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Abstract: In recent years, due to the influence of global warming, extreme weather events occur
frequently, such as the continuous heavy precipitation, regional high temperature, super typhoon, etc.
Tropical cyclones make frequent landfall, heavy rains and flood disasters caused by landfall typhoons
have a huge impact, and typhoon rainstorms are often closely related to mesoscale and small-scale
system activities. The application 2020 NCEP (National Centers for Environmental Prediction) final
operational global analysis data and WRF (Weather Research and Forecasting model, version 3.9)
mesoscale numerical prediction model successfully simulates the evolution characteristics of the
mesoscale convective complex (MCC) that caused an extreme rainstorm in the Yangtze River delta
region behind a northwards typhoon in this article. The results show that a meso-β-scale vortex
existed in the mid- to upper troposphere in the region where the MCC occurred; accompanied
by the occurrence of the meso-β-scale vortex, the convective cloud clusters developed violently,
and its shape is a typical vortex structure. The simulation-sensitive experiment shows that the
development of the meso-β-scale cyclonic vortex is the main reason for the enhancement of MCC.
The occurrence and development of the MCC is manifested as a vertical positive vorticity column
and a strong vertical ascending motion region in the dynamic field. In the development and maturity
stage of the MCC, the vorticity and vertical rising velocity in the MCC area are significantly greater
than those in the weakened typhoon circulation, which shows significant mesoscale convective
system characteristics. The diagnostic analysis of the vorticity equation shows that the positive
vorticity advection caused by the meso-β-scale cyclonic vortex in the mid- to upper troposphere
plays important roles in the development of the MCC. Enhanced low-level convergence enhances
vertical ascending motion. The convective latent heat release also plays an important role on the
development of the MCC, changes the atmospheric instability by heating, enhances the upward
movement, and delivers positive vorticity to the upper level, making the convection develop higher,
forming a positive feedback mechanism between low-level convergence and high-level divergence.
The simulation-sensitive experiment also shows that the meso-β-scale cyclonic vortex formation in
this process is related to convective latent heat release.

Keywords: typhoon rainstorm; mesoscale convection complex (MCC); numerical sensitivity experiment;
vorticity budget; latent heat release

1. Introduction

In recent years, due to the influence of global warming, continuous heavy precipitation,
regional high temperature, super typhoons, extreme weather events, et al. occur frequently,
and these will have a serious impact on economic activities and human activities. Among
them, the most important impact of typhoons on China is the rainstorm and flood disasters
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caused by landfall typhoons. Several record-breaking rainstorm disasters in China’s history
are all related to typhoons [1]. The study of heavy precipitation caused directly and
indirectly by typhoons has always been a hot and difficult point for meteorologists. Tropical
cyclones make frequent landfall, and the disaster losses caused are also very serious [2,3].
Recent studies have shown that almost all strong typhoons have experienced a rapid
enhancement process [4].

Numerical weather forecasting is an important technical support for the modern
weather forecast. At present, the National Center for Environmental Prediction from the
US (NCEP) and the European Centre for Medium-Range Weather Forecasts (ECMWF)
are two leading NWPs for medium-range weather forecasting at the global scale, widely
used in modern weather forecasting. Although the horizontal resolution of the model
has been significantly improved more than in the past, the forecasting ability for medium-
and small-scale systems is still limited, and the ECMWF current horizontal resolution of
global models (approximately 10 km) is still believed to limit the ability to predict intense
cyclones due to the sharp gradient in the core [5]. The Weather Research and Forecasting
(WRF) Model is an atmospheric model designed for both research and numerical weather
prediction (NWP) [6]. WRF’s forte is resolving smaller-scale atmospheric and land surface
processes better than the global models traditionally used for climate projections [7]. WRF
research applications are the mesoscale processes associated with extratropical cyclones,
fronts, organized convection and tropical cyclones, et al. [8–12]. WRF has become a true
community model. WRF has grown to provide specialty capabilities for a range of Earth sys-
tem prediction applications [7], such as air chemistry, hydrology, wildland fires, hurricanes,
and regional climate [13–19].

Landing typhoons are an important weather system that causes heavy precipitation.
There are many factors that affect the intensity and range of typhoons rainstorms, involving
the vortex structure of the typhoon itself, the environmental field around the typhoon,
the underlying surface, etc. [20–23]. The landing typhoon brings abundant water vapor
and unstable energy and the mesoscale system caused by typhoons, which will affect the
intensity and range of rainstorm. Recent research by Chen et al. [24] pointed out that
typhoon precipitation can be divided into two categories: rainfall inside and outside the
typhoon circulation. The heavy rainfall inside the typhoon circulation is summarized as
five fall areas: eye wall heavy rain, spiral rain belt heavy rain, small vortex, inverted trough
rainstorms, and shear rainstorms. The heavy rainfall outside the typhoon is summarized as
pre-typhoon squall line rainstorms, long-distance rainstorms, and downstream transition
effect rainstorms. Wang et al. [25] also point out that a typhoon can produce tremendous
rainfall in its eyewall and in both its inner and outer spiral rain bands [26–29]. This is
generally referred to as direct effect of a typhoon on precipitation, or precipitation induced
by the typhoon itself. On the other hand, when a strong interaction with other synoptic
systems, such as upper-level trough and cold frontal systems in the mid-latitude, occurs, a
typhoon can induce heavy rainfall far away; such an effect of a typhoon on precipitation
in a remote area is generally referred to as an indirect or remote effect of a typhoon on
precipitation [30,31].

