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Abstract

During mid-July 2021, an extreme heavy rainfall event (HRE) occurred in
Henan Province (hereafter “21.7” HRE), with extreme hourly precipitation of
201.9 mm appearing at Zhengzhou station. Our preliminary analyses of the
“21.7 HRE using the observations and ECMWF (European Centre for
Medium-Range Weather Forecasts) ERAS5 reanalysis data, reached the follow-
ing conclusions. Favorable configurations of various synoptic weather systems
(e.g., strong upper-level high-pressure ridge, intense middle-level low-pressure
trough) acted as crucial background conditions for the occurrence of the “21.7”
HRE. A 21-h long-lived mesoscale convective vortex (MCV), mainly located in
the middle and lower troposphere west of Zhengzhou city, was a key system
that produced the extreme hourly rainfall of 201.9 mm-h~'. The MCV's devel-
opment/sustainment was dominated by the vertical transport of cyclonic vor-
ticity and tilting, as well as the horizontal import of cyclonic vorticity to the
vortex's key region. In contrast, the divergence-related vertical shrinking was
the most detrimental factor. Lagrangian moisture transport analysis showed
that moisture for the extreme heavy rainfall in Zhengzhou on July 20 mainly
came from levels below 2200 m, driven by airflows on the peripheries of tropi-
cal cyclones IN-FA and CEMPAKA. To enhance the understanding of “21.7”
HRE, we suggest more in-depth investigations in the future.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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1 | INTRODUCTION

During 17 to 22 July, 2021, an extreme heavy rainfall event
(HRE) occurred in Henan Province (hereafter “21.7” HRE).
As released by the government of Henan Province, more than
14.78 million people across the province have been affected
with 398 dead or missing, and a direct economic loss of up to
~120 billion Yuan has been caused (Fu, Tang, et al., 2022;
Fu, Zhang, et al., 2022; Li et al., 2022; Yin et al., 2022).

The rainbelts in North China are one of the summer's
three major rainfall regions in China (Tao, 1980). Some HRESs
occurred in North China since the founding of the People's
Republic of China, which produced flood disasters. For exam-
ples, the HRE in July 1958 in the middle reaches of the Yel-
low River Basin (“58.7” HRE), the HRE in August 1963 in
Hebei Province (“63.8” HRE), the “75.8” HRE in August 1975
in Henan Province (“75.8” HRE), and the HRE in August
1996 in Hebei Province (“96.8” HRE). All of these events
brought huge disaster. Among these events, “75.8” HRE, an
extreme HRE in the south of Henan province during 5 to
7 August 1975, caused the biggest meteorological disaster
after the founding of the people’'s Republic of China, which
brought a catastrophic flooding that killed tens of thousands
of people. Chinese researchers have studied the large-scale
circulation conditions and related mesoscale convection
that produced extreme heavy rainfall during this event
(Ding, 2015; Tao, 1980). Luo et al. (2020) have reviewed the
advanced studies on heavy rainfall in North China. The char-
acteristics of heavy rainfall in North China have been
revealed more clearly and quantitatively by using intensive
observation data with high temporal and spatial resolution.

HREs in North China are often accompanied by
severe convection with intense short-duration heavy rain-
fall (hourly precipitation >20 mm) (Luo et al., 2016; Sun
et al., 2013; Zhang & Zhai, 2011). Some previous studies
have demonstrated the major synoptic weather patterns
associated with heavy rainfall in North China (Compilers
of Heavy rainfall in North China, 1992; Ding et al., 1980;

oc oc
ot 7

aVy

addition, because of the complex terrain in North China,
the terrain and underlying surface also impact on the trig-
gering and maintenance of convection. Under stable synop-
tic weather patterns, the terrain and urban thermal
processes have a noticeable increasing effect on the inten-
sity of rainfall (Sun & Yang, 2008; Xia & Zhang, 2019), and
the mesoscale rainstorms mainly occur around the evening
and early morning (Sun, 2005; Sun & Yang, 2008).
Although many studies have been carried out on the syn-
optic scale conditions, topographic effects, and the triggering
and development process of the mesoscale convective system
for the formation of heavy rainfall in North China, the for-
mation mechanism of “21.7” HRE is not fully understood.
Therefore, more in-depth studies are needed to reveal further
the complicated mechanisms of this “21.7” HRE in Henan
Province. This article only attempts to briefly introduce the
observations and answer the following two questions from
an academic viewpoint: (1) What were the synoptic and
mesoscale weather systems associated with the HRE on July
20, 2021? (2) How was moisture transported to Henan Prov-
ince and where were the source regions of the moisture?

