
Role of the subtropical westerly jet
wave train in the eastward-moving
heavy rainfall event over southern
China in winter: A case study

Juyue Yin1,2, Junpeng Yuan1*, Juan Peng1, Xiaohang Cao1,
Wei Duan3, Yating Nan1, Mengni Mao1 and Tao Feng1

1Key Laboratory of Atmospheric Environment and Processes in the Boundary Layer Over the Low-Latitude
Plateau Region, Department of Atmospheric Sciences, Yunnan University, Kunming, China, 2Yuxi
Meteorological Bureau, Yuxi, China, 3Yunnan Institute of Meteorology Sciences, Kunming, China

Under the wintertime background of westerly flows, heavy rainfall often occurs first
over southwestern China and then spreads eastward downstream to southeastern
China, causing serious impact on a large scope of southern China. By using the
synoptic diagnosis and dynamic analysis methods, we examined a typical eastward-
moving heavy rainfall event that occurred over southwestern China on January 8–9,
2015 and then gradually spread eastward to southeastern China on January 10–13.
The results show the important role of the Rossby wave train propagating along the
subtropical westerly jet in “pushing” the eastward movement of heavy rainfall over
southern China. The remote Rossby wave train influenced the variation of heavy
rainfall by modifying the local circulation. The Rossby wave train can change the
morphology of the East Asian subtropical jet via wave—jet interactions and modify
the related secondary upward circulation in the entrance area of the jet, providing
favorable dynamic conditions for the occurrence of heavy rainfall. The Rossby wave
train can also influence the low-level south branch trough by modifying the
associated baroclinic energy conversion process under a background of deep
layer subsidence, which favors the transport of plentiful water vapor to the region
of heavy rainfall over southern China. The eastward-propagating Rossby wave train
pushed the upper level East Asian subtropical jet and the lower level south branch
trough as a whole while simultaneously moving east, which caused the region of
heavy rainfall to move from southwestern to southeastern China. These results will
help to provide a scientific basis for forecasting winter rainfall over southern China.
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1 Introduction

The winter climate of China is relatively dry and cold and heavy rainfall mainly occurs south
of 35°N (Gao et al., 2020). Heavy rainfall in winter often brings severe icing conditions and may
cause serious disasters and great losses to both human society and the economy (Huang et al.,
2019; Tan et al., 2022). In the dry, cold conditions of winter, the occurrence of heavy rainfall
over southern China is closely related to the triggering effect of warm, moist air flows
originating from the tropical regions (Zong et al., 2014; Li et al., 2020). A semi-permanent
trough forms in the southern branch of the westerly winds at lower levels (Yeh, 1950). This
trough appears south of the Qinghai–Tibetan Plateau and is known as the South Branch Trough
(SBT) or the India–Burma Trough (Figure 1). Numerous studies revealed that the SBT shows
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energetic synoptic variation (e.g., Suo et al., 2008; Duan et al., 2012;
Zong et al., 2012; Li and Sun, 2015; Li and Zhou, 2016; Li et al., 2017;
Chen and Li, 2022). The SBT often intensifies and migrates from the
Bay of Bengal to the South China Sea along the south westerly flow,
which is termed an SBT process appearing every 5–6 days (Qin et al.,
1991; Guo et al., 2010; Li et al., 2017). The SBT has an essential role in
the occurrence of winter rainfall over southern China (Zong et al.,
2012; Li and Sun, 2015; Lin, 2016; Liu et al., 2018). The southwesterly
flow in front of the SBT can transport large amounts of warm, moist
water vapor from the Bay of Bengal to southern China, which favors
the occurrence of heavy rainfall in this region (Wang et al., 2011; Li
and Zhou, 2016). When the deepening SBT meets the westward-
expanding western Pacific subtropical high, widespread heavy rainfall
can occur in southwestern China and also further downstream in
southeastern China (Duan et al., 2012; Zong et al., 2014; Yuan et al.,
2019).

In the upper level, the subtropical westerly jet is located near 30°N, the
center of which is located over East Asia and south of Japan, where it is
referred to as the East Asian subtropical westerly jet (EASJ; Huang et al.,
2014). The EASJ is an important circulation system which is closely
related to the variation of the East Asian winter monsoon (Ha et al., 2012;
Luo and Zhang, 2015; Liu et al., 2022), and it strongly influences the
weather and climate variations over East Asia (Yang et al., 2002; Liao and
Zhang, 2013; Ding and Li, 2017; Liu et al., 2022). In winter, Southern
China is located under the equator-ward region of the entrance of the
EASJ and therefore the secondary upward circulation of the EASJ favors
the occurrence of heavy rainfall over southern China (Huang et al., 2017).
Thus, both of the variation in the intensity and meridional shift of the
EASJ are important to the occurrence of rainfall over southern China
(Zhang et al., 2019; Liu et al., 2022). The EASJ was also an important
bridge that linked the remote upstream disturbance to the winter
precipitation over East Asian (Watanabe, 2004; Hu et al., 2018; Zhang
and Chen, 2021). Previous studies have shown that a Rossby wave train

originating from the North Atlantic or Mediterranean region may
propagate eastward along the subtropical westerly jet into East Asia
and have an important role in generating circulation patterns
conducive to persistent heavy rainfall events over southern China
(Zong et al., 2012; Li and Sun, 2015; Ding and Li, 2017; Li et al.,
2017; Huang et al., 2019; Li et al., 2020; Chen and Li, 2022; Tan et al.,
2022). The variation in the lower level of the SBTmay be closely related to
the upstream Rossby wave train (Li and Zhou, 2016; Li et al., 2017). The
Rossby wave train propagates eastward along the subtropical westerly jet
and strengthen the SBT, which favors the transport of plentiful moisture
from the Bay of Bengal and the South China Sea to southern China (Ding
and Li, 2017; Li et al., 2017). The Rossby wave train also canmodulate the
vertical motion and convergence (divergence) in high (low) layers along
the eastward-propagating path of the Rossby wave train (Hu et al., 2018;
Huang et al., 2019; Tan et al., 2022), favoring dynamic conditions of uplift
over southern China (Li and Sun, 2015; Li and Li, 2019). Numerous
studies have emphasized that the propagation of the Rossby wave train
along the subtropical westerly jet is an important precursory signal
influencing the occurrence of heavy rainfall over southern China in
winter (Zong et al., 2014; Huang et al., 2019; Li et al., 2020).

