
Citation: Wang, K.; Xia, X.; Wang, X.;

Li, M.; Gu, P.; Peng, X. Multiscale

Analysis of a Record-Breaking

Predecessor Rain Event Ahead of

Typhoon Danas (2019) in Jiangsu,

China. Atmosphere 2023, 14, 1608.

https://doi.org/10.3390/

atmos14111608

Academic Editors: Xiaoming Shi,

Berry Wen and Lisa Milani

Received: 18 July 2023

Revised: 11 September 2023

Accepted: 12 September 2023

Published: 27 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

atmosphere

Article

Multiscale Analysis of a Record-Breaking Predecessor Rain
Event Ahead of Typhoon Danas (2019) in Jiangsu, China
Kun Wang 1, Xin Xia 2,*, Xiaohua Wang 3,*, Min Li 4, Peishu Gu 1 and Xiaoyan Peng 1

1 Nantong Meteorological Bureau, Nantong 226000, China; wangkun@ntqxj.com (K.W.);
gupeishu@ntqxj.com (P.G.)

2 Shenzhen National Climate Observatory, Meteorological Bureau of Shenzhen Municipality, Shenzhen 518040, China
3 Jiangsu Meteorological Observatory, Nanjing 210041, China
4 Haimen Meteorological Bureau, Nantong 226100, China
* Correspondence: xiaxin@gbamwf.com (X.X.); wangxiaohua@ntqxj.com (X.W.)

Abstract: On 17 July 2019, an unusually intense rainfall occurred in the central-eastern part of Jiangsu
Province in China, resulting in a record-breaking daily precipitation of 286.4 mm at the Rugao station,
not seen since 1961. A comprehensive analysis was conducted on various multiscale characteristics
of the initial rain event, such as the large-scale surroundings, moisture transport, triggering and
maintenance mechanisms, and microphysical characteristics. Multi-sources of data were utilized,
such as reanalysis data, automatic weather stations, wind-profiling radar, laser-optical Particle Size
Velocity instruments, soundings, S-band dual-polarization radar, and a Lagrangian model. The
findings suggest that the intense precipitation in Rugao resulted from the convergence of the warm
and moist airflow from Typhoon Danas and the cold air moving southward from the north, along
with the ample moisture and energy provided by the circulation of Typhoon Danas. Convection,
which showed good consistency with the intense precipitation process, was initiated by mesoscale
temperature gradients and wind field convergence. This was associated with the intrusion of a
near-surface cold pool and the maintenance of a ground convergence line in the Rugao area. This
convection exemplified a standard system of warm clouds with high precipitation efficacy. It had a
high concentration of raindrops, especially large ones, resulting in record-breaking precipitation in a
short amount of time.

Keywords: record-breaking heavy rainfall; predecessor rain event; back-building processes; low-level
warm rain; convective structure

1. Introduction

China is situated in the monsoon region of Asia, which is characterized by frequent
and intense rainfall. The rainfall patterns in this region are often sudden and localized,
leading to significant socio-economic losses. For example, on 21 July 2012, Beijing and the
surrounding areas experienced an exceptionally heavy downpour, surpassing historical
records at many stations. This event resulted in 79 fatalities and caused tens of billions of
yuan in socio-economic damages. Similarly, on 7 May 2017, Guangzhou encountered an
unusual and notable precipitation episode, leading to severe flooding and the collapse of
houses in several villages, causing significant financial losses. Moreover, from 20 to 22 July
2021, the northern part of Henan Province faced exceptionally heavy rainfall for two consec-
utive days. Combined with convective precipitation, this intense rainfall triggered severe
flash floods and mudslides that damaged grain fields, transportation, communication, and
water and electricity facilities, causing serious casualties. The occurrence of heavy rainfall
during the summer is a significant meteorological phenomenon in the middle and lower
regions of the Yangtze River, posing substantial hazards to life, property, and industrial
and agricultural activities [1]. With global warming, extreme precipitation generally tends
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to increase [2]. The prediction of heavy rainfall and floods has always been one of the key
tasks of disaster prevention and mitigation in China.

Tropical cyclone remote rainfall is clearly defined as the precipitation outside the range
of tropical cyclones and having an intrinsic physical connection with tropical cyclones [3].
Cote [4] also proposed the concept of predecessor rain events ahead of tropical cyclones,
similar to tropical cyclone remote rainfall given by Chen [3]. Predecessor rain events occur
as a result of tropical moisture and energy transported ahead of tropical cyclones and lifted
along the low-level frontogenetical baroclinic zone in the equatorial entrance zone of the
upper southeasterly jet [4–10].

The heavy rainstorms are mainly caused by relatively high precipitation intensities
and long durations as a result of adequate moisture supply and stronger uplifting mo-
tion [11], while the duration is influenced by a combination of the movement speed, scale,
and organization of the rainfall system. Tropical cyclones can interact with mid-latitude
systems (including westerly troughs, vortex, weak cold air, etc.) to enhance and expand
the rainstorm band, and their daily amount of precipitation is often not less than the
tropical cyclone body rainfall, which is an important feature of summer rainstorms in
eastern China [3,8–10,12–18]. The heavy rainstorms in eastern China are more directly
associated with mesoscale convective systems (MCSs), which are more likely to produce
short-duration rainstorms to sustain high precipitation intensity and persistence [19–21].
The back-building–quasi-stationary processes impacted by surface fronts [22], midlevel cy-
clonic circulations [23,24], and the mesoscale boundary [25,26] are one of effective patterns
of MCS organization leading to heavy precipitation [27].

