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Abstract A spectral analysis of daily rainfall data has been performed to investigate extreme rainfall
events in south China during the presummer rainy seasons between 1998 and 2015 (excluding 1999, 2006,
2011, and 2014). The results reveal a dominant frequency mode at the synoptic scale with pronounced
positive rainfall anomalies. By analyzing the synoptic-scale bandpass-filtered anomalous circulations, 24
extreme rainfall episodes (defined as those with a daily rainfall amount in the top 5%) are categorized into
“cyclone” (15) and “trough” (8) types, with the remaining events as an “anticyclone” type, according to the
primary anomalous weather system contributing to each extreme rainfall episode. The 15 cyclone-type
episodes are further separated into (11) lower- and (4) upper-tropospheric migratory anomalies. An analysis
of their anomalous fields shows that both types could be traced back to the generation of cyclonic anomalies
downstream of the Tibetan Plateau, except for two episodes of lower-tropospheric migratory anomalies
originating over the South China Sea. However, a lower-tropospheric cyclonic anomaly appears during all
phases in the former type, but only in the wettest phase in the latter type, with its peak disturbance occurring
immediately beneath an upper-level warm anomaly. The production of extreme rainfall in the trough-type
episodes is closely related to a deep trough anomaly extending from an intense cyclonic anomaly over north
China, which in turn could be traced back to a midlatitude Rossby wave train passing by the Tibetan Plateau.
The results have important implications for understanding the origin, structure, and evolution of synoptic
disturbances associated with the presummer extreme rainfall in south China.

1. Introduction

The presummer rainy season (i.e., April–June) in south China is the first rainy season to occur during the early
East Asian summer monsoon (Ding, 1994). This rainy season typically contributes approximately half of the
annual precipitation amount. The maximum seasonal rainfall accumulation regularly exceeds 800 mm and
is usually found in the central and coastal provinces of Guangdong (Luo et al., 2017). Such heavy rainfall
events can result in catastrophic consequences such as extensive flooding and landslides, leading to consid-
erable damage to human society and the natural environment. Hence, it is of vital importance to understand
and accurately predict these heavy rainfall events in order to facilitate advanced societal planning, decision-
making, and hazard mitigation.

Most of the heavy rainfall events in south China are produced by mesoscale convective systems (MCSs; Luo,
Wang, et al., 2013; Xia et al., 2015). Numerous studies have examined the mechanisms of heavy rainfall pro-
duction in MCSs and their associated favorable environmental conditions. Some major favorable conditions
include quasi-stationary fronts (Chen, 1983), low-level vortices (Chang et al., 1998; Fu et al., 2010; Huang &
Meng, 2014; Ninomiya & Akiyama, 1992; Tao & Ding, 1981), and low-level, southwesterly jets (Chen & Yu,
1988; Chen, Wang, & Lin, 2005, 2006; Huang & Luo, 2017; C. C. Wang, Hsu, et al., 2014). In addition, onshore
oceanic flow, surface mesoscale outflow boundary, frictional contrast between land and sea, and coastal oro-
graphy could all play critical roles in the initiation and development of heavy-rain-producing MCSs in the
coastal areas of south China (H. Wang, Luo, et al., 2014; Wu & Luo, 2016). Nevertheless, it appears to be that
the larger-scale disturbances, in which the heavy-rain-producing MCSs are embedded, preferentially deter-
mine whether or not heavy rainfall episodes will occur given the favorable lifting conditions for convection
(e.g., Doswell et al., 1996; Johns & Doswell, 1992).
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Numerous studies have examined the impact of synoptic-scale disturbances and the intraseasonal oscillation
(ISO) on heavy rainfall production using the temporal filtering technique (e.g., Li & Zhou, 2015; Liu et al.,
2014). The ISO modes influencing heavy rainfall events over south China during the presummer rainy season
have not received much attention until recently (Chen, Wei, & Xiu, 2014; Hong & Ren, 2013; Li & Zhou, 2015;
Pan et al., 2013), when compared with the large volume of literature concerning the ISO impact over the
Yangtze and Huai River basins in eastern China during midsummer (X. Zhang, Guo, & He, 2002; Q. Zhang,
Tao, & Zhang, 2003; Zhu et al., 2003; Yang & Li, 2003; Mao & Wu, 2006; Mao, Zhang, & Wu, 2010; Yang
et al., 2010, 2013; Chen & Zhai, 2014; Liu, Zhang, & Wang, 2008, Liu et al., 2014; Sun et al., 2016). Previous stu-
dies have found the importance of subseasonal sea surface temperature anomalies (Hong & Ren, 2013), the

Figure 1. (a) Terrain over south China and its adjacent area. (c) Accumulated precipitation (mm) during 1 May to 15 June
averaged between 1998 and 2015 using the CMORPH data set. (b) Domain-averaged daily rainfall from 1 April to 30 June
during 1998–2015. (d) Specific humidity (shadings; g kg�1) and wind field (m s�1) at 850 hPa, and the geopotential
height (10 gpm, black contour) at 500 hPa, averaged from 1 May to 15 June between 1998 and 2015 using the ERA-Interim
data. An inner box in (a), (c), and (d) indicates the key region of the present study, which is used similarly in the rest of
the figures. Symbols “GX,” “GD,” and “SCS” in (a) indicate the provinces of Guangxi and Guangdong and the South China
Sea, respectively.
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Madden-Julian Oscillation (MJO; Chen et al., 2014), the biweekly oscillation (Pan et al., 2013), and interactions
between synoptic disturbances and ISOs (Li & Zhou, 2015) in heavy rainfall production in south China. These
studies are conducted by compositing all the anomalies based on the phases of the disturbances concerned,
regardless of the different types of anomalies or mechanisms that may modulate individual heavy rainfall
events. The composite fields obtained tend to smooth out some distinct features that might be categorized
into various groups.

