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ABSTRACT

Predecessor rain events (PREs) in the Yangtze River Delta (YRD) region associated with the South China Sea and
Northwest Pacific Ocean (SCS-WNPO) tropical cyclones (TCs) are investigated during the period from 2010 to 2019.
Results indicate that approximately 10% of TCs making landfall in China produce PREs over the YRD region; however,
they are seldom forecasted. PREs often occur over the YRD region when TCs begin to be active in the SCS-WNPO with
westward paths, whilst the cold air is still existing or beginning to be present. PREs are more likely to peak in June and
September. The distances between the PRE centers and the parent TC range from 900 to 1700 km. The median value of rain
amounts and the median lifetime of PREs is approximately 200 mm and 24 h, respectively. Composite results suggest that
PREs form in the equatorward jet-entrance region of the upper-level westerly jet (WJ), where a 925-hPa equivalent
potential temperature ridge is located east of a 500-hPa trough. Deep moisture is transported from the TC vicinity to the
remote PREs region. The ascent of this deep moist air in front of the 500-hPa trough and frontogenesis beneath the
equatorward entrance region of the WJ is advantageous for the occurrence of PREs in the YRD region. The upper-level W]
may be affected by the subtropical high and westerly trough in the Northwest Pacific Ocean, and the occurrence of PREs
may favor the maintenance of the upper-level WJ. The upper-level outflow of TCs in the SCS plays a secondary role.
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Article Highlights:

* Predecessor rain events in the Yangtze River Delta region related to the South China Sea and Northwest Pacific Ocean
TCs are examined.

¢ PREs in the Yangtze River Delta region occur in the equatorward jet-entrance region of the upper-level westerly jet along
the low-level baroclinic zone.

¢ Deep moisture from a tropical cyclone in the vicinity of a 500-hPa trough favors the occurrence of PREs in the Yangtze
River Delta region.

1. Introduction between 28°-33°N and 110°-124°E, it is one of the largest
estuarine delta alluvial plains in China. Mid-latitude westerly

The Yangtze River Delta (YRD) region is located in the  (roughs, regional lows, frontal cyclones, tropical cyclones
coastal region of Eastern China (Figs. la, b). Extending (TCs), southwesterly monsoon, and terrain orographic forc-
ing can induce torrential rainfall in the YRD region. The for-
* Corresponding author: Dengrong ZHANG mation and development of heavy rainfall often involve
Email: zju_rs@126.com multi-scale interactions between different factors under
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Fig. 1. Map of (a) East Asia, and (b) location and terrain (shaded, m MSL) of the Yangtze River Delta region in
China denoted by Z,. Boxes Z, and Z; are regions used in the trough detection method. Composite tropical cyclone
(TC) locations are indicated by the solid white circle. The predecessor rain event (PRE) rainfall location is indicated

by a solid magenta circle.

large-scale circulation conditions (Tao, 1980; Zhang et al.,
2002; Xiong et al., 2003; Geng et al., 2004; Zhao et al.,
2016; Cui et al., 2021; Liu et al., 2022a). TCs originating
from the South China Sea or Northwest Pacific Ocean and
approaching the YRD region have often caused heavy rainfall
and severe disasters (Gao et al., 2009; Huang et al., 2014;
Bao et al., 2015; Xu et al., 2021). The co-occurrence of TC
and the astronomical high tide in coastal regions of China
may cause severe floods and intrusion of seawater into
cities, which may trigger secondary disasters (e.g., land-
slides, debris flows), causing severe economic losses and
great social impacts (Liu et al., 2022b). For example, TC In-
fa (2021) occurred coincidentally with the astronomical tide
when making landfall in Zhoushan of Zhejiang province,
and it caused floods in coastal regions (Huang et al., 2021).
TCs can cause torrential rainfall directly when making land-
fall in coastal regions, and they may also cause heavy rainfall
far away from the circulation center. Numerous studies have
shown that TCs can produce heavy rainfall through interac-
tion with a mid-latitude westerly trough over a region that
may be far from the TC center (Pierce, 1939; Bosart and
Carr, 1978). Cote (2007) and Chen (2007) proposed the
term “predecessor rainfall event (PRE)” and “tropical
cyclone remote precipitation (TRP)” to define confluent
regions of torrential rainfall far away from a TC center, yet
still closely associated with the TC. For example, the interac-
tion of southeasterly flow and the outer circulation of
Typhoon In-fa (2021) played a crucial role in causing the
remote precipitation in Henan province on 19-21 July 2021
(Xu et al., 2022). The remote precipitation was extremely
heavy with 818 mm in 48 hours and a maximum hourly rain-
fall of ~ 201.9 mm (Xu et al., 2022). The extreme rainfall
caused severe economic losses and seven casualties, and the
torrential rainfall flooded buildings and infrastructure and
caused transportation, power, and communication disruptions
(Cheng et al., 2022; Yin et al., 2022).

Considering the severe disasters caused by the inaccurate
forecasting of PREs, many studies have investigated the

causes of PREs around the world. Some researchers have
detected PREs and examined the statistical characteristics of
PREs; others have comprehensively examined a specified
PRE case. Cote (2007) identified 47 PREs in the United
States and found that PREs generally occur in the confluence
zone well beneath the middle- and upper-level jet entrances
in front of the mid-latitude trough, that moist tropical air is
transported from the distant parent TC to this region, and
that mesoscale surface boundaries actually trigger the PREs.
Galarneau et al. (2010) further showed that frontogenetical
forcing along a baroclinic zone can be important in producing
PREs when deep moisture from a parent TC is present. Schu-
macher et al. (2011) revealed that removing TC-related
deep moisture could reduce ~25% of the total precipitation
amount by decreasing convective available potential energy
(CAPE) in the inflow region of PREs. Moore et al. (2013)
emphasized the relative locations of synoptic-scale flows
and parent TCs in the occurrence of PREs to the east of the
Rocky Mountains in association with Atlantic basin TCs.
PREs have also been studied in other areas where TCs
frequently occur. Wang et al. (2009c) investigated the roles
of TCs in PREs by inserting a bogus TC; their results show
that remote precipitation can be enhanced when more mois-
ture is transported to the PRE regions. Byun and Lee (2012)
examined PREs over the Korean Peninsula through compos-
ite analyses and found that the northwestern synoptic-scale
trough and the southeastern western Pacific subtropical high
provide a favorable large-scale circulation background, with
PREs occurring in a region beneath the upper-level jet
entrance region with strong convective instability and quasi-
geostrophic forcing. Cong et al. (2012) identified PREs in
China during 1971-2006 and analyzed their mechanisms;
their results indicate that the interactions among a westerly
trough, the distant parent TC, and the location of the upper-
level jet are dominant in determining the occurrence and
development of PREs. Ding et al. (2017) examined PREs dur-
ing 2000-09 in China and summarized four synoptic modes
by analyzing the relationships among TCs, subtropical
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highs, and PREs; the results show that these interactions are
important in determining rain amounts in the PRE region.