Previous studies have mainly focused on the conditions favoring the
large region of persistent heavy rainfall over the whole of southern China
inwinter. Numerous case studies have shown that persistent heavy rainfall
events over southern China feature an eastward movement from the
perspective of daily variations in the weather (Li and Sun, 2015; Li and Li,
2019; Yuan et al., 2019). Under the winter background of westerly flows
over southern China, precipitation tends to occur first over southwestern
China and then spreads eastward downstream to southeastern China. For
example, a 6-day strong intense and extensive rainfall event occurred over
southern China from January 8 to 13, 2015 (Figure 2), causing record-
breaking heavy rainfall in most parts of southern China (Li and Li, 2019).
Detailed analyses showed that the rainfall process was eastward-moving
and that heavy rainfall occurred over southwestern China on January

FIGURE 1
Schematic diagram of the topography and southern branch of the westerly winds around the Qinghai–Tibetan Plateau and southern China. The
locations of provinces in southwestern (southeastern) China are marked with red (black) acronyms. The digital elevation model of the topography is shown in
gray. The black contours and blue vectors show the geopotential height field and the wind field at 700 hPa, respectively. The red solid line shows the trough
line of the SBT. The red boxes shown as dashed lines of Z2, Z1, and Z3 represent the trough line region and the regions behind and in front of the SBT in
the objective SBT identification method, respectively.
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8–9 and then graduallymoved eastward to southeasternChina on January
10–13 (Figure 3).

Recently, Chen and Li (2022) reported that about 50% of rainfall
events over southwestern China move eastward to southeastern China
over the next one to 3 days. It is therefore important to investigate the
detailed changes in weather processes and the mechanisms related to
eastward-moving rainfall events over southern China in winter. Chen and
Li (2022) showed that strong cold air intruding into East Asia is an
important factor in blocking heavy rainfall migrating eastward from
southwestern to southeastern China. With the strong cold air intruding
southward, the related cold Siberian high at the lower level can block the
SBT–a low-pressure system–expanding eastward, thus the water vapor
transported by the southwesterly wind flow in front of the SBT cannot be
converged over southeastern China. Numerous studies also highlighted
that the strong cold air activity is unfavorable for the occurrence of heavy
rainfall over southeastern China (Wen et al., 2009; Bueh et al., 2011; Li
et al., 2020). While, the reason for pushing the eastward movement of
rainfall remains unclear. A clear and abnormally active Rossby wave train
pattern appears along the subtropical westerly jet in bothmany individual
events (e.g., Li and Sun, 2015; Li and Li, 2019) and the composited results
of eastward-moving rainfall events (Chen and Li, 2022). Is the eastward-
propagating Rossby wave train along the subtropical westerly jet a crucial
factor in “pushing” the heavy rainfall eastward? How does the Rossby
wave train along the subtropical westerly jet affect the local circulations
favorable for the eastward movement of rainfall over southern China?
These questions need further investigation.

A large area of heavy rainfall persisted over southern China for
6 days from January 8 to 13, 2015 (Figure 2). Li and Li (2019) have
shown that the continuous eastward propagation of Rossby waves
along the subtropical westerly jet helped to maintain this stable and
persistent heavy rainfall event. Detailed analysis has shown that the
rainfall process clearly moved eastward. Heavy rainfall occurred over
southwestern China on January 8–9 and then gradually spread

eastward to southeastern China on January 10–13 (Figure 3). We
therefore selected this event as a case study of a typical eastward-
moving rainfall event to investigate its detailed movement and the
influence of the Rossby wave train along the subtropical westerly jet.

The remainder of this paper is organized as follows. The datasets and
methods are introduced in Section 2. The detailed characteristics of the
eastward-moving heavy rainfall events are described in Section 3. Sections
4, 5 describe the atmospheric circulations and the factors that may affect
the variations in heavy rainfall. Our summary is presented in Section 6.

2 Data and methods

2.1 Data

We used the Reanalysis data from the National Center for
Environmental Prediction - National Center for Atmospheric
Research, with a horizontal resolution of (2.5°× 2.5°) and a vertical
resolution of 17 levels (Kalnay et al., 1996). The daily precipitation
data used were obtained from the observation data of 834 stations
nationwide provided by the China Meteorological Administration. For
terrain distribution chart, we used the Shuttle Radar TopographyMission
(SRTM) 90 m Digital Elevation Database v4.1 from the Consortium for
Spatial Information (CGIAR-CSI). More information is available at the
following website (http://srtm.csi.cgiar.org).

2.2 Methods

2.2.1 Wave activity fluxes
To investigate the propagation of the Rossby wave train along the

subtropical westerly jet, we calculated the wave activity fluxes using Eq.
1, developed by Takaya and Nakamura (2001):

FIGURE 2
Average geopotential height field at 700 hPa (black contours, units: gpm) and the total accumulated precipitation (shading; units: mm) from January 8 to
13, 2015. The red line shows the trough line of the SBT. The gray shading represents the shape of the Qinghai-Tibetan Plateau.
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(1)

where ψ denotes the stream function, f is the Coriolis parameter, and
λ,φ,Φ, a and Ω represent the longitude, latitude, geopotential, the
radius of the Earth and the Earth’s rate of rotation, respectively. U
and V represent the steady zonal and meridional basic flow
respectively, |U| = (U,V), z = −HlnP, where P = pressure

1000hPa and H =
8,000 m is a constant scale height. ψ′ � Φ′

f is the quasi-geostrophic
perturbation stream function and N is the buoyancy frequency. The
basic flow calculated as the January mean during the period of
1985–2015, the perturbation denotes the daily disturbances
calculated by removing the monthly climatology.

2.2.2 Evaluation of energy conversion
The evaluation of the conversion of energy between the

perturbations of the wave train and the mean flows are based on
the wave energy Eq. 2, the same as those used by Duan and Wu
(2005):

SA � −�uyu′v′

SB � −Rf�up

Pσ
v′T′

⎧⎪⎪⎨⎪⎪⎩ (2)

where u and v denote the zonal and meridional wind velocities,
respectively. P and T are atmospheric pressure, and temperature,
respectively. R is the dry air gas constant, f is the Coriolis
parameter and σ is the static stability parameter. The subscripts
y and p represent the meridional and vertical derivatives,
respectively. Overbars and primes denote the zonal mean and
perturbation of the related variables. The positive values of SA and
SB indicate the conversion of the kinetic energy and available
potential energy from the mean flow into the wave train,
respectively.

FIGURE 3
Distribution of the daily precipitation on January (A) 8, (B) 9, (C) 10, (D) 11, (E) 12 and (F) 13 in 2015 (units: mm). The red triangle indicates the large-value
center of precipitation.
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2.2.3 Identification of the SBT
We used the westerly trough identification method proposed by

García et al. (2001) and Knippertz (2004) to identify the SBT on the
daily weather chart. The SBT is climatologically manifested as cyclonic
trough and low-pressure system, which frequently appeared over the
southern Qinghai–Tibetan Plateau and the northern Bay of Bengal
(Figure 1). According to the suggestions of Lin (2015), the area
(15°–30°N, 80°–100°E) was chosen as the domain to identify SBT
signals.