While ISOs could provide a favorable background for continuous moisture supply and quasi-geostrophic for-
cing, traveling synoptic-scale disturbances, known as the succession of synoptic-scale (3–8 day) disturbances
in the atmospheric circulation (Berry et al., 2012), are often associated with individual heavy rainfall events in,
for example, the Yangtze and Huai river basins (Jiao et al., 2004; Qian et al., 2004; Zhang & Zhang, 2012), the
intertropical convergence zone (Gu & Zhang, 2001), the equator region (Chang, Harr, & Chen, 2005), the wes-
tern Pacific (Tam & Li, 2006), and the Australian monsoon region (Berry et al., 2012). However, little is known
about the statistical characteristics of synoptic disturbances causing presummer heavy rainfall over south
China, given their importance in heavy rainfall production in the above mentioned regions. Therefore, con-
ducting a systematic investigation of the synoptic-scale disturbances in association with a large number of
presummer heavy rainfall episodes in south China, including their spatial characteristics and tracks of move-
ments, is highly desirable.

In view of the lack of knowledge of the relationship between synoptic disturbances and extreme rainfall pro-
duction in south China, we will attempt to answer the following questions through the present study: What
are the origin, structures and evolution of synoptic-scale disturbances associated with extreme rainfall epi-
sodes in south China during the presummer rainy season? How do they interact with other favorable features
in the extreme rainfall production over this region? These questions will be addressed by applying spectral
analysis and filtering algorithms to the rainfall and reanalysis data sets of 1998–2015.

The next section introduces the data, spectral analysis, and filteringmethodology used in this study. Section 3
describes the spatiotemporal characteristics of daily rainfall anomalies and the classification of bandpass-
filtered circulation patterns associated with the extreme rainfall episodes. Section 4 presents analyses of
the composite filtered circulations in the lower and upper troposphere that are associated with each classi-
fied type of extreme rainfall episodes. A summary and some concluding remarks are given in the final section.

2. Data and Methodology
2.1. Data Description

The new version of the high-resolution global precipitation data sets from the National Oceanic and
Atmospheric Administration Climate Prediction Center MORPHing technique (CMORPH; Joyce et al., 2004)
has been used to estimate daily rainfall in this study. This version of the CMORPH has a spatial resolution of
8 km and 30 min intervals between 60°N and 60°S and covers the entire Tropical Rainfall Measuring Mission
(Kummerow et al., 1998) era from January 1998 to 2015, with the bias correction and rain gauge-satellite data
blended in with the raw, satellite only precipitation estimates. Previous studies have shown not only the relia-
bility of the CMORPH data set on diurnal cycle, daily rainfall, warm season, and annual rainfall estimation
(Fitzjarrald et al., 2008; Hirpa et al., 2010; Luo, Qian, et al., 2013; Pereira Filho et al., 2010; Shen et al., 2010)
but also the reliability of the spatial pattern and temporal variations of precipitation using Chinese rain gauge
reports from~2000 stations (Shenet al., 2010). Besides, theCMORPHdata set includes theneeded rainfall infor-
mation over the South China Sea (SCS) that is not available from the conventional surface-based observations.
The daily rainfall rates to be used for spectral analysis are calculated from 00 UTC to 00 UTC on the next day.

The Interim European Centre for Medium-Range Weather Forecasts reanalysis (ERA-Interim; Dee et al., 2011)
with a 0.75° spatial resolution and 6 h time intervals is used herein to depict the large-scale circulation pat-
terns associated with the extreme (or anomalous) rainfall episodes from 1998 to 2015, which are defined
as the top 5% daily rainfall amounts among those occurring during the study period. The daily mean flow
fields used for the spectral analysis are calculated as an arithmetic mean of the six-hourly reanalysis data set.

2.2. Spectral Analysis and Filtering

The spectral analysis and filtering algorithms used in this work follow those of Liu et al. (2014). They are per-
formed with the fast Fourier transform (FFT) algorithm, which is useful for identifying prominent temporal
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ranges of rainfall fluctuations in any selected region. A 3–8 day filter is
applied to extract signals associated with synoptic-scale disturbances.
The statistical significance of their power spectra is tested using the
method of Gilman et al. (1963).

An FFT analysis of the CMORPH daily rainfall and ERA-Interim daily mean
circulation data sets is carried out for the presummer rainy seasons of
1998 to 2015. A phase analysis of the daily rainfall rates is performed to
identify the spatial structures and temporal evolution of individual distur-
bances. Similarly, the filtered horizontal wind vectors obtained using the
ERA-Interim data are utilized to identify atmospheric synoptic-scale distur-
bances. Anomalies of vertical velocity, relative vorticity, divergence, and
equivalent potential temperature obtained from the ERA-Interim data
are used to investigate the relevant dynamic and thermodynamic pro-
cesses associated with the synoptic-scale disturbances.

3. Overview

In this section, we present the domain-averaged rainfall from 1 April to 30
June during 1998–2015 and discuss the spatial characteristics of the
domain-averaged rainfall from the associated climatology. A synoptic-
scale frequency mode associated with major extreme daily rainfall epi-
sodes is identified using the spectral analysis and filtering algorithms.
The synoptic-scale disturbances associated with the identified extreme
rainfall episodes are categorized into three types according to the domi-
nant anomalies that contribute to each extreme rainfall episode.