Physical processes responsible for the torrential rainfall
have also been investigated. Nava (2016) examined cloud
radiative processes in PREs and showed that cloud-radiative
feedback (CRF), the interaction of hydrometeor species
with shortwave and longwave radiation can ultimately result
in more precipitation by producing a more robust PREs struc-
ture with strong convective activity. Yuan et al. (2018) exam-
ined PREs in China’s low-latitude highlands in relation to
Bay of Bengal TCs and found that the PREs occurred
beneath the equatorward entrance region of the upper-level
East Asia subtropical jet in the presence of abundant moisture
conveyed from Bay of Bengal TCs and enhanced frontogene-
sis due to the interaction between the TCs and mid-latitude
troughs.

Besides these frequently occurring regions, predecessor
rainfall events (PREs) associated with TCs and mid-latitude
weather systems can also occur in the YRD region (Duan et
al., 2020; He et al., 2020; Chen et al., 2021). Numerous studies
have examined the large-scale synoptic conditions, thermal,
dynamics, and microphysical processes associated with TCs
that have made landfall in these coastal areas (Kueh et al.,
2009; Wang et al., 2009a, b, 2010; Lee and Choi, 2010;
Huang et al., 2011, 2014; Van Nguyen and Chen, 2011;
Chien, 2014; Xu, 2015; Xu et al., 2017). However, little atten-
tion has been paid to YRD PREs associated with the South
China Sea and Northwest Pacific Ocean (SCS-WNPO) TCs,
despite the fact that PREs in the YRD region associated
with SCS-WNPO TCs have wrought havoc in coastal cities,
and the associated rainfall amounts have often been under-pre-
dicted or not forecasted at all (Luo, 2018; He et al., 2020;
Chen et al., 2021).

The inability of numerical models to accurately forecast
the interaction of mid-latitude weather systems and TCs,
and the insufficient attention operational forecasters give to
PREs, can lead to a lack of adequate preparation with regard
to PRE occurrence, and subsequently to occasional disastrous
effects. Consequently, consideration must be given to the
potential for extreme rainfall in the confluent region well in
advance of the possible occurrence of heavy parent TC rain-
fall associated with the tropical system to the south.

This study will mainly focus on the effects of large-
scale circulation and the remote effects of SCS-WNPO TCs
on heavy rainfall related to PREs in the YRD region. PREs
with TCs and non-predecessor rain events with TCs are sepa-
rately examined to investigate the remote effects of SCS-
WNPO TCs on PREs in the YRD region. The aims of this
study are (1) to examine the climatology of PREs in the
YRD region associated with SCS-WNPO TCs, and (2) to
investigate possible mechanisms for PREs over the YRD
region.

This paper is organized as follows. The datasets and
methodology are described in Section 2. In section 3, the
climatology of PREs and the statistical analysis of the rela-
tionship between SCS-WNPO TCs and PREs over the YRD
region are presented. A composite analysis of the synoptic
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circulations and possible factors favorable for the develop-
ment of PREs over the YRD region is shown in section 4.
Finally, the conclusions and further discussion are provided
in section 5.

2. Data and methodology

2.1. Datasets

The precipitation datasets used to detect PREs cover
the period from 2010 to 2019. Climate Prediction Center Mor-
phing technique (CMORPH) was developed by the National
Oceanic and Atmospheric Administration (NOAA) Climate
Prediction Center (CPC) in the United States, and it was
used to produce global precipitation analyses with approxi-
mately 8 km spatial resolution every 30 min using estimates
determined from passive microwave and infrared data with
high temporal and spatial resolution (Joyce et al., 2004; Xie
et al., 2013, 2017). CMORPH Version 1.0 rainfall products
verified in different regions (Sun et al., 2016; Xie et al.,
2017, Liu et al., 2019) have generally shown good agreement
with rain gauge observations. The China Meteorological
Administration 0.1° x 0.1° hourly rain products (CMA,
2011) were obtained using land-based precipitation measure-
ments from over 3000 weather stations to correct the
CMORPH precipitation estimates from NOAA CPC (Joyce
et al., 2004; Shen et al., 2013).

Additionally, best track data and reanalysis data were
used in this study. The Regional Specialized Meteorological
Center (RSMC) Tokyo-Typhoon Center affiliated with the
Japanese Meteorological Agency (JMA, 2014) provided the
historical best track data for TCs in the SCS-WNPO. The
RSMC best track datasets contain TC locations and intensities
over the SCS-WNPO, with an interval of generally 6 h. The
intensity datasets of TC are from Japan Meteorological
Agency available at: https://www.data.jma.go.jp/multi/
cyclone/cyclone_caplink.html?lang=en. The TC locations
were obtained by extracting latitude and longitude data
along the lines of the best track data. Since there is no
detailed information about whether a TC made landfall in
China or not in the JMA TC dataset, the TC datasets from
CMA were used, namely, detailed information for the tropical
cyclones making landfall in China was obtained from CMA
Tropical Cyclone Data Center for the Western North Pacific
Basin (Ying et al., 2014; Lu et al., 2021; available at https://
tcdata.typhoon.org.cn). Geopotential height at 200 hPa,
500hPa, and 850 hPa, surface pressure, upper-level winds at
200 hPa, relative humidity, and air temperature from reanaly-
sis datasets were used for the composite analysis of the atmo-
spheric environments. Orography data used in this study
was based on Earth topography five-minute grid (ETOPOS5)
data (Data Announcement 88-MGG-02: Digital relief of the
Surface of the Earth; NOAA, National Geophysical Data Cen-
ter, Boulder, Colorado, 1988).