2 | DATA AND METHOD

Hourly precipitation observations and three-hourly surface
observations from China Meteorological Administration
were used to analyze the rainfall variation characteristics of
“21.7” HRE in Henan Province and the surface weather sys-
tems. The hourly 0.25° x 0.25° European Centre for
Medium-Range Weather Forecasts (ECMWF) ERAS5 data
(Hersbach et al., 2020) was employed to diagnose the evolu-
tion of mesoscale convective vortex (MCV) and also used as
input fields that drove the moisture trajectories’ calculation.
As the vorticity budget was an effective method to
investigate the evolution of a vortex (Fu et al.,, 2017,
2019), we used the following vorticity budget equation:
where (i, j, k) are the unit vectors in the east, north, and

—= —Vh-thj—a)—pk- (—X Vha)> —pv—(+f)Vh- Vi

HAV VAV

Sun et al., 2005). Heavy rainfall in North China mainly
occurs under the circulation pattern featuring a high-
pressure system to the East and a low-pressure system to
the West. The vortex, warm shear line, trough, cold front,
and low-level jet are the main synoptic scale systems caus-
ing heavy rainfall in North China. Most severe heavy rain-
fall events in North China occur under the interaction of
two or more aforementioned synoptic systems. In

Jp
TIL PVA STR (1)

zenith direction, respectively; ¢ is relative vorticity in the
k direction, Vy,=ui+vyj denotes horizontal wind,
Vn=2i+4j is horizontal gradient operator, p is the
pressure, w is the vertical velocity in the pressure coordi-
nate, f is Coriolis parameter, and ﬂzé—i. HAV and VAV
are horizontal and vertical advections of vorticity, respec-
tively. Terms TIL, PVA, and STR are tilting, planetary
vorticity advection, and stretching, respectively. The sum
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of HAV, VAV, TIL, PVA, and STR was defined as the
total effect term (TOT).

The Hybrid Single-Particle Lagrangian Integrated Tra-
jectory (HYSPLIT) model (Draxler & Hess, 1998; Stein
et al., 2015) was used to calculate 96 h back trajectories for
air parcels at three critical levels (500, 1500, and 3000 m)
over Henan Province. To understand the major features of
trajectories, the cluster technique based on the total spatial
variance method (Draxler, 1999) was used, then the total
moisture supply contribution was calculated as

m 96 n

96
Qun = Z Z 9/ Z Z gy | x 100% (2)
1 1

it=1 it=1

where m is the number of trajectories in each cluster, n is
the total number of trajectories in all clusters, and g is
the specific humidity of the air parcel at each time step
along each trajectory.

40°N

38N

36" N|

34N

32 N

Q 10 25 50 100 250 400 600 800
mm

180- (C)
160
= 140-
120-
100-

——

mm

1-h precipitatio
3828

3 | OVERVIEW

3.1 | The observed precipitation

From 17 to 22 July, 2021, Henan Province suffered from
an extreme HRE that lasted 6 days. The main characteris-
tics of the HRE were that the accumulated rainfall was
substantial and the short-duration heavy rainfall was
extreme. The accumulated precipitation exceeded
500 mm in large areas of central and northern Henan
Province (Figure 1a) with the strongest rainfall centers
mainly appearing in Zhengzhou, Hebi, Xinxiang, and
Anyang cities. The accumulated precipitation in northern
Henan Province was more than half of the annual precip-
itation in 30 years (1989-2018) (Figure 1b). The accumu-
lated precipitation in two national weather stations
(Zhengzhou and Anyang) exceeded their respective
annual precipitation (Figure 1b). The 6-day accumulated
precipitation at Baizhai station in Zhengzhou city and
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FIGURE 1