3.1. The Daily Precipitation Series

As Luo et al. (2017), the south China region of interest (hereafter referred to
as the key region) covers an area of 110°E–117°E, 20°N–25°N (see Figure 1).
It consists of the provinces of Guangdong (GD) and Guangxi (GX) and part
of the northern SCS. This area is located to the south of the Nanling
Mountains, with scattered orography in the coastal areas of GD (Figure 1a).
It is evident from Figure 1b that the domain-averaged daily rainfall within
the key region is much less in April than in May and June and that heavier
rainfall occurs from the middle of May to the middle of June. However,
there are some landfalling typhoons or tropical cyclones over south
China after 15 June (e.g., 23 June 2015) that would “contaminate” the
spectral analysis of anomaly fields associated with extreme-rain-producing
MCSs over the continental regions. Hence, the time period of 1 May to 15
June is chosen for this study, which is consistent with the presummer rainy
season discussed in Luo et al. (2017). Note that the following results in
section 4 are insensitive to the time windows if the period of 15 April to
15 June is used. Distribution of the 18 year averaged accumulative precipi-
tation during 1 May 1 to 15 June, given in Figure 1c, shows maximum
rainfall centers in central GD, eastern GX, and the southern coastal region
of GD. These centers are mostly located within the key region, into which a
moist tongue extends from the southwest (Figure 1d). On the other hand,
in order to further eliminate the impact of landfalling typhoons on the
relationship between extreme rainfall and anomalous frequency modes,
the years with the typhoon impact during the abovementioned study
period have also been excluded for this study. They are year 1999
(Typhoon Meggie, 6–8 June), year 2006 (Typhoon Chanchu, 17–18 May),
year 2011 (Typhoon Sarika, 10–11 June), and year 2014 (Typhoon
Magibis, 15–17 June).

Figure 2a. (a) Power spectra of the CMORPH daily rainfall averaged in the
key region (see the inner box in Figures 1a and 1c) during the period of 1 May
to 15 June for years (1) 1998, (2) 2000, (3) 2001, (4) 2002, (5) 2003, (6) 2004, (7)
2005, (8) 2007, (9) 2008, (10) 2009, (11) 2010, (12) 2012, (13) 2013, and (14)
2015, showing the calculated spectrum (thick solid line with dots), Markov
red-noise spectrum (red dashed lines), and 90% upper (thin solid lines)
confidence bound. The abscissa has been rescaled to the natural logarithm
of frequency. (b) As in (1)–(14) of (a) except for the time series of the domain-
averaged daily rainfall (mm, bars), which is scaled on the left vertical axis, as
well as the bandpass-filtered daily rainfall (mm) of 3–8 days in black (right
vertical axis). Dark-gray bars indicate the extreme rainfall days within the top
5% intensity. Red lower/upper triangles, blue circle, green square, and black
asterisk indicate the extreme rainfall episodes associated with the LTM
type originated from the Tibetan Plateau/SCS, the UTM type, the trough type,
and the anticyclone type, respectively. (c) Schematic diagram showing the
eight phases in one life cycle used in the phase analysis.
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3.2. Selection of Extreme Rainfall Episodes

To help understand the influence of synoptic-scale disturbances on the
generation of anomalous daily rainfall over south China, the power spectra
of the domain-averaged daily rainfall rates for each of the 14 years are pre-
sented in Figures 2a1–2a14, together with Markov’s red-noise spectrum
and the 90% upper confidence bound. Obviously, the frequency bands
on days 3–8 (i.e., synoptic timescale) are pronounced against the red-
noise background and the 90% upper confidence bound for most years,
with a significant correlation coefficient (0.55) between the domain-
averaged daily rainfall and the bandpass-filtered rainfall (not shown).
These results indicate that extreme rainfall production in south China
is closely related to synoptic-scale disturbances during the presummer
rainy season.

To obtain a better view of the characteristics of major extreme rainfall epi-
sodes, we have selected 32 extreme rainfall days whose daily rainfall rates
are in the top 5% of all rainfall days during the study period (see dark-gray
bars in Figures 2b1–2b14). The domain-averaged rainfall amount of these
extreme rainfall days all exceed 30 mm/day. The top 5% of daily rainfall
rates are consistent with the wettest phase of the bandpass-filtered preci-
pitation at the synoptic scale (Figures 2b1–2b14). The wettest phase is
identified from a life cycle of eight phases in Figure 2c (given as an inset in
Figure 2a1), with the driest phase as phase 1 and the wettest phase as
phase 5 corresponding to the minimal and maximal rainfall amounts,
respectively. For the purpose of examining how the synoptic-scale distur-
bances influence positively the development of extreme rainfall events,
only phases 1–5 are examined in this study. As some of the top 5% of
extreme rainfall days last continuously within one life cycle (Figures 2b
and 2c), they are considered as one rainfall episode, giving 24 extreme
rainfall episodes (indicated by triangles in Figures 2b1–2b14) after the
bandbass-filtered circulation analysis is performed.

The contribution of the synoptic disturbance to the overall unfiltered
anomalies is calculated following the work of Liu et al. (2014) and Li and
Zhou (2015). Based on the anomaly and filtered rainfall variances, the
synoptic-scale mode contributes about 50%–61% from phases 1 to 5 for
the selected extreme rainfall episodes. The percentages are smaller for
the moisture flux convergence in phases 1 and 5 (25%, 31%), but up to
68% in phase 3 (Table 2). Altogether, this periodic phenomenon can
explain a significant part of the episodic events.

