to the north of 25 ◦N, offshore of East China, with northwesterly
flows of cold and dry air. In contrast, South China, i.e., on the south of 25◦ N, is featured
by a nearly zonal flow pattern. This is a typical circulation pattern during the pre-summer
months in South China, in which a quasi-stationary front sustains between a dry-cold air
mass from the midlatitudes and a warm-moist air mass from tropical oceans.

The composite 850-hPa wind field, also given in Figure 5a, shows a well-defined cold
front, as characterized by an arc-shaped shearline, just approaching to Mt. Nanling, as
the cold-dry airmass from aloft descends anticyclonically southwestward. The cold front
becomes shallower and weaker to the southwest, due partly to the blocking effects of
Mt. Nanling, and it moves slower (and even nearly quasi-stationary), after passing the
mountains. Thus, its warm sector is prevailed by the southwesterly winds of 8~10 m s−1

with a high equivalent potential temperature (θe) tongue of greater than 344 K extending
from Indochina Peninsula and the SCS. In addition, air masses of strong and weak-θe
gradients are distributed over the northern and southern portion of South China, respec-
tively, implying the presence of little thermal advection in the warm sector. Since WSHR
occurs in the high-θe tongue region with high moisture content, its amount is much greater
than that along the surface front. In particular, the continuous supply of high-θe air by
the prevailing southwesterly flow provides not only the necessary moisture content for
the WSHR production, but also helps maintain conditional instability, that is removed
by deep convection, for the persistent convective overturning in the warm sector. In this
regard, the low-level high-θe airstream could be considered as one of the most important
thermodynamic forcing for producing WSHR events over South China.
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Figure 5. Composite analysis of the 21 PSF-type WSHR events from the NCEP’s 0800 BST GFS data: (a) Geostrophic height
(contoured at 20-m intervals) at 500 hPa, horizontal wind barbs (a full barb is 4 m s−1) and equivalent potential temperature
(shaded, θe, K ) at 850 hPa; and (b) South-north vertical cross section of potential temperature (contoured at 4-K intervals)
and θe (shaded), superimposed with in-plane flow vectors, along 112◦ E (near Yangjiang with the top HR amount) during
the pre-summer months of 2008–2014. Dashed lines and the green thick line in (a) denote a shearline and roughly a trough
axis, respectively. Grey shadings in (b) denote topography.

A south-north vertical cross section of secondary circulation along 112◦ E (near
Yangjiang) is given in Figure 5b, showing that more pronounced low-level isentropic
lifting of about 10 cm s−1 occurs to the north of 24◦ N, which is more associated with the
shallow cold frontal system. However, the PSF-type HR occurs in the 21–24◦ N range
(cf. Figures 4 and 5b), whose maxima are 100–150 km ahead of the cold front. A detailed
analysis of a few PSF-type HR events reveals that their initial convective activity could
be traced back to the leading edge of the surface front, and then its organization into
MCSs leads to the occurrences of the PSF-type of WSHR events as they propagate rapidly
eastward (not shown). Nevertheless, the vertical lapse rate of θe from the surface to 700 hPa
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on the south of 23◦ N indicates the presence of more significant convective instability than
that on its north. Furthermore, given the presence of very humid air during this season in
South China, the southwesterly airstream of high-θe (>354 K) airmass in the PBL would
allow deep convection to be triggered along convectively generated outflow boundaries.
Convective triggering along the cold outflow boundaries accounts partly for the eastward
propagation of MCSs and explains the generation of an elongated HR belt of about 120-km
width with a distance of about 80 km inland from the southern coastline (Figure 4).

3.3.2. The WMF-Type Events

The WMF-type of WSHR events is of the highest frequency among the three classified
types, as shown in Figure 3, and it is also more localized in the coastal region of South
China (Figure 6). Hence, this type of WSHR events is distinct from the PSF-type events.
Figure 6 exhibits three pronounced WMF-type of WSHR maxima: the most intense one at
Yangjiang of GD (No. 59663), and then Shanwei of GD (No. 59501) and Fangcheng of GX
(No. 59631) in this order, which are all located near the coastline with some hills, albeit less
than 500 m altitude; they are also three of the top nine HR stations shown in Figure 1. This
appears to indicate the possible roles of topographical forcing and sea breezes in generating
the WSHR maxima. Of significance is that the WMF-type events account for more than
20% of the total pre-summer months rainfall amount in the Yangjiang area.

Figure 6. As in Figure 4, except for the 24 WMF-type WSHR events.