Z2 area (see Figure 1) was taken to represent the SBT trough line
area, and adjacent areas Z1 and Z3 were taken to represent the areas
behind and in front of the SBT, respectively. The daily geopotential
height at 700 hPa was used to calculate the difference of average
geopotential height (DH) between the trough line region of Z2 and the
adjacent areasZ1 and Z3, as shown in Eq. 3. A positive value of DH
indicated that a trough appeared in the study area. The region with a
DH value greater than 35 gpm, which is approximately 1 standard
deviation higher than the climatological value over the domain region,
was considered an SBT area. The average DH value of the whole area
of the SBT was calculated as the intensity of SBT. The location of the
maximumDH value at each latitude was linked to the SBT trough line.

DH � 1
2

Hz1 +Hz3( ) −Hz2 (3)

About 90% of SBTmaymove eastward to downstream areas under
the background of westerly flows in winter (Duan et al., 2012). We
therefore also tracked the trajectory of the moving SBT. On the basis of
the identification of the SBT signal in the domain region, we gradually
moved the three identification boxes in Figure 1 eastward within 10° of
longitude at 2.5 intervals over the next few days. We repeated these
processes until the SBT signal could not be identified and thus the
eastward shift of the SBT could be shown.

The two-dimensional horizontal frontogenesis function was
calculated to investigate the frontogenesis related to rainfall process
(Ninomiya, 1984), which was also used in Yuan et al. (2019) and
shown good performance in diagnosing frontogenesis over southern
China. Empirical orthogonal function (EOF) analysis was used to
investigate the modes of SBT variation. We performed a significance
test using the Student’s t-test, which represent the probability that the
anomalies were statistically different from the climatological state at
the 90% or 95% confidence level. The anomalies mentioned in Sections
3–5 were calculated by removing the monthly climatology from
1985 to 2015.

3 Overview of the eastward-moving
heavy rainfall event

A 6-day heavy rainfall event occurred over southern China from
January 8 to 13, 2015. A large area of heavy rainfall was present in the
zonal region 20°–30°N. The climatological daily mean maximum
precipitation in winter was about 2 mm in south China (Ding and
Li, 2017), while the total accumulated precipitation during the rainfall
process exceeded 25 mm in most parts of southern China, including
Yunnan, Guizhou, Guangxi, Guangdong, and Fujian provinces
(Figure 2), although the spatial distribution of rainfall was uneven,
with two large-value centers over southwestern and southeastern
China. One center was located in Yunnan Province, southwestern
China, where themaximum rainfall was more than 100 mm. The other

center was located in Guangdong and Guangxi provinces, southern
China, with the maximum rainfall more than 50 mm.

Further detailed analyses showed that the heavy rainfall process
exhibited a clearly eastward-moving feature. On January 8, heavy
rainfall mainly occurred in Yunnan and Guizhou provinces in
southwestern China. Six meteorological stations in southwest
Yunnan Province recorded maximum rainfall more than 80 mm
(Figure 3A). On January 9, the center of heavy rainfall remained in
southwest Yunnan Province, but extended eastward to Guangxi
Province (Figure 3B). On January 8–9, heavy rainfall mainly
occurred in southwestern China, with 20 counties and cities
breaking the records of extreme January precipitation in the time
period 1951–2015. The flood disasters and snowstorms caused by this
heavy rainfall event affected 1.4 million people and led to about
11.5 billion RMB of economic losses.

The rainfall weakened on January 10, especially in Yunnan
Province (Figure 3C). On January 11, the area of heavy rainfall
moved eastward to Guangxi and Guangdong provinces and the
precipitation over southwestern China gradually weakened and
disappeared (Figure 3D). The rainfall continued to move east of
110°E and restrengthened on January 12 (Figure 3E). The main
areas of heavy rainfall were located in Guangdong and Fujian
provinces, where 18 meteorological stations recorded rainstorms
with maximum daily rainfall of about 70 mm (Figure 3E). On
January 13, the area of rainfall moved eastward to the coastal areas
of southeastern China (Figure 3F).

The eastward-moving heavy rainfall event included multiple
complex processes. The whole rainfall process occurred in two
stages. In the first stage on January 8–9, 2015, the heavy rainfall
was stable over southwestern China. In the second stage on January
10–13, 2015, the area of heavy rainfall gradually moved eastward to
southeastern China, while the heavy rainfall weakened and
disappeared in southwestern China.

4 Favorable atmospheric environments
for the heavy rainfall event

4.1 Background atmospheric circulation in
January

In January, the westerly winds in the lower troposphere are
divided into northern and southern branches as a result of the
blocking effect of the Qinghai–Tibetan Plateau. In the southern
branch of the westerlies, the SBT extends from the south of
the Qinghai–Tibetan Plateau to the northern Bay of Bengal. The
SBT shows a strong cyclonic curve in the wind field and lower
pressure signals at 700 hPa, but is relatively weak at 500 hPa
(Figures 4A, B), indicating that in the climatology the SBT
mainly exists in the mid-to lower troposphere as a result of the
blocking effect of the Qinghai–Tibetan Plateau. The western Pacific
subtropical high presents as a zonal band expanding from the
western Pacific Ocean to the South China Sea around 15°N (Figures
4A, B). As a result of the strong pressure gradient in the regions
between the SBT and the western Pacific subtropical high,
southwesterly flows emerge in the front of the SBT, which may
be favorable for transporting warm, moist air from the northern
Bay of Bengal and the South China Sea to southern China
(Figure 4C).
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The water vapor transported by the southwesterly flow in front of
the SBT contributes greatly to the rainfall over southern China in
winter. In the climatology, the water vapor field shows that the
southwesterly water vapor flux diverges over southwestern China
and converges over southeastern China, thus the precipitable water
value is slightly higher over southeastern China than over
southwestern China (Figure 4C). But it should be noted that the
climate of southern China is relatively dry in January, the average
precipitable water value over the whole of southern China is about
20 mm. In addition, the subtropical westerly jet, which is located
between 20° and 35°N in the upper troposphere, extends in a straight
line from the Qinghai–Tibetan Plateau to East Asia. Southern China
lies below the equator-ward side of the EASJ (Figure 4D).

