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Abstract

Based on the data from the China National Meteorological Station and the
fifth-generation reanalysis data of the European Center for Medium-Range
Weather Forecasts, we investigated and examined the precipitation, circula-
tion, and dynamic conditions of the rainstorm in Henan in July 2021. The
results show that: 1) This precipitation is of very heavy rainfall level, begin-
ning on the 19 and lasting until the 21%, with a 3-hour cumulative precipita-
tion of more than 200 mm at Zhengzhou station at 19:00 on the 20". The
major focus of this precipitation is in Zhengzhou, Henan Province, and it also
radiates to Jiaozuo, Xinxiang, Kaifeng, Xuchang, Pingdingshan, Luoyang,
Luohe, and other places. 2) The Western Pacific Subtropical High (WPSH),
typhoons “In-Fa” and “Cempaka”, as well as the less dynamic strengthening
of the Eurasian trough ridge structure, all contributed to the short-term main-
tenance of the favorable large-scale circulation background and water vapor
conditions for this rainstorm in Henan. 3) The vertical structure of low-level
convergence and high-level dispersion near Zhengzhou, together with the to-
pographic blocking and lifting impact, produced favorable dynamic lifting
conditions for this rainstorm.
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1. Introduction

With the aggravation of global warming, extreme precipitation occurs frequent-
ly, which leads to various natural disasters and has a great impact on human life,
production, property safety, and the ecological environment (Gao et al., 2020).

China is a country with frequent rainstorms, in which large-scale severe floods
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caused by continuous rainstorms have brought great losses to people’s lives and
properties (Ding, 2019). For example, the heavy rain in Beijing on July 16, 2018,
had a certain impact on urban transportation, power, and other systems (Lei et
al., 2020). Another example: the rare extraordinarily heavy rainfall in northern
Henan on July 18-20, 2016, caused flash floods in many parts of the province,
river flooding, urban flooding, basic paralysis of traffic, electricity, and commu-
nication systems in some areas, and serious waterlogging in a large number of
agricultural and crop areas, resulting in about 1.67 million people affected, of
whom 17 died and 9 were missing due to the disaster (Li et al., 2018).

Through the efforts of several generations, Chinese scholars have established
the theory of rainstorms in China, which has made a great contribution to the
study of rainstorm theory and mechanism in the world, from the process and the
physical mechanism of multi-scale interaction and feedback between large-scale
circulation and mesoscale systems. In recent years, great achievements have been
made in the study of extreme precipitation (Ding, 2019; Zhao & Sun, 2019).

Torrential rainfall in North China has strong regional characteristics, and many
meteorologists have paid attention to and carried out related research on preci-
pitation in North China (Zhang & Cui, 2012). Gao et al. (2020) summarized the
research on torrential rain in North China in their research progress on the for-
mation mechanism and forecasting methods of heavy rain in China. In response
to the heavy rain in North China, Chinese scholars have also carried out research
on water vapor conditions, terrain, the underlying surface, and the urban heat
island effect (Lei et al., 2020; Ji & Li, 2021; Zhou et al., 2020; Li et al., 2016). They
pointed out that the rainstorms in North China generally occurred under favor-
able large-scale background conditions, and the rainstorm vapors in North Chi-
na were mainly contributed by the western Pacific and the South China Sea; the
formation of rainstorms was also closely related to the high- and low-level jets.
Zhang et al. (2021) conducted a high-resolution simulation and characteristic
analysis of a heavy rainstorm in southern Jiangsu, and Xi et al. (2021) used satel-
lite radar and other data to study the “7.19” rainstorm in Henan and pointed out
a favorable large-scale circulation background The low vortex cyclone and the
terrain of the Taihang Mountains provided sufficient water vapor and conver-
gence, and uplifting conditions for this heavy rain.

