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Abstract: We use a case study to show that a continuous heavy rainfall process in southern China was
closely related to tropical cyclone activity in the Bay of Bengal. The continuous heavy rainfall that
occurred in southern China on 11–13 May 2002 can be considered as two different processes. The first
process, referred to as a predecessor rain event, occurred over southwestern China before landfall
of the tropical cyclone. The second process occurred after dissipation of the tropical cyclone when
its remnant caused heavy rainfall that expanded from southwestern China to the middle to lower
reaches of the Yangtze–Huaihe river basin. Both of the heavy rainfall processes were closely related to
the transport of warm, moist air associated with a tropical cyclone originating over the Bay of Bengal,
but the mechanisms in the two processes were quite different. Low-level orographic forcing was the
main contributor to the predecessor rain event, whereas baroclinic frontogenesis induced by thermal
advection was the main contributor to the tropical cyclone remnant event. Both heavy rainfall events
occurred beneath the equatorial entrance of the upper level East Asian subtropical jet.

Keywords: Bay of Bengal; tropical cyclone; southern China; heavy rainfall event; predecessor rain
event; tropical cyclone remnant

1. Introduction

Tropical cyclones (TCs) are the most destructive weather systems. TCs can lead to heavy rainfall
when approaching or making landfall. Besides the well-known rain shields surrounding the TC vortex,
TCs also can convey abundant water vapor forward and produce heavy rainfall at a large distance
from the TC vortex [1,2]. Cote suggested this type of remote TC rainfall be termed a “predecessor
rain event (PRE)” to describe the organized heavy rainfall that occurs far ahead of a TC but is closely
connected to it [3]. Occasionally, even after landfall and dissipation, the TC remnant also can remain
active and cause heavy rainfall, especially when encountering other mid-latitude systems [4,5].

Numerous studies have focused on the heavy rainfall events related to the TCs in the North
Pacific and Atlantic Oceans. However, there is less research in North Indian Ocean. Moreover,
owing to the narrow sea basin size and complex surrounding topography of the North Indian Ocean,
the rainfall events caused by TCs in the North Indian Ocean are more complicated [6,7]. For example,
TCs originating from the Bay of Bengal (BOB) not only can make landfall and affect surrounding
countries directly [6], they can also have indirect effects and cause heavy rainfall and secondary
landslides and debris flows in regions remote from the BOB, such as southwestern China [8–11]. Owing
to the blocking effect of mountains, such as the Himalaya, the Naga Mountains and the Hengduan
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Mountains in China (Figure 1), the BOB TCs often weaken rapidly and cannot affect China directly.
However, satellite cloud images indicate that zonal cloudy belts can extend from the TC vicinity in
BOB to southwestern China [8]. The BOB TCs may provide plentiful moist air to southwestern China
and cause remote heavy rainfall therein. In addition, the remnants of BOB TC can remain active for a
few days after TC dissipation and, in consequence, generate heavy rainfall in southwestern China [7].
Occasionally, the influence of BOB TCs can also spread downstream to the east from southwestern
China to the middle to lower reaches of the Yangtze–Huaihe river basin [10].
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mid-latitude systems and cold flows are hard to affect the southwest side of the mountains in 
southwestern China. The PREs that occur over southwestern China are mainly produced by the 
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However, how the BOB TCs produce remote “indirect” influences in southern China remains
unclear. Recently, Yuan et al. reported that even before TC makes landfall, abundant moisture near the
TC in BOB is advected to southwestern China, resulting in heavy rainfall [11]. This performs like a PRE
that was suggested by Cote [3]. Based on the work of Cote [3], Yuan et al. further redefined PRE over
southwestern China associated with BOB TC by satisfying the following criteria: (1) A coherent heavy
rainfall region in southwestern China is clearly separate from the area of rainfall that is directly tied to
BOB TC vortex, (2) deep tropical moisture originally associated with the BOB TC must be advected
away from TC vicinity into the coherent rainfall region in southwestern China [11]. By identifying
21 PREs associated with BOB TCs during 1981–2012, Yuan et al. revealed that the PREs mainly
occurred on the southwest side of the mountains in southwestern China. The topographic forced
upward motion is very important for the PREs over southwestern China. Because the southwesterly
wind conveys plentiful warm and moist air from the BOB TC vicinity and hits the mountains on the
southwest side, it triggers strong ascent and is favorable for heavy rainfall occurrence therein [11].
Moreover, owing to high mountains southeast of Qinghai-Tibet Plateau, the mid-latitude systems and
cold flows are hard to affect the southwest side of the mountains in southwestern China. The PREs
that occur over southwestern China are mainly produced by the interactions of the TC and subtropical
weather systems, such as the western Pacific subtropical high, the India–Burma trough and subtropical
jet [1,8–12]. Hence, this is quite different from PREs caused by TCs in North Pacific and Atlantic
Oceans. In that scenario, PREs usually occurred when abundant warm and moist air mass advected
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poleward from the TC vicinity to a quasi-stationary baroclinic zone in the mid-latitude, which are
mainly produced by the interactions of the TC and mid-latitude systems [3,13,14].