(a) The accumulated precipitation of automatic weather stations from 0000 UTC 17 to 0000 UTC 24 July, 2021, where the

shading is the terrain. (b) The ratio of 6-day cumulative precipitation of national weather stations to average annual precipitation from 1989

to 2018. The four dots in (a) and (b) represent Zhengzhou, Xinxiang, Hebi, and Anyang stations, respectively. (c) Variation of hourly

precipitation at automatic weather stations in Henan Province from 0000 UTC 17 to 2000 UTC 24 July, 2021. The red and blue lines

represent the maximum value and average value, respectively. The gray bar shows the 99th quantiles of all stations in each hour. The

precipitation data is provided by National Meteorological Center, China Meteorological Administration, and the date format is ddhh (UTC).
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Kechuang center station in Hebi city exceeded 993.1 and
1122.6 mm, respectively. The hourly precipitation of
201.9 mm-h™! occurred at 0800-0900 UTC, on 20 July at
Zhengzhou station (Figure 1c), which was the maximum
hourly precipitation since the establishment of this sta-
tion in 1951. Several stations observed heavy rainfall with
hourly precipitation of more than 100 mm-h ™!, and the
differences between the hourly maximum precipitation
and the 99th quantile value at most times were more than
50 mm from 20 to 21 July, which indicated inhomogene-
ity of this precipitation event.

3.2 | Synoptic analyses

During “21.7” HRE, the South Asia high (SAH) was
strong (Figures 2a,b), with its center mainly located over
the western section of the Tibetan Plateau. An upper-
level jet was maintained around the northern periphery

of the high, east of which the jet broken into two
branches, resulted in strong upper-level divergence
northeast of the SAH. To the east of the SAH, there was
an upper-level shortwave through within the band of
100°-110° E (Figures 2a,b), a strong high-pressure ridge
within the band of 110°-120° E, and another shortwave
through within the band of 120°-130° E. Of these, Henan
Province was governed by the strong high-pressure ridge,
which was associated with an intense upper-level diver-
gence. This acted as a favorable condition for ascending
motions and heavy rainfall.

In the middle troposphere, as shown in Figures 2c,d,
a shortwave trough appeared over the Tibetan Plateau.
The isohypses were sparse in the east of the trough and
the wind was weak within the band of 100°-105°E. East
of this, a low-pressure trough was maintained over
Henan Province, where a strong warm advection
appeared. The warm advection contributed to enhancing
ascending motions (Holton, 2004) and lowering the
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(a,b) Show the divergence (shading, 10° - s™1), geopotential height (black contour; gpm), wind above 25 ms™" (a full bar is

10 m - s~') and temperature (red contours; °C) at 200 hPa, where the thick brown dashed lines are the ridge lines, and “H” mark the high-
pressure ridge. Panels (c, d) show the temperature advection (shading, 107> K - s™"), geopotential height (black contour; gpm), wind above
5m-s ' (afull baris 10 m - s7*) and temperature (red contours; °C) at 500 hPa, where the thick purple dashed lines are the trough lines,

and “L” mark the low-pressure trough. The purple boxes outline the key region of the mesoscale convective vortex, and the small purple

circle mark the location of Zhengzhou.
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low-level pressure (Markowski & Richardson, 2010),
both of which were favorable for the “21.7” HRE. The
subtropical high at 500 hPa was located a great distance
north of its climatic mean (not shown). Its center was
located around the Sea of Japan and merged with the
continental high pressure, forming a stable “high pres-
sure dam” in the area from Northeast China to Japan
(Figures 2c,d). This is a favorable condition for the sus-
tainment of heavy rainfall. There were two typhoons to
the south and southwest of the subtropic high: Typhoon
IN-FA over the Western Pacific and Typhoon CEM-
PAKA over the South China Sea. The easterly wind
with wind speed >12m-s~' (low-level jet) between
Typhoon IN-FA and subtropical high transported warm
and moist air to Henan Province. At the same time, the
easterly wind between Typhoon CEMPAKA and the
western Pacific subtropical high also transported warm
and humid air to Henan Province.