Typhoon rainstorms are often closely related to mesoscale and small-scale system
activities. Typhoon rain consists of a convective regime in the eyewall and both stratiform
and convective rain in the outer region [32–34]. The shear or convergence lines in the
intensified typhoon often lead to development of strong convection forming rain clusters;
when the rain clusters move to these intermediate-scale convergence or shear lines, them
all will be strengthened [35]. Li et al. [36] also pointed out that mesoscale systems such
as mesoscale convergence lines are the direct cause of strong convections, which not only
generate heavy rain convective cloud clusters, but also contribute to the maintenance of
tropical cyclones, which can lead to the continuous occurrence of heavy rainfall by landing
typhoons. A midlevel mesoscale convective vortex (MCV) is often generated in MCS
(s) with severe convection [37]. Once formed, the MCV often continues to exist after its
initiating parent MCS has weakened or even dissipated. Zehr [38] finds that low-level
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vortex intensification sometimes follows bursts of intense deep convection. Montgomery
et al. [39] suggested that this deep convective, low-level vortex enhancement is taking
place within the MCSs well before the system-scale vortex becomes self-sustainable. The
vortical hot towers (VHTs) with spatial scales of 10–20 km play an important role during
the process [39–42].

From the night of 4 August to the morning of 5 August 2020 (Beijing time, same
for the rest of the paper), heavy rainfall occurred in Shanghai and northern Zhejiang.
The rainfall in northern Zhejiang and most parts of Shanghai reached torrential rain; it
was a local extraordinary rainstorm. This precipitation process was caused by a MCC
that gradually developed and strengthened within the shear line on the southern side of
typhoon “Hagupit”. By studying the occurrence and development mechanism of the MCC,
it has an important reference value for improving the forecasting ability of rainstorms
caused by multi-scale weather systems under the typhoon situation.

2. Materials and Methods
2.1. Materials

The following data are used in this study. (1) The typhoon track data provided by
the National Meteorological Center, including the location and intensity of the typhoon.
(2) The hour-by-hour infrared satellite cloud image of fy-4A provided by the National
Satellite Meteorological Center is used to identify the mesoscale convective complex (MCC).
(3) The air pressure, wind field, and rainfall data every 3 h are from the national surface
meteorological observation station to analyze the mesoscale characteristics of surface
precipitation. (4) Simulations are performed using the mesoscale model WRF of the
National Institute of Atmospheric Research (NCAR).

2.2. Methods

The method used in this paper is a numerical simulation experiment and diagnostic
analysis. The ARW-WRF (version 3.9) mesoscale model of the National Center for Atmo-
spheric Research (NCAR) is used to simulate this process (Skamarock et al. [6]). The model
adapts a two-layer nested grid, and the outer coarse grid is 299 × 299 × 50 with horizontal
resolution of 9 km. The inner fine grid is 375 × 375 × 50 with horizontal resolution of 3 km.
The initial integration time is 4 August at 08:00, integrating 36 h and ending at 20:00 on
5 August, using Lin microphysics scheme, YSU boundary layer parameterization, PRTM
longwave, and Dudhia shortwave radiation schemes. The initial field of the outer grid and
boundary conditions is obtained by interpolation from the 0.5◦ reanalysis data of the NCEP
global model.

3. The Overview of the Weather Process
3.1. The Observed Precipitation

The No. 4 typhoon “Hagupit” in 2020 formed on the ocean east of Taiwan at 20:00 on
1 August, and intensified into a strong typhoon (STY) in the East China Sea at 14:00 on the
on 3 August (the maximum wind speed near the center of the typhoon was 42 m s−1), and
at 03:30 on the 4th, it landed on the coast of Yueqing, Zhejiang Province, with a maximum
wind speed of 38 m s−1 near the typhoon center when it landed. After landing, the typhoon
moved northward in a northerly path. It passed through Taihu Lake at night on the 4th,
turned northeastward in the early morning of the 5th, and entered the Yellow Sea. The
reports ended at 02:00 on the 6th (Figure 1a). Typhoon “Hagupit” affected 1.88 million
people in thirty counties (cities and districts) of five cities, in Zhejiang and Shanghai, with
direct economic losses of 10.46 billion yuan [43].
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Figure 1. The tracks of Typhoon No. 4 “Hagupit” in 2020, the text in the picture indicates the Beijing
time of the typhoon’s location (Figure 1a). The observed 24 h rainfall from 20:00 BT 4 to 20:00 BT
5 August 2020 (Figure 1b, shaded area, unit: mm).