4.2 Favorable local conditions for the
occurrence of heavy rainfall

4.2.1 First stage: Occurrence of heavy rainfall over
southwestern China on January 8–9, 2015

On January 8–9, a strong, stable SBT was located around 90°E,
with the trough line extending from the south of the Qinghai–Tibetan

Plateau to the northern Bay of Bengal at 700 hPa (Figures 5A, B). The
average intensity of the SBT was 68 gpm, which was roughly 2.7 times
that of the climatic state in winter. An anticyclonic system appeared
over the South China Sea, indicating that the western Pacific
subtropical high expanded to the west of 110°E. Because of the
strong zonal pressure gradient between the SBT and the western
Pacific subtropical high, a vigorous low-level southwesterly jet
appeared in front of the SBT. Abundant warm, moist air was
therefore transported from the Bay of Bengal and the western
Pacific Ocean to southwestern China (Figures 6A, B, 7A, B). Strong
water vapor converged over the northern Indochina Peninsula and
southern China (Figures 6A, B). The average precipitable water was
about 25 mm in southwestern China, which was higher than the
climatology by about 1.5 standard deviations. The southerly flow in
front of the SBT therefore transported plentiful water vapor from the
Bay of Bengal and the western Pacific Ocean to southwestern China at
this stage, providing favorable moisture conditions for the occurrence
of heavy rainfall over southwestern China. A wide ridge was presented
in the region (70°–110°E, 40°–50°N) in the northwesterly branch at
700 hPa (Figures 5A, B), whereas strong northerly winds and cold air
advection mainly appeared north of 30° N (Figures 7A, B). The heavy
rainfall mainly occurred in the warm advection region.

FIGURE 4
Climatology in January for the time period 1985–2015. (A)Geopotential height field (contours; units: gpm), wind field (vectors; units: m s−1) and horizonal
wind speed (shading; units: m s−1) at 700 hPa. (B) Geopotential height field (contours; units: gpm) and omega field (shading, units: 10–2 Pa·s−1) at 500 hPa. (C)
Water vapor flux (vectors; units: kgm−1·s−1), divergence of thewater vapor flux (shading; units: 10–6 kg·m−2·s−1) at 700 hPa and the precipitable water (contours;
units: mm). (D) Geopotential height field (contours; units: gpm) and zonal wind speed at 200 hPa. Wind speeds greater than 30 m·s−1 are shaded with
intervals of 5 m·s−1. The gray-shaded areas (A,C) and isolines (B,D) show the shape of the Qinghai–Tibetan Plateau.
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In the upper level, the EASJ differed significantly from the
climatology. There was a cyclonic curve in the upper level
subtropical westerly jet over the eastern Qinghai–Tibetan Plateau
(Figures 8A, B). This indicated that the upper level jet was
weakened in the cyclonic curve region and the straight jet seemed
to “break” over the eastern Qinghai–Tibetan Plateau. The South Asian
and East Asian jets were therefore separated. The trough line of the
upper level cyclonic curve region can be treated as a boundary between
the South Asian jet and the East Asian jet. The center of the EASJ was
mainly located east of 120°E over the western Pacific Ocean. Hence, the
region of southwestern China was underneath the equator-ward side
of the entrance of the upper level EASJ, which exhibited strong
anomalous divergence at 200 hPa. The upper level divergence was
closely related to the secondary circulation of the EASJ, which can

induce strong upward motion and thus favors the occurrence of heavy
rainfall over southwestern China.

4.2.2 Second stage: Rainfall moving eastward to
southeastern China on January 10–13, 2015

On January 10, the SBT began moving downstream in an eastward
direction. Especially in the northern part of the SBT, the location of the
SBT trough line at 20°–30°N shifted eastward from 90°E to east of 95°E
on January 10 (Figure 5C). The intensity of the SBT weakened to
58 gpm. The subtropical high also began to weaken and retreat
eastward (Figure 5C). As a result of this weakening of the SBT and
the subtropical high, the low-level southwesterly jet and the related
transport of water vapor and advection of warm air were also
weakened (Figures 6C, 7C). At the same time, the rainfall that

FIGURE 5
Geopotential height (black contours; units: gpm) and wind field (vectors; units: m s−1) at 700 hPa on January (A) 8, (B) 9, (C) 10, (D) 11, (E) 12 and (F) 13 in
2015. Wind speeds greater than 8 m·s−1 are shaded in color. The red line shows the trough line of the SBT. The red triangle indicates the large-value center of
precipitation. The gray shading shows the shape of the Qinghai-Tibetan Plateau.
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occurred over southwestern China began to weaken, especially in
Yunnan Province (Figure 3C).

The SBT continued moving eastward on January 11 (Figure 5D)
and its intensity weakened to 37 gpm. The circulations in the northern
branch of the westerlies also clearly varied. Compared with January
8–9, the ridge in the northern branch of the westerlies disappeared and
was replaced by a trough located over the northeast of the
Qinghai–Tibetan Plateau on January 11. The SBT in the southern
branch of the westerlies and the trough in the northern branch of the
westerlies were therefore superimposed in the east of the
Qinghai–Tibetan Plateau near 100°–110°E (Figure 5D). The
advection of cold air was seen on the eastern edge of the

Qinghai–Tibetan Plateau, behind the trough of the northern
branch of the westerlies (Figure 7D). The advection of cold air may
have invaded southward and interacted with the SBT. In addition, as a
result of the eastward movement of the SBT, the tropical water vapor
transported by the southwesterly flow appeared in front of the SBT
and mainly concentrated in the eastern region of southeastern China
(Figure 6D). As a result, the rainfall also moved eastward. Heavy
rainfall mainly occurred in Guangdong and Guangxi provinces, while
the precipitation over southwestern China gradually weakened and
disappeared (Figure 3D).

The SBT continued to move eastward on January 12 to nearly
110°E (Figure 5E). The cold advection originating from mid-latitude

FIGURE 6
Column-integrated water vapor flux (vectors; units: kg m−1·s−1), the divergence of the column-integrated (surface–300 hPa) water vapor flux (shading;
units: 10–5 kg·m−2·s−1) and the precipitable water anomalies (contours; units: mm) on January (A) 8, (B) 9, (C) 10, (D) 11, (E) 12 and (F) 13 in 2015. The red triangle
indicates the large-value center of precipitation.
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invaded southward along the northeastern edge of the
Qinghai–Tibetan Plateau to about 20°N and interacted with the
SBT, resulting in restrengthening of the SBT (Figure 7E). The
intensity of the SBT was reinforced to 58 gpm. The circulation
around the SBT showed an almost closed cyclonic system (Figures
5E, 7E). A strong, low-level southerly jet, which appeared in front of
the SBT and to the west of the western Pacific subtropical high,
transported a plume of warm, moist air from the tropical western
Pacific Ocean to southeastern China (Figures 5E, 6E). A warm ridge
expanded from the subtropics to mid-latitudes over eastern China
(Figure 7E). Correspondingly, rainfall was reinforced in the warm,
moist region in front of the SBT and the main areas of heavy rainfall

were located in Guangdong and Fujian provinces (Figure 3E). On
January 13, the SBT moved eastward to nearly 115° E and gradually
merged with the trough of the northern branch of the westerlies
(Figure 3F). The regions of heavy rainfall also moved eastward to the
coastal areas of southeastern China (Figure 4F).