However, it should be noted that the remote heavy rainfall events associated with BOB TCs not
only occur in southwestern China. Occasionally, the influences can also expand further eastward
downstream to the middle to lower reaches of the Yangtze–Huaihe river basin. In this scenario,
continuous heavy rainfall may start before the BOB TC’s landfall and be sustained for several days even
after the TC’s dissipation. For example, a TC generated in the southeastern BOB on 9 May 2002, then
moved northeast and made landfall on the western coast of Indo-China Peninsula at 00:00 on 12 May.
Finally, the TC was dissipated at 12:00 on 12 May. Accompanying with the TC appearing in BOB,
continuous heavy rainfall occurred on 11–13 May over remote southern China. A heavy rainfall belt
expands from southwestern China to the middle to lower reaches of the Yangtze–Huaihe river basin
(including Xizang, Yunnan, Guizhou, Sichuan, Chongqing, Guangxi, Hunan and Jiangxi provinces in
southern China) (Figure 2). The previous study reported that the continuous heavy rainfall event was
closely related to the abundant water vapor originated from the TC in BOB [15]. While this case cannot
be treated just as a simple PRE. First, the continuous heavy rainfall event lasts over three days which
were started from one day before the BOB TC’s landfall to two days after TC’s dissipation. Second,
the heavy rainfall in southern China took place even over 2000 km away from the BOB TC. These
characteristics are quite different from the typical PREs described by Yuan et al., which last about one
or two days and take place up to 1000 km away from the BOB TC [11]. Thus, the continuous heavy
rainfall that occurred on 11–13 May may have consisted of multiple processes, such as the PRE and TC
remnant event. In addition, both of the processes and mechanisms between the PREs and TC remnant
rainfall events may perform very differently. However, the detailed processes and their differences are
not distinguished and clearly understood. Thus, in this work, we study the above-mentioned case and
determine whether: (1) Multiple processes contributed to the heavy rainfall event that occurred over
southern China on 11–13 May 2002 and whether and how the processes are associated with the remote
BOB TC (2) If the continuous heavy rainfall event includes multiple processes, what are the differences
between each process and related mechanisms?
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The paper is organized as follows. The datasets and methods are introduced in Section 2.
The detailed characteristics of heavy rainfall associated with the BOB TC are described in Section 3.1.
Section 3.2 shows the air parcel transport trajectories associated with the heavy rainfall event.
The circulation environments and possible factors affecting the occurrence of heavy rainfall are shown
in Sections 3.3 and 3.4, respectively. Our summary and discussion are presented in Section 4.
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2. Data and Methods

2.1. Datasets

We used the Joint Typhoon Warning Centre best-track dataset for TCs over the BOB, which includes
the locations and intensities of TC at 6-h intervals [16]. We also used the European Center for
Medium-Range Weather Forecasts Interim Reanalysis 6-h atmospheric datasets with a horizontal
resolution of 0.5◦ × 0.5◦ and a vertical resolution of 32 levels [17] and the Japan Meteorological Agency
1-h black body temperature (TBB) dataset on a 0.05◦ × 0.05◦ grid. The TBB data was utilized to show
the cloudiness variation. Note that lower TBB reflects more vigorous cloud development. We obtained
the daily precipitation data observed at 834 stations over China from the China Meteorological
Administration (CMA). We used the satellite-based 3-h precipitation analyses from the Tropical Rainfall
Measuring Mission satellite (TRMM) 3B42 version 6 with a horizontal resolution of 0.25◦ × 0.25◦ to
analyze the detailed precipitation processes associated with TC [18,19]. We used reanalysis datasets
obtained from the National Centers for Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) with a horizontal resolution of 2.5◦ × 2.5◦ and a vertical resolution of 17 levels
to run the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model [20–22].

2.2. Methods

We computed the two-dimensional horizontal frontogenesis function, developed by Ninomiya,
based on the ERA-Interim dataset to investigate the role of frontogenesis in heavy rainfall processes [23].
The evaluation for frontogenesis is computed as the rate of change in the magnitude of the horizontal
equivalent potential temperature (θse) gradient. We used the HYSPLIT model to verify the air parcel
transport trajectories associated with the heavy rainfall event. A detailed description of the HYSPLIT
model has been reported previously [24]. We calculated the forward (backward) air parcel trajectories
in the vicinity of TCs (heavy rainfall regions) in the BOB (southern China) using the HYSPLIT model
and the NCEP/NCAR reanalysis dataset. Note that we show the date in UTC time in this work.

