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Abstract: An hourly rainfall of 201.9 mm fell in Zhengzhou on 20 July 2021, breaking the hourly
rainfall record of mainland China and causing severe urban flooding and human casualties. This
observation-based study investigates the associated convective-scale and mesoscale dynamics and
microphysical processes using disdrometer and polarimetric radar observations aided by retrievals
from the Variational Doppler Radar Analysis System. The synoptic flow forcing brought abundant
moisture from the oceans and converged at Zhengzhou; then, the extreme rainfall was produced by a
slow-moving convective storm that persisted throughout the hour over Zhengzhou. Unusually high
concentrations of raindrops of all sizes (showing combined properties of maritime and continental
convection) are revealed by the disdrometer data, whereas the polarimetric radar data suggest that
both ice-based and warm rain processes were important contributors to the total rainfall. High pre-
cipitation efficiency was achieved with an erect updraft at the low levels, whereas enhanced easterly
inflows kept the storm moving slowly. The interaction between convective-scale and mesoscale
dynamics and microphysical processes within the favorable synoptic conditions led to this extremely
heavy rainfall.

Keywords: extreme rainfall; dynamics and microphysics; slow-moving convection

1. Introduction

On 20 July 2021, the 24-h rainfall (0000 to 2400 LST) reached 612.9 mm (Figure 1a)
in Zhengzhou (ZZ) city, Henan Province, China, approaching the city’s average annual
rainfall amount of ~640 mm. Between 1600 and 1700 LST, an hourly rainfall rate of 201.9 mm
was observed, which broke China’s previous record of 198.5 mm h~! set in 1975 in the
same province (known as the “75.8” rainstorm [1]). At least 302 lives were lost in this
record-setting extreme rainfall that flooded ZZ, including the city’s subway system and
underground tunnels.

This extreme rainfall period was part of a week-long (from 17 to 23 July 2021, hereafter
named as the “21.7” rainstorm) heavy rainfall episode in a broad region of Henan Province
near the foothills of the Taihang and Funiu Mountains. This prolonged extreme heavy
rainfall event was accompanied by abnormal synoptic conditions in East Asia (Figure 1b),
including (1) the western Pacific subtropical high (WPSH) shifting northward, (2) Typhoon
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In-Fa located east of Taiwan, and (3) the 200 hPa South Asian high (SAH) extending
northeastward, that produced ingredients conducive to heavy rainfall in Henan [1-8]. A
water vapor channel, referred to as an atmospheric river (AR) in other regions [9], was
established between Typhoon In-Fa and the WPSH (indicated by the strong water vapor flux
in Figure 1b) that transported abundant tropical oceanic moisture over 500 km inland. The
extension of the 200 hPa SAH led to upper-level wind divergence in the vicinity of ZZ, also
providing favorable upper-level conditions for the development of deep convection in ZZ.
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Figure 1. (a) Distribution map of ground instruments on the digital terrain elevation map around
ZZ. Triangles denote the locations of four operational radars. Blue, red, and purple contours indicate
the 24-h accumulated rainfall over 100, 250, and 400 mm on 20 July, respectively. The time series
of the hourly rainfall from the ZZ national surface station (indicated by a red cross) is also shown
in the bottom right corner of the figure. (b) Circulation fields at 0800 LST on 20 July 2021. Gray
contours represent geopotential height at 500 hPa, and the bold line indicates the location of the
western Pacific subtropical high (WPSH). Vectors are vertically integrated water vapor flux (in the
layer of 1000-300 hPa) larger than 150 kg m~! s~!, and black dots indicate the wind divergence at
200 hPa that is larger than 107> s~ 1. Shading represents the 10.8 um infrared brightness temperature
from FY-4A. The black cross indicates the location of the ZZ national surface station.