Foreign scholars have also carried out many studies on heavy rain. Du et al.
(2022) conducted a related study using global daily precipitation data from 1961
to 2010 and pointed out that the frequency of continuous daily extreme precipi-
tation events (EPCDs) in Europe has increased significantly in recent decades.
The findings of Khouakhi et al. (2017) suggest that typhoons play an important
role in producing extreme rainfall in different regions of the world. The spatial
distribution of annual mean typhoon-induced rainfall further indicated that the
Philippines, the southern coastal areas of China, southeastern Japan, and the isl-
ands in the Philippine Sea had the highest total rainfall. Lin et al. (2001) and
Weisse & Bois (2001) analyzed the heavy precipitation weather and topographi-
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cal and mesoscale environmental characteristics in the European Alps, Taiwan
(China), and Japan, respectively, and found that the conditional or potentially
unstable airflow encountered the steep terrain in the mountains. Helps release its
conditioned or convective instability.

Henan has frequent summer rainstorms and a high population density. The
losses caused by rainstorms and floods are huge every year. The impact of the
heavy rainstorm in Zhengzhou, Henan, in July 2021 is particularly prominent.
Using the station data of the National Meteorological Station of China and the
fifth-generation reanalysis data (EAR5) of the European Centre for Medium-Range
Weather Forecasts (ECMWF), this paper will diagnose the extreme precipitation
process and its possible causes that occurred in Zhengzhou, Henan Province of
China, on July 20, 2021.

2. Research Region and Data

2.1. Research Region

Henan Province is located in the central part of China, bounded by 31°23'N-
36°22'N, 110°21'E-116°39'E, Anhui and Shandong to the east, Hebei and Shanxi
to the north, Shaanxi to the west, and Hubei to the south. Hubei has a complete
area of 167,000 square kilometers. Figure 1 indicates the geographical location
and altitude distribution of Henan Province. The overall terrain of Henan is high
in the west, and low in the east. It is surrounded by mountains in the north,
west and south. There are Qinling Mountains, Zhongtiao Mountains, Wangwu
Mountains, Taihang Mountains, and other mountains in the west and north.

36°N [ )

35°N

110°E  111°E  112°E  113°E  114°E  115°E  116°F
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Figure 1. The terrain elevation of Henan Province (unit: m).
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Mang Mountain, Funiu Mountain, and so on; the Yellow River passes through
the central and northern parts of the country. The central and eastern parts of
Henan Province are the Huanghuaihai alluvial plain, and the southwestern part
is the Nanyang Basin. Plains and basins occupy 55.7% and 26.6% of the overall
location, respectively, and are the primary landforms of Henan Province.

The rainstorm studies since there are records in Henan Province have pointed
out that the topography of Henan has an obvious effect on precipitation (Zhang
& Su, 2014; Li et al., 2018; Su et al., 2019, 2021).

2.2.Data

The data used in this paper include:

1) The 24-hour, 12-hour, and 3-hour cumulative precipitation data are me-
teorological station data provided by the China Meteorological Administration.
The cumulative period is July 18 to 24, 2021.

2) The ERA5 reanalysis data provided by the European Centre for Medium-
Range Weather Forecasts (ECMWF) are used for the fundamental physical data,
with a temporal resolution of 1 hour, a spatial resolution of 0.25° x 0.25°, and a
total of 27 layers from 1000 to 100 hPa in the vertical direction.

3) The whole text is unified in Beijing time and the corresponding time of the

reanalysis data is increased by 8 hours.

3. Results
3.1. Precipitation Process over Henan Province

3.1.1. 48-Hour Cumulative Precipitation
Figure 2 shows the temporal evolution of 3-hourly precipitation at the
Zhengzhou station from 07:00 on July 18 to 10:00 on July 22, 2021. 3-hourly

precipitation at the Zhengzhou station was within 50 mm from 18 to noon on

250 F

200 F

precipitation (mm)

50

Figure 2. The series of 3-hour precipitation at Zhengzhou station during July 18 07:00-22 10:00 (unit: mm).
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July 20; 3-hourly cumulative precipitation reached 278 mm from 16:00 to 19:00
on July 20; 3-hourly precipitation fell back to within 50 mm on July 21, and the
precipitation process basically ended in the morning of July 22.