3. Results

3.1. Characteristics of Heavy Rainfall Events Associated with TCs in the BOB

As a TC formed in BOB and moved northward to the west coast of the Indo-China peninsula
on 9–12 May 2002, continuous heavy rainfall occurred on 11–13 May over southern China (Figure 2).
The observational rainfall data obtained from CMA shows that a heavy rainfall belt expands from
southwestern China to the middle to lower reaches of the Yangtze–Huaihe river basin. There were
eight provinces in southern China that recorded heavy rainfall exceeding 50 mm in 72 h, including
Xizang, Yunnan, Guizhou, Sichuan, Chongqing, Guangxi, Hunan, and Jiangxi provinces (Figure 2a).
The satellite-based TRMM precipitation analysis also shows that, besides the heavy rain shields
surrounding the TC vortex in BOB, a zonal heavy rainfall belt appeared in southern China. Moreover,
a distinct heavy rainfall region with exceeding 100 mm in 72 h presented in the middle to lower reaches
of the Yangtze–Huaihe river basin, where was at a large distance from the BOB TC vortex (Figure 2b).
Compared with the CMA rainfall data, the high-resolution TRMM precipitation analysis shows a
similar heavy rainfall belt in southern China, but with more detailed configures (Figure 2b). Thus,
in the following text, we use the TRMM data to reveal the detailed rainfall processes on 11–13 May.

A tropical depression formed in the southeastern BOB at 06:00 on 9 May 2002. The center of the
depression had a maximum wind speed of 25 knots and a minimum pressure of 1002 hPa at sea-level.
Then, the TC moved to the northeast and gradually increased in intensity to a tropical storm by 12:00
on 10 May. As the TC moved northward to the northern Andaman Sea on 11 May, heavy rainfall began
at 00:00 in southwestern China, including the provinces of Tibet, Yunnan and Sichuan (Figure 3a).
Simultaneously, the satellite cloud images suggested that a cloudy region with low TBB appeared over
the southeastern Qinghai–Tibetan Plateau, far ahead of the TC (Figure 4a). As the TC approached land
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at 21:00 on May 11, the convective clouds still sustained development and heavy rainfall occurred over
the southeast of the Qinghai–Tibetan Plateau (Figures 3b and 4b). The TC made landfall in southern
Myanmar at 00:00 on 12 May and a region of strong convection with a minimum TBB less than −60 ◦C
appeared over southwestern China (Figure 4c), which experienced extremely heavy rainfall with a
maximum rainfall rate >15 mm h−1 (Figure 3c).
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Figure 3. Tropical Rainfall Measuring Mission satellite-based precipitation (units: mm 3 h−1) from 11
to 13 May 2002. (a) 00:00 on 11 May 2002, (b) 21:00 on 11 May 2002, (c) 00:00 on 12 May 2002, (d) 12:00
on 12 May 2002, (e) 21:00 on 12 May 2002, and (f) 15:00 on 13 May 2002. The locations of the tropical
cyclone are indicated by black tropical storm symbols. The centers of maximum precipitation are
indicated by black triangles.
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(f) 15:00 on 13 May 2002. The locations of the tropical cyclone are indicated by black tropical storm
symbols. The centers of maximum precipitation are indicated by black triangles.

The TC was dissipated at 12:00 on 12 May (Figure 4d) and the rainfall near the TC weakened and
gradually disappeared (Figure 3d). It should be noted that the BOB TC was separated by a certain long
distance from China. The TC weakened rapidly when approaching southwestern China as a result
of friction from the land and the blocking effect of the high mountains. However, the satellite cloud
images suggest that the remnant of the BOB TC remained active for a few days after TC’s dissipation.
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As the remnant of the TC moved downstream to the east (Figure 4d–f), a zonal belt of heavy rainfall
extended from southwestern China to the middle to lower reaches of the Yangtze–Huaihe river basin
(Figure 3d–f). This remnant was active for a few days after dissipation of the TC and generated strong
rainfall in southern China until 14 May.

The 3-h TRMM rainfall analyses suggest that the continuous rainfall event in southern China from
11 to 13 May associated with the TC in the BOB can be considered as two different processes. The first
heavy rainfall process from 00:00 on 11 May to 00:00 on 12 May can be considered as a PRE occurring
far ahead of the TC but may have been initially associated with the advection of moisture near to the
TC vicinity. The second heavy rainfall process from 12:00 on 12 May to 00:00 on 14 May resembled a
rainfall event from a remnant of a tropical cyclone. Both the TRMM and CMA observational datasets
showed that similar consecutive heavy rainfall processes occurred in southern China from 11 to 13 May
associated with TC activity in the BOB (Figure 5). Heavy rainfall mainly occurred over the southeastern
Qinghai–Tibetan Plateau on 11 May, far ahead of the TC in the BOB (Figure 5a,b), suggesting that
the heavy rainfall event over southwestern China on 11 May may be treated as a PRE. The TC was
already dissipated on 13 May, but a zonal belt of heavy rainfall extended from southwestern China
to the middle to lower reaches of the Yangtze–Huaihe river basin (Figure 5e,f). This seems like a
heavy rainfall process related to the TC remnant. Heavy rainfall belt expands from southwestern
to southeastern China on 12 May, suggesting a mixture of predecessor and remnant rainfall events
associated with the TC.
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3.2. Air Parcel Transport Trajectories Associated with the Heavy Rainfall Event