3.3. Classification of Bandpass-Filtered Circulations

To fully investigate the impact of 3–8 day bandpass-filtered circulation
on the extreme rainfall episodes over south China, we examine the filtered anomalous circulations asso-
ciated with each extreme rainfall episode identified in the preceding subsection. The daily 3–8 day
bandpass-filtered circulations are obtained against the daily total circulation of the corresponding years.
Results show that all of the extreme rainfall episodes are associated with either cyclonic or anticyclonic
anomalies in the wettest phase. Based on their three-dimensional anomaly structures and the distance
of their lower-level (850 hPa) circulation centers from south China in the wettest phase, they are categor-
ized into three types, as given in Table 1. That is, when a lower-level cyclonic anomaly in the wettest
phase directly influences a rainfall episode in south China, that is, the distance between the cyclonic cir-
culation center and the south China region is within 500 km, this episode is categorized into a “cyclone”
type (Figures 3a and 3b) to be examined in section 4.1. There are 15 episodes of the cyclone type, which
account for 62.5% of all the extreme rainfall episodes. The cyclone-type episodes are further divided into
the “lower tropospheric migratory” and “upper tropospheric migratory” subgroups, hereafter referred to

Figure 2b.
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as “LTM” and “UTM,” respectively, depending on what level their anomalous vorticity has peaked. In the
LTM episodes, a closed cyclonic anomaly could be clearly observed in the lower troposphere originating
either around Sichuan basin downstream of the Tibetan Plateau (9) or over the SCS (2) during at least one
phase prior to the wettest phase, while in the UTM episodes, a closed cyclonic anomaly could be seen in
the upper troposphere starting from phase 1, with a closed cyclonic anomaly only emerging in the
wettest phase over south China in the lower troposphere. When a cyclonic anomaly, centered in north
China with a distance of >500 km, affects the extreme rainfall in the south China through its
southwestward-extended deep trough anomaly, this rainfall episode is regarded as a “trough” type to
be examined in section 4.2. Eight episodes of the trough type are found, accounting for 33.3% of all
the episodes. Among the 24 extreme rainfall episodes of interest, only one episode is associated with a
lower-level anticyclonic anomaly over the key region, which is categorized into an “anticyclone” type.
Of notice are the analogous structures of bandpass-filtered circulation at 700 hPa and 850 hPa (not
shown). Therefore, only the bandpass-filtered circulations at 850 hPa will be used in the remaining paper.

After grouping the same type of circulation anomalies, a composite analysis, which is a simple and
effective way to identify and classify synoptic-scale circulation patterns, is performed to examine their
relationship with various extreme rainfall episodes. Due to the consistency between the phase of
bandpass-filtered rainfall and the days of total rainfall amounts, it is common to match phase 1 as day
�2 and phase 3 as day �1, given that phase 5 matches the wettest day as day 0. Then, we can obtain
their composites of each type phase by phase in the bandpass-filtered anomaly fields and day by day
in the total fields. The Student t test was performed to show the significance of the composite field.
The composite results of the horizontal maps and vertical cross sections are examined in the next section
to show how the structure and evolution of different types of synoptic disturbances evolve to influence
extreme rainfall production over south China.

4. Results
4.1. Relationship Between Filtered Circulations of Cyclone Type and Extreme Rainfall Episodes

The cyclone type of anomalies, consisting of the LTM and UTM subgroups, account for a major proportion of
the selected extreme rainfall episodes (Table 1). The lower-level cyclonic anomalies of LTM episodes are
mostly found to originate from the southeastern edge of the Tibetan Plateau, accompanied by a cold front,

Table 2
The Standard Deviation of the Anomalies of Domain-Averaged Rainfall (mm day�1) and Moisture Flux Convergence (850 hPa; 10�9 kg m�2 s�1), Respectively, Over
the South China on Phase 1, Phase 3, and Phase 5

Unfiltered Synoptic

P1 P3 P5 P1 P3 P5

Rainfall 9.32 12.35 6.92 5.13 (55%) 5.63 (50%) 4.24 (61%)
Moisture convergence 10.87 7.23 9.77 2.75 (25%) 4.91 (68%) 2.98 (31%)

Note. Values in parentheses denote the percentage contribution of the synoptic disturbance to the overall unfiltered anomalies. P1, P3, and P5 are short for phase
1, phase 3, and phase 5, respectively.

Table 1
Summary Chart of the Classified Three Categories of Extreme Rainfall Episodes

Category name (# of episodes; %) Date (yyyymmdd)

Cyclone (15; 62.5%) Lower-tropospheric migratory (11; 73.3%) Tibetan Plateau originated (9; 81.8%) 20010607, 20010613, 20030606,
20030610, 20080606, 20080613,
20100601, 20100614, 20130515

South China Sea originated (2; 18.2%) 20050615, 20090523
Upper-tropospheric migratory (4; 26.7%) 20070520, 20070609, 20100519, 20150520

Trough (8; 33.3%) 19980609, 20000509, 20050505, 20100506,
20100522, 20100609, 20130522, 20150523

Anticyclone (1; 4.2%) 20010521
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and then move southeastward to south China during the wettest phase, while the lower-level cyclonic
anomalies of the UTM episodes emerge locally over south China during the wettest phase. It is therefore
of interest to examine how differently the two types of anomalies evolve to influence the generation of
extreme rainfall over south China. Moreover, the lower-level cyclonic anomalies in two extreme episodes
of the LTM type have originated from the SCS. It is worth examining how the cyclonic anomaly of these
two episodes influence the generation of extreme rainfall over south China and how they are different from
the cyclonic anomalies that originated from the Tibetan Plateau.