After the landing typhoon “Hagupit” moved northward, severe rainstorm occurred
in the Yangtze River Delta region on the 24-h rainfall distribution map from 20:00 on the
4th to 20:00 on the 5th (Figure 1b). The rainstorms mainly occurred in northern Zhejiang,
Shanghai, and southern Jiangsu. In particular, heavy rainstorms generally occurred in
Shanghai and northern Zhejiang. The largest 24-h precipitation amount was 314 mm,
measured in Zhejiang Pinghu Station, followed by Shanghai Jinshan with 264 mm.

From the 3-h interval time sequence diagram of the ground air pressure and pre-
cipitation of the above-mentioned Jinshan and Pinghu ground-based automatic weather
stations with the largest rainfall in 24 h (Figure 2), it was consistent with the typhoon path
in Figure 1a. The typhoon center arrived in northern Zhejiang at around 17:00 on the 4th.
At this time, the ground air pressure of Jinshan and Pinghu was the lowest; after 20:00,
the typhoon center gradually moved away from the north, and the ground pressure of
the two stations rose significantly (Figure 2b). Shen et al. [44] studied the characteristics
of tropical cyclone rainstorms in East China and the forecast of its fall area, pointing out
that 68% of tropical cyclone rainstorms occurred within 4–6 latitudes in front of tropical
cyclones, while they occur less in the 2 latitude distances behind and in the center of tropical
cyclones. However, judging from the time distribution of rainfall in this process (Figure 2a),
before the approach of the typhoon, the two stations only rained sporadically, and the
rainfall did not exceed 10 mm in 3 h; as the typhoon crossed the same latitude and moved
northward, the rainfall increased significantly. From 20:00 on the 4th to 08:00 on the 5th, the
cumulative rainfall of Jinshan and Pinghu stations exceeded 250 mm, reaching the level of
heavy rain. From 05:00 to 08:00 on the August 5th, the rainfall reached 95 mm and 99 mm,
respectively. It is thus clear that the heavy rainstorms occurred after the typhoon center
moved northward, and the rainfall amount and intensity were greater than the typhoon’s
main body rainfall after it landed. The forecasting was difficult, which was an important
cause of serious meteorological disasters and economic losses.
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Figure 2. 3-h rainfall (a, column, unit: mm), sea level pressure (b, line, unit: hPa) at Jinshan Station in
Shanghai and Pinghu Station in Zhejiang Province from 20:00 BT 3 to 20:00 BT 5 August 2020.

3.2. Occurrence and Development of MCC

Further analysis was performed on the characteristics of the FY-4A infrared satellite
cloud image when rainstorms occur (Figure 3). It can be found from the maps at 19:00 and
20:00 on the 4th (Figure 3a,b) that a convective cloud cluster formed at the eastern end of
the spiral rain belt surrounding the typhoon in the west of Hangzhou Bay, Zhejiang, which
is the initial stage of MCC development. After that, the convective cloud cluster developed
and strengthened rapidly, mainly to the easterly direction to develop and strengthen, while
other convective cloud clusters on the spiral rain belt weakened rapidly (Figure 3c). By
02:00 on the 5th (Figure 3d), the spiral rain belt basically dissipated, but the convective cloud
cluster continued to increase, and its range covered the entire Hangzhou Bay. At this time,
the cloud top TBB value was less than −32 ◦C and the area had reached 1.05 × 105 km2,
less than −52 ◦C with the area which had reached 5.13 × 104 km2 (Figure 4). It reached
Maddox’s [45,46] definition criteria for MCC (cold cloud cover area ≥ 10 × 104 km2 at
−32 ◦C, cold cloud cover area ≥ 5 × 104 km2 at −52 ◦C, duration should be ≥ 6 h, elliptical
eccentricity ≤0.7). By 06:00 on the 5th (Figure 3e), the MCC continued to strengthen,
extending northward to the north of Shanghai and southward to the northeast of Zhejiang.
Its center was located in Hangzhou Bay, and the location was basically moving less, the
shape closer to a circle and the structure denser. At 08:00 on the 5th (figure omitted), the
MCC began to weaken significantly, and the shape became irregular. At 10:00 on the 5th,
the area of TBB value of the cloud top less than −32 ◦C was 1.25 × 105 km2, and the cloud
top TBB value less than −52 ◦C was 4.45 × 104 km2, which no longer has the characteristics
described by Maddox.
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Figure 3. FY-4A infrared satellite cloud image from 19:00 BT 4 to 06:00 BT 5 August 2020 (the red
symbol in the figure is the position of the typhoon at the same time), (a) 19:00 BT 4, (b) 20:00 BT 4,
(c) 22:00 BT 4, (d) 02:00 BT 5, (e) 06:00 BT 5.

Figure 4. Hour-by-hour changes of the −32 ◦C and −52 ◦C areas of convective cloud cluster from
20:00 BT 4 to 12: 00 BT on 5 August 2020.