The microphysical characteristics of the precipitation system are influenced by the
atmospheric circulation, and the precipitation intensity is closely related to the microphysi-
cal characteristics of the precipitation particles. Polarimetric radar can provide detailed
microphysical information of the size, shape, and orientation of the particles, and help us to
explore the cloud-physical processes in different stages of the heavy precipitation process.
Such analysis has been used on different convective systems, including supercells [28–31]
and tropical cyclones [32–35]. The study of the raindrop size distribution (RSD) can com-
pensate for the lack of access to atmospheric information due to the limitations of radar
detection and is useful for analyzing the thermodynamic information of rapid tropospheric
changes and micro-scale to mesoscale temperature and humidity changes [36–39], and can
contribute significantly to a better understanding of cloud microphysics and to improving
cloud models [40,41]. Nonetheless, there is a paucity of studies that focus on the microphys-
ical processes encompassing extreme, ultra-intense, and short-duration heavy precipitation
events.

On 17 July 2019, the central-eastern part of Jiangsu Province, China experienced an
extremely heavy rainfall event due to the influence of long-range typhoon “Danas”, causing
severe urban flooding, deaths, and serious socio-economic damage. The Rugao station has
observed a record-breaking daily precipitation of 286.4 mm and hourly precipitation of
161.9 mm since 1961. During the heavy precipitation event, Typhoon “Danas” was located
approximately 1400 km east of Luzon Island in the Philippines, which is a considerable
distance from the affected area. Despite the absence of direct influences from this typhoon
on Jiangsu, the occurrence of extraordinarily heavy rainfall in the region was historically
rare when the typhoon was in the eastern ocean of Taiwan.

Enhancing our understanding of precipitation structure and microphysical character-
istics is crucial for improving the forecasting and warning accuracy of heavy precipitation.
This study aims to investigate how a range of factors, such as the large-scale environment,
moisture transport, trigger and maintenance mechanisms, and microphysical characteris-
tics, influence the development of this record-breaking precursor rain event. It also seeks
to enhance our understanding of the interplay between these multiscale aspects that lead
to the occurrence of the precursor rain event in the lower reaches of the Yangtze River
basin. Additionally, this research could contribute to more efficient and accurate predic-
tions of severe weather events as well as enhance the effectiveness of disaster response
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efforts, playing a crucial role in safeguarding human life and property from the impact of
natural disasters.

The data and methods used in this study are presented in the following section.
Section 3 provides an overview of the rainfall event, while Section 4 illustrates the moisture
transport paths and source regions for heavy rainfall. Section 5 examines the development
of precipitation systems and the related mesoscale circulations. Section 6 examines the
microphysical characteristics of convection that cause intense precipitation. The conclusions
and discussion are provided in Section 7.

2. Data and Method
2.1. Data

This study utilized 2 m temperature, 2 m dewpoint temperature, 10 m winds, and
precipitation from automatic weather stations shown in Figure 1a. The European Center
for Medium-Range Weather Forecasts (ECMWF) ERA5 global reanalysis products with a
horizontal resolution of approximately 31 km available every 1 h were used for synoptic
conditions, with sounding at Baoshan. The ERA data was accessed on 14 June 2018 can
be freely obtained from https://cds.climate.copernicus.eu/. The precipitable water vapor
(PWV) derived from GNSS observations and profiler wind observed by wind-profiling
radar were also used to help explore water vapor transport features.
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Figure 1. (a) The 12 h precipitation from 18:00 LST 17 July to 08:00 LST 18 July 2019 (colored dots with
rainfall shaded according to the color bar in mm, red edge color denotes hourly rainfall = 20 mm h−1

during the period) observed by automatic weather stations (AWSs). The stations’ names are abbreviated
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in alphabetic order as follows: BS (Baoshan), NT (Nantong), QZ (Qinzao), TZ (Taizhou), and ZJG
(Zhangjiagang). The black star denotes the location of NT radar, the black triangle denotes the
sounding at BS, two black squares denote the locations of wind-profiling radar at TZ and ZJG, and
black hexagon denotes the location of QZ AWS. Black word “RG” indicates the position of Rugao
station. (b) Hourly precipitation (mm) at Rugao station.

Data gathered from S-band operational Doppler radar in Nantong (32.08◦ N, 120.98◦

E) were used to investigate the record-breaking predecessor rain event. The composite
equivalent reflectivity factor at horizontal polarization (ZH), the differential reflectivity
(ZDR), and the specific differential phase (KDP) were utilized to analyze the evolution
and microphysical characteristics of the convective system. The laser-optical Particle Size
Velocity (PARSIVEL) instrument was also applied to measure the precipitating particle size.