With the eastward movement of the lower level SBT, the upper
level EASJ also exhibited eastward movement during the time
period January 10–13 (Figures 8C–F). It seems that the
variations in the upper level EASJ were covariant with the lower
level SBT activities. The cyclonic curve in the upper level
subtropical jet overlapped above the low-level SBT, with slight
vertical titling to the west. As a result, the region of strong

FIGURE 7
Equivalent potential temperature (black contours; units: K), the wind field (vectors; units: m s−1) and the temperature advection (shading; units: 10–4 K·s−1)
at 700 hPa on January (A) 8, (B) 9, (C) 10, (D) 11, (E) 12 and (F) 13 in 2015. The red triangle indicates the large-value center of the precipitation. The red dotted
line shows the crossing line used for depicting the vertical cross-section profiles in Figures 11, 12. The gray shading shows the shape of the Qinghai-Tibetan
Plateau.
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divergence in the upper levels, which was located on the equator-
ward side of the EASJ entrance, overlapped with the lower level
region of convergence of moist air, which appeared in the front of
the SBT. These vertical configurations contributed to moisture and
dynamic conditions favorable for the occurrence of heavy rainfall.
Accompanying the synchronous eastward movement of the low-
level SBT and the upper level EASJ, the regions of heavy rainfall
moved gradually from southwestern to southeastern China
(Figure 3).

These variations in the local circulation further confirmed that
the heavy rainfall event from January 8 to 13 consisted of two
stages. The first stage was from January 8 to 9. The low-level SBT
remained stable over the northern Bay of Bengal and the western
Pacific subtropical high expanded to the Indochina Peninsula.

Southwestern China was located underneath the equator-ward
side of the entrance of the upper level EASJ. In this stage, the
heavy rainfall mainly occurred over southwestern China. In the
second stage (January 10–13), the low-level SBT, the western
Pacific subtropical high and the upper level EASJ moved
eastward concurrently and the region of heavy rainfall also
moved eastward to southeastern China.

4.3 Rossby wave trains along the subtropical
westerly jet

In addition to the favorable local conditions, numerous studies
have emphasized that the Rossby wave train along the subtropical

FIGURE 8
Wind field (vectors; units: m s−1), geopotential height anomalies field (black contours; units: 10 gpm) and the divergence of the horizontal winds (shading;
units: 10–6 s−1) at 200 hPa on January (A) 8, (B) 9, (C) 10, (D) 11, (E) 12 and (F) 13 in 2015. The red triangle indicates the large-value center of precipitation. Red
contours represent zonal wind speeds greater than 30 m·s−1 and the thick red line shows the trough line of the cyclonic curve appearing in the upper
westerly jet.
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westerly jet is an important factor in the occurrence of heavy rainfall
over southern China in winter (Zong et al., 2014; Huang et al., 2019; Li
et al., 2020; Tan et al., 2022). During this rainfall event, the Rossby
wave trains clearly propagated downstream in an eastward direction
along the subtropical westerly jet (Figure 9). On January 6, the Rossby
wave energy originating from western Europe propagated
southeastward to the Middle and Eastern Mediterranean and
forced disturbance in the subtropical westerly jet (Figure 9A). The
waveguide effect of the subtropical westerly jet led to the wave energy
dissipating downstream in an eastward direction along the jet
(Figure 9B). On January 8–9, the wave energy converged over the
Bay of Bengal and southwestern China (Figures 9C, D). The
convergence of the wave energy on January 10–13 was gradually
moved eastward from southwestern to southeastern China
(Figures 9D–H).

The time–latitude profiles along the axis of the subtropical
westerly jet at 25°N shown that there were two distinct Rossby wave
packets propagating eastward along the subtropical westerly jet
(Figure 10). On January 5–6, the disturbance invaded to the
subtropical westerly jet and evoked the Rossby wave trains
propagating eastward (Figures 9A, 10). About 4 to 5 days later,

the wave energy propagated eastward to, and converged over,
southwestern China, where it was associated with the
maintenance and occurrence of a stable region of heavy rainfall
over southwestern China on January 8–9. The wave train
propagated eastward to the west of 100°E and terminated after
January 9 as a result of the decay of the wave energy. The rainfall
over southwestern China also began to weaken on January 10. On
January 8–9, strong wave active fluxes converged near 20°–40°E and
evoked a new Rossby wave packet propagating eastward
downstream (Figures 9C, D, 10). With the continuous eastward
propagation of wave energy, the region of convergence of wave
energy over southern China also gradually moved downstream to
the east, concurrent with the region of heavy rainfall moving from
southwestern to southeastern China.

The eastward propagation of the Rossby wave trains along the
subtropical westerly jet were closely related to the maintenance and
movement of rainfall over southern China. The occurrence and
development of heavy rainfall over southern China were jointly
influenced by the local circulation anomalies and the remote
propagation of the Rossby wave train along the upper level
subtropical westerly jet.

FIGURE 9
Wave activity flux (vectors; units: m2·s−2) and geopotential height anomalies field (shading; units: 10 gpm) at 250 hPa on January (A) 6, (B) 7, (C) 8, (D) 9, (E)
10, (F) 11, (G) 12 and (H) 13 in 2015.
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5 Mechanisms for the variation in heavy
rainfall over southern China

5.1 Mechanisms for the occurrence of heavy
rainfall over southwestern and southeastern
China

5.1.1 First stage: Occurrence of heavy rainfall over
southwestern China on January 8–9, 2015

In the first stage, the SBT was stable around 90°E in the northern
Bay of Bengal (Figures 5A, B). The western Pacific subtropical high
was located over the South China Sea and its western edge expanded to
about 105°E (Figure 5A). As a result of the strong pressure gradient
between the SBT and the western Pacific subtropical high, a strong
low-level southerly jet appeared in front of the SBT (Figures 5A, B) and
transported abundant water vapor and warm air from the Bay of
Bengal and the western Pacific Ocean to southwestern China (Figures
6A, B, 7A, B). The equivalent potential temperature field was therefore
seen as a ridge expanding from the Indochina Peninsula to
southwestern China (Figures 7A, B). Strong warm, wet air
advection dominated over southwestern China, especially in
Yunnan Province.