Figure 3 displays the spatial distribution of the 48-hour cumulative precipita-
tion from 08:00 on July 19 to 08:00 on July 21, 2021. 48-hour cumulative preci-
pitation in Zhengzhou exceeded 500 mm between 08:00 on July 19 and 08:00 on
July 21, and the cumulative precipitation in the surrounding urban area of about
5000 square kilometers also reached more than 150 mm. The rainstorm process
was large in scope, with Zhengzhou in Henan Province as the main center of
precipitation, radiating to Jiaozuo, Xinxiang, Kaifeng, Xuchang, Pingdingshan,

Luoyang, Luohe, and other places.

3.1.2. 12-Hour Cumulative Precipitation

To further understand the evolution characteristics of the rain belt during this
torrential rain, Figure 4 depicts the evolution of the spatial distribution of ac-
cumulated precipitation in Henan over the 12 hours from July 19 to 22, 2021.
From 08:00 to 20:00 on the 19" (Figure 4(a)), precipitation began to appear in
the western part of Zhengzhou, and the cumulative precipitation at the precipi-
tation center reached 100 mm; by 20:00 on the 19th to 08:00 on the 20% (Figure
4(b)), the precipitation center was located at the junction of Luoyang and
Zhengzhou. The central precipitation intensity increased from 100 mm to 150
mm, and the precipitation range expanded to Zhengzhou, Luoyang, Pingding-
shan, and Xuchang. The precipitation area showed a radial distribution from the
center to the surrounding area; by 08-20 on the 20* (Figure 4(c)), the precipita-
tion center changed from The junction of Luoyang and Zhengzhou moved to the
central area of Zhengzhou and the precipitation intensity continued to intensify

and reached 200 mm. The precipitation range began to expand from Zhengzhou
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Figure 3. Spatial distribution of 48-hour accumulated precipitation in the Henan region
from 08:00 on July 19 to 08:00 on July 21, 2021 (unit: mm).
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Figure 4. Spatial distribution of 12-hour accumulated precipitation in Henan from July 19-22, 2021 (unit: mm): (a) From 08:00 of
19%; (b) From 20:00 of 19%; (c) From 08:00 of 20%; (d) From 20:00 of 20™; (e) From 08:00 of 21%; (f) From 20:00 of 21%.

to the north. The accumulated precipitation in Xinxiang and Jiaozuo was over
100 mm, and the rain belts trended from southwest to northeast; At 20:00 on the
21% (Figure 4(d)), the precipitation center continued to move to the southeast,
and the precipitation rain belt was in a north-south direction. There were two
precipitation centers, one of which was located at the junction of Kaifeng and
Zhengzhou, and the other was located in Zhoukou, Xuchang, and Luohe. The

precipitation intensity can always be maintained at 200 mm; from 08:00 on the
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30°

20°

10°

21° to 08:00 on the 22" (Figure 4(e) & Figure 4(f)), the precipitation range
shrinks significantly, and the precipitation center moves northward to the Xin-
xiang, Anyang, and Hebi areas, and is basically concentrated in the Tajhang
Mountains along the mountain, but the precipitation intensity at the precipita-

tion center remained at 200 mm.

3.2. Circulation Situations of Henan Rainstorm

Numerous studies have found that favorable large-scale circulation is one of the
factors that contribute to the formation of torrential rain (Wang et al., 2022;
Zhang et al., 2022; Xi et al., 2021). The circulation situation of this rainstorm will

be analyzed below.