2.2. Backward Trajectory Analysis

The hybrid single-particle Lagrangian integrated trajectory (HYSPLIT, version 4.9)
model developed by the NOAA Air Resources Laboratory [42] was applied to calculate the
air mass back trajectories using the meteorological data obtained from ERA5 at 1 h intervals.
In this study, the 72 h backward air parcel trajectories with an endpoint over Rugao at
20:00 LST 17 July 2019 at 500, 1500, and 5000 m above mean sea level were calculated.
More details about the HYSPLIT model which was accessed on 28 January 2010 can be
freely obtained from https://www.ready.noaa.gov/HYSPLIT.php (NOAA Air Resources
Laboratory, College Park, MD, USA).

2.3. Rain and Ice Water Content Estimation

To determine the rain and ice water contents from Nantong radar measurements, the
ZH (dBZ) horizontal polarization reflectivity was initially examined to distinguish water
and ice by implementing the ZDP (dB) difference reflectivity method developed by Cifelli
et al. (2002) [43]. A Zrain-ZDP relationship in this case was utilized to estimate the rainfall
component of ZH.

Zrain = 0.8178 × ZDP + 12.5088 (1)

and
Zice = ZH − Zrain (2)

The Z-M relationship developed was employed to estimate the ice and liquid water
contents.

Mw = 3.44 × 10−3
(

Zrain
)4/7

(3)

Mi = 1000πρi N
3/7
0 × 10−3(

5.28 × 10−18Zice

720
)

4/7

(4)

where Mw and Mi are the water contents of rain and ice, respectively; ρi represents the
density of ice; and N0 denotes the intercept parameter of an assumed inverse exponential
distribution for ice. In the case of pure ice, Equation (4) was utilized to compute the ice
water content.

https://www.ready.noaa.gov/HYSPLIT.php
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2.4. Parsivel Disdrometer

The Parsivel is an advanced laser-based disdrometer used for simultaneous measure-
ments of precipitated particle size (ranging from 0.2 to 5 mm for liquid particles and 0.2 to
25 mm for solid particles) and fall velocity (ranging from 0.2 to 20 m/s). The instrument
records these data using a grid of 32 × 32 in size and fall velocity classes [44,45].

The 1 min samples with fewer than 10 raindrops or rainfall rates less than 0.1 mm/h
were excluded from the analysis to ensure data accuracy. Additionally, raindrops with
diameters greater than 6 mm and 60% above or below the empirical fall velocity–diameter
relationship established by Atlas et al. (1973) [46] were also discarded. It is worth noting
that no solid precipitation was observed.

The following equation was then used to describe the quality-controlled raw spectra,
which was used to estimate the raindrop number concentration N(Di) (unit: mm−1 m−3).

N(Di) = ∑32
j=1

nij

A·t·Vj·∆Di
(5)

where nij represents the number of raindrops in the i-th (where i ranges from 1 to 32) size
bin and j-th (where j ranges from 1 to 32) velocity class. A (unit: m2) denotes the effective
sampling area (0.0054 m2) and t (unit: s) is the sampling times. Vj (unit: m/s) and Di (unit:
mm) indicate the fall velocity of raindrops within the j-th velocity class and the diameter of
raindrops in the i-th size bin, respectively. The width of the i-th class diameter is denoted
by ∆Di. N(Di) represents the number concentration of raindrops within the size range
from Di to Di + ∆Di in the i-th diameter class over all velocity classes.

3. Case Overview
3.1. Rainfall Distribution

Figure 1a shows the distribution of the 12 h accumulated precipitation from 20:00 on
17 July to 08:00 on 18 July, and the main rain band was located in the central-eastern part
of Jiangsu Province along the Yangtze River. An hourly precipitation of 161.9 mm was
observed in Rugao sation (Figure 1b), which broke the historical record and is also the
second highest hourly precipitation in Jiangsu since 1961.

The time series of minute precipitation and radar reflectivity over Rugao (Figure 2)
show that the precipitation process experienced four main stages, S1 (19:02–19:50 LST),
S2 (19:51–21:10 LST), S3 (21:11–22:10 LST), and S4 (22:11–00:57 LST). At S1, under the
influence of the convective system periphery, the precipitation intensity was no more than
0.5 mm/min. Starting from 19:51 LST, affected by the convective body, the reflectivity
almost exceeded 50 dBZ, and some under the melting layer even surpassed 60 dBZ. Also,
the echo top was below 10 km. At S2, precipitation efficiency was very high, the minute
precipitation significantly exceeded 2 mm, and the peak reached 3.8 mm. After 21:11
LST, influenced by another newly generated convection, which was weak compared to S2,
the reflectivity below the melting layer was within 50 dBZ. However, the echo top was
higher; above 10 km, there was still a reflectivity of more than 30 dBZ. In addition, the
precipitation intensity had decreased, with a minute precipitation ranging from 1.5 to 2 mm.
Since 22:11 LST, the strong convection moved away from Rugao, leaving the influence of
weaker convection and bringing a significantly lower precipitation intensity, with a minute
precipitation less than 0.5 mm.
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Figure 2. (a) Time–height cross-section of radar reflectivity (dBZ) over Rugao from 19:02 LST 17
July to 00:45 LST 18 July observed by NT radar. Dashed black lines represent the altitude of 0 ◦C
temperature. (b) Time series of minute precipitation at Rugao from 19:02 LST 17 July to 00:45 LST
18 July.