To verify whether the heavy rainfall events in southern China were related to the TC in BOB,
we utilized the HYSPLIT model to calculate the forward (backward) air parcel transport trajectories in
the vicinity of TCs (heavy rainfall regions) in the BOB (southern China). We ran three sets of the air
parcel transport trajectory calculations.
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First, the forward air parcel transport trajectories around the TC genesis region in BOB (5–15◦ N,
90–100◦ E) were calculated as follows: Air parcels were released from the locations of each 1 by 1◦ grid
area. The air parcels were released at the time of 06:00 on 9 May, the time of TC genesis. The forward
tracking began at 3000 m height above the surface. The calculated 120 h forward air parcel transport
trajectories are shown in Figure 6a. Most of the forward air parcel trajectories were transported from
the TC vicinity in BOB to southwestern China on 11–12 May, and in consequence, moved further
eastward downstream to the middle to lower reaches of the Yangtze–Huaihe river basin on 13–14 May
(Figure 6a). This indicates that the air parcels and associated moisture in the BOB TC vicinity can be
transported to and influence the whole of southern China.

Second, the backward air parcel transport trajectories over the heavy rainfall region in southwestern
China (23–29◦ N, 96–103◦ E) were calculated on each 1 by 1◦ grid area. The backward tracking began
at 1500 m height above the surface and at the time of the heavy rainfall occurred over southwestern
China at 12:00 on 11 May. The calculated 72 h backward air parcel transport trajectories are shown in
Figure 6b. The result shows that approximately 50% of the air parcel trajectories (24 in a total of 49) that
released from the heavy rainfall region in southwestern China originated from the BOB TC vicinity.
This confirms that heavy rainfall event occurred in southwestern China on 11 May was closely related
to the TC in BOB and can be treated as a PRE. In addition, there were also many of the trajectories
around the base of the India–Burma trough.

Third, the backward air parcel transport trajectories over the heavy rainfall region in the middle
to lower reaches of the Yangtze–Huaihe river basin (25–30◦ N, 105–115◦ E) were calculated on each
1 by 1◦ grid area. The backward tracking was beginning at 3000 m height above the surface and at
the time of the heavy rainfall occurred over the middle to lower reaches of the Yangtze–Huaihe river
basin at 12:00 on 13 May. The calculated 96 h backward air parcel trajectories are shown in Figure 6c.
The result shows that the air particles in the heavy rainfall region of the middle to lower reaches of
the Yangtze–Huaihe river basin mainly originated from near the TC in the BOB, and this case can be
treated as a BOB TC remnant event.

Hence, the results of the HSPLIT model calculation confirm that heavy rainfall processes in
southern China, including both the PRE in the southwestern China and TC remnant event in the middle
to lower reaches of the Yangtze–Huaihe river basin, are closely associated with TC activity in the BOB.

Atmosphere 2019, 10, x FOR PEER REVIEW 9 of 21 

 

the vicinity of TCs (heavy rainfall regions) in the BOB (southern China). We ran three sets of the air 

parcel transport trajectory calculations.  

First, the forward air parcel transport trajectories around the TC genesis region in BOB (5–15° N, 

90–100° E) were calculated as follows: Air parcels were released from the locations of each 1 by 1° 

grid area. The air parcels were released at the time of 06:00 on 9 May, the time of TC genesis. The 

forward tracking began at 3000 m height above the surface. The calculated 120 h forward air parcel 

transport trajectories are shown in Figure 6a. Most of the forward air parcel trajectories were 

transported from the TC vicinity in BOB to southwestern China on 11–12 May, and in consequence, 

moved further eastward downstream to the middle to lower reaches of the Yangtze–Huaihe river 

basin on 13–14 May (Figure 6a). This indicates that the air parcels and associated moisture in the BOB 

TC vicinity can be transported to and influence the whole of southern China. 