3.2.1. 500 hPa Circulation Situations
Figure 5 shows the distribution of the geopotential height field and wind field at
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Figure 5. Distribution situations of 500 hPa geopotential height (contour, unit: dagpm) and wind fields (vector, unit:
m-s™') at 08:00 on July 19-20, 2021: (a) 08:00 on July 19; (b) 08:00 on July 20, Henan Province is the red filled area.
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08:00 on July 19-20, 2021. At 08:00 on August 19 (Figure 5(a)), the main body
of the WPSH is located north of 30°N, and its center can reach 592 dagpm. The
ridge corresponding to the contour line of 588 dagpm rises westward and ex-
tends into Jilin Province, China. There is a closed low pressure system in the
south of the WPSH, corresponding to the active position of typhoon “In-Fa”.
There is a ridge of high pressure from the north of Northeast China to East Sibe-
ria and a trough of low pressure in West Siberia. At 08:00 BST (Figure 5(b)) on
May 20, the WPSH moved westward and strengthened, and the ridge of the 588
dagpm contour line reached the Bohai Sea in China. Its center was located in the
Sea of Japan, and the center potential reached 592 dagpm, and the range in-
creased significantly. Typhoon “In-Fa” is located in the southeast of the WPSH,
moving very slowly, and the intensity and center range are enhanced. The sou-
theasterly wind between the typhoon and the WPSH is conducive to the long-
term import of water vapor from the Pacific Ocean and the Bay of Bengal into
Central China. At 08:00 on August 20, a small cyclone appeared in the South
China Sea and formed a 588 closed line. The development of WPSH and ty-
phoon “In-Fa” and the coordination of the trough and ridge situation in the up-
per high latitudes provided a favorable large-scale circulation background for this

torrential rain.

3.2.2. 700 hPa Circulation Situations

Figure 6 shows the spatial distribution of the geopotential height field and wind
field at 700 hPa at 08:00 and 20:00 on July 20, 2021. At 08:00 (Figure 6(a)) on
July 20, the distribution of the geopotential height field is basically the same as
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Figure 6. Spatial distribution of the 700 hPa geopotential height field (contours, unit: dagpm) and wind fields (vector, unit: m-s™)
at 08(a) and 20(b) on July 20, 2021.
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that at 500 hPa. Along 30°N, the north-south anti-phase structure is high in the
north and low in the south. The high-pressure center in the north is located in
Japan and the Sea of Japan, extending westward to the Bohai Sea in China. The
low-pressure center in the south corresponds to typhoon “In-Fa”. The an-
ti-phase structure of the north and south continuously transports abundant wa-
ter vapor to Henan Province in China. There is a closed small high-pressure
center in the north of Henan, and the high-pressure center reaches 316 dagpm.
With the cooperation of the above situation, southeast winds prevail in the
northeast of Henan Province, which is conducive to the occurrence and devel-
opment of the rainstorm. At 20:00 BT on July 20 (Figure 6(b)), the high pres-
sure to the north of Henan strengthened, the WPSH moved westward, and the
318 dagpm contour line reached the Shandong Peninsula in China. The ty-
phoon’s intensity increased and moved westward. The anomalous northerly
WPSH and the westward movement of typhoon “In-Fa” increased the low-level
potential gradient over the Northwest Pacific Ocean, thus accelerating the trans-
port of water vapor on the ocean surface by the southeasterly wind and continu-

ing to enhance the rainstorm process.

3.2.3. 850 hPa Circulation Situations

Figure 7 gives the spatial distribution of the 850 hPa geopotential height field
and wind field at 08 and 20 July 2021, respectively. At 08:00 on the 20" (Figure
7(a)) the influence of the typhoon and the WPSH on the 850 hPa water vapor
transport was still obvious, mainly to the northeastern part of Henan Province,

and a warm shear near east-west direction appeared in the northeastern part of
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Figure 7. Spatial distribution of 850 hPa geopotential height (contours, unit: dagpm) and wind fields (vector, unit: m-s™') at 08 (a)

and 20 (b) on July 20, 2021.
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Henan Province, providing conditions for the upcoming convergent upward mo-
tion. At 08:00 on the 20™ (Figure 7(b)) the typhoon and the subalpine continued
to move westward, strengthen, and continue, thus providing good conditions for
the convergent upward motion over Henan. At 20:00 on the day (Figure 7(b))
the typhoon and the WPSH continued to move westward, intensify, and contin-
ue, forming a steady southeasterly rush, thus providing good water vapor and

energy conditions over Henan.