3.2. General Radar Evolution

From 17:00 LST 17 July 2019, convection was generated along the coast and grad-
ually developed to the southwest until about 19:00 LST (Figure 3a,b). At 19:00 LST, a
new convection was generated southwest of Rugao, merged and strengthened with the
monomer propagating from its northeast, and rapidly and gradually developed into a
northeast–southwest-oriented MCS system [21]. The convection rapidly increased, with
the strongest reflectivity exceeding 60 dBZ (Figure 3c–f). This rainband repeatedly formed
near Rugao, similar to the quasi-stationary backward building MCS, resulting in the echo-
training process, bringing about continuous heavy rainfall over Rugao. After 22:00 LST
(Figure 3g–i), convection weakened, the precipitation intensity also weakened, and the
strong precipitation gradually weakened and stopped.
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Figure 3. Composite radar reflectivity (dBZ) at (a) 19:02, (b) 19:54, (c) 20:17, (d) 20:34, (e) 21:03,
(f) 21:32, (g) 22:07, (h) 22:42, and (i) 23:46 LST 17 July 2019, observed by NT radar. Black lines in (c,f)
denote the position of the most intense convective activity.

3.3. Synoptic Conditions

Typhoon Danas was located offshore east of Luzon Island in the Philippines at the time
of the heavy precipitation, about 1400 km away from the area where the heavy precipitation
occurred. At 08:00 LST 17 July (Figure 4a), before the precipitation started, there was a
high-altitude jet stream north of 35◦ N at 200 hPa with the maximum wind speed exceeding
35 m s−1, and the high-altitude jet stream gradually strengthened and moved southward.
At 20:00 LST 17 July (Figure 4b), when the heavy precipitation occurred, the jet stream
moved southward to 34◦ N with the maximum wind speed exceeding 40 m s−1. At 500 hPa,
there was obvious dry and cold air transport over the precipitation area, the westerly
trough gradually moved eastward over the area near 120◦ E where the heavy precipitation
occurred, the western Pacific subtropical high was in the shape of a partial flat belt, and its
ridge was located near 26◦ N. As Typhoon Danas moved northward, the subtropical high
gradually moved northward and the moisture gradually increased. At 850 hPa, there was
a shear line maintained near 30~33◦ N (Figure 4c). The shear line moved slightly south,
maintained near 33◦ N, with the northward movement of the typhoon. The low-level jet
stream gradually moved northward, and by 20:00 LST 17 July, it moved to the south side
of the region where the heavy precipitation occurred (Figure 4d). The specific humidity
exceeded 14 g kg−1 and the relative vorticity reached more than 25 × 105 s−1 at the time of
precipitation occurrence over Rugao.
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ity near 500 hPa and 750–800 hPa, an approximately saturated warm moist layer below 
850 hPa, and a reduced loss of water vapor from dry air entrainment. Southerly flows were 
below 600 hPa (Figure 5). The very small convective inhibition (CIN, approximately −4.24 
J kg−1), low level of free convection (LFC, ~755 hPa, 2.52 km), lifting condensation level 
(LCL, ~948 hPa, 0.53 km), and medium thin convective available potential energy (CAPE, 
~1850 J kg−1) suggested that the atmospheric environment was conducive to the develop-
ment of short-term heavy rainstorms. Using the height between the LCL and the melting 
layer height (~5.49 km) to estimate the warm cloud thickness shows that it was approxi-
mately 4.96 km, which was a relatively deep warm cloud layer and ensured the sufficient 
development of the warm rain. 

Figure 4. The 500 hPa geopotential height (solid black contours every 10 hPa), 500 hPa wind (full
barb and half barb denote 4.0 and 2.0 m s−1, respectively), 500 hPa specific humidity (shaded
in g kg−1), and 200 hPa wind speed ≥ 30 m s−1 are marked enclosing black shaded area, at (a) 08:00
LST 17 July and (b) 12:00 LST 17 July 2019. The 850 hPa geopotential height (solid black contours
every 10 dam), 850 hPa wind (full barb and half barb denote 4.0 and 2.0 m s−1, respectively), 850 hPa
specific humidity (shaded in g kg−1), 850 hPa relative vorticity (solid red contours every 5 × 105 s−1),
and 850 hPa windspeed ≥ 12 m s−1 are marked enclosing black shaded area, at (c) 08:00 LST 17 July
and (d) 12:00 LST 17 July 2019.

The sounding of Baoshan station at 20:00 LST 17 July showed a lower relative humidity
near 500 hPa and 750–800 hPa, an approximately saturated warm moist layer below
850 hPa, and a reduced loss of water vapor from dry air entrainment. Southerly flows
were below 600 hPa (Figure 5). The very small convective inhibition (CIN, approximately
−4.24 J kg−1), low level of free convection (LFC, ~755 hPa, 2.52 km), lifting condensation
level (LCL, ~948 hPa, 0.53 km), and medium thin convective available potential energy
(CAPE, ~1850 J kg−1) suggested that the atmospheric environment was conducive to the
development of short-term heavy rainstorms. Using the height between the LCL and the
melting layer height (~5.49 km) to estimate the warm cloud thickness shows that it was
approximately 4.96 km, which was a relatively deep warm cloud layer and ensured the
sufficient development of the warm rain.
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cyan-blue dashed lines are 0 ◦C isotherm profiles. The red and blue areas represent CAPE and CIN
respectively.

