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Abstract: A second rain belt sometimes occurs ahead of a frontal rain belt in the warm sector over coastal South China,
leading to heavy precipitation. We examined the differences in the mesoscale characteristics and microphysics of the
frontal and warm sector rain belts that occurred in South China on May 10–13, 2022. The southern rain belt occurred in an
environment with favorable mesoscale conditions but weak large-scale forcing. In contrast, the northern rain belt was
related to low-level horizontal shear and the surface-level front. The interaction between the enhanced southeasterly winds
and the rainfall-induced cold pool promoted the persistent growth of convection along the southern rain belt. The con-
vective cell propagated east over the coastal area, where there was a large temperature gradient. The bow-shaped echo in
this region may be closely related to the rear-inflow jet. By contrast, the initial convection of the northern rain belt was
triggered along the front and the region of low-level horizontal shear, with mesoscale interactions between the enhanced
warm-moist southeasterly airflow and the cold dome associated with the earlier rain. The terrain blocked the movement of
the cold pool, resulting in the stagnation of the frontal convective cell at an early stage. Subsequently, a meso-γ-scale
vortex formed during the rapid movement of the convective cell, corresponding to an enhancement of precipitation. The
representative raindrop spectra for the southern rain belt were characterized by a greater number and higher density of
raindrops than the northern rain belt, even though both resulted in comparable hourly rainfalls. These results help us better
understand the characteristics of double rain belts over South China.
Key words: double rain belts in South China; mesoscale rainstorm; cyclonic shear line; cold pool; bow-shaped echo;
microphysical characteristics
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1 INTRODUCTION
The phenomenon of “double rain belts”–that is, a

frontal rain belt and a warm convective rain belt occurring
at the same time–can be seen in long-term operational
weather forecasts (Lin et al. [1]), although the
manifestation and mechanism of formation of the two
rain belts are different (Lin et al. [2]; Zhang et al. [3]). These
events can lead to heavy or extreme hourly rainfall, and the
risk of disaster is extremely high (Hallegatte et al. [4]).
These frontal rain belts occur in the Yangtze River Basin
or northern South China, where the occurrence frequency
of the southern rain belt in South China is >40 % (Ding et
al. [5]). In-depth analyses focused on Jianghuai and South
China indicate that double rain belts often occur in South
China after the onset of the South China Sea monsoon

(Ding et al. [6,7]; Liu et al. [8]; Wang et al. [9]; Du [10]; Luo et
al. [11]; Yang et al. [12]; Yan et al. [13]). There are clear
differences in the activities of mesoscale cloud and rain
clusters, the dynamic structure of convective systems, the
mechanism of atmospheric instability, water vapor
transport, and the mesoscale environmental conditions,
which may be why it is difficult to predict heavy rain in the
warm sector (Zhao et al. [14]; Wang [15]).

A large number of studies have shown that the
occurrence time and location of rainstorms are closely
related to the convection initiation mechanism. The
intrusion of boundary layer cold air into South China is
the main mechanism initiating rainstorms but is often
ignored in operational forecasts (Zhao and Zhou [16];
Menard and Fritsch [17]). The terrain in South China is both
complex and diverse (Huang et al. [18]; Bao [19]) and the
synergistic forcing of warm-wet air and the local
mesoscale terrain can induce a surface mesoscale
convergence line, a mesoscale vortex and other systems,
leading to a significant increase in precipitation (Xia and
Zhao [20]; Miao et al. [21]; Li et al. [22]; Wang et al. [23]).
Statistical studies have shown that heavy rainfall in South
China is generally caused by multiple successive
mesoscale convective systems (Kong and Lin [24]; Meng
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et al. [25]; Zhang et al. [26]) and the radar echo backward
propagation and train effect clearly affect the duration of
heavy rainstorms (Sun et al. [27]; Yang et al. [28]). However,
how microphysical processes directly affect rainfall
intensity and the microphysical characteristics of
different precipitation processes are still unclear. Heavy
raindrops during convective precipitation in spring affect
the intensity of rainfall in northern Guangdong (He et
al. [29]). The raindrop spectra of extreme rainfall in the
warm sector of western Guangdong are characterized by
warm precipitation, and the number concentration of small
raindrops is much higher than the summer average for
South China. The participation of large raindrops leads to
an improvement in the efficiency and intensity of
precipitation (Ye et al. [30]). Some studies have also
found that the convective intensity of the heavy rainfall in
the coastal warm sector of South China is stronger, the
raindrop size is larger, and the liquid water content is
higher than in frontal rainfall in northern South China
(Han et al. [31]). There are still difficulties in forecasting
mesoscale rainstorms in the frontal rain belt. The intensity
of warm sector precipitation is stronger than that of frontal
precipitation, but the prediction ability of mainstream
numerical models and forecasters is still limited (Chen et
al. [32]; Wu et al. [33]; Wu and Luo [34]; He et al. [35]). The
differences in the microphysical characteristics of double
rain belts are unclear due to the limited microphysical
observations available for precipitation in South China,
and further studies are therefore required.