In the lower troposphere, the most notable feature
was that there was maintained a long-lived mesoscale
convective vortex (MCV; Figure 3) around Henan Prov-
ince. The MCV acted as a crucial condition for the
extreme hourly rainfall over Zhengzhou. As discussed
above, the coexistence of upper-, middle-, and low-
level systems (e.g., the upper-level high-pressure ridge,
middle-level low-pressure trough, tropical cyclones,
low-level jet, etc.) was highly conducive to the occur-
rence of “21.7” HRE in Henan Province, which was
consistent with previous research results (Ding, 2015;
Sun et al., 2005; Tao, 1980). However, the major heavy-
rainfall-producing weather systems differed for these
famous HREs (Tao, 1980). For the “75.8” HRE in
Henan Province, it was mainly due to a northward
moving typhoon; for the “96.8” HRE in Hebei Province,
it was mainly induced by a northeastward moving
southwest vortex; and for the “58.7” HRE in the middle
reaches of the Yellow River Basin, the heavy precipita-
tion was a result from the combined effects of a south-
west vortex, a trough, and a cold front. In contrast, for
the “21.7” HRE in this present study, the MCV was of
crucial importance.

4 | ANALYSES ON THE
MESOSCALE CONVECTIVE VORTEX
4.1 | Verification of the MCV

At 2200 UTC on 19 July, a vortex formed at the location
shown by the blue dot (~33.9°N, 111.9°E) in Figure 3a
with its center appearing at 600 hPa. It was a mesoscale
convective vortex (Bartels & Maddox, 1991; Davis
et al,, 2004) since: (i) It had a maximum radius of
~150 km, a maximum depth of ~3.0 km (from 750 to
500 hPa, not shown) and a 22-h life span (from 2200
UTC 19 to 1900 UTC on 20 July, Figure 2a). (ii) It was
mainly located within the stratiform region of the heavy-
rain-producing mesoscale convective system in Henan
(not shown). (iii) It had a strong warm core (in terms of
temperature deviation) of 4 K, which was located around
400 hPa (not shown). (iv) Within the MCV's main body,
the latent heating release was strong, as suggested by the
>1 PVU (1 PVU = 10°° K~m2'kg*1~ s 1) potential
vorticity.

4.2 | Relationship of the MCV with the
extreme strong hourly rainfall

After formation, the MCV mainly moved northward
(Figure 3a) under the strong southerly steering airflow
west of the subtropical high. In the earlier stage of the
vortex (2200 UTC 19-0900 UTC on 20 July), it produced
strong precipitation in Henan (Figure 1c). The rainfall
intensity also increased rapidly. The maximum hourly
precipitation of 201.9 mm - h™' appeared at Zhengzhou
station between 0800 and 0900 UTC on 20 July. During
this period, the MCV was mainly located between
750 and 500 hPa (Figures 2e-g), around 34.9°N, 111.4°E
(Figure 3a), and the Zhengzhou station was situated
~250 km east of its center (Figures 2b-d). Strong MCV-
associated southerly wind (>8 m-s™") influenced Zheng-
zhou station (Figures 3b-g), which mainly appeared in
layers between 875 and 525 hPa. The strong southerly

FIGURE 3

(a) Shows the track of the MCV (blue solid line with small boxes, where the closed circle and box mark the formation and

dissipation locations of the vortex, respectively, and the small red box marks the location of the vortex when the maximum hourly

precipitation of 201.9 mm appeared in Zhengzhou), where shading is the terrain (units: m). (b—d) Show the horizontal stream field, potential
vorticity (PV; shading, units: PVU; 1 PVU = 10~° K-m*kg s ') and wind above 8 m-s™* (a full wind bar is 4 m-s™") at 500 hPa (top level of
the vortex), 600 hPa (central level of the vortex), and 750 hPa (bottom level of the vortex), respectively, where purple dashed boxes mark the
central regions of the MCV. (e-g) Are cross-sections along Zhengzhou (i.e., small green boxes in [a-d]), where the vertical stream fields were
composited by meridional wind (v; m-s™") and vertical velocity (cm-s™"), green bars mark the location of the maximum hourly precipitation,
big thick gray boxes outline the latitude range and vertical extent of the MCV, and gray shading are the terrain. Shading and blue contours
in € are PV (PVU) and meridional wind (m s™"), respectively; shading in (f) is divergence (DIV; 10~>-s~"); shading and red contours in

(g) are relative humidity (RH; %) and temperature deviation (TD; K), respectively.
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FIGURE 4 (a-d) show the key-region averaged divergence (10~>-s"), vorticity (10~*s™"), and vertical motions (cm-s™*). (e-h) Show
the key-region averaged vorticity budget terms (10~°-s~%). The green dashed lines outline the vertical stretching of the mesoscale convective
vortex, and the gray dashed lines mark the value of zero.