2.2. Identification of PREs
Following Cote (2007), Chen (2007), Ding et al. (2017),
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and Yuan et al. (2018), deep moisture from the vicinity of
the TC, coherent rainfall far away from the TC, and the exis-
tence of a mid-latitude trough were all considered to deter-
mine the PREs. Specifically, PREs were identified by the fol-
lowing criteria: (1) a coherent area of rainfall persisting for
atleast 12 hin the YRD region, and which was spatially sepa-
rated from the rainfall area directly associated with the TC;
(2) at least 12 hours of rainfall greater than 30 mm (CSN,
GB/T 28592-2012) for at least 4 grid points in the YRD
region, and 12 hours of rainfall more than 5 mm for at least
20 grid points surrounding the above 4 grid points; (3) deep
tropical moisture transported from the TC vicinity to the
YRD region forming a moisture channel with a water vapor
flux at 850 hPa = 5 g (s hPa cm)!, and total-column precip-
itable water > 40 mm as in Cote (2007), Galarneau et al.
(2010), Schumacher et al. (2011), and Moore et al. (2013);
(4) the existence of a mid-latitude trough in the YRD region.
Following the trough detection scheme applied by Herrera
et al. (2001) and Knippertz (2004), a parameter larger than
10.0 gpm was used to detect a trough using 6-hourly
National Center for Environmental Prediction (NCEP)
global forecast system final (FNL) operational global analysis
data with a horizontal resolution of 1°x1°. The parameter
was defined as the difference between the averaged 500-hPa
geopotential heights over the YRD region (red rectangular
area marked as Z1 in Fig.la) and the mean geopotential
heights over the west and east surrounding rectangular areas
(marked as Z2 and Z3) at the same latitudes. The detected
trough was further checked by plotting S00hPa geopotential
height and winds, and surface winds.

The Hybrid Single-Particle Lagrangian Integrated Trajec-
tory (HYSPLIT) model (version 5.1) was also applied for
each PRE candidate to verify whether the air parcels origi-
nated from the parent TC vicinity. The backward air parcel
trajectories were tracked using the HYSPLIT model and
NCEP Global Data Assimilation System (GDAS1) Archive
processed by NOAA's Air Resources Laboratory (ARL)
with NCEP's 1-degree GRIB output (the HYSPLIT model
and the GDASI datasets can be downloaded at: http://ready.
arl.noaa.gov/HYSPLIT.php). The HY SPLIT model uses mete-
orological data (e.g., horizontal wind components, tempera-
ture, height, pressure, or rainfall fields) in diagnostic case
studies or climatological analyses. It is a kind of Lagrangian
model in which the advection and diffusion components are
calculated independently (Draxler and Hess, 1998). If the
air particles originated from the TC vicinity, and met the
other PRE criteria, then the YRD rainfall event was consid-
ered a PRE. Those cases with a TC that passed through the
domain of 19°-21°N and 111°-113°E and did not generate
heavy rainfall in the YRD region during the period in a TC’
s lifetime were denoted as NPREs. Detailed descriptions for
the selection of NPREs are shown in section 3.

2.3. Composite analysis

A composite analysis is a useful method for exploring
the basic characteristics of a meteorological phenomenon (e.
g. a tropical cyclone) by collecting a large number of cases.
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Those cases can be used to conduct composite analysis by a
specific meteorological factor to retain a common character,
which may not include the specific character of an individual
case. The composite analysis generally calculates the compos-
ite mean or other statistical quantity, which highlighted the
predominant signatures that appeared repeatedly in the tropi-
cal cyclone cases. The composite results can show how the
factors used in the composite analysis affect the meteorologi-
cal phenomenon. Composite analysis has been used in the
TC research for decades (Frank, 1977; McBride and Zehr,
1981; Pfeffer and Challa, 1981; Hanley et al., 2001;
Galarneau et al., 2010; Byun and Lee, 2012; Moore et al.,
2013; Ding et al., 2017; Yuan et al., 2018). It has proven to
be effective in investigating favorable synoptic environments
for the development of TC-related heavy rainfall. In this
study, to understand the favorable environments for the devel-
opment of PREs in the YRD region, the differences and simi-
larities in synoptic environments between PREs and NPREs
were compared by applying a composite analysis.

The frontogenesis function was first proposed by Pet-
terssen (1936) and later formulated by Petterssen (1956), Pal-
men and Newton (1969), and Ninomiya (1984), as a useful
diagnoistic tool now widely used in weather analysis. Follow-
ing Yuan et al. (2018), the two-dimensional horizontal fronto-
genesis function was computed using the NCEP FNL reanaly-
sis data. Frontogenesis was computed to determine its role
in triggering vertical motion and promoting heavy rainfall
in the YRD region. Additionally, the frontogenesis was calcu-
lated as the local change for the magnitude of the horizontal
equivalent potential temperature gradient.

Following Ninomiya (1984), frontogenesis (FG) is
expressed by

_d|ve,|

FG ,
dr

M

where 6, is the equivalent potential temperature. Vé,
denotes the horizontal gradient of equivalent potential temper-
ature and FG represents the Lagrangian change of the equiva-
lent potential temperature gradient.

Following Hoskins et al. (1985), and Hanley et al.
(2001), and the corrected PV equation (refer to page 264,
Eq. 4.5.93) in Bluestein (1992), the representation of the
potential vorticity (PV) in pressure coordinate can be given
by

PV=-g

6 v
((P+f)$+k-(%xv,,9)}, )

f=2Qsin®, 2.1)

where the first term {, is the vertical component of relative
vorticity, and V is the horizontal wind vector. f is coriolis
parameter, Q) is the rotation vector of the earth about its axis
at the rate of 2m radians every sidereal day (7.292 x
1075 s71), and @ is the latitude. V,, is the three-dimentional
gradient operator in xyp space. 6 is the potential tempera-
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ture. k is a unit vertical vector. The potential vorticity (PV)
is usually expressed in potential vorticity units, written as
PVU (1PVU = 1x10-°m2 K s~! kg~1). More detailed informa-
tion about this equation can be found in Hoskins et al.
(1985).

3. PRE statistics during 2010-19

Predecessor rainfall events associated with SCS-
WNPO TCs can occur in China, and most of these cases
occurred in regions surrounding the Bohai sea (Cong et al.,
2012). Those which occurred in the YRD region were often
poorly predicted (Duan et al., 2020; Chen et al., 2021). A
total of 252 TCs occurred in the SCS-WNPO region during
2010-19 according to RSMC best track dataset. Of these, a
total of 58 predecessor rainfall events associated with SCS-
WNPO TCs occurred in China 2019, accounting for 23.0%
of the total SCS-WNPO TCs. Among these PREs, a total of
12 PREs (Table 1) occurred in the YRD region (PRE-
related TCs). Considering that a total of 9 TCs made landfall
in the YRD region during 2010-19 (Ying et al., 2014; Lu et
al., 2021), the number of PREs is not negligible. A total of
17 TCs related to NPREs (NPRE-related TCs) were
detected.