A double rain belt event occurred in South China on
May 10–13, 2022, with significant mesoscale rainstorm

centers in both rain belts. We review the background
atmospheric circulation and characteristics of precipitation,
focusing on the mesoscale evolution of the rainstorm
centers and the differences in convective structure and
microphysical characteristics of local extreme rainfall.
This work deepens our scientific understanding of double
rain belts and provides support for improving the accuracy
of their prediction.

2 DATA AND METHOD
In this study, ERA5 reanalysis data at a horizontal

spatial resolution of 0.25°×0.25° and a time resolution of
one hour from the European Centre for Medium-Range
Weather Forecasts (ECMWF) was used to analyze the
background atmospheric circulation. Surface observational
data, the bright body temperature (TBB) products from the
FY2G satellite, Guangzhou dual-polarization radar, and
raindrop spectrometers in Zhuhai and Fogang were used to
perform mesoscale and microphysical characteristics.

3 BACKGROUND CIRCULATION AND RE-
VIEW OF THE EVENT
3.1 Background atmospheric circulation

Figure 1 shows that, during this event, South China
was located in a fan-shaped divergence area on the eastern
side of the South Asian High. The upper levels along the
coast were transported by a strong northwesterly divergent
air current. The upper trough moved east to the eastern
coast of China at 500 hPa, and South China was at the base
of the upper trough. The short wavelength trough
continued to move east, and the fluctuation glided to the
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Figure 1. (a) Geopotential height (contour lines, units: dagpm), wind and divergence (color shading, units: ×10-5s-1) at 200 hPa. (b)
Geopotential height (contour lines, units: dagpm), wind and vorticity at 500 hPa (color shading, units: ×10-5s-1). (c) Wind and pseudo-
equivalent potential temperature at 850 hPa (color shading, units: K). (d) Wind at 925 hPa, sea level pressure (contour lines, units: hPa),
and precipitable water (PWAT, color shading, units: mm) at 05:00 BJT May 11, 2022.
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west of the Zhujiang River estuary. The low-level shear
line and front moved south to northern South China, with
the front controlled by a southwesterly air current. The
low-level jet structure was established, and the vortex
formed and developed at 850 and 925 hPa. The south of
the front was a significant low-trough area located in the
high-energy zone with a pseudo-equivalent potential
temperature ( se) ≥345 K). The amount of atmospheric
precipitable water in the coastal area was >60 mm. The
extremely unstable atmospheric stratification and the water
vapor transport conditions in South China favored the
occurrence of rainstorms and convective rainfall.
3.2 Analysis of precipitation characteristics

Figure 2a shows that heavy rainfall occurred in South
China, and some areas experienced torrential rain. Two
belts of torrential rain were formed 200–300 km apart in
the coastal area of Guangdong and northern South China.
One rain belt was located between Yangjiang and Shanwei
(the southern rain belt, D2) and was roughly parallel to the
coastline. The mesoscale rainstorm center of rain belt D2
was located on the western coast of the Zhujiang river
estuary, and heavy rainfall (≥250 mm) was observed at 79
(6.2%) of the automatic stations in Guangdong. The other
rain belt was located from Qingyuan to the northern part of
Huizhou (the northern rain belt, D1), with a northwest-
southeast orientation. The mesoscale rainstorm center was
situated in Fogang, where 30 (2.4%) automatic stations
recorded torrential rain. The heavy rainstorm (between the

double rain belts) in the north of Yangjiang was caused by
the southward movement of the frontal system.