4. Moisture Sources and Transport

A sufficient supply of moisture is crucial to the maintenance of heavy rainfall. Starting
from the afternoon of 17 July, the typhoon outer southerly airflow transported moisture to
reach the heavy precipitation area (Figure 6d). The PWV of Rugao increased from 68.6 mm
to 72.1 mm from 16:00 LST to 17:00 LST. And at 19:00 LST before the beginning of heavy
precipitation, the PWV in the heavy precipitation area exceeded 70 mm, with the PWV of
Rugao station the largest, reaching 73.8 mm (Figure 6a). But the PWV of the surrounding
areas without a rainstorm was generally lower than 65 mm. With the development of
a rainstorm, the PWV of the strong precipitation area gradually increased, reaching the
strongest at 21:00 (Figure 6b,c), up to 77.4 mm at Rugao.
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organized. After the start of the heavy precipitation, the low-altitude winds observed in 
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altitude southerly winds observed in Zhangjiagang increased significantly and stretched 
to more than 2 km with enhanced thickness, which could continuously transport more 
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Figure 6. The atmospheric column precipitable water vapor detected by GNSS (colored dots shaded
according to the color bar in cm) at (a) 19:00, (b) 20:00, and (c) 21:00 LST 17 July 2019. (d) Time series
of GNSS PWV at Rugao from 08:00 17 July to 07:00 18 July LST 2019.

The low-level moisture increase was closely related to the changes in the winds. From
14:00 LST to 20:00 LST before the beginning of strong precipitation in Rugao, the Zhangji-
agang wind-profiling radar south of the rainfall center observed a consistent southerly
airflow at low altitude with a thickness of about 1.5 km and a consistent southeasterly
airflow above 2 km (Figure 7a). And a consistent northerly flow, with a thickness of about
1 km, was observed on the northwest side of the Taizhou wind-profiling radar (Figure 7b).
The low-altitude wind field formed an obvious convergence, which was favorable for the
accumulation of moisture in the region, making the convection more organized. After
the start of the heavy precipitation, the low-altitude winds observed in Taizhou gradually
changed to easterly-southeasterly winds, and the intensity of the low-altitude southerly
winds observed in Zhangjiagang increased significantly and stretched to more than 2 km
with enhanced thickness, which could continuously transport more water vapor to the area
of heavy precipitation.
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Figure 7. Time series of half-hourly mean wind profile (full bar and half barb denote 4.0 and
2.0 m s−1, respectively) from wind-profiling radar in (a) TZ and (b) ZJG on 14:00 LST 17 July–03:00
LST 18 July 2019.

Figure 8a shows the vertical integral of divergence of the moisture flux as well as
moisture flux vectors at 16:00 LST 17 July. An obvious water vapor conveyor belt can be
detected to be transported from the southward direction of the typhoon circulation over
the area of heavy precipitation, and a strong water vapor flux convergence formed over it.
Backward trajectories for a 72 h period ending at 20:00 LST 17 July and ending at 500 m,
1500 m, and 5000 m over Rugao for the water vapor transport characteristics at ultra-low,
low, and mid-high altitudes, respectively, were computed (Figure 8b). The results show
that the low and ultra-low air masses in this heavy precipitation region mainly came from
the East China Sea, consistent with the typhoon circulation, while the dryer air masses at
high altitudes were transported from southwest China. Adequate water vapor transport
and large atmospheric precipitable water over Rugao provided sufficient water vapor for
the occurrence of a record-breaking heavy rainstorm.
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Figure 8. (a) Vertical integral of divergence of moisture flux (color, kg m−2 s−1) and vertical integral
of moisture flux vectors (kg m−1 s−1) at 16:00 LST 17 July 2019. (b) The 72 h backward air parcel
trajectories with endpoint at Rugao and ERA5 total column PW (shaded according to the color bar
in kg m−2) at 20:00 LST 17 July 2019, with trajectories derived from the ERA5. The red, blue, and
fuchsia air parcel trajectories start at 500, 1500, and 5000 m above mean sea level, respectively. The
positions of Danas at 08:00, 14:00, and 20:00 LST 17 July and 02:00 LST 18 July are marked with red X.
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5. Evolution of Mesoscale Precipitation System

As the Rugao station recorded the extreme hourly precipitation associated with the
precursor precipitation system separate from Danas, it is of interest to investigate how the
evolution of mesoscale raining systems affected the variations in local rainfall at Rugao.