Figure 2 shows monthly distributions of frequency for
all 252 SCS-WNPO TCs, 12 PRE-related TCs, and 17
NPRE-related TCs. This shows that PRE-related and NPRE-
related TCs can occur from June to October over the YRD
region. Approximately 20 TCs (7.9%) and 50 TCs (19.8%)
of these 252 SCS-WNPO TCs occurred in June and Septem-
ber, respectively. By comparison, nearly 25.0% and 41.7%
of these PRE-related TCs occurred in June and September,
respectively (Fig. 2). The results indicate that PRE-related
TCs preferentially occur in June and September. Of these
252 SCS-WNPO TCs, nearly 73 TCs (29.0%) made landfall
in China during 2010-19 (Ying et al., 2014; Lu et al., 2021).
Seven of these 73 landfall TCs (nearly 10%) produced
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Fig. 2. Monthly frequency distributions of all tropical cyclones
(TCs) in the Northwest Pacific Ocean and South China Sea
(blue bars), TCs that produced predecessor rain events (PREs;
red bars), and TCs without heavy rainfall (green bars) over the
Yangtze River Delta region of China during 2009-19.
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PREs over the YRD region.

It is apparent from Fig. 3 that of all the 252 SCS-
WNPO TCs during 2010-19, approximately 55 TCs (21.8%)
fell into the category of a tropical storm, and 168 TCs
(66.6%) reached at least the category of a typhoon. Of all
the NPRE-related TCs without heavy rainfall over the YRD
region, approximately 33.3% were associated with tropical
storms and 46.7% were related to typhoons. Of all the PRE-
related TCs, approximately 33.3% were associated with tropi-
cal storms, and 50% were related to TCs that reach the cate-
gory of typhoon. This suggests that the frequency distribution
of NPRE-related TCs without heavy rainfall and that of
PRE-related TCs with heavy rainfall over the YRD region
are quite similar, and they are generally different from that
of all SCS-WNPO TCs. This analysis further indicates that
PRESs over the YRD region are more likely associated with
TCs categorized as typhoons, although SCS-WNPO TCs in
weaker categories also probably produce PREs over the
YRD region.

Figure 4 shows the tracks of TCs that produced predeces-
sor rainfall events and the spatial distribution of TC location
frequency. For simplicity, a TC that contained a period
when it moved northward while active in the WNPO was clas-
sified as a northward moving TC, and the remaining TCs
moved northwestward to the SCS were classified into north-
westward moving TCs. The 75% of the TCs associated with
PREs over the YRD region including northwesterly tracks
passed through the South China Sea (SCS); the remaining
25% of TCs included northerly tracks into high latitudes in
the Northwest Pacific Ocean (WNPO). The spatial distribu-
tion of TC location frequency reveals that PRE-related TCs
occur most frequently on the southeast of Hainan Island and
southwest of Taiwan Island, with a frequency of 5 and 6,
respectively. The mean location of northwestward moving
TCs was generally included in the area of 19°-21°N and
111°-113°E, denoted by a small red rectangle in Fig. 4. The
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Fig. 3. Frequency distributions of maximum tropical cyclone
(TC) intensity of all TCs in the Northwest Pacific Ocean and
South China Sea (blue bars), TCs that produced predecessor
rain events (PREs; red bars), and TCs without heavy rainfall
(green bars) over the Yangtze River Delta region of China
during 2009-19. TS, STS, and TY denotes tropical storm,
severe tropical storm, and typhoon, respectively.
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Fig. 4. (a) Tracks of tropical cyclones (lines with colored dots) and terrain height (shaded) that produced predecessor
rainfall events and (b) spatial distribution of TC location frequency in each 2° x 2° grid box at the time when PREs
occurred in the Yangtze River Delta region. Color dots mark the tropical cyclone (TC) positions every 6 h, and
different colors denote different intensity categories for a TC (Blue: TD, dark orange: TS, red: STS, deep pink: TY,
dark orchid: Extra-tropical Cyclone). Larger color dots at the track represent the times of the track when a TC
produced PREs in the YRD region. The small red rectangle denotes the area (generally 19°-21°N,111°-113°E)
where the mean location of all the northwestward moving PRE-related TCs. The small blue rectangle denotes the
area (generally 19°-21°N,127°-129°E) where the mean location of all the northward moving PRE-related TCs. The
large red rectangle denotes the YRD region (generally 27°-33°N,118°-124°E).

mean location of northward moving TCs was generally
included in the area of 19°-21°N and 127°-129°E, denoted
by a small blue rectangle in Fig. 4. The location frequency
of the PRE-related SCS TCs was 2 over the PRE-related
WNPO TCs.

To examine the impact of TC location on PREs in the
YRD region, we separated the TCs reaching the category of
tropical storm intensity or higher into those passing through
the domain of 19°-21°N and 111°~113°E in the SCS without
heavy rainfall (NPRE) and those passing through the
domain of 19°-21°N and 127°-129°E in the WNPO without
heavy rainfall in the YRD region (NPRE_NE). Figure 5
shows the composite surface rainfall for PRE cases, NPRE
cases, and NPRE_NE cases. PRE-related heavy rainfall
shows southwest and northeast orientation, with a maximum
value of mean surface rainfall of 114.1 mm; the maximum
rainfall center was in the Bay of Hangzhou (30.05°N,
120.85°E; denoted by as A). PRE-related TCs were located
to the southeast of Hainan Island, where heavy rainfall may
be associated with the TC circulation (rainfall center B1).
Heavy rainfall in the eastern Philippines may be attributed
to the northward moving TCs (center C). For NPRE cases,
heavy rainfall mainly occurred to the southeast of Hainan
(B1). However, for NPRE_NE cases, heavy rainfall only
occurred to the east of the Philippines (C). This suggests
that the northwestward tracking TCs may be related to
heavy rainfall to the southeast of Hainan (B1); however,
they cannot guarantee the formation of heavy rainfall in the
YRD region.

Figure 6 shows box-and-whisker diagrams of PRE life-

time (hours), percentage of PRE heavy rainfall coverage
(12 h rainfall of = 30 mm), maximum PRE rainfall (mm),
and distance between the TCs and PRE rainfall regions
when the PRE occurred in the YRD region. PRE centers
were defined as the location of the maximum heavy rainfall
of each PRE in the YRD region. The medium PRE lifetime
was 24 h, with the shortest and longest times of 18 h and 36 h,
respectively (Fig. 6a). The areal extent of heavy rainfall asso-
ciated with PREs was defined as the percentage of grids expe-
riencing heavy rainfall (= 30 mm rainfall in 12 h). The
median areal extent of heavy rainfall was approximately
13.5%, ranging from 2% to 22% for the 25th and 75th per-
centiles, respectively (Fig. 6b). The maximum rainfall of
PREs ranged from 62.5 to 566.9 mm, with a median value
of 201 mm, and 25th and 75th percentile maximum rainfall
of 100 and 380 mm, respectively (Fig. 6¢). The distances
between PREs and parent TCs ranged from 889.1 to
1730.4 km, with a median value of 1387.5 km, and 25th and
75th percentile distances of 1300 and 1600 km, respectively
(Fig. 6d).