In the development process of the MCC, from the generation stage to the dissipation
stage, the life history met the MCC conditions from 02:00 to 10:00 on August 5 (Figure 4),
lasting about 8 h. With the MCC is stable and with less movement in its life history
process, its center position only moves southward by less than 0.5 latitude, which belongs
to a typical meso-β-scale MCC. It can be seen that during the process of the MCC, the
typhoon “Hagupit” moved rapidly northward, the spiral rain belt surrounding the typhoon
did not move with the typhoon, but gradually weakened and dissipated; however, the
convective cloud clusters at the easternmost position of the spiral rain belt over Hangzhou
Bay gradually developed into MCC, the MCC lasted for a long time, and it was stable and
seldom moved, which caused the extremely heavy rains in Shanghai and northern Zhejiang.

4. Numerical Simulation Diagnostic Analysis
4.1. Precipitation Simulation Results

From the comparison of the 24-h accumulated rainfall (Figure 5a) simulated by the fine
model and the observed precipitation (Figure 1b), the rainfall distribution simulated by the
model is basically consistent with the observed precipitation distribution. The rainstorm
(≥50 mm) mainly occurs in northern Zhejiang, Shanghai, and southern Jiangsu, but the
range of heavy rainfall simulated by the model is slightly larger. While in terms of rainfall
magnitude, the models can simulate the heavy rainstorm and extra-heavy rainstorm areas
well, which are basically consistent with the observation. In addition, in the simulation
(Figure 5b), after closing the latent heat release of the inner 3 km grid, the rainfall is very
small, and in most areas is less than 25 mm.
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Figure 5. Cumulative rainfall from 20:00 BT 4 to 20:00 BT on 5 August 2020, simulation of 3 km
domain (shaded area, unit: mm). (a) Normal simulation, (b) Simulation after closing the latent heat
release of the inner 3 km grid.

To further compare 3-h cumulative rainfall simulated by the fine grid model (Figure 6a–d)
and the observed rainfall distribution (Figure 6e–h) at the same time period from 20:00
on 4 August 2020 to 08:00 to 5 August 2020, it is found that in this main rainfall period,
the 3-h rainfall distribution simulated by the model is relatively close to the actual rainfall,
especially in the strongest rainfall period from 05:00 to 08:00 on the 5th, the precipitation
distribution and magnitude are very close, only before 02:00 on the 5th, and the rainfall
magnitude simulated by the model was much larger than the actual rainfall, indicating
that the MCC simulated by the model developed faster. In general, the model can simulate
quite well the severe rainstorm caused by the MCC, and the simulated data can be used to
further analyze the occurrence and development mechanism of the MCC in detail.

Figure 6. Cumulative 3-h rainfall from 20:00 BT on 4 August to 08:00 BT 5 August 2020, simulation
of 3 km domain (a–d: unit: mm) and the observed 3-h rainfall of the corresponding period of time
(e–h: unit: mm). (a,e) 23:00 BT 4, (b,f) 02:00 BT 5, (c,g) 05:00 BT 5, (d,h) 08:00 BT 5.



Atmosphere 2022, 13, 473 8 of 18

4.2. The Development of MCC

Through analyzing the results of the wind barbs and radar combined reflectivity factor
simulated by the ARW-WRF mesoscale model with a horizontal resolution of 3 km in the
inner fine grid, it is found that (figure omitted), although the low-level centers of typhoon
“Hagupit” move northward rapidly, in the mid–higher level between 600 hPa~300 hPa,
the typhoon vortex center moves slowly northward and gradually separates from the
lower-level typhoon center. In the strong development stage of the MCC, from 03:00 to
06:00 5 August (Figure 7), a mesoscale cyclonic vortex is visible on the south side of the
typhoon center circulation at 500 hPa. At 03:00 on the 5th (Figure 7a), the position of the
black arrow is the center of the 500 hPa typhoon vortex, which is near the cs (Changshu
City, Jiangsu), and the typhoon center on the ground was far away. On the south side of
the 500 hPa typhoon center, the radar combined reflectivity above 55 dBz, which affects
Shanghai and northern Zhejiang. At 04:00 to 06:00 on the 5th (Figure 7b–d), the 500 hPa
typhoon vortex center has been moved over to the sea surface (black solid line arrow),
but at the black dotted line arrow position there is still a mesoscale cyclonic vortex center,
which is still located near the cs and nt (Nantong City, Jiangsu), the mesoscale cyclonic
vortex scale is up to meso-β-scale, and the meso-β-scale cyclonic vortex center extends
upwards to 300 hPa. Comparing with the radar combined reflectivity factors and analyzing,
it can be found that the convective echoes show an obvious vortex-like structure, and
with the occurrence of the meso-β-scale cyclonic vortex, the development of convective
cloud clusters is also more intense. Many studies have shown that the more prominent
midlevel vortices are believed to develop in association with the stratiform components of
the mesoscale convective systems that constitute the broader disturbance [47–49]. Raymond
et al. [50,51] think the midlevel vortex in approximate thermal wind balance may provide
conditions that are especially conducive to a mode of convection that enhances lower-
tropospheric convergence and spin up of low-level winds.