The topography of southwestern China is very complex (Yuan
et al., 2019), which is higher in the northwest and lower in the
southeast, and strong orographic gradient appears in the
northwest–southeast direction (Figure 1). The southwesterly flow
impinged almost perpendicularly on the windward slopes of the
mountains in southwestern China. Forced by the topography, the
warm, wet air carried by the southerly flow converged and led to
frontogenesis at lower levels, thus strong upward motion appeared on
the windward slopes of the mountains over southwestern China
(Figures 11A, B, 12B). The upward motion transported water vapor
from low levels to the mid-troposphere and positive humidity

anomalies and saturated moist layers with a relative humidity
greater than 90% appeared from the base to the middle of the
troposphere over southwestern China, especially on the windward
slopes in southwestern China (Figures 11A, B). This is clearly different
from the winter climatological condition in that the water vapor is
mainly concentrated in the lower troposphere below 700 hPa over
southwestern China (Yuan et al., 2018).

The anomalous increase in moisture in the mid-troposphere led to
thickening of the saturated moist layer, which favored the occurrence
of heavy rainfall over southwestern China. The orographic effect is
therefore an important factor in the first stage, forcing low-level
frontogenesis and upward motion and therefore favoring the heavy
rainfall that occurred on the southwest windward slopes of the
mountains in southwestern China.

Southwestern China was located below the equator-ward side of
the entrance of the upper level EASJ (Figures 8A, B). Strong divergence
at the upper level caused by the secondary circulation of the EASJ may
also have contributed to precipitation over southwestern China. To
investigate the configurations of the upper and lower level circulations
related to the heavy rainfall process, Figure 12 shows vertical cross-
sections along the center of heavy rainfall. On January 8–9, strong,
low-level frontogenesis and upward motion appeared on the
windward slopes as a result of the orographic forcing effect
(Figures 13A, B). As shown in Figure 8A, due to the “deceleration”
of the jet stream caused by the wave-current interaction, the upper
level of the subtropical jet “broke” on the eastern side of the Qinghai-
Tibet Plateau and forms a cyclonic curve, or trough, strong secondary
upward motion and related frontogenesis appeared in the mid-to
upper levels below the equator-ward side of the entrance of the EASJ
(Figure 12B). Deep upward motion therefore occurred throughout the
whole troposphere on the windward slopes in southwestern China as a
result of the surface orographic forcing effect and the secondary
circulation of the upper level EASJ, favoring the occurrence of

FIGURE 10
Time–longitude profile of the geopotential height anomalies (shading; units: 10 gpm) and the wave activity flux (vectors; units: m2·s−2) at 250 hPa along
the axis of the jet stream at 25°N on January 4–14, 2015. The green arrow shows the propagation of the wave train.
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heavy rainfall. The deep jet-front system, including low-level
orographic forcing frontogenesis and the secondary circulation of
the upper level EASJ, therefore greatly contributed to the occurrence of
heavy rainfall over southwestern China during the first stage of the
rainfall event on January 8–9.

5.1.2 Second stage: Occurrence of heavy rainfall
over southeastern China on January 10–13, 2015

The subtropical high weakened from January 10 to 13 and its
western edge retreated from the Indochina Peninsula to the western
Pacific Ocean. The SBT also began to move eastward (Figures 5C–F).
On January 10–11, a southwesterly airflow appeared in the front of the

SBT and to the west of the subtropical high, transporting water vapor
from the Bay of Bengal and the South China Sea to southern China
(Figures 6C, D). However, the strength of the transport of water vapor
seemed to be weaker than in the first stage on January 8–9 and the
region of convergence was further to the east (Figures 6, 11C, D).
Correspondingly, the rainfall over southwestern China weakened and
the center of rainfall moved from Yunnan Province to the eastern
regions of Guangxi and Guangdong provinces (Figures 3C, D).

On January 12–13, the SBTmoved eastward to the southeast of the
Qinghai–Tibetan Plateau (Figures 5E, F), leading warm, wet air from
the South China Sea and the western Pacific Ocean to southeastern
China (Figures 6E, F, 7E, F). There was also a deep trough on the

FIGURE 11
Vertical cross-sections along the red dotted lines in Figure 7 for the water vapor flux (vectors; units: kg m−1·s−1), the specific humidity anomalies (shading;
units: kg kg−1), the relative humidity (colored contours; units: %), the equivalent potential temperature (purple contour; units: K) along (A) 100°E on January 8,
(B) 100°E on January 9, (C) 107°E on January 10, (D) 110°E on January 11, (E) 115°E on January 12 and (F) 120°E on January 13 in 2015. The latitude with the
maximum center of daily precipitation is represented by the red triangle. The thick black lines represent the isolines of the equivalent potential
temperature at 305 and 315 K. The gray shading shows the shape of the topography.
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northern branch of the westerlies, which was located on the northeast
of the Qinghai–Tibetan Plateau (Figures 5E, F). The troughs on the
northern and southern branches of the westerlies gradually overlapped
near 110°–120°E on January 12–13 (Figures 5E, F). This led to strong
advection of the cold air intruding into southeastern China along the
southeastern edge of the Qinghai–Tibetan Plateau, which interacted
with the warm, wet flow in the front of the SBT, causing it to
restrengthen. The average intensity of the SBT on January
12–13 was 73 gpm, which was about 2.9 times that of the
climatological value.

The robust warm advection in the front of the SBT intensified the
temperature gradient and densified the temperature isolines that
appeared in the region (110°–120°E, 25°–30°N) over southeastern

China. The cold flow intruding into the back of the SBT also
caused an increase in the temperature gradient in the region
(100°–115°E, 15°–20°N) (Figures 7E, F). This suggests that warm
and cold fronts were both formed in the deep SBT, which therefore
featured a cyclonic system over southern China (Figures 5E, F, 7E, F).
The heavy rainfall mainly occurred in the region of the warm front
over southeastern China, which may be a result of the favorable warm,
moist conditions in the front of the SBT.

The vertical profiles showed that the moist airflow in the lower
level was transported upward along the warm front and thickened the
moist layer from the surface to 500 hPa (Figures 11E, F). The low-level
baroclinic frontogenesis forced strong upward motion and
transported plentiful water vapor upward to the mid-troposphere,

FIGURE 12
Vertical cross-sections along the red dotted lines in Figure 7 for the frontogenesis (positive value as red contours; units: 10 K·m−1·s−1), omega field
(shading; units: Pa s−1) and wind field (horizontal wind, units: m s−1; vertical omega, units: 10–2 Pa·s−1) along (A) 100°E on January 8, (B) 100°E on January 9, (C)
107°E on January 10, (D) 110°E on January 11, (E) 115°E on January 12 and (F) 120°E on January 13 in 2015. The black contour indicates the upper level jet with a
zonal wind speed greater than 30 m·s−1. The latitude with the maximum center of daily precipitation is represented by the red triangle. The gray shading
shows the shape of the topography.

