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Abstract: A long-lasting rainfall event exceeding historical extremes took place in Jiangxi, China,
from May 4 to 6, 2023. Because of the concentrated duration of precipitation, it led to significant
water accumulation in the northern, central, and southern regions of Jiangxi. The objective of this
study was to investigate the weather mechanisms underlying this extreme rainstorm in Jiangxi. By
examining detailed observational data, the mesoscale weather characteristics and environmental
conditions of the event can be obtained. These findings offer valuable insights for future weather
forecasting and warnings. It was observed that after the Huanghuai cyclone moved eastward into
the sea, the cold air on its western side shifted northward and converged with the warm, moisture-
laden air mass in Hunan and Jiangxi provinces. This convergence of air masses triggered the heavy
rainstorm event. The peak precipitation period occurred from midnight on May 5 to 0800 BJT on
May 6. Concerning the macroscopic precipitation characteristics, multiple mesoscale convective
systems (MCSs) originated in Hunan during this period and progressed eastward along the shear line
toward the central part of Jiangxi. As for the microscopic precipitation features, the total precipitation
amount was closely linked to the duration of heavy rain droplets. The rainfall distribution in the
raindrop spectrum also served as a valuable reference for understanding the persistence and size of
precipitation. The temporal pattern of the combined reflectivity echo along 27.5◦ N indicated that
from 2000 BJT on May 5 to the early morning of May 6, there was a rapid development of a weaker
MCS after passing through the Luoxiao Mountains. This development resulted in a “train effect” in
the central region of Jiangxi. The presence of a 200 hPa divergence area, high vertical ascent rate,
and abundant water vapor contributed to the formation of a narrow area of heavy rainstorms in
central Jiangxi. Additionally, the falling area of heavy rain coincided with the front of the 500 hPa
low trough. In the northern part of Jiangxi, the occurrence of heavy precipitation was influenced by
the equivalent temperature front area. Favorable conditions, including water vapor, dynamics, and
thermal factors, further supported the occurrence of heavy precipitation.

Keywords: heavy rainstorm; raindrop spectrum; Jiangxi Province; train effect

1. Introduction

Extreme rainstorms (heavy rainfall exceeding the historical maximum in 24 h) and
heavy rainfall (total precipitation ≥ 50 mm·day−1) frequently lead to severe natural dis-
asters such as landslides, debris flows, and flash floods, significantly endangering lives
and property [1,2]. This gives rise to secondary meteorological disasters such as mountain
torrents, mudslides, and geological hazards, with nighttime incidents posing the greatest
risk to lives and property [3]. Rainstorms constitute the most critical meteorological hazard
in Jiangxi, China [4]. Against the backdrop of global warming [5], both the frequency of
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rainstorms and the proportion of short-term heavy precipitation are increasing in Jiangxi,
China [6,7]. Studies indicate that in Jiangxi during May, the occurrence of short-term heavy
precipitation is more pronounced at night than during the day [8].

The primary flood season in Jiangxi spans from April to August. From April to mid-
May, the southern regions of Jiangxi experience a higher incidence of heavy rainfall due to
the pre-flood season in South China [9,10]. As May progresses into July, in tandem with the
onset of the monsoon season and the northward shift of the subtropical high ridge line, the
central and northern regions of Jiangxi progressively enter this phase, witnessing a rapid
increase in rainstorm events. Notably, the most pronounced regional heavy rain events
in Jiangxi typically occur during this period [11]. This is primarily attributed to Jiangxi’s
location within a subtropical monsoon climate zone, where there is abundant water vapor
supply during this timeframe [12,13]. Nevertheless, in early May, the summer monsoon
has yet to set in, resulting in a relative scarcity of water vapor in Jiangxi. Consequently,
the energy conditions are suboptimal, making regional extremely heavy rainfall events
relatively uncommon.

The occurrence of heavy rainfall necessitates three key elements: adequate water
vapor supply [12,13], conducive dynamic uplift conditions, and prolonged precipitation
duration [14]. Regarding water vapor supply, the role of low-level jet streams is crucial,
as they establish an atmospheric channel for long-distance water vapor transport from
low-latitude oceans to middle and high latitudes, providing essential conditions for heavy
rainfall [15]. Additionally, rainstorms are typically closely tied to changes in meso-α-scale
or synoptic-scale systems [16], such as the westward extension and northward shift of
the western Pacific subtropical high [17,18], the northward movement of typhoons [19,20],
and the development of synoptic-scale vortices and cyclones [21,22]. Furthermore, the
development of meso-β-scale or meso-γ-scale convective systems during heavy rainfall
often leads to short-term heavy rainfall [23–25]. Consequently, significant rainfall frequently
arises from multi-scale interactions [26].