We selected the European Centre for Medium-Range
Weather Forecasts (ECMWF) and the China Meteorological
Administration CMA-GFS and CMA-GD models (Fig. 2b-
d) commonly used in operational forecasts. The CMA-GD
model forecast reflected the shape and intensity of the
double rain belt, but there was still an error in the actual
area of precipitation. The ECMWF model was more
effective in predicting the northern rain belt than the
coastal rain belt. However, there was a significant difference
from the actual situation. The CMA-GFS model was
unable to describe the characteristics of the double rain
belts. This analysis shows that the prediction was
unsatisfactory, indicating the need to study double rain
belts.

The representative stations for the double rain belts
showed clear characteristics at each stage of the events
(Fig. 3). The maximum cumulative rainfall of the southern
rain belt was 724.7 mm in Sanxiang. The heavy rainfall
started slightly later here but lasted for a longer time. The
night-time characteristics of the heavy rainfall were
significant, with clear stages and some volatility. The
rainfall can be divided into two stages: 00:00–12:00 on
May 11 and 05:00–21:00 on May 12, and the short period
of heavy precipitation ≥20 mm h–1) lasted for 5 h (05:00–
10:00 on May 11). The first peak in precipitation was at
07:00–08:00 on May 11, when the maximum rainfall
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Figure 2. (a) The accumulated rainfall from 08:00 BJT May 10 to 08:00 BJT May 13, 2022 (units: mm). D1 represents the northern rain
belt, and D2 represents the southern rain belt. “×” denotes the representative site of the double rain belts: Sanxiang (SX) and Fogang
(FG). Three-day accumulated rainfall of (b) ECMWF, (c) CMA-GFS, and (d) CMA-GD models forecasted at 08:00 BJT May 10, 2022
(units: mm).
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intensity was 59.4 mm h–1. The second peak in
precipitation was at about 11:00 on May 12, when the
maximum rainfall intensity was 71.7 mm h–1. The
cumulative rainfall increased sharply over a short period
and was strongly convectional. The maximum cumulative
rainfall of the northern rain belt was 384.2 mm in Fogang.
The rainstorm started earlier but was shorter than in the
southern rain belt. The precipitation process can be divided
into two stages: 15:00–20:00 on May 10 (the rainstorm in
the warm sector ahead of the front, accounting for ≤35%
of the cumulative rainfall) and 07:00–16:00 on May 11
(frontal precipitation, accounting for >65%) and the short
period of heavy precipitation lasted for 4 h with weak
convection. The rainfall intensity was mainly
10–30 mm h–1, with a maximum of 35.1 mm h–1 at 15:00
on May 11. The precipitation in both rain belts clearly
showed different stages. The cumulative rainfall and
hourly rainfall intensity in the southern rain belt were
both larger, and the convection was stronger than in the
northern rain belt.

4 ANALYSIS OF THE CAUSE OF THE ME-
SOSCALE RAINSTORM CENTER WITH DOU-
BLE RAIN BELTS
4.1 Evolution of the mesoscale cloud and rain clusters

The bright body temperature (TBB) products from
the FY2G satellite (Fig. 4) showed that the precipitation in
the double rain belts was directly related to MβCS-A,
MβCS-B, and MβCS-C, respectively.

The initiation of convection in the southern rain belt
was located in the western coastal area. It occurred in the
form of scattered convective clouds, resulting in enhanced
intensity of precipitation (Fig. 4a). The scattered
convective clouds of the southern rain belt initiated and
rapidly developed into a massive MβCS-A with a
horizontal scale of 100–200 km on the western coast.
The structure was relatively loose with a TBB ≤ −62 °C,
which led to short-term heavy rainfall at multiple stations,
with a local hourly rainfall intensity >50 mm h–1 (Fig. 4b).
MβCS-A organized under highly favorable mesoscale
environmental conditions. The area of its cold cloud
cover was clearly enlarged, forming an elliptical area of
cloud. The gradient of the brightness temperature isoline
was asymmetrically distributed, and the brightness

temperature on the northern side was significantly
decreased (TBB ≤ −72 °C), indicating that convection
had developed to a mature stage. The heavy rainfall was
located on the north side of MβCS-A, resulting in a local
extreme of the hourly rainfall (≥100 mm h–1) (Fig. 4c, d).
As MβCS-A moved southeast into the sea, the TBB
intensity slowly weakened, but the maximum rainfall
intensity still exceeded >80 mm h–1 (Fig. 4e).