It is obvious that the development of the MCC is closely related to the development
and strengthening of the meso-β-scale cyclonic vortex in the mid- to upper troposphere. In
addition, in the simulation (Figure 7e–h), after closing the latent heat release of the inner
3 km grid, the meso-β-scale cyclonic vortex does not exist in Figure 7b–d.

In the vorticity field, divergence field, and vertical velocity field simulated by the
model, the MCC occurs in the obvious large vorticity region and the strong vertical velocity
rising region. In the initial occurrence stage of the MCC at 20:00 on the 4th (Figure 8a,e),
the MCC is located near the east of the typhoon center, the positive vorticity maximum
exceeds 48 × 10−5 s−1, the positive vorticity column extends from the ground to about
400 hPa, and the maximum positive vorticity center is between 850–500 hPa, corresponding
to the divergence field and vertical velocity field. At the same time, the convergence zone
is below 850 hPa, the divergence zone is between 850–500 hPa, and there is a weak upward
movement between 850 hPa and 500 hPa; the maximum value of the vertical rise velocity is
about 12 Pa· s−1.

In the MCC development stage at 02:00 on the 5th (Figure 8b,f), the positive vorticity
is significantly weakened between 850 hPa and 700 hPa in the low layers, but the range of
the positive vorticity region above 700 hPa expanded, reaching 300 hPa, and the intensity is
slightly strengthened. In the divergence field and vertical velocity field at the corresponding
time, the low-level convergence and high-level divergence are significantly strengthened,
and the high-level divergence area expands significantly upward to between 200–300 hPa;
the vertical upward motion is also obviously enhanced, reaching about 25 Pa·s−1.
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Figure 7. Simulated wind at 500 hPa (black barbs, unit: m s−1) and composite reflectivity (shaded
area, unit: dBz) from 03:00 BT to 06:00 BT 5 August 2020; the red symbol is the center position of
the typhoon on the ground at the moment, black dot is the city location in China (nt, Nantong.;
cs, Changshu), and the arrows are the vortex at 500 hPa (solid line: typhoon center, dotted line:
mesoscale vortex) in the figure. (a–d) normal simulation, (e–h) the simulation after closing the latent
heat release of the inner 3 km grid. (a,e) 03:00 BT 5, (b,f) 04:00 BT 5, (c,g) 05:00 BT 5, (d,h) 06:00 BT 5.

Figure 8. Simulated section of relative vorticity (shaded area, ≥20, unit: 10−5 s−1) and wind (barbs,
unit: m s−1 ) (a–d), divergence (shaded area, unit: 10−5 s−1 ) and vertical velocity (black line, ≤−0.1,
interval = 10, unit: Pa s−1 ) (e–h) along the MCC center 30.5◦ N on 4–5 August 2020. (a,e) 20:00 BT 4,
(b,f) 02:00 BT 5, (c,g) 04:00 BT 5, (d,h) 08:00 BT 5.

In the strong development stage of MCC at 04:00 on the 5th (Figure 8c,g), not only
is the positive vorticity in the mid- to upper troposphere enhanced, but also the positive
vorticity in the lower troposphere develops and strengthens again, maintaining a posi-
tive vorticity column from 925 hPa to 200 hPa. The maximum vorticity value is above
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48 × 10−5 s−1. In the corresponding to the divergence field and vertical velocity field,
the corresponding low-level convergence zone and high-level divergence zone are also
obviously strengthened, The convergence area of the low level extends high-level sloping
expansion and strengthens in the downward wind direction. The intensity of the divergence
at the high-level exceeds 60 10−5 s−1, the effect of the high-level divergent pumping at the
high-level, which is beneficial to low-level convergence and vertical motion enhancement.
The maximum vertical velocity exceeds 50 Pa·s−1 near 500 hPa. The convective updrafts in
larger areas of moderately enhanced vorticity may cause mesoscale vortices’ generation
with stronger signatures near the surface [52,53]. The rotational convergence and strong
vertical ascending motion of the whole layer are favorable for the strong development
of MCC.

In the weakening stage of the MCC at 08:00 on the 5th (Figure 8d,h), the large vorticity
in the MCC region moves eastward and is weakened significantly. Especially in the
low-level below 500 hPa, the large vorticity region is significantly weakened, and the
corresponding divergence field and vertical velocity field also show that the low-level
convergence and high-level divergence are obviously weakened, the vertical upward
movement is obviously reduced, and the maximum vertical upward velocity is reduced to
below 10 Pa· s−1.

It is thus clear that in the occurrence and development stage of MCC, the convergence
and the vertical ascending motion are strong developments in the dynamic field. In the
strong development and maturity stage of MCC, a strong vertical positive vorticity column
and a strong vertical rising motion region are maintained, and the positive vorticity and
vertical rising velocity are significantly larger than those at the moment of weakened
typhoon circulation, showing a significant mesoscale convective system characteristic.
The rotational convergence and strong vertical ascending motion of the whole layer are
favorable for the development and maintenance of MCC.