Conglomerates of convective storms are often organized on the mesoscale, behaving as
long-lived (≥3 h), discrete entities called mesoscale convective systems (MCSs). A specific
subset of MCSs is known as mesoscale convective complexes (MCCs) [27]. Parker and
Johnson identified and described the governing dynamics of three modes of linear MCSs
as trailing stratiform (TS, a series of intense reflectivity cells solidly connected by an echo
of more moderate intensity), leading stratiform (LS, a linear MCS whose stratiform precipi-
tation is predominantly located in advance of a convective line), and parallel stratiform
(PL, a linear MCS with a convective line and parallel stratiform precipitation). LS MCSs
typically move more slowly than the other modes and thus may be more conducive to
extreme rainfall and flash flooding [28].

Huang introduced the concept of a “warm-sector rainstorm” based on previous heavy
rainfall occurrences during the flood season in South China [29]. Studies have indicated that
this type of rainstorm is characterized by high intensity, a relatively concentrated period
of precipitation, limited geographical range, and abrupt onset [30]. Many researchers in
North China [31,32], Southwest China [33,34], Northwest China [35], Northeast China [36],
and the Yangtze River Basin [37,38] have conducted numerous analyses of warm-sector
rainstorm cases, contributing to extensive research progress.

Jiangxi Province is situated in the central part of South China (Figure 1a). An extremely
regional warm-sector heavy rainfall event occurred in Jiangxi, China from 4 to 6 May, 2023.
Owing to the warm and moisture-laden airflow transported by easterly winds, warm-
sector rainstorms in Jiangxi province can result in substantial local precipitation and even
significant losses. Instances of extremely heavy rainfall in Jiangxi caused by the warm zone
in front of the trough in early May are relatively infrequent; hence, observation, analysis,
and mechanistic research for this type of weather are not commonplace. This study not
only investigated the observed data of this event based on minute-level observations and
high-spatial-temporal-resolution raindrop spectrum data but also aimed to identify into
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the weather mechanisms of the warm-region storm in front of the trough. These research
findings can offer technical support for weather forecasting in the future.
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Figure 1. (a) Topography of Jiangxi Province and (b) ground observation stations in Jiangxi Province
and its surrounding areas (“N” represents meteorological radar stations, “+” represents precipitation
centers in three stages, and blue and red five-pointed stars represent national stations and regional
stations with the largest accumulated precipitation, respectively).

2. Dataset Introduction

The research utilized various datasets, including ground-based observation data, tem-
perature of black body (TBB) data from the Fengyun-4A (FY-4A) satellite (provided by the
National Satellite Meteorological Center of the CMA (China Meteorological Administration)
at a resolution of 4 km × 4 km), radar data (at a resolution of 1 km × 1 km, Figure 1b),
ERA5 global reanalysis data, and CLDAS (CMA Land Data Assimilation System) grid
data (at a resolution of 5 km × 5 km) from the National Information Center of the China
Meteorological Administration [39]. Additionally, raindrop data from Congren National
Station (the location of blue five-pointed star in Figure 1b) and meteorological elements
from 2557 automatic stations, made available by the Jiangxi Meteorological Data Center,
were employed in this study. According to statistics, when the TBB of the MCS is less than
−52 ◦C, the system is often accompanied by strong convective weather [40]. Radar echo
intensity of short-duration heavy precipitation can exceed 40 dBZ, and radar echoes of
some heavy rainfall can exceed 55 dbz [41].

The TBB data from the Fengyun-4A satellite represent full-disk 4KM-L1 data derived
from the original packet data of the scanning imaging radiometer in the 13th channel
(12 µm) following quality assurance, geolocation, and radiometric calibration. These data
are characterized by a horizontal resolution of 4 km. The radar data employed in this
research represent the combined reflectivity puzzle sourced from the National Information
Center. The radar’s location is depicted in Figure 1b. The spatiotemporal resolutions of the
ERA5 reanalysis data are 0.25◦ × 0.25◦ and 1 h across 37 layers vertically [42]. This dataset
is available at https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset&text=
ERA5 (accessed on 15–16 November 2023). The raindrop spectrum data originated from
the raindrop spectrometer at Chongren (116.05◦ E, 27.7667◦ N) National Meteorological
Observatory, with a temporal resolution of 1 min.