Second, the backward air parcel transport trajectories over the heavy rainfall region in 

southwestern China (23–29° N, 96–103° E) were calculated on each 1 by 1° grid area. The backward 

tracking began at 1500 m height above the surface and at the time of the heavy rainfall occurred over 

southwestern China at 12:00 on 11 May. The calculated 72 h backward air parcel transport trajectories 

are shown in Figure 6b. The result shows that approximately 50% of the air parcel trajectories (24 in 

a total of 49) that released from the heavy rainfall region in southwestern China originated from the 

BOB TC vicinity. This confirms that heavy rainfall event occurred in southwestern China on 11 May 

was closely related to the TC in BOB and can be treated as a PRE. In addition, there were also many 

of the trajectories around the base of the India–Burma trough.  

Third, the backward air parcel transport trajectories over the heavy rainfall region in the middle 

to lower reaches of the Yangtze–Huaihe river basin (25–30° N, 105–115° E) were calculated on each 1 

by 1° grid area. The backward tracking was beginning at 3000 m height above the surface and at the 

time of the heavy rainfall occurred over the middle to lower reaches of the Yangtze–Huaihe river 

basin at 12:00 on 13 May. The calculated 96 h backward air parcel trajectories are shown in Figure 6c. 

The result shows that the air particles in the heavy rainfall region of the middle to lower reaches of 

the Yangtze–Huaihe river basin mainly originated from near the TC in the BOB, and this case can be 

treated as a BOB TC remnant event. 

Hence, the results of the HSPLIT model calculation confirm that heavy rainfall processes in 

southern China, including both the PRE in the southwestern China and TC remnant event in the 

middle to lower reaches of the Yangtze–Huaihe river basin, are closely associated with TC activity in 

the BOB. 
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Figure 6. Air particle transport trajectories calculated by the HISPLIT model. (a) 120-h forward tracing
trajectories originating from near the tropical cyclone (5–15◦ N, 90–100◦ E) in the Bay of Bengal starting
at 06:00 on 9 May 2002 and 3000 m height above the surface. (b) 72-h backward tracing trajectories
originating from the region of heavy rainfall in southwestern China (23–29◦ N, 96–103◦ E) starting
at 12:00 on 11 May 2002 and 1500 m height above the surface. (c) 96-h backward tracing trajectories
originating from the region of heavy rainfall in the middle to lower reaches of the Yangtze–Huaihe
river basin (25–30◦ N, 105–115◦ E) starting at 12:00 on 13 May 2002 and 3000 m height above the surface.
The air parcels were released from locations of each 1 by 1◦ grid area.
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3.3. Synoptic-Scale Circulation Environments

The TC was located in the northeastern BOB on 11 May and the India–Burma trough was in the
south of the Qinghai–Tibetan Plateau, with the base of the trough stretching into the northern BOB
(Figure 7a). An anomalous meridional negative geopotential height occurred from the southeastern
BOB to the southeastern Qinghai–Tibetan Plateau, reflecting the signals of both the TC and the
India–Burma trough. The western Pacific subtropical high expanded to the South China Sea and the
eastern Indo-Chinese Peninsula. An abnormal positive geopotential height ridge appeared at 500 hPa
in the region (25–40◦ N, 110–120◦ E). The atmospheric circulation in the mid-troposphere presented as
a belt (barrier) of anomalous meridional negative (positive) geopotential height west (east) of 110◦ E in
the subtropical and mid-latitude regions (Figure 7a). A strong zonal gradient of pressure, therefore,
appeared near 100◦ E from the Indo-Chinese Peninsula to the southeastern Qinghai–Tibetan Plateau,
causing a robust westerly wind jet to blow from near the tropical cyclone in the BOB to the southeast
of the Qinghai–Tibetan Plateau at 700 hPa (Figure 7b). The low-level jet transported abundant water
vapor from the TC vicinity in the BOB to southwestern China, leading to a strong convergence of water
vapor (Figure 8a). The total-column precipitable water (TPW) in the southeast of the Qinghai–Tibetan
Plateau was >35 mm (>1 SD of the climatology in May). One trough and one ridge appeared in
the upper level at mid-latitudes over China. The upper level of the East Asia subtropical jet (EASJ)
was ruptured, leading to strong upper-level divergence over the southeast Qinghai–Tibetan Plateau,
favoring heavy rainfall (Figure 8b).
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Figure 7. Geopotential height (solid lines, units: m) and anomalies (shaded, units: m) at 500 hPa for
(a) 11 May 2002, (c) 12 May 2002 and (e) 13 May 2002. Horizontal wind (vectors, units: m s−1) and
horizontal wind speed (shaded, units: m s−1) at 700 hPa for (b) 11 May 2002, (d) 12 May 2002 and
(f) 13 May 2002. The locations of the tropical cyclones are indicated by black tropical storm symbols.
The centers of maximum precipitation are indicated by triangle symbols.
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Figure 8. Column-integrated water vapor flux (vectors, units: 103 g m−1 s−1), divergence of the
column-integrated water vapor flux (shaded, units: 10−2 g m−2 s−1) and total-column precipitable
water (red lines, units: mm) for (a) 11 May 2002, (c) 12 May 2002 and (e) 13 May 2002. Horizontal wind
(vectors, units: m s−1) and divergence of horizontal wind (shaded, units: 10−5 s−1) at 200 hPa for (b) 11
May 2002, (d) 12 May 2002 and (f) 13 May 2002. The locations of the tropical cyclones are indicated
by tropical storm symbols. The centers of maximum precipitation are indicated by triangle symbols.
Zonal wind speeds > 35 m s−1 are indicated by purple solid lines in (b,d,f).
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The TC made landfall and dissipated on 12 May, and the India–Burma trough moved eastward
to southwestern China, while the subtropical high remained stable (Figure 7c). The strong gradient
between the India–Burma trough and the subtropical high led to a strong southwesterly wind from
west of the Indo-Chinese Peninsula to southwestern China (Figure 7d), which guided the movement of
the remnant of the tropical cyclone to southwestern China (Figure 4d,e). Abundant water vapor was,
therefore, transferred from the BOB and converged in southwestern China (Figure 8c). The TPW in the
center of the region of heavy rainfall was >40 mm, providing enough water vapor for the occurrence
of heavy rainfall. The upper-level EASJ moved north to 35◦ N and the region of heavy rainfall was
located beneath the equatorial entrance to the upper-level subtropical jet. The upper-level divergence
over the equatorial entrance to the upper-level subtropical jet also favored heavy rainfall (Figure 8d).