4. Synoptic-scale environments for PREs

To examine favorable environments for the formation
of PREs in the YRD region, we compared the synoptic envi-
ronments of PREs with those of NPRE cases. To examine if
TCs passing the area of 19°-21°N and 127°-129°E (north-
ward moving TCs) located to the east of the Philippines,
play roles in generating heavy rainfall in the YRD region,
the composites of atmospheric environments for NPRE_NE
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Fig. 5. Composite of mean surface rainfall (shaded, mm) for (a) predecessor rain event (PRE) cases, (b) north-
westward moving TCs passing through the domain of 19°-21°N and 111°-113°E but not associated with heavy
rainfall in the YRD region (NPRE cases), (c) northward moving TCs passing through the domain of 19°- 21°N and
127°-129°E but not associated with heavy rainfall in the YRD region (NPRE_NE cases), (d) backward trajectories
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HYSPLIT model for each PRE case.

cases were also investigated. Composites of the synoptic envi-
ronments for PRE cases, NPRE cases, and NPRE_NE cases
were generated using NCEP FNL 6-hourly data. Specifi-
cally, the composite of synoptic environmental fields for
PRE, NPRE, and NPRE_NE cases were obtained by taking
the average of the 6-hourly atmospheric environments using
the 6-hourly NCEP FNL data during the whole lifetime of
the PRE, NPRE, and NPRE_NE cases, respectively.
Backward air parcel trajectories indicate that air particles
in the YRD region can be traced to the SCS and WNPO
regions (Fig. 5d), and one of the major mean TC locations
was to the southeast of Hainan Island when TCs generated
PREs in the YRD region. Present were anomalously low
500 hPa geopotential heights over Hainan Island for both
PRE and NPRE cases, whilst mid-latitude circulations dif-
fered for each kind of case. The Pacific subtropical high
expanded from the Northwest Pacific to the East China Sea,
and the western-expanding point of the subtropical high
extended more westward for NPRE cases than that for PREs
(Figs. 7a, 7b). In the mid-latitudes, there was a westerly
trough located over East China for PRE cases (Fig. 7a). A
two-sided student’s t-test for the PREs and the weighted
monthly long-term (2010-19) climatology suggested that
the anomalous 500hPa geopotential heights for the PREs in

the YRD region was statistically significant at the 95% level
(Fig. 7d). Although the circulation was generally straight
over the East China for NPRE cases (Fig. 8b), a student’s
t-test showed that the 500hPa geopotential heights between
PREs and NPRE cases were significantly different in the
PRE regions (Fig. 7e). Associated with the distributions of
500 hPa geopotential height fields, southwesterly winds in
the eastern TCs transported warm, humid air to the YRD
region for PRE cases (Fig. 7a, Fig. 8a). A two-sided
student’s #-test for the PREs and the weighted monthly long-
term (2010-19) climatology suggested that the meridional
wind components of the PREs in the YRD region were statisti-
cally significant at the 95% level (Fig. 8d). Southwesterly
winds were much weaker for NPRE cases (Fig. 8b, Fig. 9b).
A student’s #-test showed that the difference of 700hPa merid-
ional winds between PREs and NPRE cases was statistically
significant at the 95% level in the SCS and PRE regions
(Fig. 8e). Correspondingly, the vertical velocity at 500 hPa
was less than —0.5 Pa s~! in the YRD region for PRE cases
in response to upward motions over the YRD region (Fig. 7a,
Fig. 8a); while no upward motions occurred over the YRD
region for NPRE cases (Fig. 7b, Fig. 8b).

The Pacific subtropical high expanded from the North-
west Pacific to the East China Sea, and the western-expanding
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point of the subtropical high reached 135°E for NPRE_NE
cases (Fig. 7c). For NPRE_NE cases, there was a mid-latitude
trough located over the YRD region for TCs passing 19°-
21°N and 127°-129°E (east of the Philippines). A student’s
t-test showed that the 500hPa geopotential heights between
NPRE_NE and NPRE cases were significantly different in
the SCS and PRE regions (Fig. 7f). There were northeasterly
wind anomalies along the southeast coast of China, indicating
the moisture from SCS to the YRD region was reduced. The
deficiency of water vapor condition was unfavorable for the
occurrence of heavy rainfall over the YRD region for
NPRE_NE cases (Fig. 7c, Fig. 8c). A student’s #-test
showed that the 700hPa meridional winds between
NPRE_NE and NPRE cases were significantly different in
the SCS and YRD regions (Fig. 8f). Correspondingly, no
upward motions occurred over the YRD region for
NPRE_NE cases (Fig. 7c, Fig. 8c). This above analysis indi-
cates that neither the existence of TCs in the region of 19°
—21°N and 127°-129°E, nor the mid-latitude trough over

the YRD region alone is sufficient to cause heavy rainfall in
the YRD region.

The above analysis shows that a 500-hPa westerly
trough was located in the YRD region, the Western North
Pacific subtropical high expanded to the East China Sea,
and that such configuration of atmospheric circulation may
be important for the occurrence of PREs. It has been previ-
ously pointed out that the combined approach of the low-pres-
sure system over land and the Western North Pacific subtropi-
cal high is beneficial to the reinforcement of the pressure gra-
dient force, which favors strengthening of the local southwest-
erly wind (Chang et al., 2000; Zhang et al., 2000; Zhao et
al., 2003, 2007).