In this paper, CLDAS data are used to calculate accumulated precipitation during the
precipitation progress (see Figure 2). The CLDAS land surface data assimilation products
are developed by using the techniques of multi-grid variability, spatial grid splicing, and
discrete longitudinal short-wave radiation inversion with multi-land model ensemble
simulation technology. Compared with other similar products in the world, the CLDAS
series of land surface fusion analysis products have higher temporal and spatial resolution
and quality in the Chinese region, and the spatial and temporal distribution characteristics
are more accurate and reasonable.

https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset&text=ERA5
https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset&text=ERA5
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Figure 2. Accumulated rainfall (unit: mm) in Jiangxi Province from (a) 2000 BJT on 4 May to 2000 BJT
on 6 May; (b) 2000 BJT on 4 May to 0800 BJT on 5 May; (c) 0800 BJT on 5 May to 0800 BJT on 6 May;
and (d) 0800 BJT to 2000 BJT 6 May 2023.

The raindrop spectrometer model, a Parsivel excited spectrometer, was integrated
within the Huachuang DSG4 precipitation phenomenon instrument. This one-dimensional
laser raindrop spectrometer is capable of simultaneous measurement of particle falling
velocity and diameter [43]. The recorded data comprised 32 diameter channels and
32 velocity channels within the raindrop spectrum. Raindrops falling within the mea-
surable range exhibited diameters ranging from 0.125 to 26.0 mm, with falling velocities
spanning from 0.1 to 22.4 m·s−1, over a data collection interval of 1 min. Because of poten-
tial observational errors in raindrop spectrum data, it was imperative to implement data
quality control measures. This involved excluding the initial two scale files and revised
data featuring raindrop diameters exceeding 6 mm. Furthermore, samples with particle
numbers (N) < 10 and rain intensity (R) < 0.1 mm·h−1 (primarily instrument noise) were
omitted. Finally, data points where the observed velocity deviated more than 60% from
the empirically calculated value based on the relationship V (D) = 9.65 − 10.3 exp (−0.6 D)
between particle diameter (D) and maximum velocity (V) were also eliminated [44].

Consequently, it was crucial to convert the observed data into raindrop concentration
per unit volume and scale interval.

N(Di) =
32

∑
i=1

nij

A∆tVj∆Di
(1)

where nij denotes the number of raindrops within the i-th scale interval with falling speeds
within the j-th speed interval, A represents the sampling area of the instrument (unit: m2),
∆t is the sampling time interval (unit: s), Di and ∆Di signify the central diameter of the
i-th scale interval and the scale interval of the interval (unit: mm), Vj stands for the central
speed of the j-th speed interval (unit: m·s−1), and N(Di) signifies the number of raindrops
in the unit volume and scale interval of Di and Di + ∆Di (unit: mm−1·m−3).
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The formulas for calculating the mass-weighted average diameter (Dm) and rainwater
content (Z) (unit: mm6·m−3) from raindrop spectrum data are as follows:

Dm =

32
∑

i=1
D4

i N(Di)∆Di

32
∑

i=1
D3

i N(Di)∆Di

(2)

Z =
32

∑
i=1

D6
i N(Di)∆Di (3)

3. Overview of the Rainfall Event

An exceptionally large-scale heavy rainfall event occurred in Jiangxi from 2000 BJT
(Beijing time, the same as below) on 4 May to 2000 BJT on 6 May 2023 (Figure 2a). The
maximum areal rainfall reached 168.4 mm in the Fuhe River Basin, with the highest 24 h
rainfall of 417.1 mm recorded at Feiyuan station (FY, 117.0986◦ E, 27.4389◦ N), Lichuan
County. The entire precipitation event could be divided into three stages based on the
influencing weather system and the location of the rainstorm area. These stages were from
2000 BJT on May 4 to 0800 BJT on May 5 (referred to as “Stage-1”, Figure 2b), from 0800 BJT
on May 5 to 0800 BJT on May 6 (referred to as “Stage-2”, Figure 2c), and from 0800 to
2000 BJT on May 6 (referred to as “Stage-3”, Figure 2d).

During Stage 1, the primary precipitation area was situated in the northern part of
northern Jiangxi. There were 11 national stations and 264 regional stations reporting 12 h
precipitation levels ≥ 50 mm, among which 1 national station and 12 regional stations
recorded 12 h precipitation levels ≥ 100 mm. These were mainly concentrated in north-
western Jiangxi. In Stage 2, the main precipitation area was located between 27◦ and
29◦ N. A total of 21 national stations and 442 regional stations reported 12 h precipitation
levels ≥ 50 mm. The area also experienced the highest rainfall across the three stages. There
were 8 national stations and 146 regional stations with 12 h precipitation levels ≥100 mm,
with the main precipitation period occurring from 2000 BJT on May 5 to 0600 BJT on 6 May.
In Stage 3, the primary precipitation area was primarily situated in a narrow region near
25.5◦ N. There were 10 national stations and 258 regional stations with 12 h precipitation
levels ≥50 mm, among which 1 national station and 57 regional stations recorded 12 h
precipitation levels ≥100 mm. The main precipitation affected southwestern Jiangxi from
west to east from 0800 to 2000 BJT on May 6. At 0750 BJT on 6 May 2023, it was also ob-
served that there were two centers of heavy precipitation areas in this torrential rain event,
with areas exceeding 100 mm forming quasi-east–west narrow bands. In the second stage,
the heavy rain areas were primarily located at 27–28◦ N, while those above 250 mm were
slightly oriented southwest-northeast, with a north–south width of about 0.3◦ N, indicating
a very narrow band. In the third stage, the heavy rain areas were mainly concentrated at
25.3–25.5◦ N.