The TC was dissipated on 13 May, but the remnant was still active. The subtropical high was stable
and expanded to the South China Sea (Figure 7e). The mid-latitude wave moved downstream to the
east and an anomalous deep trough appeared over the east of the Qinghai–Tibetan Plateau. A strong
southwesterly wind in front of the trough converged with the southerly flow at the periphery of the
western Pacific subtropical high (Figure 7f) and contributed to guiding the TC remnant downstream to
the east, conveying abundant moisture to the whole of South China (Figure 8e). Accordingly, water
vapor converged in the zonal belt from southwestern China to the middle and lower reaches of the
Yangtze–Huaihe river basin. The upper-level EASJ strengthened and was located near 30◦ N. Strong
upper-level divergence appeared south of the EASJ (Figure 8f).

3.4. Possible Factors in the Development of Heavy Rainfall

3.4.1. Moisture Configuration

As the reflection of the TC and the India–Burma trough, a meridional belt of abnormally low
geopotential height expanded from the BOB to the southeast of the Qinghai–Tibetan Plateau on 11
May (Figure 7a). The abnormally low pressure in the BOB and the high pressure of the subtropical
high in the South China Sea strengthened the pressure gradient, leading to a strong southerly flow on
the eastern coast of the BOB and southeast of the Qinghai–Tibetan Plateau (Figure 7b). This southerly
flow steered the TC and conveyed abundant water vapor from near the TC to the Qinghai–Tibetan
Plateau (Figure 8a). In Figure 8b, the red line shows the route from near the TC to the center of the
region of heavy rainfall in the southeast of the Qinghai–Tibetan Plateau, and Figure 9a shows a detailed
vertical cross-section of the moisture configuration. The moisture originating from near the TC vicinity
is conveyed poleward to the southeast of the Qinghai–Tibetan Plateau. Moisture clearly ascends
along the windward side as a result of orographic lifting and an anomaly in the relative humidity
appears from the ground to 300 hPa with a center at about 600 hPa (Figure 9a). The abundant moisture
originating from near the TC deepened the moist layer throughout the troposphere and favored heavy
rainfall to the southeast of the Qinghai–Tibetan Plateau, far ahead of the TC.
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Figure 9. Vertical cross-sections of water vapor flux (horizontal direction vector, units: 10−2 m s−1,
vertical direction units: 10−5 m s−1), magnitude of water vapor flux (shaded, unit: 10−2 m s−1), and
anomalous specific humidity (contour, unit: g kg−1) along the red dotted line segments shown in
Figure 8b,e and f on (a) 11 May 2002, (b) 12 May 2002, and (c) 13 May 2002, respectively. The locations
of the tropical cyclones are indicated by black tropical storm symbols. The centers of maximum
precipitation are indicated by triangle symbols.
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As the TC approached and made landfall on the west coast of the Indo-China Peninsula on 12 May,
a robust southwesterly low-level jet expanded from near the TC to southwestern China (Figure 7d).
This low-level jet provided a favorable corridor to convey moisture from the BOB to southwestern
China. The TPW in the center of the region of heavy rainfall in southwestern China was >40 mm
(Figure 8c). A deep horizontal southwesterly flux of water vapor along the vertical cross-section
between the TC and the region of heavy rainfall in southwestern China was seen from the ground to
400 hPa on 12 May. Associated with the strong upward transport of moisture, a region of abnormal
relative humidity extended from the lower to the upper level over the region of heavy rainfall in
southwestern China, with an anomalous center located at 600 hPa (Figure 9b).