The cloud images show that convective clouds
continued to initiate and organize over the northern rain
belt. The horizontal scale of MβCS-B was about 100 km,
with TBB ≤ −42 °C, resulting in a maximum hourly
rainfall intensity >30 mm h–1 (Fig. 4f). MβCS-C was
initiated on the rear side, with a horizontal scale of about
100 km. The intensity of precipitation was further
increased, and the maximum rainfall intensity was
44.8 mm h–1 (Fig. 4g). MβCS-B and MβCS-C then
merged, and the horizontal scale reached about 200 km,
with TBB ≤ −62 °C maintained in Fogang for a long time
with quasi-stationary characteristics. The heavy rainfall
was located in the center of MβCS-C, and the maximum
rainfall intensity was 75.7 mm h–1 (Fig. 4h, i). However,
the hourly rainfall intensity of MβCS-B was generally
<10 mm h–1. By this time, MβCS-A had moved southeast
into the sea, so the precipitation range was reduced. The
life cycle of MβCS-A was as long as 10 h.

This analysis suggests that the double rain belts were
caused by isolated mesoscale convective clouds. The
rainfall intensity was different between the double rain
belts and was closely related to the activity of the mesoscale
system. We, therefore, used dual-polarization radar and
ground observational data to capture the mesoscale
information that favored the occurrence of heavy rain.
4.2 Convective organization and surface mesoscale
characteristics of the southern rain belt
4.2.1 EVOLUTION CHARACTERISTICS OF CONVECTIVE ORGA-
NIZATION IN THE SOUTHERN RAIN BELT

Figure 5 shows that convection in the southern rain
belt was initiated with an intensity of 40–45 dBZ in an
isolated and scattered manner about 20–30 km from the
western coastline. After convection had been initiated, it
rapidly developed and strengthened before moving east.
The organization was enhanced, and the convection
evolved into four banded systems (A, B, C, and D). All
the convective systems moved east along the coastline,
although the orientation of systems A, B, and D were
southwest-northeast, whereas system C was oriented
northwest-southeast. Systems A and B merged into a
southwest-northeast-oriented linear convective (system E).
By contrast, systems C and D evolved into a single
massive convection system that grew in size and then
organized into a β mesoscale convective (system F) with
an intensity of 45–55 dBZ. The convective properties were
significant, and convective short-term heavy precipitation
occurred in the area affected by the echo. System F was
highly organized and evolved into a bow-shaped echo,
quickly moving southeast. The bow-shaped echo was
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Figure 3. The hourly rainfall (bar, units: mm h–1) and the accu-
mulated rainfall (fold line, units: mm) from 08:00 BJT May 10 to
08:00 BJT May 13, 2022.
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followed by a <40 dBZ stratiform cloud echo, similar to
the LS-type linear convective system proposed by Parker
et al. [36].
4.2.2 CAUSES OF CONVECTIVE ORGANIZATION IN THE SOUTH-
ERN RAIN BELT

Surface observations (Fig. 6) showed some cold pool
centers along the mountains in the west, leading to a
temperature difference of about 2°C with the coast. Many
studies have confirmed that warm convection in coastal
South China is very dependent on the dynamic uplift of the
surface cold pool outflow, which leads to the continuous
triggering of convection (Wang et al. [37]; Luo and
Chen [38]; Wu and Luo [39]). This favors the maintenance
of convection intensity and the continuous occurrence of
heavy precipitation. The convective cells were isolated and
scattered on the western coast and then gradually

organized into banded convective systems. This was
caused by the interactions between the strengthening
southeasterly winds on the ground and the weak northerly
winds formed by the cold pool outflow in the western
mountainous area. The characteristic bow-shaped echo did
not appear at this time.

When the low-level jet had been established, the
western coast was located in the export convergence area
of the low-level jet, and the warm-moist instability
conditions were enhanced. The cold pool formed by the
previous precipitation was affected by the low-level jet,
which initiated and strengthened convection. The warm-
moist air continued to increase on the cold pool, forming a
southwest–northeast-oriented cyclonic shear line along the
western side of the Zhujiang River estuary. The
temperature difference between the two sides of the
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cyclonic shear line was about 2 °C. The region south of the
cyclonic shear line was a high-energy area with
temperatures ≥25 °C and atmospheric precipitable water
≥60 mm. This helped to strengthen the convergence of
convection and released unstable energy in the high-
energy area. Convection continued to develop strongly,
resulting in short-term heavy precipitation in many places
along the western side of the Zhujiang River estuary. Fig.
5d shows that convection increased rapidly and was highly
organized into a β-mesoscale linear convective system
(system E). Several strong convective cells were
embedded in the stratiform cloud echo on its eastern
side. The linear convective system E merged with these
convective cells and moved east along the large-value area
of the coastal temperature gradient. As a result of the
favorable arc-shaped bay terrain along the Yangjiang
coast, the surface winds along the coast showed clear
cyclonic convergence at 04:00–06:00, resulting in
significant strengthening of the updraft and strong
convection. Convective system E gradually evolved into