To investigate the hourly rainfall patterns at stations during this precipitation event,
this study examined the Stage 1 maximum rainfall regional station (Zengxi Village, ZX,
114.2217◦ E, 28.4131◦ N), the Stage 2 maximum rainfall regional station (Hongqiao Town,
HQ, 115.0256◦ E, 27.6508◦ N), the Stage 3 maximum rainfall regional station (Dangping
Tungsten Mine, DP, 114.3292◦ E, 25.4628◦ N), and the regional station with the highest
cumulative rainfall over the entire event (Feiyuan Village, FY). As depicted in Figure 3,
the primary rainfall period in ZX extended from 2300 BJT on 4 May 2023 to 0400 BJT on
5 May 2023. Within this period, the maximum hourly rainfall intensity reached 50.5 mm. In
stage 2, HQ recorded the highest hourly rainfall in this event, accumulating 117.6 mm over
2 h. However, the heavy rainfall subsequently decreased. At FY station, the rain persisted
from 0800 BJT on May 5 to 2000 BJT on 6 May 2023, resulting in a cumulative rainfall of
447.5 mm exceeding 36 h, surpassing historical records since the station’s establishment.
Concurrently, HQ also experienced rainfall during this period, with the maximum hourly
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rainfall intensity only reaching 23.4 mm, and the convection was comparably weak. DP
station recorded the highest accumulated rainfall of 189.1 mm in Stage 3, with the maximum
hourly rainfall intensity of 52.8 mm occurring at 1500 BJT on 6 May 2023. Therefore,
precipitation convection was most intense during the day on May 5, while it was moderate
during the nights of May 4 and May 6, with the latter featuring the highest cumulative
precipitation but relatively weak convection.
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2000 BJT on 6 May 2022. “ZX”, “HQ”, “DP”, and “FY” denote Zengxi Village, Hongqiao Town,
Dangping Tungsten Mine, and Feiyuan Village regional weather station, respectively. The blue, red,
and green dashed-line boxes represent Stage 1, Stage 2, and Stage 3, respectively.

4. Macroscopic and Microscopic Characteristics of Rainfall

Based on the foregoing analysis, it is evident that the second stage exhibited the
longest duration of rainfall and the highest cumulative precipitation. To further elucidate,
this study examined the macroscopic features of heavy rainfall using raindrop spectrum
data from the Chongren National Meteorological Station (CR). This station experienced
an isolated short-term heavy precipitation event at 0700 (35.6 mm·h−1) BJT on 5 May
2023. Another short-term heavy precipitation event occurred at night and extended from
1800 BJT on May 5 to 0600 BJT on 6 May 2023, resulting in a cumulative rainfall of 230.3 mm
over 12 h (Figure 4a). Examining the time series of radar composite reflectivity (Figure 4b),
it was observed that CR station’s combined reflectivity was around 15 dBZ at 2000 BJT on
4 May 2023, persisting until 0354 on May 5. Starting at 0400 BJT, the reflectivity began to
rise, reaching 32.5 dBZ at 0524-0624 BJT and then rapidly declining from 0700 to 0754 BJT
on 5 May 2023, in line with the short-term heavy precipitation at 0700 BJT at CR station.
The composite reflectivity exceeded 20 dBZ at 1430 BJT on May 5 over CR station, although
no corresponding ground-level precipitation was recorded. After 1700 BJT, the composite
reflectivity of the CR station surged and held steady between 40 and 50 dBZ. These signified
continuous and strong echoes impacting the CR station, aligning with the period of heaviest
precipitation. After 0500 BJT on 6 May 2023, the composite reflectivity began to fluctuate
notably yet remained predominantly robust, ranging between 25 and 35 dBZ. However,
precipitation during this period was comparatively subdued, resulting in lower echo
precipitation. Between 1700 and 1900 BJT on May 6, the echo dropped to approximately
10–20 dBZ, indicating the event was nearing its end.
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Analyzing the macroscopic characteristics of precipitation, it is evident that while
radar echo composite reflectivity provided valuable insight into the evolution of the heavy
rainfall, there were instances where moderate-intensity composite reflectivity echoes did
not correspond to significant precipitation in the area. Therefore, a microscopic analysis
of rainfall characteristics became imperative. As illustrated in the mass-weighted average
diameter of the raindrop spectrum, between 0600 and 0800 BJT on 5 May 2023, raindrop
diameters ranged from 0.56 to 2.08 mm, with a median of 1.1 mm, indicating relatively
small-sized raindrops. From 1517 to 1534 BJT, CR station experienced raindrops with a
maximum mass-weighted average diameter of 2.75 mm, but due to the brief duration
(18 min), only 1.4 mm of precipitation accumulated (Figure 4c). Continuous precipitation
at CR station commenced at 1659 BJT on May 5, with raindrops exhibiting generally
larger diameters. The maximum diameter reached 3.4 mm, with a median of 1.4 mm,
indicating higher precipitation efficiency. By 0800 BJT on May 6, the mass-weighted average
diameter began to notably decrease, signifying a reduction in the number of large raindrops,
consistent with the actual rainfall. In contrast to radar composite reflectivity, raindrop
content demonstrated a notably better correspondence with precipitation. Additionally,
the correlation between raindrop content and heavy precipitation was also stronger. At
0624 BJT on 5 May 2023, raindrop content peaked at 5.36 × 104 mm6·m−3. After 0800 BJT on
May 6 (Figure 4d), while the radar composite reflectivity remained at 25–35 dBZ, rainwater
content significantly dwindled, resulting in minimal precipitation. Consequently, rainwater
content derived from the raindrop spectrum holds crucial significance in understanding
the persistence and cumulative amount of rainfall.