Frontiers in Earth Science frontiersin.org14

Yin et al. 10.3389/feart.2023.1107674

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1107674


which reinforced the favorable thermal and dynamic conditions for
heavy rainfall over southeastern China. Horizontal temperature
advection and baroclinic frontogenesis in the second stage
therefore greatly contributed to the reinforcement of heavy rainfall
over southeastern China.

Interestingly, the “broken” region of the subtropical westerly jet
at the upper level also presented an eastward movement during the
time period January 10–13. The trough line of the cyclonic curve
and the “broken” region moved eastward from 100 to 115°E from
January 10 to 13 (Figures 8C–F). The trough line of the cyclonic
curve region can be treated as the dividing boundary between the
upper level South Asian jet and the East Asian jet. This indicates
that the entrance region of the EASJ gradually moved eastward in
the second stage. Accordingly, the regions of heavy rainfall were
always located below the equator-ward side of the entrance of the
EASJ, which exhibited strong divergence in the upper level.
Apparent secondary vertical upward motion appeared in the
mid-to upper level over the EASJ entrance region (Figures
12C–F). This suggests that the upper level EASJ also had an
essential role in the occurrence of heavy rainfall over
southeastern China in the second stage. Strong upward motion
dominated the whole of the troposphere in the region of heavy
rainfall over southeastern China, especially on January 12–13
(Figures 12E, F), indicating that both the lower level upward
motion forced by the baroclinic frontogenesis and mid-to upper

level uplifting related to the secondary circulation of the EASJ were
favorable dynamic factors for the reinforcement of heavy rainfall
over southeastern China.

5.2 Roles of the Rossby wave train associated
with the occurrence of heavy rainfall

5.2.1 Interactions with the upper level EASJ
The Rossby wave can spread downstream to the east along the

subtropical westerly jet. There may be strong interactions between the
eastward-propagating Rossby wave train and the westerly jet flow. The
wave energy kinetic conversion terms were calculated for the heavy
rainfall event of January 8–13 (Figure 13). Associated with the Rossby
wave train propagating eastward along the subtropical westerly jet, the
conversion term of kinetic energy showed a positive–negative wave
train-like pattern and mainly occurred in the upper troposphere above
400 hPa.

On January 8–9, the Rossby wave train triggered by the
disturbance near the Mediterranean on January 5–6 propagated
eastward and arrived at the eastern Qinghai–Tibetan Plateau
(Figures 9, 10). There was positive kinetic energy conversion over
the eastern side of the Qinghai–Tibetan Plateau at 90°–110°E above
400 hPa (Figures 13A, B). This indicated that the kinetic energy of the
westerly mean flow was converted to the kinetic energy of the wave

FIGURE 13
The term SA for the transformation of the zonal mean and wave disturbance kinetic energy (shading; units: 10–3 m2·s−3) along the subtropical westerly jet
stream axis of 30°N on January (A) 8, (B) 9, (C) 10, (D) 11, (E) 12 and (F) 13 in 2015. The red contour indicates zonal wind speeds greater than 30 m·s−1. The black
shading shows the shape of the topography.
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train. The westerly mean flow therefore weakened and the disturbance
of the wave strengthened over the eastern side of the Qinghai–Tibetan
Plateau. The subtropical westerly jet was relatively weak and featured
as a “break” in the zonal wind speed and a characteristic of the cyclonic
curve of the horizontal flow in the upper level (Figures 8A, B). The
weakness of the subtropical westerly jet at 90°–110°E caused the jet to
“break” and this area became the entrance area of the
EASJ. Southwestern China was located underneath the equatorial
side of the entrance of the EASJ (Figures 8A, B). The secondary
upward circulation of the EASJ favored the powerful dynamic
conditions required for the occurrence of heavy rainfall over
southwestern China. As a result of the decay of the wave energy,
the eastward propagation of the Rossby wave packets just arrived at the
eastern side of the Qinghai–Tibetan Plateau and gradually terminated
after January 9 (Figure 10). The precipitation process also began to
weaken on January 10 (Figure 3C). However, with a new Rossby wave
packet propagating eastward downstream on January 8–9, the
eastward propagation of the Rossby wave train along the jet stream
was re-excited on January 11–12 and spread further eastward
downstream to southeastern China (Figure 9D). On January 11–12,
associated with the eastward propagation of the Rossby wave train,
there was strong positive kinetic energy conversion over the eastward
downstream area of 100°–120°E, implying the kinetic energy loss and
weakening of the zonal mean flow over there, and the entrance region
of the upper level EASJ move further eastward to and above

southeastern China. This may have partly contributed to the
eastward shift in the heavy rainfall over southern China on January
11–12. On January 13, with the decaying of the wave energy, the
eastward propagation of the Rossby wave packets and the conversion
of the kinetic energy of the jet wave also gradually weakened
(Figure 13F).

The eastward-propagating Rossby wave train can change the
morphology of the EASJ via wave–jet interactions and lead to
variations in the location of the entrance area of the EASJ. The
related secondary upward circulation in the entrance area of the
EASJ provided favorable dynamic conditions for the occurrence of
heavy rainfall over southwestern and southeastern China.

5.2.2 Impact on the lower level SBT
The Rossby wave train that propagated along the subtropical

westerly jet showed a barotropic structure from 700 to 100 hPa,
with a slight westward tilt in the vertical direction over East Asia
(Figure 14). Associated with the Rossby wave train propagating
eastward along the subtropical westerly jet, the conversion term of
baroclinic energy also showed a positive–negative wave train-like
pattern and mainly occurred in the mid-to lower troposphere
below 300 hPa. On January 8–9, accompanying the wave packets
eastward propagation and convergence of the Rossby wave train
over the northern Bay of Bengal and the western side of the
Qinghai–Tibetan Plateau (Figure 10), negative geopotential height