Although the TC was dissipated on May 13, the remnant was steered downstream to the east
(Figure 7f) as a result of the strong southwesterly low-level jet caused by the strong pressure gradient
between the mid-latitude trough at 110◦ E and the subtropical high in the South China Sea (Figure 7e).
A broad plume of moist air characterized by high TPW values extended from the western BOB to
southern China (Figure 8e). The robust upward transport of moisture extended to 300 hPa from
the location of dissipation of the tropical cyclone to the center of heavy rainfall in southern China.
Thus, the moisture layer was deepened throughout almost all the troposphere, with the maximum
anomalies in relative humidity at lower to mid-levels (Figure 9c). The vertical structure of the moisture
configuration led to thickening of the saturated moisture layer and favored heavy rainfall over
southern China.

3.4.2. Physical Lifting and Frontogenesis

On 11 May, the southerly wind flow originating from the eastern flank of the TC in the BOB
conveyed warm, moist air northeast to the southeast of the Qinghai–Tibetan Plateau (Figure 10a).
The topography in the south of the Qinghai–Tibetan Plateau is higher in the northwest and lower
in the southeast. A southerly flow, therefore, causes the convergence of warm, moist air and forces
strong upward motion on the windward slope of the mountains located in the southeast of the
Qinghai–Tibetan Plateau. The convergence of warm air in the southeast of the Qinghai–Tibetan Plateau
leads to strong frontogenesis (Figure 10b). Strong warm air advection originating from near the TC
and upward motion occurred from the ground to the top of the troposphere over the region of heavy
rainfall in the southeast of the Qinghai–Tibetan Plateau (Figures 11a and 10b).



Atmosphere 2019, 10, 574 17 of 21Atmosphere 2019, 10, x FOR PEER REVIEW 17 of 21 

 

 

Figure 10. Horizontal wind (vector, units: m s−1), horizontal temperature advection (shaded, units: 

10−5 K s−1), and equivalent potential temperature (red contour, units: K) at 700 hPa for (a) 11 May 2002, 

(c) 12 May 2002, (e) 13 May 2002. And frontogenesis (shaded, units: 10−9 K m−1 s−1) at 700 hPa and 

vertical pressure velocity (the values less than 0 are indicated in blue contours, units: 10−2 pa s−1) at 

500 hPa for (b) 11 May 2002, (d) 12 May 2002, (f) 13 May 2002. The locations of the tropical cyclones 

are indicated by black tropical storm symbols. The centers of maximum precipitation are indicated 

by triangle symbols. 

Figure 10. Horizontal wind (vector, units: m s−1), horizontal temperature advection (shaded, units:
10−5 K s−1), and equivalent potential temperature (red contour, units: K) at 700 hPa for (a) 11 May 2002,
(c) 12 May 2002, (e) 13 May 2002. And frontogenesis (shaded, units: 10−9 K m−1 s−1) at 700 hPa and
vertical pressure velocity (the values less than 0 are indicated in blue contours, units: 10−2 pa s−1) at
500 hPa for (b) 11 May 2002, (d) 12 May 2002, (f) 13 May 2002. The locations of the tropical cyclones are
indicated by black tropical storm symbols. The centers of maximum precipitation are indicated by
triangle symbols.
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Figure 11. The same as Figure 9, but for horizontal temperature advection (shaded, units: 10−5 K s−1 ),
wind flow anomaly (vector, the horizontal flow in m s−1, and the vertical flow is in 10−2 pa s−1) and
zonal wind speed (every 5 m s−1 from 35 m s−1, black lines) on (a) 11 May 2002, (c) 12 May 2002 and (e)
13 May 2002. And frontogenesis (red lines, every 1 × 10−9 K m−1 s−1 from 1 × 10−9 K m−1 s−1), vertical
pressure velocity (shaded, units: 10−2 pa s−1), wind flow anomaly (vector, the horizontal flow in m s−1,
and the vertical flow is in 10−2 pa s−1) and zonal wind speed (every 5 m s−1 from 35 m s−1, black lines)
on (b) 11 May 2002, (d) 12 May 2002 and (f) 13 May 2002.
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Associated with the approach and landfall of the TC on 12 May, a strong, low-level southwesterly
jet conveying warm, moist air converged in southwestern China, where there was an equivalent
potential temperature ridge at 700 hPa (Figure 10c). Deep southwesterly warm advection originating
from near the TC was conveyed to the region of heavy rainfall over southwestern China from the base
to the top of the troposphere (Figure 11c). A cold wind flow intruded southward along the eastern
edge of the Qinghai–Tibetan Plateau and encountered the southerly warm, moist air originating from
the near the TC in the BOB, forcing upward motion and leading to frontogenesis in southwestern
China (Figures 10d and 11d).