5. Analysis of Heavy Rainfall
5.1. Analysis of Circulation Situation

Transitioning into early May, the East Asian monsoon had not yet manifested, and
the western Pacific subtropical high remained stationary, failing to extend westward and
northward. Consequently, South China progressively entered its rainy season. At 500 hPa,
the high-latitude circulation in Asia primarily consisted of two troughs and one ridge.
One trough was positioned in northern Xinjiang, while the other was near the Okhotsk
Sea by 2000 BJT on 4 May 2023 (Figure 5a). Between these troughs lay a wide expanse of
weak high-pressure ridges. In the mid-latitudes, a low trough moved eastward toward the
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Huanghuai Basin. The subtropical high in lower latitudes remained stable with minimal
movement, maintaining a peripheral 584 dagpm around 24.5◦ N throughout the entire
rainstorm process. At 850 hPa, the Huanghuai cyclone shifted eastward from Henan to
Shandong, ultimately making its way into the Bohai Sea. The northerly airflow on its
western side descended southward to central and eastern Hubei, while the southwest
airflow around the subtropical high affected the Yangtze River basin (Figure 6a). The
first phase of precipitation occurred in Northern Jiangxi, influenced by the lower-level
shear of the Huanghuai cyclone, along with the presence of strong southwest warm and
moist air. By 2000 BJT on 5 May 2023, the radiality of the 500 hPa mid-latitude low trough
deepened further as it shifted slightly eastward, with the trough base extending southward
to 32◦ N. This setup facilitated the guidance of cold air behind the trough, influencing
the middle and lower reaches of the Yangtze River (Figure 5b). A short-range short-wave
trough moved from west to east in Jiangxi, bringing good dynamic conditions for heavy
rainfall (see Section 5.3). At 850 hPa, the Huanghuai cyclone’s forward motion slowed
upon entering the sea. The northerly airflow on its western flank intensified the southward
movement of cold air, causing the wind shear line in the Yangtze River basin to advance
over the Yangtze River (Figure 6b). Concurrently, the northerly airflow on the western
side of the Huanghuai cyclone transitioned into a northeasterly jet stream, merging with a
similar stream from northeastern China. This merged flow through Shandong, Henan, and
Hubei converged with the southwesterly warm and humid jet stream in Guangxi around
the subtropical high. Under suitable thermodynamic and dynamic conditions, multiple
mesoscale convective systems (MCSs) [45] formed along the shear line and moved eastward
into Jiangxi. By 0800 BJT on 6 May 2023, the shallow trough gradually shifted eastward
and pressed southward at 500 hPa (Figure 5c), with the northeasterly jet stream further
enhancing the warm conditions over southern Jiangxi. The infusion of cold air into Hunan
led to the formation of a meso-α-scale MCS in Hunan, which then advanced eastward into
Jiangxi. This MCS brought heavy rainfall to Ganzhou, Jiangxi, on May 6 (Figure 6c). By
2000 BJT on May 6, the northeast jet stream essentially blanketed the entirety of Jiangxi
(Figure 5d), causing heavy precipitation to shift toward Fujian Province and marking the
conclusion of the large-scale heavy rain event in Jiangxi (Figure 6d).
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In the wake of cold air influx and robust convective activity, the temperatures at 2 m
above ground level (T2m) in Hunan dropped, creating a widespread cold-pool system
on 6 May 2023. This intensified the surface temperature gradient from Hunan to Jiangxi,
aiding the further eastward progression of the MCS from Hunan into Jiangxi. From
0400 to 0800 BJT (Figure 7a,b), the T2m in most parts of Hunan had dropped to 18~22 ◦C, a
widespread cold-pool system triggered widespread strong convective weather in Hunan
(A4 in Figure 8g, MCS-E and MCS-F in Figure 9h), and T2m in southern Jiangxi reached
26~28 ◦C, with an obvious temperature gradient between the two provinces. At 1400 BJT,
the T2m in southern Hunan dropped to 18~21 ◦C, and the temperature gradient between
the two provinces slightly decreased (Figure 7c). At 1800 BJT, the temperature gradient
between the two provinces decreased to 2~4 ◦C (Figure 7d), and the precipitation process
in southern Jiangxi also tended to end.
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The evolution characteristics of mesoscale convective systems (MCSs) in the three
stages can be clearly distinguished from FY-4A satellite cloud images. At 2000 on May 4,
during the rapid eastward movement and northward lifting of the Huanghuai cyclone,
the tail cloud system A1 extended to approximately 30◦ N. In the northern part of Hunan
Province, an MCS (B1) moved rapidly eastward toward the vicinity of Mufu Mountain in
northwest Jiangxi Province and gradually strengthened (Figure 8a). At 2100 BJT, A1 and B1