To further analyze the vertical profile of the pseudo-equivalent potential tempera-
ture, which is near the MCC center (30.5◦ N) at the beginning of the MCC development
stage (Figure 9a) and affected by the low-pressure circulation after the typhoon “Hagupit”
weakening, there is a high-value area of θse over the MCC occurrence area, and on both
sides of the MCC are the low-value areas of θse in the continental high pressure and the
coastal subtropical high-pressure regions. The high value area of θse over the MCC area
is mainly located below 700 hPa, the maximum can reach 358 K, and the area above the
700 hPa is the low value area of θse. By 02:00 and 04:00 on the 5th, in the MCC from the
strongly developed (Figure 9b) to the mature stage (Figure 9c), the warm and humid air in
the middle and lower level of the troposphere is further strengthened, the maximum wind
speed can reach 28 m s−1, and the warm and humid air rises obliquely to the higher-level.
The high value of θse is thus extended to 500 hPa over the MCC, and the maximum value
of θse exceeded 358 K. At the MCC’s weakening stage (Figure 9d), with the weakening of
the subtropical high and moving eastward, the area over the MCC is mainly controlled
by the westerly airflow of the north side of the continental high pressure, the low-level
warm and humid airflow is significantly weakened, and the maximum value of θse is lower
than 350 K. It can be seen that, influenced by the southwest warm and humid air flow, the
middle and lower level of the troposphere in the region of MCC is the high value region of
θse, in the high-level θse is relatively small. This strong potential unstable stratification is
very beneficial to the occurrence and development of mesoscale convective systems [54].

Overall, the model not only simulates quite well the precipitation characteristics of this
rainstorm process, but also reproduces the vortex-like structure of the heavy precipitation
and the meso-β-scale cyclonic vortex circulation in the mid-level. Further dynamic diag-
nosis science also reveals the dynamic characteristics of the occurrence and development
of MCCs, such as a strong vertical vorticity column where heavy precipitation occurs,
strong updraft, and potential unstable stratification, which provides an important basis for
analyzing the occurrence and development of MCCs.
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Figure 9. Simulated section of equivalent potential temperature (blue line, unit: K) and wind (vectors,
unit: m s−1) along the MCC center 30.5◦ N on 4 to 5 August 2020. The red triangle is the center
longitude location of MCC. (a) 20:00 BT 4, (b) 02:00 BT 5, (c) 04:00 BT 5, (d).

5. MCC Occurrence and Development Mechanism
5.1. Diagnostic Analysis of Vorticity Equation

The above analysis shows that the MCC was caused by the convective cells gradually
developed and strengthened east near the center of the typhoon. The convective cells
developed in an original location eastward and southward to strengthen, and did not move
northward with the typhoon. To explore the development mechanism of MCC when the
typhoon gradually moves away, a diagnostic analysis is carried out on each calculation
of the vertical vorticity equation based on the model fine grid simulation results. The
vertical vorticity equation derived from the horizontal motion equation of the P coordinate
system is:
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The vertical vorticity equation includes: −(u ∂ ζ
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inclined term (TILT), and total vorticity (total).
The analyzed area is the main area where the MCC (29–31◦ N, 121–124◦ E) generates

and develops, and in this area the vertical profiles of the vorticity budget are analyzed.
From the analysis of contribution factors, the advection term of planetary vorticity (FADV)
is smaller than other magnitudes, and its contribution to local vorticity can be ignored as
well. This paper does not analyze it, and other terms characteristics are as follows.

At the initial occurrence stage of MCC at 20:00 on the 4th (Figure 10a), the local
positive vorticity tends to be above 850 hPa, and the maximum value is between 600 hPa
and 500 hPa. The divergence manufacturing term, the horizontal advection term and
the vertical advection term contribute positively, and the tilt term contributes negatively.
Among them, the horizontal advection term contributes most in the mid- to higher level
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between 700 hPa and 400 hPa, the divergence production term is the largest in the lower
between 850 hPa and 700 hPa, followed by the vertical advection term. All in all, in the
initial development stage of MCC, since the MCC disturbance center is located about
90 km southeast of the typhoon center, in the large positive vorticity area near the typhoon
center, the increase in the mid- to upper troposphere vorticity depends mainly on the
horizontal advection transport of positive vorticity caused by the typhoon, while in the
lower troposphere, the positive vorticity contribution is attributed to the convergence effect
caused by the convective cloud clusters’ enhancement around the typhoon center, which
conveys positive vorticity upwards.

Figure 10. Simulated vertical distribution of each term of vorticity equation (unit: 10−8 s−2) averaged
in the region (29–31◦ N, 121–124◦ E) on 4–5 August 2020. (a) 20:00 BT 4, (b) 02:00 BT 5, (c) 05:00 BT 5,
(d) 08:00 BT 5.