Analysis of the automatic station data showed that a low-temperature center was
formed at 19:00 LST (Figure 9a), with Rugao as the center. Since the low-temperature
center appeared earlier than the precipitation, the precipitation was not the main reason
for the cooling. The time series of the 5 min 2 m temperature (Figure 9e) show that
with the gradual weakening of sunshine, Rugao’s temperature began to decrease, and
the temperature dropped from 29.8 ◦C to 28 ◦C starting at 16:00 LST to 19:15 LST. After
19:15 LST, influenced by the cold advection from the ground, the temperature from 28 ◦C
to 19:20 reduced to 27.7 ◦C. The cooling rate was 6.5 times the normal radiation cooling
level, compared with the QinZao automatic station on the south side of Rugao, where
the temperature gradient increased significantly. No precipitation was observed at Rugao
station during this period, and the wind direction changed from southwesterly to northerly,
with a significant drop in dewpoint at the same time. This was a result of the sinking of the
near-surface cold pool generated by the convection, bringing low-level inflow to invade
near Rugao, and the convergence of the southeasterly warm and moist airflow triggered
the convection. Meanwhile, the mesoscale temperature gradient caused by the cold pool
and the convergence of the wind field are important reasons for the convection trigger.

After the triggering of convection (Figure 8b), consistent northerly flows existed
in the Rugao area, indicating that large-scale weak cold air merged with the cold pool
caused by convection, producing drastic cooling. The rapid southward movement of the
mesoscale front affected the Rugao area, merging with the already existing convection in
the southwest to develop and enhance. In comparison with the Qinzao automatic weather
station (Figure 9e), the station only observed precipitation beginning at 21:30, with an
8.3 mm precipitation amount, which was located at the edge of the main rainband. Its
temperature dropped slowly before the precipitation started, and the speed was slightly
lower than the cooling speed brought by radiation cooling. The dewpoint temperature
gradually increased from 26.1 ◦C at 18:30 LST to 26.8 ◦C before the precipitation started at
21:30 LST, which indicated that there was warm advection on the south side of the main
rainband all the time, conveying warm and moist airflow to the main rainband.

However, although the cold air was relatively weak, the southward warm and moist
airflow was relatively strong. The mesoscale front remained stable near Rugao, making the
convection over Rugao persistently maintained, and eventually produced a total rainfall of
more than 286.4 mm of extreme heavy precipitation (Figure 9c). After 22:00 LST (Figure 9d),
the cold pool gradually disappeared, consistent easterly airflows appeared over Rugao
(with weaker warm and moist airflow transport at low altitude), convection weakened,
and precipitation gradually stopped. The slow movement and prolonged maintenance
of mesoscale convective rainbands due to back-building processes were the determining
factors for record-breaking precipitation in Rugao.
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Figure 9. The 2 m temperature (colored dots with temperature shaded according to the color bar
in ◦C) and 10 m winds (full barb and half barb denote 4.0 and 2.0 m s−1, respectively), observed
by AWSs at different times: (a) 19:00, (b) 20:00, (c) 21:00, and (d) 22:00 LST 17 July 2019; horizontal
divergence ≤ −105 s−1 is marked enclosing black shaded area. (e) The 2 m temperature (lines, ◦C)
and dewpoint temperature (dashed lines, ◦C) at RG (red) and QZ (blue) of time interval 5 min from
16:00 LST 17 July to 01:00 LST 18 July.

6. Microphysical Characteristics

Figure 10 shows the vertical cross-sections of polarimetric variables of the developing
and mature stage over Rugao. The strongest reflectivity of the Rugao convection devel-
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opment stage (Figure 9a) was located below the melting layer with a dense structure of
convection, and there was an obvious bounded weak echo area. There was a reflectivity
above 55 dBZ above 8 km, and strong echoes above 60 dBZ appeared in the lower layers,
which were characteristic of a low-core convection structure. The phase of precipitation
particles in this type of cloud was dominated by liquid water, and the content of ice-phase
particles was low, which can explain the high precipitation efficiency and low frequency
of lightning in this event. The airflow had produced a strong convergence over Rugao
(Figure 10b), forming a strong updraft. The velocity of the southeastern airflow in the
low-altitude atmosphere was up to 20–27 m s−1, which had been significantly larger than
the wind speed detected by the sounding (Figure 4), indicating that the strong warm and
moist airflow at low altitude was located in the frontal inclined upward motion area of
the well-developed convective system. The enhanced low-level airflow brought sufficient
moisture and energy transport, which was favorable for the further development of the
well-organized MCS system. In the back-building processes of convection, the mechanism
of convection development is the interaction of its own kinematic field with the warm
and moist airflow. The presence of very strong ZDR column echoes greater than 4 dB
over the southeast of Rugao, up to near 8 km, and the area where the ZDR column was
located having a radial velocity away from the radar (Figure 10c), indicating the existence
of this strong updraft here, are consistent with the findings of Brandes et al. (1995) [47]
through aircraft observations. Similar to the ZDR column, the KDP column (the region where
kdp > 0◦ km −1 extends vertically above the melting layer) was located to the northwest of
the ZDR column and to the left of the updraft (Figure 10d), and the separated ZDR column
in the spatial distribution appeared closer to the location of the maximum ZH. The location
of the KDP column corresponds well to the ground rain intensity maximum [48].