As compared to the PSF-type of WSHR events, the WMF-type composite height field
at 500 hPa is characterized by a distinct short-wave trough with the lower-tropospheric
warm advection on the lee side of the Tibet Plateau with southwesterly flows over South
China (Figure 7a). This would facilitate quasi-geostrophic ascent that helps bring the
moist southwesterly monsoonal air underneath to saturation, thereby preconditioning
the large-scale environment for HR production. The 850-hPa composite fields show the
presence of south-to-southwesterly winds of up to 10 m s−1 with θe > 340 K over a vast
area on the south of the Yangtze River Basin, including South China. Unlike the PSF-type
events, there is little evidence of a low-level shearline or a front-like zone. Thus, it is
often hard to trace directly the initiation of MCSs associated with the WMF-type of WSHR
events. An examination of Figures 1, 6 and 7a shows that the above-mentioned WSHR
maxima coincide reasonably well with the land-ocean contrast and local topography. This
indicates the importance of orographic lifting in triggering deep convection, and of the
echo-training process in producing the subsequent HR. In addition, we may assume that
convectively generated moist downdrafts, and old thermal boundaries from the previous
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dissipated MCSs as well as the surface heating could also provide favorable triggering of
deep convection leading to the WSHR-producing MCSs.

Figure 7. (a,b) As in Figure 5a,b, respectively, except for the 24 WMF-type WSHR events.

A south–north vertical cross section through the Yangjiang station with the top HR
amount reveals favorable isentropic uplifting of southwesterly flows below 850 hPa, in
association with the above-mentioned quasi-geostrophic ascent, which is more pronounced
across the coastline (Figure 7b). Unlike the PSF-type events that take place in an environ-
ment with a deep-layer high-θe air over a wide area in the warm sector, the horizontal
extent and depth of high-θe air associated with the WMF-type events are much limited to
the west of 110◦ E and the south of 22◦ N (cf. Figure 5a,b and Figure 7a,b). This different
three-dimensional distribution of high-θe air appears to explain why the latter exhibits
more localized HR compared to more widespread HR in the former (cf. Figures 4 and 6).

3.3.3. The LLV-Type Events

Figure 8 shows more zonally distributed high-percentage rainfall associated with
the LLV-type WSHR events, covering a zonal belt of 50–80 km width with several high-
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percentage rainfall maxima across GX around 24◦ N. This rainbelt is located to the north
of the high-percentage rainbelt associated with the PSF-type events and on the southern
side of Mt. Nanling (cf. Figures 4 and 8). A composite wind and θe analysis shows clearly
the presence of an elliptic-shaped LLV with θe > 348 K at 850 hPa around 24◦ N, with a
corresponding mesotrough at 500 hPa that is more pronounced than that associated with
the PSF- and WMF-type events (cf. Figures 5a, 7a and 9a). An analysis of several LLV
cases indicates that the LLVs are usually formed on the lee side of the Yunnan-Guizhou
Plateau in close association with the passage of midlevel troughs [3,52,54], and HR begins
to develop as they move into GX’s northwestern border (Figure 8). The high-percentage
rainbelt just corresponds to the paths of LLVs that are collocated with the midlevel trough
(cf. Figures 8 and 9a). Note that the LLVs under study differ from southwest vortices
discussed by Kuo et al. [55], and Li et al. [56], which are more topographically related
to their origins over the Sichuan Basin. Because of the conservative property of cyclonic
vorticity in the presence of weak vertical wind shear, the associated MCSs are longer lived
than those associated with the other two-type HR events. Normally, it takes 2–3 days for
them to move across GX and GD due to the presence of weak-gradient flows, especially
in June. Such slow movements allow the MCSs to drop more rainwater along their paths,
thus often producing HR and regional flash floods over South China.

Figure 8. As in Figure 4, except for the 13 LLV-type WSHR events.