In the development stage of MCC, at 02:00 on the 5th (Figure 10b), the local positive
vorticity tendency is mainly located at around 700–550 hPa and below 925 hPa. The
maximum positive vorticity tendency is at 500 hPa, and the other layers all have negative
vorticity tendency. Likewise, the horizontal advection term is the dominant contribution
of the positive vorticity trends. In any case, in this stage, the positive vorticity horizontal
advection produced by the typhoon is still the main dynamic reason for the development
of MCC.

In the development and the mature stage of MCC at 05:00 on the 5th (Figure 10c),
below 400 hPa are mainly positive vorticity tendencies. The areas of maximum positive
vorticity tendency are mainly located between 700–600 hPa, between 500–400 hPa, and
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below 925 hPa. Similarly, the main contribution factor of the positive vorticity tendency
above 600 hPa is the horizontal advection term, but the main contribution factor of the
positive vorticity tendency below 600 hPa is the divergence term, followed by the vertical
advection term. It shows that with the development of MCC, the convergence at the
lower-level is strengthened, which produces positive vorticity, and at the same time, due to
the enhancement of vertical motion, the horizontal vorticity of the lower-level is converted
into the vertical vorticity and will be transported to the upper layer, which also plays
an important role in the development of upper vorticity, and the deep positive vorticity
column is conducive to the strong development of MCC.

At the dissipation stage of the MCC at 8:00 on the 5th (Figure 10d), the whole layer
basically is a negative vorticity tendency. The largest negative contribution to vorticity
is still the horizontal advection term, followed by the oblique term. The main reason is
that after typhoon “Hagupit” moved eastward into the sea surface, the continental high
pressure on the west side of the MCC also moved eastward. Mainly affected by the westerly
airflow, and with the tendency of the vorticity turning negative, the MCC began to weaken.

Overall, the horizontal advection term is the main contributor to the positive vorticity
tendency in the mid- to upper troposphere, which indicates that due to the existence
of the cyclone vortex in the mid- to upper troposphere, the positive vorticity advection
coming from the cyclone vortex is the main reason for the occurrence and development of
MCC, while the manufacturing terms of divergence and vertical advection are the main
contributors to the positive vorticity tendency of the lower troposphere, and the more
significant contributions in the mature stage. It shows that with the development of MCC,
the convergence of the lower troposphere is enhanced, the area of the convergence region
increases, the manufacturing term of divergence contributes significantly, and, under the
action of vertical ascending motion, the horizontal vorticity in the lower layer is converted
into the vertical vorticity and transported to the upper layer, which also in turn favors the
development of the MCC.

5.2. Positive Feedback of Convective Latent Heat Release

Previous studies have shown that deep convection and its accompanying latent heat re-
lease play an important role in the formation and development of mesoscale vortices [55,56].
In this process, the development of MCC is the strongest moment of precipitation, and,
obviously, there is a great connection between the two, according to the analysis of vorticity
budget mentioned above (Figure 10). During the development and enhancement of MCC,
the vortex columns are maintained below 300 hPa, the main contribution to the positive
vorticity tendency has horizontal advection, manufacturing term of divergence and vertical
advection terms.

In order to further study the vortex development, on the basis of the simulation
experiments above mentioned, the ndown method is used. When 9 km grid simulation
to 20:00 on 4 August, turn off the latent heat release of the inner 3 km grid and start the
simulation to further observe the impact of convective latent heat release on the occurrence
and development of MCC.

From simulated 24-h rainfall in the Figure 6b, simulated 500 hPa wind field, and radar
reflectivity in Figure 7e–h after closing the latent heat release of the inner 3 km grid, it can
be seen the 24-h rainfall is generally below 25 mm only in some mountainous areas and,
in northern Zhejiang, more than 50 mm, which is a very big difference from the actual
rainfall (Figure 1b); the meso-β-scale cyclonic vortex near the cs and nt on 500 hPa wind
field was not simulated, nor the vortex-like convective echoes near Zhejiang and Shanghai
on combined reflectivity field in the strongest period of MCC development (from 03:00 to
06:00 on 5 August 2020).

To further analyze the various budgets of the vertical vorticity equation after closing
the latent heat release of the inner 3 km grid (Figure 11), it can be found that at 20:00 on
the 4th (Figure 11a), when the typhoon “Hagupit” and the MCC occurrence region are at
the same latitude, there is still a positive vorticity trend in the mid- to upper troposphere
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between 850–400 hPa. The main contribution above 600 hPa is the horizontal advection
term, and between 850–600 hPa, is mainly the divergence manufacturing term. This result
is basically consistent with the normal simulation conclusion that the latent heat release is
not turned off. However, at 02:00–08:00 on the 5th (Figure 11b–d), the vorticity tendency of
each layer changed very little, all within the range of plus or minus 0.5 × 10−8 s−2, and the
main contribution to the positive vorticity tendency is manufacturing term of divergence
and vertical advection terms below 700 hPa. It can be seen that, despite the influence of
typhoon positive vorticity advection, it still cannot lead to the occurrence and development
of MCC without the influence of latent heat of convection. It is clear that the mesoscale
vortices in the mid- to upper troposphere and latent heat release play important roles in
the development of MCC.