4.1.1. The LTM Cyclone Type
A composite analysis of the total and bandpass-filtered fields associated with the LTM cyclone type of epi-
sodes shows the presence of a low-pressure system and a collocated cyclonic anomaly across the western
boundary of south China (Figures 3a, 3b, and 3d), giving rise to a warm andmoist tongue generated by south-
westerly winds from the Indian Ocean and SCS into the key region (Figures 3b and 3d). Of relevance is that
the extreme rainfall occurs along the southwesterly wind regions with abundant moisture. At 500 hPa, we see
the distribution of a trough, albeit relatively weak, over south China that provides favorable quasi-
geostrophic forcing and a dominant anticyclonic circulation associated with the west Pacific subtropical high
(WPSH) with its ridge axis located at 16–17°N. Clearly, the WPSH plays an important role in maintaining a
southwesterly flow through the key region (Figure 3c), thus enhancing water vapor convergence in the
key region and providing a favorable environment for the occurrence of extreme rainfall over south China
(Wang & Gu, 2016).

After seeing the composite relationship between the LTM cyclone-type of extreme rainfall episode and its
synoptic flow pattern, it is useful to examine how it is related to the filtered synoptic-scale disturbances in
different phases. For this purpose, Figure 4 presents the corresponding phase relationship in both the
lower (850 hPa) and upper troposphere (200 hPa) in phases 1 (minimum), 3 (null), and 5 (peak;
Figure 2c). It is evident that south China is dominated by a northerly wind anomaly associated with an
anticyclonic circulation, denoted by “A,” in the lower troposphere in phase 1, which results in a large

Figure 3. Composite fields for the LTM cyclone-type episodes, in which the low-level cyclonic anomalies originated from
the southeastern edge of the Tibetan Plateau, in the peak phase. (a) The daily-mean rotational wind at 850 hPa and daily
rainfall anomaly (mm; shading), (b) the 3–8 day bandpass-filtered daily-mean rotational wind (m s�1) at 850 hPa, (c) the
daily-mean wind and geopotential height (contoured in blue at 10 gpm; intervals) at 500 hPa, and (d) the daily-mean wind
(m s�1), specific humidity (g kg�1; shadings), and geopotential height contoured in black (10 gpm) at 850 hPa. Letters “L,”
“A,” and “C” denote a low pressure system, an anticyclonic anomaly, and a cyclonic anomaly, respectively. Symbols “SCB,”
“SCS,” and “YS” in (b) denote the location of the Sichuan Basin, the South China Sea, and the Yellow Sea, respectively. Black
contours at the left-upper corner of (a)–(c) denote the distribution of 3,000 m terrain elevation, and black lines denote
the coastal lines. Gray shading coverage in (d) implies the area underneath the terrain. The red vectors in (a)–(c), the gray
dots in (c) and (d), and the vectors and shadings in (d) denote the values that are over the 90% confidence level.
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negative rainfall anomaly (Figure 4a). Meanwhile, a cyclonic disturbance, denoted by “C,” is present to the
northwest of south China, and then it moves southeastward as the anticyclonic anomaly moves toward
the northeast (Figure 4b). The cyclonic disturbance moves southeastward into the key region in phase
5 when the associated southwesterly anomaly transports warm, moist air from the SCS (Figure 4c). It is
worth noting that south China is located in the entrance region of the upper-level jet stream in a
Rossby wave train in phase 5 (Figure 4f). The corresponding upward motion, though weak, would at least
provide a favorable condition for lifting the warm, moist air transported from the SCS. However, this
eastward-propagating upper-level Rossby wave train does not appear to determine the southeastward
propagation of the cyclonic anomaly, because of their different source regions: midlatitude westerlies
for the former but the Tibetan Plateau for the latter.

Vertical cross sections through the cyclonic anomaly track from phase 1 to phase 3 and phase 5 are given in
Figure 5, following closely those of Jiang et al. (2004), Abhik et al. (2013), and Wang and Duan (2015), in order
to demonstrate the structures and evolution of vertical anomalous circulations in relation to the extreme rain-
fall production during the different rainfall development stages. In phase 1, little rainfall develops because
south China is in the descending branch with upper- (lower-) level northwesterly converging (southerly diver-
gent) anomalous flows (cf. Figures 5a, 5b, 4a, and 4d). A lower-tropospheric positive vorticity anomaly (i.e.,
associated with “C” in Figure 4a), peaked at 850 hPa, is collocated with an organized upward motion with

Figure 4. Composite 3–8 day bandpass-filtered fields at phases 1, 3, and 5 (P1, P3, and P5) for the LTM cyclone-type epi-
sodes, in which the low-level cyclonic anomalies originated from the southeastern edge of the Tibetan Plateau. (a)–(c)
The daily-mean rotational wind (m s�1) at 850 hPa and daily rainfall (mm). (d)–(f) The daily-mean rotational wind (m s�1)
and corresponding total wind speed (shadings, m s�1) at 200 hPa. Letters “A” and “C” denote the centers of an anticyclonic
anomaly and a cyclonic anomaly, respectively. Dots in (a)–(c) are the centers of the cyclonic anomaly at each phase. Thick
black lines in (a)–(c) represent the paths of the cyclonic anomaly, and the cross sections in Figure 5 are taken. Red contours
indicate the 3,000 m terrain elevation. Shadings and vectors denote anomalies that are over the 90% confidence level.
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amore pronounced convergence in the lowest 150 hPa in the northwestern portion of the anomaly (Figure 5b).
Of importance is the vertical northwestward tilt of the upwardmotion, suggesting the presence of baroclinicity,
that is, a cold front that originates or enters from the southeast side of the Tibetan Plateau. Correspondingly,
a negative (positive) equivalent potential temperature (θe) anomaly dominates south China (the upward
motion region to the northwest), as shown in Figure 5c.