As compared to the other two types of WSHR events, the predictability of the LLV-type
events by NWP models appears to be superior due again to the conservative property of
LLVs [54,57]. LLVs are typically of 300–400 km in diameter, and more evident below 700 hPa,
even in the composite fields (Figure 9a). HR usually occurs in the eastern semicircle of
LLVs, where is also the favorable region for isentropic uplifting from the potential vorticity
viewpoint, given westerly vertical wind shears in the pre-storm environments. This can
also be seen from Figure 9b, showing isentropic ascent of high-θe air into the LLV region.
When interacting with a warm-moist airstream in the PBL, deep convection can form
successively at the southern to southeastern periphery of LLVs. The resulting latent heat
release would in turn help enhance the intensity of LLVs. The three-dimensional extent of
high-θe air is greater than that associated with the PSF-type events (cf. Figures 5 and 9). In
addition, the topographical lifting of the high-θe air over Mt. Yunkai and Mt. Yunwu near
the GD-GX border appears to be more pronounced in the LLV-type events than that in the
other two types, due to their developments over different geographical locations. This can
be seen from the sloping terrain shown in Figures 5b, 7b and 9b.
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Figure 9. As in Figure 5a,b,respectively, except for the 13 LLV-type WSHR events, with (b) along 108 ◦E through roughly
the LLV core region indicated in (a) and the HR region indicated in Figure 8.

4. Environmental Thermodynamical Parameters

After seeing different statistical characteristics of rainfall and large-scale flows associ-
ated with the three types of WSHR events, it is desirable to examine their corresponding
pre-storm environmental thermodynamical parameters in terms of stability, PWAT and
CAPE [58–60]. Accurate characterizing the pre-storm environmental soundings is often
limited due partly to lacking observations in pre-storm environments with respect to ap-
proaching MCSs, and partly to the coarse spatial and temporal resolutions of conventional
observations. Given the general weak-gradient warm sector environments in which the
MCSs of interest develop, soundings at the Yangjiang station taken at 0800 BST, ahead
of approaching MCSs are synthesized in Figure 10 for each type of WSHR events. We
acknowledge that this approach of using single-station soundings may be more biased
somewhat for those HR events occurring far from Yangjiang, e.g., the LLV-type WSHR
events. However, composite single-station soundings are shown in Figure 10 to reveal
some common features in pre-storm environmental parameters as described below.
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Figure 10. Composite Skew-T/Log P diagrams for the (a) PSF-, (b) WMF-, and (c) LLV-type WSHR events, which are taken
at the Yangjiang station at 0800 BST that are far ahead of the approaching MCSs in both the location and timing. A full barb
is 4 m s−1.

• The level of free convection (LFC) appears in the lowest 50 hPa, with the lifted index
(LI) of less than −4 ◦C and CAPE ranging between 1753 and 2646 J kg−1. All these
indicate the presence of pronounced conditional instability, relatively easy triggering
of deep convection in the PBL, and pronounced updrafts in MCSs.

• A deep moist layer is present below 700 hPa with relative humidity (RH) of greater
than 85%, and the melting (i.e., 0 ◦C) level and the tropopause located near 550 and
150 hPa, respectively. They imply the availability of considerable moisture for HR
production, and higher precipitation efficiency with more dominant warm cloud
microphysics processes.

• A warm, moist airflow of 8–10 m s−1 is evident below 850 hPa, with little vertical
wind shear from the PBL top to 400 hPa, and slight cyclonic rotation in wind vectors
above. They suggest the presence of sustained supply of high-θe air for continued
convective overturning, and the existence of little thermal advection below 400 hPa
but weak cold advection above.

Figure 11 shows that the composite PWAT is generally higher than 50 mm over
South China, with the peak value of 60 mm over the coastal regions. This is more or less
consistent with the generation of more rainfall with several HR maxima in the regions (cf.
Figures 2 and 11). The box and whisker plots of PWAT, obtained in the coastal regions,
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show that the peak value of more than 65 mm appears in all the three types of WSHR events,
with the minimized 45 mm for the WMF-type WSHR events. In general, the percentiles
between 25–75% probability distribution in the WMF-type events show relatively wider
spreads, with a minimum PWAT value of 44 mm, compared to the other two types. On
average, one may take the PWAT of 50–55 mm as the typical value for most WSHR events
in South China, which is much higher than 40 mm for the flash flood events occurring in
the United States [49].

Figure 11. (a) Distribution of the daily (at 0800 BST) mean PWAT (mm) that is averaged for the 58 WSHR events under
study; and (b) the box-whisker plots of the PWAT distribution, taken at the Yangjiang Station, for each type of WSHR events.

Figure 12a shows the distribution of the composite CAPE at 1400 BST, when the
daily major convective outbreaks occur. We see that CAPE decreases northward, which is
more or less consistent with the distribution of the low-level moisture field. Nevertheless,
the magnitudes of 500–1500 J kg−1 can be seen over South China, indicating the general
existence of convective instability during early afternoon hours. The box and whisker plots
of CAPE show the presence of CAPE beyond 2500 J kg−1 in all the three types of WSHR
events (Figure 12b). The percentiles between 25 and 75% occur mainly in the range of
1000–2000 J kg−1, with the peak CAPE median number for the LLV-type events.