Also as a consequence of the approaching westerly
trough and Western North Pacific subtropical high, the
strengthening pressure gradient may be favorable to
enhance transport of tropical moisture into the YRD region.
The enhanced transport of tropical moisture to the YRD
region is further presented by additional analyses. Figure 9a
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shows that the precipitable water is greater than 50 mm in
the environment of PREs in the YRD region, thus indicating
that water vapor content was abundant in the YRD region.
A two-sided student’s z-test for the PREs and the weighted
monthly long-term (2010-19) climatology suggested that
the total precipitable water (TPW) of the PREs in the YRD
region was statistically significant at the 95% level (Fig. 9d).
Water vapor was transported from the TC vicinity to the

YRD region by southwesterly flow with a column-integrated
water vapor flux exceeding 300 kg m~! s~!. This is also gener-
ally true for the NPRE cases, for which the tropical moisture
is transported by southwesterly winds from east of the TCs
to the YRD region, with a column-integrated water vapor
flux of nearly 300 kg m~! s~! and precipitable water of
~50 mm (Fig. 9b) in the YRD region. A student’s r-test
showed that the TPW between PREs and NPRE cases were
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denote the same regions as in Fig. 4.

significantly different in the SCS and PRE regions (Fig. 9¢).
In contrast, northeasterly winds prevail for NPRE_NE
cases; the corresponding column-integrated water vapor
flux was 200 kg m~! s~! and precipitable water was approxi-
mately 40 mm (Fig. 9c). A student’s #-test showed that the
TPW between NPRE_NE and NPRE cases were significantly
different in the SCS and PRE regions (Fig. 9f).

To analyze the differences in low-level water vapor trans-
port between the PRE and NPRE cases, an analysis for low-
level synoptic environments was further conducted in
Fig. 10. Equivalent potential temperature isotherms were
densely packed from the TC to the YRD region; correspond-
ingly, the low-level baroclinic zone stretched northeastward
from the TC to the YRD region for PRE cases (Fig. 10a).
With its orientation shifted southward and eastward, the baro-
clinic zone was still present for NPRE_NE cases stretching
northeastward from Taiwan to the East China Sea (Fig. 10b).
For NPRE cases, the equivalent potential temperature

isotherms were sparsely distributed in the YRD region
(Fig. 10c). The difference of equivalent potential temperature
between PRE and NPRE cases further showed that northeast-
erly flow from the north was blowing toward the YRD
region, and 925 hPa southeasterly flow from the Ocean was
also blowing toward the PRE region. Compared to the
NPRE cases, 925 hPa northeasterly winds and southeasterly
winds were prevalent for the PRE cases in the YRD region
(Fig. 10d); whereas compared to the NPRE_NE cases,
southerly winds were conspicuous for the PRE cases in the
YRD region (Fig. 10e). Comparison of NPRE and
NPRE_NE showed that the existence of a SCS TC or a
WNPO TC was not sufficient to produce a PRE in the YRD
region (Fig. 10f). This suggests that both 925 hPa northeast-
erly flow from the north and southeasterly flow from the
Ocean are significant for the occurrence of PREs in the
YRD region. Frontogenesis occurring in the YRD region
and south of the East China Sea was in response to densely
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packed equivalent potential temperature isotherms for the
PRE cases (Fig. 11a); however, frontogenesis did not occur
in the YRD region for NPRE and NPRE_NE cases (Fig. 11b,

Fig. 10. Composite 925 hPa wind (vectors), wind speed (shaded), and equivalent potential temperature (contours, K)
for all (a) predecessor rain event (PRE) cases, (b) northwestward moving TCs passing through the domain of 19°—
21°N and 111°-113°E but not associated with heavy rainfall in the YRD region (NPRE cases), and (c) northward
moving TCs passing through the domain of 19°-21°N and 127°-129°E but not associated with heavy rainfall in the
YRD region (NPRE_NE cases), and their differences between (d) PRE and NPRE (PRE— NPRE), (e) PRE and
NPRE_NE (PRE—NPRE_NE), (f) NPRE_NE and NPRE(NPRE—NPRE_NE). The units are m s~! for wind vectors
and wind speeds. The rectangles denote the same regions as in Fig. 4.

and Fig. 11c). A convergence of column-integrated water
vapor flux was observed in the region where deep tropical
moisture transported by southeasterly flows intersects a low-
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Fig. 11. The composite 925 hPa wind (vectors), wind speed (shaded, m s~1), and frontogenesis (red contours,
1076 K m~! s~1) for all (a) predecessor rain event (PRE) cases, (b) north-westward moving TCs passing through
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level baroclinic zone that stretched northeastward from the
TC vicinity to the YRD region (Fig. 11d), with a divergence
of < -0.6 g m~2 s~L. Conversely, neither the low-level sou-
theasterly feed of deep tropical moisture (Fig. 11e) nor the
low-level baroclinic zone (Fig. 11f) alone was sufficient to
produce water vapor flux divergence. Galarneau et al. (2010)
and Yuan et al. (2018) showed that the upper-level jet
played an important role in generating PREs associated with
TCs. To examine the mechanisms driving heavy rainfall of
PREs, the upper-level synoptic environment was further ana-
lyzed.

5. Influence of 200-hPa westerly jet

Figure 12 shows the composite of 200-hPa geopotential
height and jet structure. At 200 hPa, an upper-level westerly
jetlocated over East Asia between 30°N and 40°N, stretching
from China’s coastal areas to the Sea of Okhotsk, was
present for PRE cases (Fig. 12a). A two-sided student’s
t-test for the PREs compared to the weighted monthly long-
term (2010-19) climatology suggests that the 200-hPa geopo-
tential height and 200-hPa winds of the PREs in the YRD
region were statistically significant at the 95% level
(Fig. 12d). The westerly jet was also present for NPRE and
NPRE_NE cases and was respectively orientated eastward
and northward between 35°N and 45°N, but they were
much weaker than that in PRE cases (Figs. 12b, 12¢). The
composite PRE in the YRD region was initiated in the equa-
torward jet entrance region of a 200-hPa jet with wind
speeds exceeding 45 m s~!. This configuration is conducive
to upward motion because the entrance region of a straight
upper-level jet streak exhibits upward motion according to
quasi-geostrophic theory. This vertical motion is beneficial
for moistening and destabilization (Uccellini and Johnson,
1979; Bosart and Lackmann, 1995; Galarneau et al., 2010).
Conversely, favorable environments for ascent in the YRD
region were absent for NPRE and NPRE_NE cases owing
to the northeastward displacement of the 200-hPa jet. A Stu-
dent’s t-test for PRE and NPRE cases showed that significant
differences in 200-hPa geopotential heights appeared from
south of the SCS region, PRE region, and mid-latitudes
(Fig. 12e). The 200-hPa zonal winds, in particular, exhibited
significant differences in middle latitudes between 30°-
40°N. The locations and strengths of the upper-level westerly
jet were different between PRE and NPRE cases. A
Student’s t-test for NPRE and NPRE_NE cases showed that
significant differences in 200-hPa geopotential heights
appeared from south of the SCS region, PRE region, and
mid-latitudes (Fig. 12f). The 200-hPa zonal winds especially
showed significant differences in middle latitudes between
30°—40°N, and it indicated that the locations and strengths
of the upper-level westerly jet were also quite different
between NPRE and NPRE_NE cases.