On 13 May, the TC remnant was steered downstream to the east to southern China by the low-level
southwesterly jet and warm, moist air was advected to southern China. The advection of warm air
was weakened as a result of the dissipation of the TC (Figures 10e and 11e). However, the intrusion
of cold air from the eastern edge of the Qinghai–Tibetan Plateau strengthened (Figures 10e and 11e).
The strong cold flow was therefore juxtaposed with the warm, moist advection caused by the remnant
of the TC, leading to strong frontogenesis in southern China (Figure 10f).

3.4.3. Role of the Upper-Level EASJ

The heavy rainfall events matured beneath the equatorward entrance of the upper-level EASJ from
11 to 13 May (Figure 8b,d,f). This suggests that the upper-level EASJ may play an important part in the
heavy rainfall processes. The EASJ was ruptured near 100◦ E on May 11 and the strong divergence of
the equatorward entrance of the EASJ favored upward lifting and heavy rainfall (Figure 11b). The EASJ
moved downstream to the east on 12 May (Figure 8d). The region of heavy rainfall also moved
eastward to southwestern China. The EASJ was steady on 13 May but strengthened (Figure 8f) and
the mid- to upper-level upward motion in the equatorward entrance region of the EASJ also became
stronger. The lower to mid-level upward motion induced by the encounter of cold and warm air was
coupled with the upper-level lifting caused by the sub-circulation of the EASJ, leading to consistently
strong upward motion throughout the troposphere (Figures 10f and 11f). This is important for the
upward transport of moisture, leading to instability and, therefore, favoring the occurrence of heavy
rainfall even when the TC remnant was weakening.

4. Summary and Conclusions

As a result of the blocking effect of high mountains, tropical cyclones in the BOB do not usually
influence China directly. However, they may indirectly cause heavy rainfall in China. Using a case
study, we showed that a continuous heavy rainfall process in southern China was closely related to TC
activity in the BOB.

Daily CMA observational and 3-h satellite-based TRMM precipitation datasets showed that
continuous heavy rainfall occurred in southern China from 11 to 13 May 2002 as a result of two different
processes. The first process acted as a PRE. Before the TC made landfall, it was active in the BOB
and transported abundant amounts of water vapor to southwestern China, resulting in heavy rainfall.
The second process was a rainfall event related to the remnant of the TC. After TC’s dissipation,
the remnant remained active under the favorable conditions and moved downstream to the east from
southwestern China to the middle to lower reaches of the Yangtze–Huaihe river basin, where it caused
heavy rainfall. Both of these heavy rainfall processes are closely related to TC activity in the BOB,
although the mechanisms in the two processes are quite different.

In the PRE, the TC in the BOB acted as a source of warm, moist air. The moisture originating near
the tropical cyclone was advected poleward by the low-level southerly jet. The warm, moist southerly
flow was forced to ascend on the windward slope of the mountains, causing heavy rainfall in the
southeast of the Qinghai–Tibetan Plateau. Orographic forcing was important in this heavy rainfall
process. By contrast, in the second heavy rainfall process, the warm, moisture air carried by the TC
remnant was countered by the advection of cold air from the east of the Qinghai–Tibetan Plateau,
resulting in strong baroclinic frontogenesis and favoring the occurrence of heavy rainfall. Both heavy



Atmosphere 2019, 10, 574 20 of 21

rainfall events occurred beneath the equatorial entrance of the upper-level EASJ. The upper-level
divergence caused by the sub-circulation of the EASJ was important in both heavy rainfall processes.

In addition, the result of Yuan et al. showed that 21 cases of PREs produce heavy rainfall
over southwestern China associated with tropical cyclones originating in the BOB during the period
1981–2012 [11]. Further investigation shows that 29 cases of BOB TC remnant events cause heavy
rainfall in southern China. Moreover, there are 12 cases of the PRE and TC remnant events are
co-occurred with the same parent TC in the BOB. During the period of 1981–2012, there were 38 of BOB
TCs, approximately one BOB TC per year on average, produced heavy rainfall over southern China
by causing PRE or TC remnant events among which, approximately 32% of BOB TCs (12 of total 38)
caused multiple heavy rainfall processes including both the PRE and TC remnant events in southern
China. This confirms that the case study in this work may reveal a common phenomenon and provide
a meaningful analysis framework to better understanding the heavy rainfall processes over southern
China associated with the BOB TC. And the characteristics and differences of these predecessor rain
and TC remnant events are also needed to investigate from a climatological perspective in the future.
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