Figure 11. Simulated vertical distribution of each term of vorticity equation (unit: 10−8 s−2) averaged
in the region (29–31◦ N, 121–124◦ E) after closing the latent heat release of the inner 3 km grid on
4–5 August 2020. (a) 20:00 BT 4, (b) 02:00 BT 5, (c) 05:00 BT 5, (d) 08:00 BT 5.

6. Conclusions

The MCC that causing the severe rainstorm in the Yangtze River Delta Region grad-
ually developed from the easternmost convective cloud clusters on the spiral rain belt of
typhoon “Hagupit”. The MCC was stable and less moving; this along with its long life
were the main causes of the rainstorm. The rainfall and rainfall intensity produced by the
MCC were greater than that produced by the typhoon “Hagupit” after landfall. It is hard
to predict and easy to cause meteorological disasters and economic losses.

Through the analysis of numerical simulation experiments, it is shown that with the
typhoon “Hagupit” gradually moving northward far away, the warm and humid air in the
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mid- lower level of the troposphere continued to enhance, the vertical ascending motion
also gradually enhanced, and the atmosphere became increasingly unstable. The strong
potentially unstable stratification is very beneficial to the occurrence and development of
mesoscale convective systems. By comparing with the simulation experiments of closing
the latent heat release of the inner 3 km grid, it is found that the development and en-
hancement of the MCC are closely related to the strengthening of the meso-β-scale cyclonic
vortex in the mid- to upper troposphere. The meso-β-scale cyclonic vortex enhances the
vorticity in the mid-level. That is beneficial to enhancing the convergence of the lower level
atmosphere and ascending motion, therefore forming a strong vertical positive vorticity col-
umn extending from the ground to 200 hPa and a strong vertical rising motion region; the
rotational convergence and strong vertical ascending motion of the whole layer make the
MCC develop strongly. In the divergence field, the coupling effect of low-level convergence
and high-level divergence is also beneficial to the strong development of MCC.

In the process of the MCC’s development and enhancement, the terms in the local
vorticity budget equation have different effects. The horizontal advection term is the main
contributor to the positive vorticity tendency in the mid- to upper troposphere, which
is indicated due to the existence of meso-β-scale cyclonic vortex in the mid-level. The
manufacturing term of divergence and vertical advection term are the main contributors
to the positive vorticity tendency of the lower troposphere. In the mature stage of the
MCC, the stronger the above contribution. It shows that with the development of MCC,
the convergence of the low-level is enhanced, the manufacturing term of the divergence
contributes significantly, and, under the action of vertical ascending motion, the horizontal
vorticity of the lower layer is converted into the vertical vorticity and transported to
the upper layer, which also in turn favors the development of the MCC. The simulation
experiments of closing the latent heat release of the inner 3 km grid the main contribution to
the positive vorticity tendency is manufacturing terms of divergence and vertical advection
terms below 700 hPa, and the contribution of the horizontal advection term is very little in
mid- to higher level. That indicates that meso-β-scale cyclonic vortex in the mid- to upper
troposphere plays important roles in the development of MCC.

The convective latent heat release plays an important role on the development of the
MCC. It changes the atmospheric instability by heating above the lower layer, enhances the
upward movement, and the convection develops higher, which is beneficial to vertical ad-
vection terms transported the vorticity of the low-level to the upper level, that increases the
upper level vorticity. The role of convergent decompression is conducive to the generation
of local vortex circulation. The meso-β-scale cyclonic vortex formation in this process is
related to convective latent heat release; the meso-β-scale cyclonic vortex does not exist
because the simulation after closing the latent heat release. Conversely, the convergence and
uplift of the meso-β-scale cyclonic vortex is beneficial to the convergence of the lower-level
atmospheric and the enhancement of the ascending motion. The meso-β-scale cyclonic
vortex and the convective latent heat release are the main cause of strengthening and
maintenance of MCC.

WRF mesoscale model provides a good reflection on the simulation of this precipitation
process, especially in the strong stage of the MCC enhancement (02:00–08:00 on the 5th).
The simulated rainfall shape and rainfall maximum are close to the actual rainfall, but the
rainstorm area is larger than the actual rainfall. The model also simulates meso-β-scale
vortex structure in the mid-level, revealing the developmental mechanism of the MCC.
Some data obtained through the model cannot be obtained through routine observations.
In recent years, in the context of global warming, extreme rainstorms have frequently
occurred, that are often produced by mesoscale and small-scale systems. WRF’s ability
to predict medium and small-scale systems is better than the global models traditionally
used for climate projections, However, ways in which to describe the organization and
development mechanism of convection of mesoscale convective systems, and how to deal
with the “gray zone resolution” of the convective parameterization scheme in the model,
still need careful consideration.
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