The formation of the stronger 200-hPa westerly jet in
PREs in the YRD region can be explained from Figs. 13-15,
which show the composite analyses of 250-200 hPa averaged

PREDECESSOR RAIN EVENTS IN THE YRD REGION
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synoptic environments generated using 6-hourly NCEP
FNL reanalysis data at the times when PREs occurred (7+0),
24 h prior to PRE occurrence (724 h), and 24 h after PREs
occurrence (7+24 h). The spatial area with wind speeds of
200-hPa westerly jet exceeding 50 m s~! was conspicuously
larger, and it strengthened from 54 to 57 m s~! from 7-24 to
T+0 (Fig.12a; Figs. 13a, 13c). The maintenance of the
200-hPa westerly jet was favorable to the occurrence of
PREs in the YRD region. Specifically, the occurrence of
PREs in the YRD region was associated with strongly diver-
gent outflow and upward motion at upper levels forced by
intense latent heat release. Previous studies pointed out that
the upper-level diabatically driven outflow may interact
with a 200-hPa westerly jet, since such outflow from a
heavy rainfall-producing weather system can influence
upper-level westerly jet by impacting the potential vorticity
(PV) gradient along the jet streak (Galarneau et al., 2010;
Bosart et al., 2012; Moore et al., 2013; Yuan et al., 2018).
The formulation of PV applied in this study follows that
given by Bluestein (1992).

Following the methods used by Galarneau et al. (2010),
Bosart et al. (2012), Moore et al. (2013), and Yuan et al.
(2018), composite analyses of 200-250 hPa layer-averaged
divergent winds and negative PV advection by the divergent
winds were computed in Fig. 15 to explain the formation of
the enhanced 200-hPa westerly jet (Figs. 12a, 13b, and 13c).
Specifically, the winds were decomposed into divergent and
non-divergent components, and the divergent winds for
PREs, NPREs, and NPRE_NE cases as shown in Fig. 14.

Strong southeasterly divergent winds from the YRD
region were transported to the 200-hPa jet-entrance region
for the PRE cases (Fig. 14a), while southwesterly divergent
winds from the East China Sea were transported into the
200-hPa jet-entrance region for the NPRE_NE cases (Fig. 14c).
This was in response to eastward movement of the upper-
level trough to the YRD region and East China Sea region
for PREs and NPRE_NE cases, respectively (Figs. 14a, 14c).
The absence of an upper-level trough in the East China is
coincident with the absence of divergent winds at the
200-hPa jet entrance for the NPRE cases (Fig. 14b). Note
that upstream upper-level troughs were present for PRE and
NPRE_NE cases but were absent for NPRE cases. Hardly
any outflows in the TC vicinity of the South China Sea were
transported into the 200-hPa jet region for the NPRE cases.
According to the above considerations, the presence of the
200-hPa westerly jet was likely associated with the
approach of an upstream upper-level trough, and the TC-
related diabatically driven outflow was not dominant. This
may differ from the conclusion that the 200-hPa westerly jet
closely related to PREs was directly influenced by the
approach of the upstream trough and TC-related diabatically
driven outflow (Galarneau et al., 2010; Yuan et al., 2018).
The 200-hPa westerly jet occurred in conjunction with the
approach of the upstream mid-latitude trough, indicating
that the dynamical process of wave-flow interaction in mid-
high latitudes may be important for the westerly jet anomalies
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(Gao et al., 1990; Yang et al., 2015). erly jet from 7-24 to 7+0 h, the negative PV advection by
To further explain the intensification of the 200-hPa west-  the divergent winds was computed (Fig. 15) at 740, 7T-24,
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and 7+24 h. During the PREs occurring at 7+0 h, the
200-hPa westerly jet was to the northeast of the YRD region,
and strong ascent associated with low PV existed in the equa-
torward entrance region of the 200-hPa westerly jet
(Figs. 15a-b). Divergent winds were directed outward from
the YRD region of ascent where PREs occurred in the jet
entrance region with larger values of PV, corresponding to
the negative PV advection by divergent winds therein
(Figs. 15a-b). From 7-24 to T+0 h, accompanied by the initia-
tion of PREs in the YRD region, low-PV in the YRD region
expanded to the high-PV 200-hPa jet streak region, corre-
sponding to the meridionally strengthened PV gradient
(Figs. 15a-b). Concurrently, the enhanced negative PV advec-
tion in association with strengthened divergent winds
expanded from the YRD region, which corresponded to the
intensification of the 200-hPa westerly jet (Figs. 15a-b).
Therefore, the negative PV advection was linked to the dia-
batic outflow of the PREs by divergent winds, it was mainly
located in the equatorward entrance region of 200-hPa west-

of the PREs in the YRD region. The rectangles denote the

erly jet, and thus, it likely contributed to the meridionally
increased PV gradient as a result of the enhanced 200-hPa
westerly jet.

From 7+0 to 7+24 h, the diabatically driven outflow orig-
inating from the YRD region to the 200-hPa westerly jet
streak decreased (Figs. 15a, 15¢), and the divergent winds
and PV advection also decreased, accompanying the eastward
movement of the 200 hPa-westerly jet from west of the
Korean Peninsula to its east (Figs. 15a, 15¢). Concurrently,
the associated ascent decreased in the YRD region, accompa-
nied by the eastward movement of the 200-hPa westerly jet.

Most importantly, the upper-level westerly jet existed
before moving to the north of the YRD region, and it strength-
ened as it propagated eastward in conjunction with the
approach of the mid-latitude trough. The pre-existence of an
upper-level westerly jet over to the north of the YRD region
may be favorable for the occurrence of PREs in the YRD
region. Simultaneously, the occurrence of heavy rainfall in
the YRD region may be conducive to the maintenance of
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region (NPRE_NE cases). Composite tropical cyclone (TC) locations are indicated by pentagrams, and the
rectangular box denotes the position of the PREs in the YRD region. The rectangles denote the same regions as in

Fig. 4.

the upper-level westerly jet northward of the YRD region.
The upper-level westerly jet weakened and moved eastward
with the ending of PREs.