In phase 3, the anomalous southerly ascending motion begins to dominate south China (cf. Figures 4b and
5d–5f). In particular, the ascending motion becomes more upright compared to that in phase 1
(cf. Figures 4a and 4d), indicating the presence of significant latent heat release in the midtroposphere.
The previous-mentioned frontal character is still evident, as suggested by the northwestward tilt of the vor-
ticity and divergence structures in the lower troposphere. This shows that the southeastward movement of
the lower-level cyclonic anomaly is closely related to the cold front that becomes shallower and less distinct
as it propagates southward. Clearly, it is the warm and moist southwesterly air ascending over the southeast-
ward propagating frontal surface that plays an important role in preconditioning a favorable environment for
the subsequent generation of extreme rainfall over south China.

After reaching the wettest phase 5 (cf. Figures 4c and 5g–5i), a more upright vertical motion (i.e., driven by
latent heat release) dominates south China, especially near the center of the cyclonic anomaly. Its depth also
increases, as indicated by the peak divergence level, for example, from 250 hPa in phases 1 and 3 to 175 hPa
in phase 5. Of importance is that the cyclonic anomaly at the center (i.e., denoted by dashed lines), increasing
in intensity over time, is shifted downward from 700 hPa in phase 1 to approximately 800 hPa in phase 3 and
about 900 hPa in phase 5 (cf. Figures 5a, 5d, and 5g). This is indicative of the spin-up of the cyclonic anomaly
as a result of a positive feedback process established between the lower-level convergence, upward motion,
latent heat release, and surface pressure fall. As the lower-level convergence is enhanced, it will help
strengthen the upward motion, increase the latent heat release, and lead to a surface pressure fall, which
in turn will enhance the lower-level convergence. This positive feedback will facilitate the generation of
extreme rainfall, given the continuous supply of warm and moist air in the south-to-southwesterly flow.
Indeed, a deep layer of positive θe anomalies appears in the upward motion region and even in the upper-
level downward motion regions during this wettest phase (Figure 5i).

For comparison, the evolution of the cyclonic anomaly that originated from the SCS is shown in Figure 6.
Unlike the interaction between the upper level and lower level observed in the LTM type originating from
the Tibetan Plateau, this type only shows significant lower-level features (Figure 6), which leads to a relatively
weak convergence. The cyclonic anomaly originating from the SCS in phase 1 produced significant positive
rainfall anomaly over SCS (Figure 6a). This cyclonic anomaly is enhanced in phase 3, as it moved toward south
China (Figure 6b), along the edge of the WPSH (not shown). In the wettest phase, the cyclonic anomaly
reached south China, causing extreme rainfall in that region (Figure 6c). Note that a northeasterly dominated
the northern south China in phase 5 (Figure 6c), which is different from the strong southwesterly transporting
warm and moist air from the SCS in the LTM type that originated from the Tibetan Plateau (Figure 4c). Hence,
the main difference of these two types of LTM episodes in the wettest phase would be the moisture content
within south China and the strength of the cyclonic anomaly.
4.1.2. The UTM Cyclone Type
The UTM cyclone-type episodes produce extreme rainfall mainly located over the offshore areas near the GD
coasts and the central GD province (Figure 7a). Compared to the LTM cyclone-type episodes, this type of epi-
sode shows a weaker low-pressure center in the overall field (cf. Figures 3d and 7d) and a less organized
anomalous cyclonic circulation in the 3–8 day bandpass-filtered wind field (cf. Figures 3b and 7b). Of major
difference from the LTM type is the generation of a cyclonic anomaly with a northeasterly flow instead of
a southwesterly flow influencing south China (cf. Figures 7b and 3b). Moreover, the 500 hPa trough and
the WPSH over south China are weaker and stronger, respectively, than those associated with the LTM
cyclone-type episode, albeit having similar circulation patterns (cf. Figures 3c, 3d, 7c, and 7d).

Note that the lower-level cyclonic anomaly contributing to the UTM cyclone-type extreme rainfall episodes
does not appear until the wettest phase. Specifically, in phase 1, an intense traveling cyclonic anomaly “C”
is centered in north China (near 38°N, 120°E), with positive rainfall anomalies in central and southwest
China where anomalous northwesterly flows converge with anomalous southwesterly flows (Figure 8a).
In this phase, south China is influenced more by a deep anticyclonic anomaly with negative vorticity
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Figure 5. Composite cross section of 3–8 day bandpass-filtered fields of the LTM cyclone episodes, in which the low-level
cyclonic anomalies originated from the southeastern edge of the Tibetan Plateau, at (a)–(c) phase 1, (d–f) phase 3, and (g–i)
phase 5 for (a, d, g) vorticity (10�6 s�1), (b, e, h) divergence (10�6 s�1), and (c, f, i) equivalent potential temperature (K)
anomaly. The vectors are the meridional component (m/s) and vertical component (10 cm/s). The dash lines at each phase
indicate the location of the cyclonic anomaly at the corresponding phases. Location of the cross sections is indicated by the
northwest-southeast oriented black line in Figures 4a–4c. Shadings and vectors denote anomalies that are over the 90%
confidence level.
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Figure 6. As in Figure 4 except that the low-level cyclonic anomalies originated from the SCS. The vectors and shadings are
the anomalies over the 80% confidence level.

Figure 7. As in Figure 3 but for the UTM-type episodes.
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(Figures 8a, 8b, and 9a), a negative θe anomaly, and descending motion (Figure 9c). A southeastward mov-
ing cold front, collocated with the trough axis, is evident (cf. Figures 8a–8c, 9c, 9f, and 9i). All these suggest
that the larger-scale conditions ahead of the frontal zone in phase 1 are unfavorable for rainfall production
in south China.