a bow-shaped echo (system F). Previous studies have
shown that there are two reasons for a bow-shaped echo.
One is closely related to the rear-inflow jet (Smull and
Houze [40]; Rotunno et al. [41]; Lafore and Moncrieff [42];
Weisman [43]; Grim et al. [44]; Meng and Zhang [45]) and the
other is that the squall line/linear convection merges with
the isolated convective cells on its front side (Wolf [46];
Lapenta et al. [47]; French et al. [48]). There was no isolated
cell activity in the front of the organized linear convective
system in system E, which was clearly not a combined
bow-shaped echo. The generation of the bow-shaped echo
may, therefore, be related to the rear-inflow jet, which led
to extreme heavy rainfall >100 mm h–1 in Yangjiang. The
northwesterly flow behind the short wavelength trough at
500 hPa rapidly pushed the bow-shaped echo from the
land to the ocean. The intensity of precipitation in the
southern rain belt, therefore, decreased significantly.
4.3 Convective initiation and mesoscale evolution of the
northern rain belt

The evaporative cooling effect of heavy precipitation
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in the northern rain belt on the afternoon of May 10 (Fig.
3) formed a cold pool in the inland mountainous area. The
temperature was lower than in the non-precipitation area,
and a clear mesoscale boundary (urban heat island and
cold pool effect) was formed. The temperature difference
on either side of the mesoscale boundary remained at
about 2°C.

In the early morning of May 11 (Fig. 7a, b, d, e), the
enhanced surface southeasterly warm–humid airflow
(about 2 m s–1) climbed along the cold pool formed by
the earlier precipitation and was forced upward by the
small- and medium-scale topography of the key area
(about 400 m), triggering convection. The echo intensity
of the stratiform cloud rainband was 25–40 dBZ, and the
echo intensity of the convective cell in the rain belt was
55–60 dBZ. At this time, the range of influence of the echo
was small, but the characteristics of local heavy
precipitation were prominent. The echo was significantly
strengthened to >40 dBZ at 06:00 on May 11 (Fig. 7c, f),

and the range of influence was expanded. The northerly
wind formed by the outflow of the cold pool was
equivalent to the wind speed of a southeasterly warm-
humid airflow (2 m s–1), causing confrontation. The
northerly wind formed by a shallow cold pool on the
northern side was unable to cross the terrain height,
resulting in the strong echo center being maintained in a
stable state at the boundary between the urban area of
Qingyuan and Fogang. Therefore, under a background of
strong synoptic-scale forcing, the interaction between the
surface-enhanced southeasterly warm-humid airflow, the
urban heat island effect, the cold pool formed by the earlier
precipitation, and the mesoscale topography all acted
together to trigger the initial convection in northern rain
belt.

Low-level vortices were generated and developed at
850 and 925 hPa in the northern rain belt. Fig. 8c, d shows
that the strong echo stagnated, and the boundary to the
south of the echo was flat. The ground observations (Fig.
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8a, b) show that the northerly wind formed by the cold
pool outflow on the northern side continuously lifted the
warm-humid unstable air in front, resulting in new
convection being triggered in the leading edge. There
was only a small temperature difference (about 2–3°C)
between Fogang and the southern side. The north wind
formed by the outflow of the cold pool had the same wind
speed as the warm-humid airflow in front of the cold pool
(about 2 m s–1), so there was no obvious outflow wind in
front of the cold pool. The warm-humid airflow climbed
along the cold wedge formed by the heavy precipitation,
and water vapor was fully condensed during the lifting
process, resulting in heavy precipitation. At this time, the
near-ground cold pool was very shallow. The interaction
with the small-scale topography on the southern side of the
strong echo (Mt Wangzi, elevation 581.2 m) made the
vortex move slowly south due to the small difference
between the temperature and wind speed of the cold pool
outflow and the warm-humid air. This may be an important
reason for the long-term maintenance of the uplift
mechanism in which a strong echo can be maintained in
a stable state for a long time.