6. Conclusions

In this study, the synoptic-scale environments of PREs
occurring in the Yangtze River Delta during 2010-19 in asso-
ciation with SCS-WNPO TCs were examined through com-
posite analyses. Statistics of the PREs over the YRD region
showed that PREs in the YRD region were more likely to
occur in June and September when cold air from the North
and warm air from the Ocean were comparable in strength
in the YRD region. The PREs accompanied TCs with different
intensities, but they occurred more commonly with TCs that
reach the intensity of a Typhoon. This indicates that the TCs
intensity may influence the occurrence of PREs by providing
abundant warm tropical moisture to the PRE regions. The

PREs occurred frequently in the YRD region when SCS-
WNPO TCs tracked northwestward to the South China Sea.
SCS-WNPO TCs could produce a median value of 201 mm
total PRE precipitation in the YRD region for the PREs.
The distances between the parent TCs and PREs varied
widely, with a wide distance ranging from 889 to 1730 km
and a median distance of approximately 1388 km. These sta-
tistical results may provide a climatology guideline for
weather forecasters to predict PREs in the YRD region,
where models and forecasters often failed to predict PREs cor-
rectly. The statistical results can also provide a reference for
the forecasters about how long before the TC the PRE will
occur, and how long the PRE will last once it is initiated in
the coastal areas of China.

The key factors beneficial to the occurrence of PREs in
the YRD region include a specific configuration of a west-
ward stretching of the Western North Pacific subtropical
high, 500-hPa mid-latitude westerly trough, 200-hPa westerly
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Table 1. All documented PREs associated with SCS-WNPO TCs during 2010-19. Listed are initiation time and date, TC number, TC
name, and geographical area when PRE occurred in the YRD region.

TC (year) TC number initiation time (UTC) and date geographical area end time (UTC) and date
Nalgae (2011) 1119 0600 UTC 29 Sep WNPO 0600 UTC 30 Sep
Guchol (2012) 1204 1800 UTC 16 Jun WNPO 0600 UTC 18 Jun
Talim (2012) 1205 1800 UTC 16 Jun SCS 0600 UTC 18 Jun
Bebinca (2013) 1305 0600 UTC 23 Jun SCS 0000 UTC 24 Jun
Danas (2013) 1324 1800 UTC 06 Oct WNPO 0000 UTC 08 Oct

Fung-Wong (2014) 1416 0000 UTC 20 Sep SCS 0000 UTC 21 Sep
Linfa (2015) 1510 0000 UTC 06 Jul SCS 1800 UTC 06 Jul
Meranti (2016) 1614 0600 UTC 13 Sep SCS 0000 UTC 14 Sep
Khanun (2017) 1720 1800 UTC 14 Oct SCS 0000 UTC 16 Oct
Mangkhut (2018) 1822 0000 UTC 16 Sep SCS 0600 UTC 17 Sep
Podul (2019) 1912 1200 UTC 28 Aug SCS 0600 UTC 29 Aug

Lingling (2019) 1913 0000 UTC 02 Sep SCS 1800 UTC 02 Sep
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jet, and the intensification of low level southwesterly or south-
easterly flow. Specifically, when PREs occurred in the
YRD region: the Western North Pacific subtropical high
was dominant in the WNPO with the westernmost point
extending eastward to 120°E; a mid-latitude long-wave
trough moved eastward, and the YRD region was located in
front of the trough; and the YRD PREs formed beneath an
equatorward upper-level westerly jet entrance region on the
western flank of a 925-hPa equivalent potential temperature
ridge. The 925-hPa southeasterly tropical flow was nearly per-
pendicular to the equivalent potential temperature isotherms,
which can be regarded as a baroclinic zone. This flow was
located between the westerly trough and the Western North
Pacific subtropical high, and it contributed to the PREs occur-
rence by transporting deep tropical moisture poleward and
enhancing low-level convergence, frontogenetical forcing,
and ascending motions occur over the YRD region. Addition-
ally, the upper-level westerly jet situated north of the YRD
region probably played a prominent role in the formation of
PREs, because of strong ascending motion beneath the equa-
torward entrance region of the upper-level westerly jet. The
upper-level westerly jet intensified in association with the dia-
batically driven outflow related to the PREs, the enhanced
pressure gradient due to the diabatic outflow, and the mainte-
nance of the upstream upper-level trough.

Galarneau et al. (2010) summarized that PREs in the
United States to the east of the Rockies generally form in
the equatorward entrance region of a 200-hPa jet, and they
occur at the intersection of the 925-hPa equivalent potential
temperature ridge and tropical moisture flow where frontogen-
esis and ascent occur. Moore et al. (2013) further summarized
that PREs generally occur when deep tropical moisture is
transported to the baroclinic zone beneath the equatorward
jet-entrance region of a 200-hPa jet. Yuan et al. (2018) con-
cluded that Bay of Bengal TC-related PREs over China’s
low-latitude highlands bear similar key configurations, and
their study also emphasized the importance of terrain lifting
in the initiation of PREs there. The composite synoptic-
scale environment for PREs in the YRD region exhibits
some similarities to PREs investigated by Galarneau et al.
(2010) and Yuan et al. (2018) in China’s low-latitude high-
lands, which are associated with the Bay of Bengal tropical
storms.

The present study showed that the atmosphere features
in the vicinity of the PREs in YRD includes an enhanced
upper-level jet ahead of the mid-latitude trough, a large
amount of moisture transported from the tropical parent
TCs, and local frontogenetical forcing. Despite the common
characteristics of the configuration of atmosphere features
for the PREs in the YRD region with those in Galarneau et
al. (2010), Moore et al. (2013), and Yuan et al. (2018), there
may be some differences between this study and the above
studies in some respects. This study indicated that the pre-
existence of the upper-level jet to the northeast of the YRD
region was favorable to the occurrence of PREs, and in turn,
the occurrence of PREs contributed to the intensification of
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the upper-level westerly jet by diabatically driven divergent
outflow. The TC outflows probably played a secondary role
or did not directly affect the upper-level jet.

Despite the existence of TCs in the SCS region for the
NPRE:s, the upper-level westerly jet in the mid-high latitudes
did not strengthen, and this also indicated that the TC outflow
was not dominant in the intensification of the upper-level
westerly jet in the mid-high latitudes. Additionally, the inten-
sity of low-level southwesterly flow may not reach 12 m s-!
during the PREs occurrences in the YRD region, which may
differ from Galarneau et al. (2010) who found the low-level
jet can be 20 m s~1,

This study aimed to provide guidelines to predict heavy
rainfall associated with SCS-WNPO TCs over the YRD
region. Caution should be exercised that the results were
based on statistics and composite analysis, and numerical
experiments may be necessary to further quantify the effect
of moisture from the vicinity of TCs in producing PREs in
the YRD region. Sensitivity tests to remove the TC vortex
from the model simulation need to be conducted to further
confirm that TCs do not directly contribute significantly to
the intensification of the 200-hPa westerly jet. We will ana-
lyze more predecessor rainfall events over longer periods to
further confirm the above conclusions in the near future.
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