Inphase3, as the intensecyclonic anomaly “C”moves toSouthKorea andextendsup to200hPa (Figures 8band
8e), west-to-southwesterly flows associatedwith its southwestward-extending deep troughbegin to influence
southChina, producingawest-east-orientedbelt of positive rainfall anomalies along thenorthernborderof the
key region.Associatedwith the low-level trough is an intensecyclonic anomaly “C1” in theanticyclonicentrance
region of an upper-level jet stream (Figures 8b and 8e). Note that “C1” coincideswith a positive θe anomaly (or a
warm anomaly due to the presence of little moisture) above 200 hPa andmass convergence (and descending
motion) in/below the northeasterly flows between “C1” and “A1” (cf. Figures 8e and 9f). This upper-level warm
anomaly appears to account for the formation of a cyclonic anomaly (or lower pressure) in the upper tropo-
sphere (cf. Figures 9c, 9f, 9i and 9a, 9d, 9g). In contrast, the low-level to midlevel cyclonic anomalies in phase
3 are clearly attributed to latent heat release associatedwith the positive rainfall anomalies along the northern
border of the key region, as indicated by a deep layer of intense upward motion (cf. Figures 9d, 9e, and 8b).

Like the LTM-type episode, a closed lower-level cyclonic anomaly with increased cyclonic vorticity also
appears in phase 5, which is mainly a result of latent heat release in convective storms occurring ahead of
the cold front (Figures 8c and 9g). This cyclonic anomaly is much weaker in intensity and smaller in size than
the northwestward-tilted, upper-level counterpart. Unlike those associated with the LTM-type episode, the
ascending motion and positive θe anomalies over the key region are much shallower and less organized,

Figure 8. As in Figure 4 but for the UTM-type episodes. The dash lines indicate the location of the trough.
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but the opposite is true for the descending motion and negative θe anomalies behind the cold front (cf.
Figures 9i and 6i). Despite the presence of the weaker cyclonic anomaly, its associated rainfall amount is
comparable to that of the LTM type (Figure 2; cf. Figures 3a and 7a).

Figure 9. As in Figure 5 but for the UTM-type episodes along lines D1–D2 in Figures 8a–8c. The dashed lines at phase 5
indicate the location of the cyclonic anomaly at phase 5.
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Note that it is the anomalous latent heat release in the extreme-rainfall producing MCSs that contributes
mostly to the generation of lower-level cyclonic anomaly during the wettest phase in the UTM-type episode.
However, the intense upper-level cyclonic anomaly is always observed during all phases in the UTM-type epi-
sode, whereas the LTM-type episode only exhibits the lower-level cyclonic anomaly. Thus, this appears to dis-
tinguish the UTM- from LTM-type episodes in terms of their origin and evolution.

4.2. Relationship Between Filtered Circulations of Trough Type and Extreme Rainfall Episodes

In the trough-type episode, southChina is situated aheadof a low-level trough axis associatedwith an extratro-
pical cyclone centeredon thewesternYellowSea, as also indicatedby theanomalyfields (Figures 10a and10b).
They are in significant contrast to the cyclone-type episodes, inwhich amajor cyclone is located on thewest of
the key region (Figures 3d and 7d). Like the cyclone type, a moist tongue in the southwesterly flow at 850 hPa
and a trough at 500 hPa, respectively, provide favorable moisture supply and quasi-geostrophic forcing for
the extreme rainfall production over south China (Figures 10c and 10d).

In this type of episode, south China experiences the passage of an anomalous ridge in phase 1, followed by
an anomalous trough in phase 3 (Figures 11a and 11b). An elongated rainfall belt begins to appear in the
north of the key region where a southwesterly flow converges with a northwesterly flow. This anomalous
rainfall belt shifts with the trough into the key region in phase 5. Note that like the previously discussed
disturbances, the cyclonic anomaly centered on the western Yellow Sea at this wettest phase could also
be traced back to the east side of the Tibetan Plateau (Figures 11a–11c), as part of a Rossby wave train
in the middle and upper troposphere. It is evident from Figures 11d–11f that the key region is always
located in the right entrance region of an upper-level jet stream, and in particular, phase 5 coincides with
divergent south to southeasterly outflows aloft, which plays an important role in generating a favorable
secondary circulation (Figure 12).

Similar to the UTM-type episode, the trough-type episode also experiences the passage of a surface cold front
moving toward south China, together with a midlevel trough, in the wettest phase (Figure 12c). A well-
developed secondary circulation is observed, with an ascending branch in the warm and moist sector ahead
of the front, and a descending branch in the cold and dry region behind (Figure 12c), which appears to be a
common vertical circulation associated with extreme rainfall production over south China, based on the
results presented herein. Nevertheless, the substantial difference between the trough type and the UTM

Figure 10. As in Figure 3 but for the trough-type episodes.
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type occurs in the wettest phase when the extreme rainfall arrives, which is how we categorize these three
types of episodes. A strong trough anomaly reaches south China in phase 3 of the UTM episode and dissi-
pates in phase 5, while it reaches south China in the wettest phase in the trough-type episode directly influ-
encing the extreme rainfall production. Hence, the trough is one phase behind in the trough-type episode
than that in the UTM type. Therefore, what distinguishes the UTM-type and the trough-type episodes would
be the main anomaly that contributed to the extreme rainfall.