The dragging subsidence and evaporative cooling of
heavy precipitation deepened the thickness of the cold
pool, which reached 1.5 km (Fig. 8e). The maximum wind
speed of the northerly wind formed by the outflow of the
cold pool reached about 4 m s–1, so the cold pool was able
to cross Mt Wangzi. The mesoscale outflow boundary
expanded rapidly to the south, guiding the echo to move
east and south, and the shape of the echo evolved from a
block echo to a linear echo. The maximum of the gate-to-

gate difference in the azimuthal radial velocity (over an
azimuthal distance of one beamwidth) was >20 m s–1 (Fig.
8f), and the distance between the maximum and minimum
velocity across the zero line of the radial velocity reached
7–8.5 km, indicating a meso-γ-scale vortex. This favored
the enhancement of convergence and the ascending motion
of convection. The maximum rainfall intensity reached
75.7 mm h–1. A positive feedback mechanism was,
therefore, formed between the meso-γ-scale vortex and
precipitation, which favored the occurrence of heavy
rainfall.

A large number of studies have shown the effect on
precipitation of maintaining the mesoscale cold pool in the
boundary layer (Wang et al. [37]; Xu et al. [49]). The
mechanism by which the echo was maintained stably in
this rainfall event was similar to the maintaining
mechanism of Mt Wangzi on the Guangzhou “5.7”
rainstorm in 2017 (Zeng et al. [50]). In the “5.7”
rainstorm process, the β-mesoscale convective system
moved slowly and had quasi-stationary characteristics
because the speed of the northerly wind of the cold pool
outflow was equal to the wind speed of the warm-humid
airflow in front of it and the temperature difference
between the two sides was small. The first stage of the
Guangzhou “5.7” heavy rainstorm occurred near Mt
Wangzi, similar to the rainstorms in this study. The
Guangzhou “5.7” heavy rainstorm also had similar
environmental conditions, such as a southerly warm-
humid airflow, mesoscale topographic forced uplift, and a
mesoscale boundary. It was an extreme warm sector
precipitation event under the background of weak weather-
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scale forcing. By contrast, the events in our study had a
strong weather-scale background with synergistic forcing
of the shear line, front, low-level jet, and other systems.
We infer from the existing observational data that the
topography of Mt. Wangzi could limit the development
and southward expansion of the cold pool thickness. As
the thickness of the cold pool deepened to 1.5 km and
exceeded the altitude of Mt Wangzi, the echo quickly
moved south. However, this conclusion requires more data
to verify our analysis.

5 DIFFERENCES IN CONVECTIVE STRUCTURE
AND MICROPHYSICAL CHARACTERISTICS OF
THE DOUBLE RAINBAND RAINSTORMCENTER

Since the observation station of the raindrop
spectrometer in Zhongshan was far away from the main
convective echo area of the southern rain belt, the
observation data of the raindrop spectrometer in Zhuhai,
which was closest to the rainstorm center of the southern
rain belt, can also be used to obtain meaningful
conclusions through the direct observation results of the
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raindrop spectrometer to a certain extent.
Figure 9 shows the raindrop spectra detected by

surface raindrop spectrometers in Zhuhai and Fogang
(representing the southern and northern rain belts,
respectively). The concentration of small raindrops in the
southern rain belt was significantly higher than that of
large raindrops during the main precipitation stage of the
double rain belts. The raindrop size distribution was wide,
and the diameter of most raindrops was >4 mm. By
contrast, the number and diameter of the raindrops in the
northern rain belt were smaller than in the southern rain
belt, and there were fewer raindrops with a diameter
>4 mm in most of the periods of precipitation. The number
and diameter of raindrops changed synchronously during
periods of increased or weakening precipitation in the
double rainbands.

To explore the characteristics of the precipitation
particles in the double rain belts in more detail, we selected
the raindrop spectrum data with similar hourly rainfall
intensity in Zhuhai (04:00–05:00) and Fogang (12:00–
13:00). Analyses of these raindrop spectra showed that the
total number of raindrop particles per hour at these two
locations was 78,921 and 80,238, respectively, whereas the
total number of particles >2 mm was 3649 and 2815,
respectively. The total number of raindrops in both rain
belts was therefore comparable, but the hourly rainfall
intensity in the southern rain belt was stronger than that in
the northern rain belt as a result of the large raindrops.