Atmosphere 2021, 12, 914 15 of 24

Figure 12. (a) As in Figure 11a,b, respectively, except for the mean CAPE in (b) from the 1400 BST soundings.

5. Representative Radar Echo Characteristics of WSHR-Producing MCSs

Since all the WSHR events are produced by MCSs, it is of interest to examine if different
types of WSHR events classified in Section 3 correspond to different types of MCSs. This
can be achieved by analyzing the organizational characteristics of all the MCSs occurring
over South China during the pre-summer months in the context of radar echo morphologies.
Radar observations have been used to characterize the rainfall structure and intensity of
various types of MCSs [25,43,47]. Using radar observations, Schumacher and Johnson [61]
documented two types of MCSs that are responsible for HR events in the United States:
training line/adjoining stratiform (TL/AS), and back-building/quasi-stationary (BB).

After carefully analyzing all the WSHR events in South China, based on their radar
echo morphologies, the following three major types of MCSs are identified: (a) linear-
shaped, echo and band training, (b) TL/AS-like organization, and (c) a spirally shaped
MCS, i.e., with mesoscale rainbands adjoined with a slowly moving mesovortex or LLV. A
total of 145 MCSs are analyzed subjectively from the 58 WSHR events (Table 3). It is found
that nearly half of the MCSs can be characterized with echo- and band-training or quasi-
stationary linear echoes, and 31.7% of them have the similar form of TL/AS organization
with long lifecycles and large spatial extent. The comma-shaped MCSs have temporal
and spatial scales that are large and smaller than the linear-shaped echoes and TL/AS
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MCSs, respectively. Randomly formed afternoon convection, sea-breeze convection and the
other less-organized MCSs have also been found to produce some localized HR events, but
they are not examined in this study. These different types of WSHR-producing MCSs just
reflect the presence of variable and complicated mesoscale convective processes involved
in the generation of WSHR events in South China. In the next three subsections, some
representative cases for the above three major types of MCSs are presented, respectively.

Table 3. The number, percentage (%), mean lifespan (hours) and mean maximum length scale (km)
of three MCS types associated with the 58 WSHR events.

MCS Type Number Ratio
(%) Mean Life Span (h) Mean Maximum

Length Scale (km)

Linear-shaped 71 48.9 3.2 175
TL/AS-like 46 31.7 5.2 315
Comma-shaped 28 19.3 3.7 225

5.1. Linear-Shaped MCSs

Linearly shaped MCSs are the primary type of MCSs leading to WSHR events in South
China. HR is generated when a series of convective cells repeatedly forms upstream of
their predecessors (i.e., back building) and then moves along the same linear path, i.e., the
echo-training. Samples of such MCSs are shown in composite radar mosaic in Figure 13,
showing that convective cells are successively initiated in the coastal region and then
they move northeastward along the coastline, leading to a mesoscale rainbelt of about
100~200 km with HR in a few hours. The organizational process of echo training cannot
fully be attributed to the back-building effect due to the presence of weak downdrafts in
deep moist environments. The best documented echo-training process in South China is
related to local topographic features, e.g., near Yangjiang [13], where convective initiation
occurs as a result of topographical lifting, and the subsequent growth and downstream
propagation of convective cells along the same path account for the HR production near
Yangjiang. Figure 14 illustrates a schematic of how such linear-shaped MCSs develop in
South China.

A further analysis of the composite radar echoes indicates a higher frequency of
linear-shaped MCSs near the stations of Fangcheng, Yangjiang and Shanwei along the
southern coast of South China (see Figure 1 for their locations), where isolated topography
plays an important role in convective initiation. The latter two stations coincide with
the climatological rainfall maxima in WSHR events, as discussed in Section 2. Since
these rainfall maxima are all close to the coastline, we may expect the sea breeze induced
convergence to contribute to the initiation and subsequent organization of the associated
linear MCSs, as mentioned before.