At the late mature stage, the bounded weak echo area had disappeared, while
45–50 dBZ of reflectivity still existed in the lower layer (Figure 10e), which was weak-
ened compared with the developing stage. The lower layer had shifted to the southeast
flow away from the radar, and the velocity had also weakened to 5–10 m s−1. The high-
altitude jet stream had also disappeared, and the weaker velocity convergence still existed
(Figure 10f). Thus, the convective system was still maintained, but weakened. The ZDR
and KDP columns also weakened significantly (Figure 10g,h), and the rainfall intensity
decreased during this period.

The generation of extreme rainfall is closely related to the type of precipitation, con-
vective structure, and microphysical characteristics. Figure 11 shows mean vertical profiles
of ZH, ZDR, KDP, liquid, and ice water content over Rugao during four rainfall stages. For
the S2 period with the strongest precipitation, the maximum average reflectivity reached
53.8 dBZ, located at 1.5 km, and that below the melting layer (5.5 km) exceeded 40 dBZ
(Figure 11a). The convective core was maintained at a low height, with the average convec-
tive core below 3 km, which meant that the main body of clouds was composed of liquid
raindrops above 0 ◦C. For the S3 period, with the second strongest precipitation and the
same low-core clouds, the reflectivity below the melting layer was lower than that of the S2
period. Moreover, the convective cloud tops were higher and the reflectivity was stronger
above 8 km. For the S1 and S4 period, with weak precipitation, the convective core was
also below 5 km. For the S2, S3, and S4 periods, below the melting layer, the ZDR rose
steeply at 5.5 km–4.5 km (Figure 11b), which may be caused by the melting process of the
particles, making a significant growth of their dielectric constants [49,50]. The increment
in ZDR in the S2 period from 6 km to 9 km may be caused by the aggregation of ice-phase
particles [51]. In contrast, the S1 period at the beginning of precipitation, probably because
of the stronger upward velocity and smaller particle size, had a higher location for the peak
of its ZDR phase, which is located near the melting layer.
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Figure 10. Vertical cross-sections along the lines given in Figure 2 of (a,e) ZH (dBZ), (b,f) V (m s−1),
(c,g) ZDR (dB), and (d,h) KDP (◦ km−1) observed through NT radar, at 20:18 (left column) and 21:33
(right column) LST 17 July. The black triangle indicates the position of Rugao station. Dashed black
lines represent the altitude of 0 ◦C temperature.
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the increase in the detected liquid water (Figure 11d). The peaks of ZDR and KDP in S2 
and S3 periods were in the lower layer below 2 km, which indicated that the number of 
raindrops in the lower layer was significant and a considerable number of large raindrops 
existed, and the liquid water content was quite high, especially in the S2 period, where 
the precipitation efficiency reached the maximum. The ZDR and KDP in S1 and S4 periods 
were not large in the lower layers, which indicates that the lower layers were dominated 
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Figure 11. Mean vertical profiles of (a) ZH (dBZ), (b) ZDR (dB), (c) KDP (◦ km−1), and (d) liquid (LWC,
solid lines) and ice (IWC, dashed lines) water content (g m−3) over Rugao during four rainfall stages
(S1: green lines, S2: red lines, S3: blue lines, and S4 magenta lines). Dashed black lines represent the
altitude of 0 ◦C temperature.

The KDP also increased in the same altitude range (Figure 11c), which corresponds to
the increase in the detected liquid water (Figure 11d). The peaks of ZDR and KDP in S2
and S3 periods were in the lower layer below 2 km, which indicated that the number of
raindrops in the lower layer was significant and a considerable number of large raindrops
existed, and the liquid water content was quite high, especially in the S2 period, where
the precipitation efficiency reached the maximum. The ZDR and KDP in S1 and S4 periods
were not large in the lower layers, which indicates that the lower layers were dominated by
small raindrops and the number was lower, and the precipitation efficiency was lower than
those in S2 and S3.
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The liquid and ice water contents were calculated using the method introduced in
Section 2.1. The liquid water content was much larger than the ice water content, which
indicates that this process had warm rain and the ice phase process played a small role.
For the liquid water content, the peak of the S2 phase reached 9.69 g m−3, that below 4 km
reached 6 g m−3, and the low-level liquid water content was near 6 g m−3 in S3, which
brought extremely strong precipitation. This indicated that this heavy rainfall event was
mainly dominated by warm clouds [52], which consisted of liquid precipitation with a high
precipitation efficiency and without lightning and thunderstorms.

Figure 12a shows the temporal variation in raindrop size distribution at Rugao station
during this rainstorm. The raindrop concentration N(D) observed at Rugao station was
high and the raindrop size was large. And the concentration of small raindrops (<1 mm)
during the strongest precipitation period exceeded 105 mm−1m3, which was significantly
higher than that of ordinary convective precipitation. Meanwhile, a considerable percentage
of raindrops had a diameter of more than 4 mm.
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Figure 12. (a) Time series of raindrop size distribution in Rugao for 19:02 LST 17 July–00:57 LST 18
July, and (b) drop size distribution in Rugao during four rainfall stages (S1: green line, S2: red line,
S3: blue line, and S4: magenta line).