During the maximum hourly rainfall intensity at
Zhuhai (05:00–06:00) and Fogang (14:00–15:00), the total
number of raindrop particles was 155,171 and 86,177,

respectively, whereas the total numbers of particles >2 mm
were 10,343 and 4058, respectively. The number of small
raindrops in the southern rain belt was 2–2.5 times that in
the northern rain belt during the period of increasing
rainfall intensity. Large particles >2 mm had a longer
lifetime in the southern rain belt, and the number of
raindrops >3 mm was significantly more than that in the
northern rain belt. Based on these analyses, the heavy
precipitation in the southern rain belt was caused by the
coexistence of both dense large raindrops and small
raindrops, whereas the local heavy rainfall in the northern
rain belt occurred under the coexistence of relatively dense
large and small raindrops.

Dual-polarization radar systems can detect the
microphysical characteristics of precipitation particles,
such as size, shape, and phase (Zhang et al. [51]; Hu et
al. [52]). Fig. 10 shows that the development height of the
≥50 dBZ strong echo in Sanxiang was about 5.5 km. The
0 °C layer at Yangjiang sounding station is about 5 km.
Most of the strong echo was below the 0 °C layer, which
had the low centroid echo feature of a tropical ocean. The
zero-lag correlation coefficient (CC) of the strong echo
region reached >0.95 (the maximum can reach 0.99),
indicating that the precipitation particles had the same
phase and a similar size. ZDR can be used to distinguish the
particle shape of the echo and, combined with other
parameters, can be used to judge the size of raindrops
(Wang et al. [53]; Song et al. [54]). ZDR was close to 0 dB for
ice crystal particles or for <0.3 mm supercooled water
droplets above 5.5 km. There was a good match between
the area with a large ZDR and the area with a large
reflectivity factor–that is, the stronger the reflectivity of
the radar echo, the larger the corresponding ZDR value.
During the descent process, the ZDR value of the strong
echo region increased via a collection process, and the
maximum was >2 dB, with the corresponding raindrop
particle diameter reaching >2 mm. In general, the particle
diameter increased gradually with decreasing height. KDP
is closely related to heavy precipitation, and a phase shift
of >1 ° km–1 is generated by precipitation. The larger the
value of KDP, the more water droplets are present–that is,
the value of KDP reflects the water content. The area with a
large KDP value also had a good correspondence with the
area with a strong reflectivity factor, reaching 2.5–3° km–1.
A high density of raindrops, a large particle concentration,
and a high liquid water content, therefore, indicate that an
area is prone to heavy precipitation, and a change in KDP
indicates the occurrence of heavy precipitation.

Figure 11 shows that the radar reflectivity factor at
Fogang was clearly weaker than that at Sanxiang, and the
convection developed was shallower. Overall, the echo
distribution was relatively uniform, and the vertical height
of the ≥40 dBZ echo reached 5.5 km, in which the
development height of the local cell was 2 km. The CC of
the strong echo area was >0.95, and the maximum reached
0.98. This indicated that the phase and size of the
precipitation particles were similar and that their shape
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and properties were fairly regular. The ZDR value gradually
increased during the descent process. The near-surface was
dominated by 1.5–2 dB, and the maximum particle
diameter was >2 mm. The maximum value of KDP was
about 2° km–1, so the raindrop density was high.

The results from the raindrop spectrometer and the
dual-polarization radar system show that the number and
concentration of precipitation particles in the southern rain
belt were larger than those in the northern rain belt. There
is an error in the diameter of the raindrops in the double
rain belts, with the raindrop spectrometer showing that the
diameter of raindrops in the southern rain belt was higher
than in the northern rain belt. By contrast, the dual-
polarization radar results showed that the CC values were
similar at the peak time of the hourly rainfall intensity in
Sanxiang and Fogang, indicating that the shape and

properties of the precipitation particles were relatively
uniform. The ZDR values showed that the diameter of the
precipitation particles at Fogang was slightly larger than at
Sanxiang. Still, the vertical development height of
convection at Sanxiang was higher, the intensity was
stronger, and there were more raindrops. The convective
properties of precipitation and the rainfall intensity were,
therefore, stronger in Sanxiang.