Atmosphere 2023, 14, 1735 11 of 16

merged into C1 and continued to move rapidly eastward, bringing significant precipitation
to the area north of 29◦ N in Jiangxi Province (data not shown). At 0200 BJT on May 5, C1
had moved to the northeast of Jiangxi Province (Figure 8b), and its impact on Jiangxi was
diminishing. A new MCS (D1) had formed in the northeast of Hunan Province and was
moving eastward toward the northwest of Jiangxi Province. Its TBB of ≤−50 ◦C resulted in
short-term heavy precipitation of 50.5 mm h−1 at ZX station. The MCS then gradually and
rapidly moved eastward out of Jiangxi Province, bringing substantial precipitation along
28◦ N (as depicted, but not shown in full). At 1500 BJT on May 5, two new MCSs appeared
in the central region of Jiangxi Province. The northern MCS dissipated within 2 h, while the
southern MCS (A2) rapidly developed northward (Figure 8c). By 1800 BJT, it had evolved
into a meso-β-scale system in the northwest of Jiangxi Province, with a minimum TBB of
approximately −59 ◦C. Additionally, there were new MCSs (B2, C2) in the southeast of A2.
Another MCS (D2) emerged in the eastern part of Hunan Province to the west of A2. These
MCSs not only brought intense, short-term heavy precipitation locally but also merged
into a linear MCS. The direction of movement shifted from north–south along the short
axis on May 5 to west–east along the long axis at night (Figure 8d). At 2000 BJT on May 5,
around the linear MCSs, several other MCSs (C3, E3, F3) with smaller influence ranges and
slightly higher TBB values were successively triggered of approximately −40 to −45 ◦C.
D3 had a relatively low TBB, reaching −60 ◦C at its lowest. The central and eastern areas
of Jiangxi were continuously affected by the “train effect” [46] of linear MCSs (Figure 8e),
resulting in heavy precipitation in Stage 3. At 0000 BJT on May 6, D3 shifted from western
Jiangxi to eastern Jiangxi, and a few newly triggered MCSs appeared on its west side.
However, their lifespan was short, and their influence range was limited (Figure 8f). At
0800 BJT on May 6, all the main MCSs in Stage 3 moved eastward. A4 quickly advanced
to the eastern part of southern Jiangxi, and the newly triggered MCSs (B4, C4) at the rear
gradually moved eastward along 25◦ N (Figure 8g), forming the second “train effect” in
this process. After C4 moved eastward out of Jiangxi Province, the rainstorm process in
Ganzhou gradually concluded (Figure 8h). Although the “train effect” of MCSs such as
A4, B4, and C4 in this stage was not as prolonged as in the third stage, the TBB of many
MCS cloud systems was lower than −65 ◦C, with the lowest reaching −70 ◦C. Therefore,
the precipitation intensity in this stage was relatively high, forming the second heavy rain
belt in this torrential rain process.