wind decelerated in the region immediately south of the  Ivan€an-Picek, 1991), which resulted in strong conver-
mountain around 37°N (Figure 3e), mainly due to the gence within the MCV's vertical extent (Figure 3f). The
mountain drag effect (Carissimo et al., 1988; Tuti§ & strong convergence contributed to intense ascending
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FIGURE 5 (a) Shows the horizontal locations of the dots (blue circles) used for backward trajectory analyses, where shading is the
terrain (units: m). (b—d) Show the backward trajectories ended at 3000, 1500, and 500 m, respectively, where shading represents specific
humidity (units: G-kg™") and the black dots over Henan Province (31.5-36.5°N, 110-116°E) mark the starting locations (i.e., at 0900 UTC
20 July) for the backward trajectory analyses. (e) Shows the clustering results of backward trajectories in (b-d), where shading shows the
height of air particles (units: m), small black boxes and circles mark the starting and ending locations, respectively, red values are the
moisture contributions of the clustered water vapor channels, green typhoon icons show their formation locations and red icons show their
locations when the maximum hourly precipitation of above 200 mm-h™" appeared.
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motion above the layer where the MCV located (500-
300 hPa). The atmosphere was nearly saturated in this
layer (Figure 3g), which was conducive to the persistence
of heavy precipitation. This further favored the mainte-
nance of intense latent heating release in the layers of
500-300 hPa, which could be reflected by the strong
(~4 K) positive temperature deviation (Figure 3g) and a
PV center of >1.5 PVU (Figure 3e). Latent heating in turn
promoted convergence and ascending motion, which
formed positive feedback (Fu et al., 2017, Raymond &
Jiang, 1990). This was one of the most important and
direct factors that contributed to the occurrence of the
extreme heavy precipitation in Zhengzhou city on July
20.

4.3 | Evolutionary mechanisms of
the MCV

From 0600 to 0900 UTC on 20 July, within the key region
of the MCV (a 2° x 2° box; Fu, Zhang, et al., 2022; Fu,
Tang, et al., 2022), strong convergence dominated below
650 hPa (Figures 4a-d), and at the levels above 650 hPa,
intense divergence appeared. This vertical configuration
was conducive to maintaining upward motions. Mean-
while, the cyclonic vorticity and strong ascending
motions dominated the key region, which favored heavy
rainfall.

The vorticity budget results show that, from 0600 to
0900 UTC on 20 July, term TOT mainly were maintained
a positive value in the vertical stretching of the MCV
(Figures 4e-h), except for the layer of 550-500 hPa during
the period from 0600 UTC to 0700 UTC on 20 July
(Figures 4e.f). This means that conditions were favorable
for enhancing the MCV. Comparisons among all terms
showed that, from 0600 to 0700 UTC on 20 July
(Figures 4e,f), the upward transport of cyclonic vorticity
(i.e., VAV) was the most favorable factor for the mainte-
nance/development of the MCV; whereas, from 0800
UTC to 0900 UTC on 20 July (Figures 4e, f), the tilting
effect (i.e., TIL) enhanced rapidly and became the most
favorable factor. Overall, from 0600 to 0900 UTC on
20 July, the horizontal transport (i.e., HAV) was condu-
cive to the MCV. There was a sharp contrast between the
budget results of the vortex in this study and those in pre-
vious studies (Feng et al., 2019; Fu et al., 2017, 2019;
Zhang et al., 2019): the term STR was overall detrimental
to the maintenance/development of the MCV in this
study, whereas, in previous studies, it was the most favor-
able factor. The difference was because that divergence
controlled the vertical stretching of the MCV in this
study, and the convergence was dominant for the meso-
scale vortices in previous studies.