5.2. TL/AS MCSs

The TL/AS type of MCSs, as described by Schumacher and Johnson [61], is the No. 2
contributor of the WSHR events in South China. Figure 15 shows the TL/AS type of
MCSs but with the following three different configurations: (i) a southwest-northeast
elongated MCS moving northeastward with the sustained leading convective line gener-
ating HR along GD’s coastal regions and a near-symmetric stratiform region to the north
(Figure 15a); and (ii) an MCS followed by another MCS along the mean flows moving
southeastward with successive newborn convective cells building at the end of their lead-
ing lines (Figure 15b). The MCS in Figure 15a, and the MCSs in Figure 15b are associated
with the PSF- and WMF-type of WSHR events, respectively.
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Figure 13. The NCEP GFS analysis of horizontal winds (a full barb is 4 m s−1) at 925 hPa and the composite radar reflectivity
(RR, shadings) mosaic at z = 1 km for the linear-shaped MCSs with hodographs taken at ‘×’, and a bold arrow showing
the moving direction of convective cells: (a) horizontal winds at 0800 BST, and RR at 0600 BST 26 May 2013; (b) horizontal
winds at 2000 BST, and RR at 2340 BST 26 May 2013.
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Figure 14. A conceptual model for the linear-shaped MCSs with background topography of South
China.

Figure 15. As in Figure 13, but the TL/AS type of MCSs: (a) horizontal winds (HW) at 925 hPa at
0800 BST and the composite radar reflectivity (RR) at z =1 km at 0450 BST 22 May 2013; (b) horizontal
winds at 925 hPa at 0800 BST and RR at z = 1 km at 0900 BST 16 May 2013.
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Hodographs in the pre-storm environment, as given in Figures 13 and 15, exhibit
clockwise rotation in the lower troposphere (but above the PBL), implying the presence of
weak warm advection in the southwesterly monsoonal flows ahead of the midlevel troughs
shown in Figures 5a, 7a and 9a. In both types of MCSs, the weak midlevel vertical shear
sampled in pre-storm environments is in agreement with the composite wind profiles at
Yangjiang station (Figure 10). However, the low-level (weak) warm advection and midlevel
vertical shear are more prominent for the TL/AS type of than those of linear-shaped MCSs.
The presence of warm advection plus the quasi-geostrophic lifting ahead of the trough,
albeit on the order of magnitude of a few cm s−1, and sustained moisture supply in the
PBL ensure the preconditioning of convectively favorable environments. Developing into
organized MCSs will depend on their interaction, e.g., with local topography, convectively
generated cold outflows, and a favorable larger-scale environment such as an LLJ and an
ample moisture source.

The above features are summarized by a conceptual model for a PSF-type WSHR
event in Figure 16. Given the presence of a slow-moving, weak surface front in South
China, as shown in Figure 5b, an MCS initiated in the warm sector due to topographic
lifting and prefrontal low-level convergence would grow more rapidly than a frontal MCS,
leading to a PSF-type WSHR event. The warm sector is often characterized with ample
moisture content and conditional instability, and prevailing southwesterly flows with high
CAPE, low CIN and θe> 340 K in a deep-moist environment.

Figure 16. A conceptual model for a typical PSF-type WSHR event with the development of TL/AS MCSs, (a) T = T0,
(b) T = T0 + 6 h.

5.3. Comma-Shaped MCSs

In the LLV-type of WSHR events, HR is usually produced by slow-moving MCSs
comprising of a series of convective cells with a large area of trailing stratiform clouds
in the eastern semicircle of a low-level vortex. Figure 17a shows such an MCS with
radar echoes of more than 30 dBz covering the foreside of a low-level vortex. Given
the favorable pre-storm environmental conditions, HR results from the long-lived MCS
having several rainbelts due to the inertial stability of the mesovortex, in which the MCS is
embedded [35,52–54]. Although the hourly rainfall rate is generally weaker than the other
two types of MCSs described in the preceding two subsections, the long-lived lifecycle
and the slow-moving nature of the low-level vortex are conducive for HR production.
Furthermore, the associated multiple rainbands distributed along an LLJ could sustain for
hours, leading to large rainfall accumulation. The MCSs of 23 June 2012 is an example
in which rainbands are triggered by local topography, and they grow in coverage and
rainfall intensity in a convectively unstable environment, and become organized by a
low-level mesovortex and an LLJ (Figure 9). A conceptual model, given in Figure 17b,
shows the presence of moist southwesterly flows with weak westerly vertical wind shear,
and favorable upward motion in the eastern semicircle of a low-level vortex that facilitate
the initiation of deep convection in the southeastern quadrant of high-θe flows, and the
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subsequent upscale growth into an MCS. Sustained rainfall occurs as long as moisture
supply continues, leading to the generation of large rainfall totals over South China despite
its weak rainfall rates.