4.3. Relationship Between Filtered Circulations of Anticyclonic Type and Extreme Rainfall Episodes

The extreme rainfall episode associated with the anticyclone-type circulation is primarily influenced by the
strong southwesterly at lower levels (Figures 13a–13c). South China is located between the couplet of cyclo-
nic and anticyclonic anomalies in phase 1, which leads to strong negative rainfall anomaly due to the less
favorable environment such as the water vapor transportation and the instability. The cyclonic anomaly dis-
sipates in phase 3, while the anticyclonic anomaly occupies south China, resulting in a strong wind and water
vapor flux divergence over south China (not shown). This anticyclonic anomaly continues to move eastward
and is located near the east of south China in phase 5, with the associated southwesterly transporting warm
and moist air to south China. Also noted is that south China is located at the upper-level jet entrance in a
Rossby wave train during this phase. The upward motion, though weak, still provides a favorable condition
for lifting the warm, moist air from the SCS.

Figure 11. As in Figure 4 but for the trough-type episodes.
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5. Summary and Discussion

In this study,we investigate theorigin andevolutionof synopticdisturbances related to thedevelopmentof the
presummer (1May to15 June) extreme rainfall over southChinabetween1998and2015 (excluding1999, 2006,
2011, and2014) throughanalyzingbandpass-filteredanomalouscirculations. Twenty-fourextreme-rainfall epi-
sodes with the top 5%daily rainfall amount are found, and the synoptic disturbances influencing their genera-
tions are categorized into three types of episodes, that is, cyclonic, trough, and anticyclonic types, according to
their three-dimensional anomaly structures and the distance of their circulation centers from south China dur-
ing thewettest phase. Results show that the three types consist of 15, 8, and1extreme rainfall episodes, respec-
tively, and demonstrate that the first two types of anomaly mostly originate near the southeastern side of the
Tibetan Plateau, except for two episodes of the cyclonic type originating from the SCS. The cyclone-type epi-
sodes are composed of two subgroups of migratory cyclonic anomalies: one always in the lower troposphere
(LTM)with little evidenceof cyclonic anomalies in theupper troposphereduringall phasesand theotheralways
in the upper troposphere (UTM) during all phases, butwith a closed cyclonic anomaly in the lower troposphere
only during the wettest phase. The single anticyclonic-type episodes are also briefly examined in this study.

An analysis of the composite fields shows that the LTM-type episode originating from the Tibetan Plateau is
closely related to a southeastward-moving cold front, with continuous high-θe supply in the south-to-
southwesterly flows after entering the wettest phase over south China. The lower-level cyclonic/anticyclonic
couplet moves eastward to influence south China under the westerly influences, with the cyclonic anomaly
enhanced by latent heat release, given abundant moisture in the south and southwesterlies from the SCS and
Indian Ocean. On the other hand, the LTM-type originating from the SCS has less moisture to transport due
to the dominant northeasterly over northern south China during the wettest phase compared with those from
the Tibetan Plateau. The extreme rainfall production of the UTM type is closely related to the southeastward pro-
pagation of a strong upper-level cyclonic anomaly that favors quasi-geostrophically the lower-level upward
motion and hence enhances the lower-level convergence. The resulting latent heat release further strengthens
the upwardmotion and boundary layer convergence, assisting in the generation of a lower-level cyclonic anom-
aly. The trough type of extreme rainfall episode is associated with a trough extending southwestward from a tra-
veling cyclonic anomaly located in north China during the wettest phase. This cyclonic anomaly appears to be
part of a midlatitude Rossby wave train in the middle and upper troposphere. When the trough reaches south
China, the associated lower-level vorticity is strengthened by strong latent heat release during thewettest phase.
The single extreme rainfall episode associated with the anticyclonic anomaly is influenced by strongwater vapor
flux in its northwest periphery, which causes a large positive rainfall anomaly over inland south China.

Figure 12. As in Figure 5 but for the trough-type episodes at phase 5 along lines D1-D2 in Figure 11c. The dashed lines at each phase indicate the location of the
crossover point of B1-B2 and D1-D2 at phases 5.
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In conclusion, the presummer extreme rainfall episodes over south China are significantly influenced by
synoptic distances that originate at the southeastern side of the Tibetan Plateau with their peak intensities
in the lower or upper troposphere, or extend from north China, accompanied by a southeastward-moving
surface cold front or a Rossby wave train in the middle and upper troposphere. Abundant moisture supply
in the low-level south-to-southwesterly flows from the SCS and Indian Ocean around the East Asian monsoon
onset appears to play an important role in generating extreme rainfall and enhancing cyclonic anomalies
over south China. The results have significant implications for the understanding of the relationship between
the presummer extreme rainfall episodes in south China and synoptic-scale disturbances that originate at the
downstream side of the Tibetan Plateau or in north China. Compared with previous studies that discussed the
impact of the synoptic disturbances and intraseasonal oscillation on heavy rainfall either in a single case (e.g.,
Liu et al., 2014) or in a long-term composition (e.g., Li & Zhou, 2015), this work provides a comprehensive
study of the production of extreme rainfall over south China in a climatological scenario, by categorizing dif-
ferent types of synoptic disturbances of relevance and then compositing each type. Such categorization and
composition of the extreme rainfall episodes, which is still limited in the literature, separate various factors
that could possibly contribute to the rainfall, thus providing useful information in forecasting extreme rainfall.
Nevertheless, further studies are needed to gain deeper insight into how the high-frequency disturbances
interact with atmospheric intraseasonal variations in contributing to extreme rainfall in south China during
the presummer rainy season.

Figure 13. As in Figure 4 but for the anticyclone-type episodes. The field is not the composite result; thus, no significant test was conducted.
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