5.2. Evolution Characteristics of Radar Echo

The precipitation in the second stage of this heavy rainfall was the most intense. At
1200 (noon) BJT on 5 May 2023, primary convection formed in the central part of Jiangxi
(around 113.5◦ E, 27.7◦ N). Simultaneously, a weak echo moved eastward from the eastern
part of Hunan and entered Jiangxi through the Luoxiao Mountains (Figure 9a). At 1300 BJT,
the primary convection began to develop into MCS-A, with the strongest combined reflec-
tivity reaching 55 dBZ, and it dissipated around 1600 BJT. At 1300 BJT, the incoming echo
from Hunan rapidly strengthened into MCS-B, propagating from southwest to northeast
(Figure 9b,c) with a relatively slow speed. At 1600 BJT, the eastward-propagating MCS-C
and the developed MCS-B gradually merged into a quasi-east–west linear echo, MCS-D
(Figure 9d). At 1900 BJT, the echo split into two linear echoes (Figure 9e). Among them, the
north echo, MCS-D1, propagated slightly northward and soon dissipated, while the south
echo, MCS-D2, began to propagate eastward and became the main influencing echo in the
second stage of the rainstorm. From 2000 BJT on May 5 to 0800 BJT on May 6, the vicinity
of 27.5◦ N in Jiangxi was affected by the eastward movement of several MCSs, resulting in
regional heavy rain and local heavy rain in the Fuhe River Basin (Figure 9f–i).

From the preceding analysis, it is evident that Hunan was influenced by cold air
from the north, resulting in the birth of numerous MCSs. However, their intensity and
influence range were relatively small. Once these systems entered Jiangxi, they tended to
undergo rapid development or merge with existing strong echoes, thereby intensifying the
echoes further. To delve deeper into this evolutionary characteristic, considering that the
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echoes on the night of May 5 mainly propagated in the zonal direction, this study makes a
longitude–time profile of radar-combined reflectivity echoes along 27.5◦ N to investigate
the zonal movement patterns of MCS (Figure 10a). If an MCS had been moving in a zonal
direction, it would present as a straight line from lower left to upper right on the graph.
The steeper the slope, the longer the duration of the MCS and the shorter the distance, thus
indicating a slower eastward movement speed; conversely, a flatter slope signifies a faster
pace. At 1400 BJT on May 5, specifically between 112 and 114◦ E, the combined reflectivity
of most MCSs echoes measured below 20 dBZ, but this rapidly escalated to 40–50 dBZ in
the area east of 113.5◦ E. This enhanced area of the echo aligned with the Luoxiao mountain
range, with altitudes surpassing 1000 m. This topographic feature distinctly contributed
to the forced uplift of the MCS. With the amplification of MCS-A, three individual MCS
units (MCS-B, MCS-C, and MCS-D) were newly generated due to topographic uplift at
0000 BJT on May 6. Subsequently, all these echoes moved eastward, instigating a sustained
“train effect” downstream. Moreover, between 114◦ and 115◦E lies the Jitai Basin in Jiangxi,
characterized by a lack of mountainous terrain. This area hosted numerous convective cells
that were predominantly new due to the eastward expansion of the echoes. Additionally,
examining the time–height profile of the reflectivity factor at CR station, this study observed
that from 2000 BJT on May 5 to 0500 BJT on May 6, echoes above 40 dBZ were continuously
affecting CR station, with a vertical distribution characterized by a low center of mass,
indicating a typical continuous heavy precipitation echo feature (Figure 10b).
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5.3. Analysis of Heavy Rainfall Area

Inspecting the precipitation distribution in Figure 1c,d, along with the radar echo
features in Figure 9, it becomes apparent that in the second and third stages of heavy
precipitation, the heavy rain belt was relatively narrow. On either side of this zone, there
existed a significant precipitation gradient. What could be the possible explanation for
this phenomenon? From the 200 hPa wind field at 2000 BJT on 5 May 2023, the results
revealed that Jiangxi was predominantly influenced by westerly and northwest winds. The
divergence area was situated in Fuzhou, Jiangxi Province. North of Fuzhou (beyond 28◦ N)
lay a large convergence area, while the southern region experienced weaker convergence
and divergence (Figure 11a). Likewise, examining the composite map of wind and vertical
velocity in the v-direction along 116◦ E at the same time (Figure 11b), the results revealed
that in the lower layer south of 27◦ N, a consistent southerly wind prevailed. Between 27◦