3.2.4. Vertical Velocity

Figure 8(a) & Figure 8(b) shows that at 08:00 on the 20™, from 850 to 500 hPa
overall showed a strong upward movement, and which was enhanced with the
increase in height. At 500 hPa height over Zhengzhou City reached 6.0 Pa/s; the
low level has water vapor from “In-Fa” and is brought by the WPSH. By 08:00
on the 21* (Figure 8(c) & Figure 8(d)), the maximum zone of 500 hPa vertical
velocity began to move from the area of Zhengzhou to the north of Henan, and
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Figure 8. Distribution situation of wind field (vector, unit: m-s™) and vertical velocity (filled color map, unit: Pa-s™') in the Henan
area on different height layers on July 20-21, 2021: (a) 08:00 on 20™, 500 hPa; (b) 08:00 on 20, 850 hPa; (c) 08:00 on 21%, 500 hPa;

(d) 08:00 on 21%, 850 hPa.
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the maximum value still remained 6.0 Pa/s. The strong convective motion pro-
vided good conditions for the development of heavy rainfall, and the area of
strong convective activity corresponded to the central range of precipitation fal-
lout (Figure 3).

3.3. Dynamic Conditions

Si et al. (2021) in their study of the July 9, 2016 rainstorm pointed out that the
flared structure of the windward side slopes at the eastern foot of the middle
Taihang Mountains in Henan Province provided favorable topographic uplift for
the formation of the rainstorm. The aforementioned analysis shows that this
heavy rainfall process mainly occurred on July 20-21. Combining with the main
precipitation fall areas in Figure 3, the following analysis will be carried out in
conjunction with the dynamic conditions formed by the topographic uplift, and

the main analysis range and time period are: 112°-115°E, 33°N-36°"N, July 20-21.

3.3.1. Vertical Profile of Vorticity and Vertical Circulation

For this heavy rainfall process, the vorticity and wind fields on the longitudinal
profile (Figure 9) and on the latitudinal profile (Figure 10) were plotted along
the heavy precipitation center Zhengzhou (113.5°E) as well as along (34.5°N)
from 08:00 on July 20 to 20:00 on July 21, 2021.

At 08:00 on the 20™ (Figure 9(a)), the areas below 500 hPa over 34°N were all
positive vorticity, and the maximum value appeared in the middle layer of
700-500 hPa. The positive vorticity center could reach 27 x 107 s and was ac-
companied by extremely strong vertical upward motion. There was a large nega-
tive vorticity area near 300 hPa, and the anti-phase oblique pressure configura-
tion of high and low altitudes was favorable to the heavy rain development. Mean-
while, Figure 10(a) shows that the positive vorticity zone is located over 114°E
and up to 350 hPa, and the center is roughly between 700 - 500 hPa, with vortic-
ity values up to 50 x 107° s7%, corresponding to the strong convective motion, and
there is a weak negative vorticity zone above 500 hPa on the north side.

At 20:00 on the 20" (Figure 9(b)), there was a weakened positive vorticity
zone in the lower layer over 34°N and in the middle layer over 36°N - 38°N, and
the convective activity was relatively weakened. A similar weakened positive
vorticity and weakened convective motion was observed around 113.5°E (Figure
10(b)).

At 08:00 on the 21* (Figure 9(c)), the positive vorticity area was over 34°N-
37°N, and the center moved over 36°N, with a maximum value of 50 x 107° s7},
accompanied by enhanced upward motion and enhanced convective activity, but
no corresponding enhancement of the latitudinal structure (Figure 10(c)), indi-
cating that the meridional wind transport and structure played a major role. This
also matches the movement of the rain band in Figure 4.

At 20:00 on the 21* (Figure 9(d)) the positive vorticity zone remained over
the vicinity of 36°N with strong convective motion. However, there is no more
obvious change in the profile at 34.5°N (Figure 10(d)).
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Figure 9. Vertical profiles of the vorticity (filled color map in 10~° s™') and meridional winds (in m-s™) with vertical velocity (in
107! Pa-s™') along the center of heavy rainfall (113.5°E) on July 20-21, 2021 (arrows): (a) 08 on 20; (b) 20 on 20; (c) 08 on 21; (d) 20
on 21.