The average distribution characteristics of raindrop particle size for the four stages of
precipitation (Figure 12b) were compared and analyzed. The concentrations of raindrops
of all sizes in the S2 period were higher than those in the S3 period. The concentrations
of large particles above 4 mm were also significantly higher than those in the S3 period,
which produced very strong short-term heavy precipitation locally, with a maximum rain
intensity of 3.8 mm per minute (226 mm h−1). The concentrations of particles above 3 mm
were low during S1 and S4, when precipitation was weak, and large particles above 4 mm
were almost non-existent.

In summary, the raindrop size distribution of this event was characterized by the
overall high concentrations of raindrops and the presence of a considerable number of
large raindrops, producing a high rain intensity that lasted for quite a long time, making it
possible to produce extreme record-breaking precipitation within a short period of time.
From the structure and microphysical characteristics of the precipitation cloud cluster, it
can be inferred that this precipitation had a very high precipitation efficiency, which is
an important condition to produce this record-breaking short-duration rainstorm. The
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analysis of the microphysical characteristics of the convective system showed that it was
typical warm clouds with very high precipitation efficiency.

Figure 13 depicts the conceptual model that directly associates the kinematic and
radar echo structures of extreme heavy precipitation. During the most intense periods
of precipitation, strong echoes above 35 dBZ, the KDP column, and the ZDR column all
stretch over 7 km and there are even stronger echoes above 50 dBZ in the lower layers. A
descending inflow and strong convergence exist at the lower levels, as well as a strong
internal updraft that lifts cloud droplets to higher levels. Below the melting layer, larger
ice-phase particles fall and melt, and the aggregation and growth of raindrops in the
lower layers due to the strong warm rain process result in larger raindrops, bringing
extreme heavy precipitation processes. In this event, ice-phase microphysical processes are
important mechanisms for effectively precipitating startup and enhancement.
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7. Conclusions and Discussion

This study primarily investigated a record-breaking predecessor rain event that oc-
curred in the central-eastern part of Jiangsu Province, China before the arrival of Typhoon
Danas on 17 July 2019. Reanalysis data, automatic weather stations, wind-profiling radar,
the laser-optical Particle Size Velocity instrument, sounding, S-band dual-polarization radar,
and a Lagrangian model were used to analyze multiscale characteristics. This analysis
encompassed the large-scale environment, moisture transport and source regions, as well
as the trigger and maintenance mechanisms of mesoscale convection and the microphysical
characteristics of the convective system.

Multiple studies in the literature have documented the synoptic-scale conditions that
give rise to precipitation-related extreme events occurring prior to tropical cyclones. This
occurs as a tropical moisture plume advances in combination with a low-level jet and is
compelled to rise along a baroclinic zone located in the equatorward entry region of an
upper-level jet [3–8]. This heavy rainfall event documented in this paper occurred as a
result of the combined impacts of the warm and moist flow from Typhoon Danas and the
southward diffusion of cold air. The convergence of the cold air and the strong easterly jet
maintained a vertical moisture flow and low-altitude shear.
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A comparison of previous studies was made on mesoscale convective systems for
heavy precipitation in eastern China [12–15]. The convective system near Rugao was
initially triggered by the mesoscale temperature gradient and the convergence of surface
wind fields caused by the intrusion of cold pools near the surface. The warm advection
to the south of the main rainband continuously transported warm and moist air, result-
ing in the slow movement and extended maintenance of mesoscale fronts and a surface
convergence line. Consequently, back-building processes [22–24] near Rugao constantly
triggered convections, leading to the repeated formation and maintenance of rainbands
that accounted for the record-breaking rainfall over Rugao.

In recent years, dual-polarization radar has emerged as a valuable tool for achieving a
comprehensive and enhanced understanding of the microphysics inherent to precipitation
systems [28,29]. Statistical analysis of different precipitation stages using dual-polarization
radar data revealed that the convective system generating this extreme heavy precipitation
had a low center of mass, indicative of typical warm clouds. Strong albedo factors were
primarily distributed below the 0 ◦C layer height, making them unfavorable for lightning
generation.

A comparison was made with previous inferred microphysics studies on the typhoon
inner rainband and outer rainband [32–35]. In this tropical cyclone remote rainfall case, the
presence of a ZDR column with elevated ZDR values over regions of weak echoes indicated
the position of an updraft, while a KDP column with elevated KDP values to the west of the
ZDR column corresponded closely to the location of surface rainfall.

The convective system that produced this extreme heavy precipitation was composed
of typical warm clouds, exhibiting a very high precipitation efficiency, a high overall
concentration of raindrops throughout the process, and the presence of a substantial
number of large raindrops. These characteristics contribute to the ability to generate
record-breaking extreme precipitation within a short period of time.

This paper presents the kinematic and microphysical characteristics of this extreme
rainstorm event and provides a preliminary exploration of the triggering and maintenance
mechanisms of the convective system. However, it is worth noting that our understanding
of this case remains limited due to constraints in observational data quality and analysis
methodologies. More cases must be analyzed and studied in the future to comprehend the
similarities and differences in polarimetric characteristics in various synoptic conditions.
This is necessary to endorse the extensive operational implementation of polarimetric radar.
Furthermore, given the limitations of observational data, future studies could employ
mesoscale numerical models to simulate convective triggering, movement mechanisms,
and microphysical characteristics.
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