and 27.8◦ N, an updraft was evident. This updraft extended up to 200 hPa before shifting
to a northerly direction. The northerly winds below 900 hPa north of 28◦ N were relatively
shallow, indicating the onset of weak cold air entering the northwestern part of Jiangxi.
This layer was marked by a weak southerly wind but with insufficient convergence of water
vapor flux, and the specific humidity at 925 hPa was only 12 g·kg1, which was lower than
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the average of the specific humidity of May rainstorm days in Jiangxi [47]. Consequently,
precipitation in this stage was predominantly concentrated in Fuzhou, and the specific
humidity was 16 g·kg1 at 925 hPa, which is relatively uncommon in early May in Jiangxi.
By 0000 BJT on May 6, a short-wave trough was moving from west to east near 28.5◦ N. This
trough creates a discernible area of divergent motion in its front, roughly spanning from
27.5◦ to 28.5◦ N. Coupled with lower-layer convergence (Figure 11c), heavy precipitation
most likely occurred in this area. North of 28.5◦ N, another expansive convergence area
existed. However, due to poor water vapor conditions similar to those in Figure 9b, heavy
precipitation did not occur here. As the short-wave trough progressively moved out of
Jiangxi, the 850 hPa equivalent potential temperature map at 0600 BJT on May 6 (Figure 11d)
clearly illustrates the formation of a broad equivalent potential temperature dense zone
from southwestern Hunan to northeastern Jiangxi as cold air infiltrated from the north.
In northern Hunan, the lowest equivalent potential temperature was 324 K, while the
highest in the south was 350 K. In Jiangxi Province, it ranged between 346 K and 348 K.
Consequently, an evident intersection of cold and warm air masses occurred in Hunan,
making conditions conducive to the development of a robust MCS that subsequently moved
eastward, influencing Jiangxi. The MCS affecting Ganzhou during the day on May 6 was a
direct result of this scenario. Simultaneously, a low equivalent potential temperature center
in northeastern Jiangxi continued to expand as the cold air permeated this region. Within
2–3 h, the equivalent potential temperature gradient on both sides of the area along the
Yangtze River tended to dissipate, and the dense zone of equivalent potential temperature
shifted southward to central Jiangxi, effectively concluding the second stage of precipitation
in Jiangxi.
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Figure 11. (a) Wind fields (vector, unit: m·s−1) and divergence (lines, ×10−5 s−1) at 200 hPa at
2000 BJT on 5 May 2023, (b) latitude–height profile along 116◦ E (unit: m·s−1) at 2000 BJT on 5 May
2023, (c) wind fields (vector, unit: m·s−1) and divergence (lines, ×10−5 s−1) at 200 hPa at 0000 BJT
on 6 May 2023, and (d) wind fields at 500 hPa (barbs, unit: m·s−1) and the equivalent potential
temperature at 850 hPa (lines, unit: K) at 0600 BJT on May 6.
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6. Conclusions

In this study, the regional heavy rainfall in Jiangxi Province was analyzed from May 4
to 6, 2023, utilizing conventional high-altitude ground observation data, ground regional
encrypted observation data, FY-4A satellite cloud image TBB data, ERA5 reanalysis data,
and Parsivel laser raindrop spectrum data provided by the Huachuang DSG4 precipitation
phenomenon instrument. Additionally, this study evaluated the forecast results from
various numerical forecasting products. The following conclusions can be drawn:

(1) By categorizing the precipitation process into three stages based on the timing and
influencing systems, it is evident that the second stage yielded the highest cumulative pre-
cipitation. The primary influencing weather system during this process was the northern
Huanghuai cyclone. After the cyclone moved into the sea, the northerly jet stream on its
western flank penetrated Hunan and Jiangxi provinces through the Yangtze River, estab-
lishing a quasi-stationary front with the warm and humid airflow in the southern regions
of the two provinces. This interaction led to sustained periods of heavy precipitation.

(2) Examining the macroscopic features of precipitation, while the combined reflec-
tivity of radar echoes provided a better reflection of the evolving state of each heavy
precipitation event, there exists a range of medium-intensity combined reflectivity where
precipitation was not readily apparent. Delving into the microscopic characteristics of
precipitation, cumulative precipitation demonstrated a strong correlation with the duration
of heavy raindrops. Moreover, the raindrop spectrum’s rainwater content served as a
significant reference for both the duration and intensity of precipitation.

(3) The analysis reveals that several weak MCSs underwent rapid development after
traversing the Luoxiao mountain range, giving rise to a “train effect” in the central part
of Jiangxi. Factors such as the 200 hPa divergence area, substantial vertical updrafts, and
ample moisture content contributed to the formation of a very narrow rainstorm area in
central Jiangxi. Simultaneously, this rainstorm area was positioned ahead of the 500 hPa low
trough, with the northern sector being influenced by the equivalent potential temperature
front area in the northeast of Jiangxi. These conditions collectively created a favorable
environment for heavy precipitation, incorporating considerations of moisture, dynamics,
and thermal aspects.
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