FIGURE 14
The term SB for the potential energy conversion (shading; units: 10–3 m2·s−3), the wave activity flux (vectors; units: m2·s−2) and the geopotential height
anomalies (contours; units: 10 gpm) along the subtropical westerly jet stream axis at 25° N on January (A) 8, (B) 9, (C) 10, (D) 11, (E) 12 and (F) 13 in 2015. The red
line shows the vertical trough line with the maximum DH value in each layer. The black shading shows the shape of the topography.
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anomalies appeared in almost the whole troposphere. This was related
to the cyclonic curve trough that appeared in the upper level jet and the
strong SBT located at mid-to lower levels over the northern Bay of
Bengal. A deep trough was present in the whole of the troposphere
over the northern Bay of Bengal (Figures 14A, B). Positive conversion
of baroclinic energy appeared behind the vertical deep trough line over
the northern Bay of Bengal near 90°E. This indicated that the available
potential energy was converted from the basic westerly mean flow to
the wave disturbance, which favored the maintenance and
strengthening of the SBT in the mid-to lower troposphere. The
strengthened SBT provided favorable water vapor conditions for
the occurrence of heavy rainfall over southwestern China. On
January 10–13, accompanying the second time of the advent of the
Rossby wave packets that propagated further eastward downstream
along the subtropical westerly jet (Figures 10C–F), the deep trough,
which included both the cyclonic trough in the upper level jet and the
SBT at mid-to lower levels, gradually moved further eastward from the
western to the eastern side of the Qinghai–Tibetan Plateau. (Figures
14C–F). Associated with the deep trough moving eastward, positive
and negative conversion of baroclinic energy always accompanied
behind and in front of the deep trough line, respectively. While, the
positive values behind the trough line were greater than the negative
values in front of the trough line. Thus, the net positive baroclinic
energy conversion over the deep trough region was favorable for
strengthening the lower level SBT, thus keeping the deep trough as a
whole move to eastward. This indicated that the eastward movement
of the mid-to lower level SBT may be closely related to the eastward
propagation of the Rossby wave train. The eastward-propagating
Rossby wave train can push the mid-to lower level SBT eastward
by modifying the associated baroclinic energy conversion process
under the background of the subsidence behind the deep vertical
trough over the Qinghai–Tibetan Plateau region. Hence the Rossby
wave train along the upper level jet may be an important factor

pushing the SBT eastward, which favored the transport of plentiful
water vapor further east in the downstream region via the southerly
flow in front of the SBT, causing the occurrence of heavy rainfall over
southeastern China.

6 Summary

Under the background of westerly winds in winter, persistent
heavy rainfall over southern China often presents an eastward-moving
feature. Heavy rainfall may first occur over southwestern China and
then move eastward to southeastern China during the next few days.
We analyzed a 6-day heavy rainfall process that occurred over
southwestern China on January 8–9, 2015 and then gradually
spread eastward to southeastern China on January 10–13, from the
perspective of the daily variations in the weather.

Our results showed the important role of the Rossby wave train
propagating along the subtropical westerly jet in “pushing” the
eastward movement of heavy rainfall over southern China. The
remote Rossby wave train influenced the variation of heavy rainfall
by modifying the local circulation. The Rossby wave train can
change the morphology of the East Asian subtropical jet via
wave–jet interactions and modify the related secondary upward
circulation in the entrance area of the jet, providing favorable
dynamic conditions for the occurrence of heavy rainfall. The
Rossby wave train can also influence the low-level SBT by
modifying the associated baroclinic energy conversion process,
which favors the transport of plentiful water vapor to the region
of heavy rainfall over southern China. The eastward-propagating
Rossby wave train pushed the upper level East Asian subtropical jet
and the lower level SBT as a whole while simultaneously moving
east, which caused the region of heavy rainfall to move from
southwestern to southeastern China.

FIGURE 15
EOF2modeof the SBT appearance frequency during the time period 1981–2016. (A) Spatial distribution. (B) Time series. (C) The 200 hPameridional wind
anomalies (shading; units: m s−1) and zonal winds (red contours; units: m s−1) and (D) the precipitation anomalies (shading; units: mmday−1). The values in parts
(C,D) are both composited using the PC2 time series >1.0 standard deviation. The black cross (solid circle) represents the meridional winds in part (C) and the
precipitation anomalies in part (D) that are significant at the 95% (90%) confidence level.
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The result indicated that the covariations of the upper level jet and
lower level SBT linked with the Rossby wave train were important for
the eastward movement of the rainfall event. We also obtained the
related co-variation mode from the climatological perspective.
Previous studies have shown that the activity of the lower level
SBT is closely related to the location of the rainfall over southern
China in winter (Duan et al., 2012; Li and Li, 2019). Heavy rainfall
often occurs over southwestern China when a stationary SBT was
located in the northern Bay of Bengal, whereas the expansion of heavy
rainfall to southeastern China was associated with eastwardmovement
of the SBT. By identifying the signal of the moving SBT as introduced
in Section 2, we carried out EOF analysis of the SBT appearance
frequency during the winter in 1981–2016. The EOF2 mode was
shown to be an eastward-moving mode of the SBT, with the SBT
frequently appearing in the eastern Bay of Bengal and moving further
eastward in the downstream regions (Figure 15A). The composite
analysis, obtained by using the months in PC2 that were greater than
one standard deviation, indicated that the eastward-moving SBTmode
is closely related to the pattern of the Rossby wave train along the
subtropical westerly jet, and the related rainfall mode shown as a zonal
expansion from southwestern to southeastern China that was located
under the equatorial-ward of the entrance of the EASJ (Figures 15C,
D). These configurations were very similar to the results for the case
study on January 8–13, 2015.

Therefore, the results from our case study might successfully
revealed the common features in the eastward-moving heavy
rainfall events that occurred over southern China in winter. These
results will help to provide a scientific basis for forecasting winter
rainfall over southern China. However, further more case studies are
needed to confirm these features from the climatological perspective.

In addition, the results also shown that this persistent heavy
rainfall event occurred in two different stages. In the first
stage—that was, from January 8 to 9, 2015—the related heavy
rainfall occurred mainly on the windward slopes of the mountains
in southwestern China. In the second stage—that was, from January
10 to 13, 2015—the regions of heavy rainfall moved eastward to
southeastern China. The favorable configurations of the large-scale
circulation were similar during the two rainfall stages. At the lower to
mid-level, strong southerly flows, which appeared in front of the SBT
and to the west of the subtropical high, transported abundant water
vapor to the regions of rainfall. At the upper level, the EASJ had an
important role in the occurrence of heavy rainfall over both
southwestern and southeastern China. While, the detailed local
physical processes and mechanisms favorable to the occurrence of
heavy rainfall in southwestern and southeastern China showed some
differences. The heavy rainfall over southwestern China was closely
related to orographic forcing and mainly occurred on the windward
slopes of mountains. The rainfall over southeastern China was mainly
attributed to the baroclinic frontogenesis caused by strong warm, wet
advection. Numerous previous studies also revealed that the local
conditions favored for heavy rainfall occurrence over southwestern
China and southeastern China were different, including the

underlying surface conditions, the impact of weather systems and
cold air activity (Yuan et al., 2018; Li and Li, 2019; Yuan et al., 2019;
Chen and Li, 2022; Li et al., 2022), etc. These findings suggested that
the characteristics of rainfall and its mechanisms may have regional
differences in southern China. These questions also require further
deep discussion in the future.
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