3.3.2. Vertical Profile of Despersion
For this heavy rainfall process, the scatter and wind fields on the longitudinal
profile (Figure 11) and on the latitudinal profile (omitted) were plotted along
the center of heavy precipitation, Zhengzhou City (113.5°E), as well as along
(34.5°N) from 08:00 on July 20 to 20:00 on July 21, 2021.

At 08:00 on the 20" (Figure 11(a)), the positive scatter area was above 500
hPa over 34°N-35°N, with the central scatter exceeding 38.9 x 10~ s7!, and the
negative scatter area was below 500 hPa, with the negative scatter center less

than —-16.7 x 107 s7', forming a strong upward motion situation of lower level
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Figure 10. Vertical profiles of the vorticity (filled color map in 10~° s™') and latitudinal winds (in m-s™') with vertical velocity (in
107! Pa-s™!) along the center of heavy rainfall (34.5°N) on July 20-21, 2021 (a) at 08:00 on the 20%; (b) at 20:00 on the 20%; (c) at
08:00 on the 21% (d) at 20:00 on the 21%

convergence and upper level divergence. At 08:00 on the 21* (Figure 11(c)), in

the range of 37°-38°N, a clear positive dispersion zone appeared at 500-300 hPa,

while at 850-500 hPa, a clear negative dispersion distribution was observed, and

the vertical velocity increased, forming two major upward zones and streng-

thening convective motion. 20:00 on the 21* (Figure 11(d)), compared with On

the 20", the high-low configuration shifted northward, mainly located at

36°N-38°N, and the two main upward movements were further strengthened

compared to 08:00 on the 21*. The configuration of low-altitude convergence
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') and meridional wind (in m-s™) and vertical velocity (in 107

and high-altitude dispersion with strong upward motion, combined with the

water vapor flux (omitted) and the analysis of the aforementioned circulation

situation, shows that the high-altitude and low-altitude configurations provide

favorable power lifting conditions for the development of this rainstorm.

4. Summary

In this paper, the heavy rainfall process in Henan of the July 20, 2021 was first

diagnosed and analyzed. Then the possible causes of the formation and devel-
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opment of this heavy rainfall were discussed.

1) The precipitation was of extraordinarily heavy rainfall level, mainly with
Zhengzhou, Henan Province as the precipitation center and radiating to Jiaozuo,
Xinxiang, Kaifeng, Xuchang, Pingdingshan, Luoyang, Luohe, etc. The precipita-
tion started on the 19" and ended on the 21*. The cumulative precipitation in
Zhengzhou area exceeded 500 mm in 48 hours, and the cumulative precipitation
in the surrounding urban area of about 5000 square kilometers also reached more
than 150 mm. The rain band in the precipitation process was first of the center-
outward spreading type, then turned to the southwest-northeast direction, and
finally showed a north-south direction.

2) The circulation situation formed by the short-term maintenance and streng-
thening of the WPSH and typhoon “In-Fa” and “Cempaka” is low in the south
and high in the north, which is conducive to the transport of warm and humid
airflow to northern China, especially Henan, and provides a continuous source
of water vapor support for this rainstorm. The small high-pressure structure
north of Henan formed by the less dynamic strengthening of the structure is
conducive to the gathering of warm and humid air in the Henan area, coupled
with the special topographic uplift of the south side of the Tajhang Mountains
makes the heavy precipitation center mainly distributed in the western part of
Henan Province and the northwestern areas along the mountains.

3) Power conditions are an important reason for the formation and devel-
opment of precipitation. The vertical structure of low-level convergence and
high-level dispersion near Zhengzhou is conducive to the maintenance of la-
titudinal and longitudinal circulation, and the blocking and lifting effect of
the terrain has formed a strong upward movement in Henan, providing fa-
vorable power lifting conditions for this rainstorm, especially the analysis of
the vertical profile in the longitudinal direction, which shows that the strong
upward movement area and the falling area and movement of the rainband
There is a close connection between the fall zone and the movement of the rain
band.

The July 20, 2021, rainstorm in Henan has important research significance
and value, and the mechanism of its formation and development can be explored

in depth in combination with numerical simulation afterwards.
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