The error in the diameter of the precipitation particles
may be because, although the raindrop spectrometer in
Zhuhai was closer to the rainstorm center in the southern
rain belt and was located in the main area of precipitation,
it was less accurate at the peak of the hourly rainfall
intensity in Sanxiang. In addition, the basic parameters of
the dual-polarization radar products (e.g., ZDR and KDP)
were mainly calculated from the reflection of
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electromagnetic waves (an indirect observation method),
and the dual-polarization radar system was greatly affected
by external factors. Based on this analysis, the conclusions
obtained from the raindrop spectrometer observations and
the dual-polarization parameters were relatively consistent,
with only a small error in the raindrop diameter.

6 DISCUSSION AND CONCLUSIONS
In this study, a double rain belt event that occurred in

South China on May 10–13, 2022, has been investigated
by analyzing the atmospheric circulation background
atmospheric circulation, characteristics of precipitation,
the mesoscale evolution characteristics of the rainstorm
centers, and the differences in convective structure and
microphysical characteristics of local extreme rainfall. The
results can be concluded as follows.

The southern rain belt was formed under weak
weather-scale forcing and favorable mesoscale environmental

conditions. The northern rain belt was generated under
strong weather-scale forcing by a vortex, a low-level shear
line, and a frontal system. The rainstorm centers of the
double rain belts were generated by isolated mesoscale
convective clouds, both of which had clear stages. The
accumulated rainfall in the southern rain belt was larger,
and the hourly rainfall intensity and convection properties
were more significant than in the northern rain belt.

The formation of the southern rain belt was affected
by interactions between the enhanced southeasterly wind
and the cold pool effect at night, which promoted the
continuous development of convection. The cyclonic shear
line was formed and maintained as a result of the
combined influence of the northerly wind formed by the
cold pool outflow and southerly warm-humid air. The
strong echo propagated east along the large-value area of
the coastal temperature gradient, resulting in continuous
heavy rainfall along the western coast of the Zhujiang
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River estuary. The surface cyclonic convergence wind
field along the western coast enhanced the updraft and the
strong development of convection intensity. The existence
of a rear-inflow jet may be the main reason for the bow-
shaped echo, which led to local extreme rainfall.

In the northern rain belt, the initial convection was
triggered by the interaction between the enhanced
southeasterly warm–humid airflow at night, the cold pool
formed by earlier precipitation, the mesoscale terrain, and
the mesoscale boundary. The strong echo in Fogang was
stable because the temperature and wind speed difference
between the cold pool outflow and warm-humid air on the
front side was small. Mt Wangzi had a limited effect on the
development and southward expansion of the cold pool
thickness. The mesoscale outflow boundary in front of the
cold pool expanded southward as the cold pool thickened.
The meso-γ-scale vortex, formed during the rapid eastward
and southward movement of the strong echo, enhanced
convergence and the upward movement of convection. This
formed a positive feedback mechanism with precipitation,
which favored the occurrence of heavy rainfall.

The convective structure and microphysical
characteristics of the rainstorm center of the double rain
belt showed that the radar reflectivity factor was stronger
at Sanxiang, the vertical development of convection was
slightly higher, and it had the low centroid feature of a
tropical ocean. The observations from the raindrop
spectrometer showed that the number and concentration
of heavy raindrops and small raindrops in the southern rain
belt were higher than in the northern rain belt. When the
hourly rainfall intensity was almost the same, the larger
diameter raindrops in the southern rain belt led to a
stronger rainfall intensity even if the total number of
raindrops in both rain belts was comparable. The diameter
of the raindrops and the number of small raindrops may,
therefore, be the cause of the large difference in rainfall
intensity between Sanxiang and Fogang.

This paper is only a brief analysis of the double rain
belts that occurred in South China on May 10–13, 2022,
but it is unique. The numerical model had poor
predictability for the development of the low vortex and
lacked the ability to describe the occurrence of local heavy
precipitation. Under different circulation scenarios, the
interaction between the initiation of convection and the
cold pool, the mesoscale terrain, and other factors is still
difficult to predict. In addition, the mechanism of the
surface cyclonic convergence wind field and the bow-
shaped echo is unclear during extreme heavy precipitation.
An artificial intelligence algorithm could be introduced
into short-term nowcasting systems to strengthen short-
term monitoring and forecasting in future operational
forecasts. This may help to solve the lack of forecasting
ability for sudden extreme precipitation events in
numerical models. Whether the conclusions in this paper
are universal requires research and in-depth comparisons
of the formation mechanism and interrelationships with
other factors.
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