Figure 17. As in Figure 13 but for the comma-shaped MCSs: (a) horizontal winds at 925 hPa at
1400 BST and the composite radar reflectivity at z = 1 km at 1240 BST 23 Jun 2012; and (b) A conceptual
model for the LLV-type WSHR event, with thick arrows in black and green denoting the mid-level
and low-level environmental vertical wind shear, respectively.

6. Summary and Concluding Remarks

In this study, a composite analysis of 58 WSHR events occurring in South China
during the pre-summer months of 2008~2014 is performed in the context of precipitation,
large-scale circulations, pre-storm environmental conditions, and the morphological char-
acteristics of the associated HR-producing MCSs, using the NCEP reanalysis, conventional
surface and upper-air observations as well as radar observations. Some major results are
summarized as follows.
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• Results show that the large-scale circulations governing the development of the
58 WSHR events can be categorized into the following three types: PSF, WMF, and LLV,
with higher-frequency occurrences for the former two types. Although the LLV-type
WSHR events occur less frequently, they are often the HR producers influencing much
larger areas due to the inertial stability or long life cycle of their associated mesoscale
vortical flows.

• A statistical analysis of HR-producing pre-storm environments indicates that PWAT of
more than 50 mm, and θe at 850 hPa of higher than 340 K can be used as the necessary
conditions to predict the possible development of WSHR events over South China.
A composite analysis of pre-storm soundings shows that most WSHR events occur
in an environment with a deep moist layer, pronounced CAPE, weak vertical wind
shear below 400 hPa, and an LLJ near 925 hPa with weak warm advection in the lower
troposphere.

• Radar echo analyses indicate that the three different types of WSHR events correspond
well to the following three organizational modes of HR-producing MCSs: linear-
shaped, a leading convective line adjoined with trailing stratiform, and comma-shaped
with a low-level vortex. Many line-shaped MCSs over the coastal regions appear to
be triggered by land-sea contrasts that are enhanced by sea breezes in South China,
whereas the latter two classes of MCSs tend to experience isentropic lifting in the
southwesterly warm and moist flows. They all develop in large-scale environments
with favorable quasi-geostrophic forcing, including (weak) warm advection in the
lower troposphere.

In conclusion, we may state that the WSHR events over South China tend to develop
in the following three types of large-scale flows with convectively favorable conditions:
pre-frontal, ascending southwesterly flows, and low-level vortical flows, and that the
corresponding HR-producing MCSs exhibit mainly linearly shaped, comma-shaped, and a
leading convective line with a trailing stratiform region. In particular, the classification of
several types of WSHR events and the categorization of the corresponding MCSs appear to
add some new understanding of flow configurations and storm morphologies associated
with those pre-summer WSHR events. It should be mentioned, however, that due to lacking
high-resolution observations, it is not possible to examine herein how deep convection
under the influences of the above three different types of flow regimes is triggered and then
organized into HR-producing MCSs with the above three different morphologies. In this
regard, high-resolution numerical simulations should be performed to explore the roles of
various processes, such as topography, surface heating and land-surface conditions, and
cold outflow boundaries in convective initiation, and verify conceptual models that are
developed herein just through limited coarse-resolution observations.
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Appendix A. A List of the Occurrence Dates (Date/Month/Year) of the 21 PSF-Type of WSHR Events Identified in
This Study

12/04/2008 04/05/2008 28/05/2008 29/05/2008 24/04/2009 03/06/2009 09/06/2009 06/05/2010
09/05/2010 28/05/2010 09/06/2010 14/06/2010 15/06/2010 18/04/2012 12/08/2012 29/04/2013
15/05/2013 16/05/2013 19/05/2013 20/05/2013 11/05/2014

Appendix B. As in Appendix A but for the 24 WMF-Type of WSHR Events

05/05/2008 30/05/2008 07/06/2008 08/06/2008 15/04/2009 07/06/2009 08/06/2009 27/06/2009
28/06/2009 08/06/2010 06/05/2011 07/05/2011 08/05/2011 28/06/2011 29/06/2011 03/05/2012
03/04/2013 04/04/2013 28/04/2013 07/05/2013 08/05/2013 07/05/2014 08/05/2014 09/05/2014

Appendix C. As in Appendix A but for the 13 LLV-Type of WSHR Events

11/06/2008 12/06/2008 13/06/2008 27/06/2008 28/06/2008 19/05/2009 31/05/2010 12/05/2012
21/06/2012 19/04/2012 22/06/2012 04/06/2014 05/06/2014
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