5 | MOISTURE TRANSPORT
ANALYSIS

A 96-h backward (i.e., from 0900 UTC on 20 to 0900 UTC
16 on July) trajectory analysis (Stein et al., 2015) was con-
ducted using the 303 dots shown in Figure 5a. A total of
3 levels were used in the trajectory analysis: 500, 1000,
and 3000 m. Overall, the trajectories sourced from the
lower level over the ocean southeast of China had the
largest specific humidity (Figure 5d). In contrast, the
smallest specific humidity was associated with the trajec-
tories sourced from the middle-level over South China
(Figure 3b). It can be found from the trajectories shown
in Figures 5b-d that, air particles mainly came from
regions east, south, and southeast of Henan Province and
almost no air particles originated from the regions north
and northwest of Henan Province. This indicated that
cold air was notably inactive in Henan province before
0900 UTC on 20 July. A cluster of the trajectories (Sun
et al., 2016) is shown in Figures 3b-d resulted in 6 mois-
ture transport channels (Figure 5e). Of these, channels IV
(20% in contribution) and VI (16.3%) were mainly due to
tropical cyclones IN-FA and CEMPAKA, respectively.
Channels I-III and V were mainly due to interactions
between two tropical cyclones and the subtropical high
(an accumulated contribution of 63.7%). In addition,
Channel II (17.9%) was a short transportation track that
originated from east China. Comparison among the mois-
ture transport channels showed that I, II, and IV mainly
came from levels below 800 m (the accumulated contri-
bution was 49.1%) whereas III, V, and VI mainly came
from levels between 1400 and 2200 m (the accumulated
contribution was 50.9%).

6 | SUMMARY AND DISCUSSION

In this research, the observed precipitation and large-
scale circulations of the “21.7” HRE in Henan Province
are first introduced, and the development of an MCV and
the moisture source for the extreme heavy hourly precipi-
tation of 201.9 mm-h™' over Zhengzhou during 0800-
0900 UTC on 20 July are then investigated. The major
large-scale circulation during this event was a typical syn-
optic pattern that was conducive to heavy rainfall events
in North China, including strong upper-level divergence
associated with a strong upper-level high-pressure ridge,
intense middle-level warm advection associated with a
low-pressure trough, and the vortex or shear-line in the
lower troposphere. The extreme hourly heavy rainfall in
Zhengzhou was closely related to a typical MCV, which
was not often observed in China. Usually, heavy rainfall
in China was more closely related to the meso-a-scale
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vortices such as the Tibetan Plateau vortex, southwest
vortex, and Dabie vortex (Fu et al., 2020, 2021). For the
MCV in this event, vorticity budget showed that, the
convection-related VAV and TIL, as well as the HAV
dominated the vortex's development/sustainment,
whereas, the divergence-related STR was the most detri-
mental factor. This was notably different from the gov-
erning mechanisms of the southwest vortices (Feng
et al., 2019) and Dabie vortices (Fu et al., 2017). Lagrang-
ian moisture transport analysis showed that the moisture
mainly came from the Western Pacific and the South
China Sea below 2200 m, which was related to the activi-
ties of two tropical cyclones IN-FA and CEMPAKA.

Generally, the HRE took place under very favorable
large-scale circulations. Therefore, it was not difficult to
predict the occurrence and area of rainfall. However, this
event was an extreme heavy rainfall since the “75.8”
HRE in Henan Province, and the total precipitation max-
imum was more than 1000 mm, a rare occurrence in
Henan Province and even in China. It was challenging to
predict the location and intensity of the extreme or severe
heavy rainfall center. Before accurately predicting the
location and intensity of severe heavy rainfall, there is
still a long way to go. As heavy rainfall studies mainly
focus on the event in South China and the Yangtze River
Basin during the past 20 years, the forecast signals for the
medium-range forecast, and the triggering mechanisms
of local severe convections associated with special circu-
lations and distribution of the terrain in North China
were less discussed. In addition, the detailed cloud-
precipitation physical process that induced the extreme
precipitation over Central and North China still
remained vague. As a result, the numerical prediction
skills of the heavy rainfall in North China were relatively
low (Liu et al., 2021). Therefore, the following questions
need to be addressed in the future: (1) How to obtain the
key signals for the long-lasting extreme precipitation
events from the medium-range forecast? (2) What are the
quantitative influences of the terrain in western Henan
Province on the triggering, development of the conven-
tions and the precipitation? (3) What are the cloud-
precipitation physical mechanisms of the extreme hourly
precipitation in North China? (4) How to predict the
extreme heavy rainfall center by using the high-
resolution numerical prediction model?
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