These synoptic conditions that were favorable for the heavy rainfall in Henan Province
were identified by the Chinese Meteorological Administration (CMA) in their forecasting
operations. Based on operational numerical models and objective forecasting techniques,
the National Meteorological Center (NMC) of the CMA predicted an over 250 mm daily
rainfall amount in Henan for 20 July one day in advance but failed to predict the extreme
intensity and timing of the extreme rainfall in ZZ. The average hourly rainfall (Figure 1a) ex-
cluding the period of 1600~1700 LST in ZZ was about 18 mm h~! throughout the day. Heavy
rainfall is typically accompanied by single or multiple slow-moving convective storms
over an area, whereas the basics involved in the development of flash-flood-producing
storms are generally well known [10-12]. The difficulties lie in predicting the exact time,
location, and amount of heavy rainfall [13-15]. To generate the extreme rainfall in ZZ,
many favorable conditions needed to coexist, and dynamic, thermodynamic, and micro-
physical processes needed to work in synergy to efficiently convert a large amount of
water vapor into precipitation. The “21.7” rainstorm event revealed the ongoing challenges
in forecasting the location and amount of extreme hourly rainfall [16,17], even when the
environmental conditions are correctly predicted to be very favorable.
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Numerical studies were conducted to investigate the possible dynamical mechanism
responsible for the production of the “21.7” extreme rainfall [6,18]. The dynamics of this
extreme rainfall event were also studied by Sun et al. [19] using the four-dimensional
Variational Doppler Radar Analysis System (VDRAS) [20]. Based on the combined observa-
tions of the polarimetric radar and disdrometer, the overall variability of microphysical
characteristics for the heavy rainfall episode from 19 to 21 July 2021 was examined [21],
whereas Yin et al. [22] explored the precipitation efficiency of the “21.7” extreme rainfall
using numerical simulation. However, the detailed microphysical processes and their cou-
pling with multiscale dynamical processes to produce the record-breaking hourly rainfall
have not yet been investigated. This study focuses on the likely convective and mesoscale
dynamics and microphysical processes that transformed the abundant oceanic moisture in
the ZZ area to generate this record-breaking hourly rainfall between 1600 and 1700 LST on
20 July 2021. The three-dimensional wind and thermodynamic fields are obtained from the
VDRAS, and the corresponding microphysical processes are deduced from the Luoyang
(LY) operational polarimetric radar and a disdrometer at the ZZ national surface station.

2. Datasets and Methods
2.1. Datasets

This study used data from the operational observational network operated by the
CMA, including 4 operational S-band Doppler radars (ZZ, LY, PDS, and SQ in Figure 1),
19 lightning detection sensors, 6900 automatic weather stations (AWSs), and a second-
generation OTT particle size and velocity (PARSIVEL) disdrometer (OTT-2) located at ZZ.
These radars perform volume scans at nine elevations (0.5°, 1.5°,2.4°, 3.4°, 4.3°, 6.0°, 9.9°,
14.6°, and 19.5°) every 6 min, with an unambiguous range (velocity) of 150 km (26.5 m s7h).
The LY and ZZ radars can measure polarimetric variables including the differential re-
flectivity (ZpRr), differential propagation phase shift (Ppp), and specific differential phase
(Kpp). The disdrometer can measure the number, concentration, and fall speed of raindrops
within 32 bins ranging from 0 to 25 mm every minute.

2.2. Methods

The procedure for the data quality control of the OTT-2 data was introduced in Chen
et al. [23]. The calculation of the raindrop size distribution (DSD), including the generalized
intercept parameter (N;,) and mass-weighted mean diameter (D,;) followed Bringi et al. [24].
The radar data were firstly quality controlled to remove the ground clutter and velocity
alias and correct the effect of partial beam blockage and the Zpy bias [25], then bilinearly
interpolated onto constant-altitude planes with a 1 km grid spacing in both the horizontal
and vertical directions [26]. The ten hydrometeor types (drizzle (DZ), rain (RA), big drops
(BD), ice crystals (IC), vertical aligned ice (VI), aggregates (AG), wet snow (WS), high-
density graupel (HG), low-density graupel (LG), and hail (HA)) were identified from
polarimetric radar data based on the fuzzy logic method presented in Dolan et al. [27], and
the retrieval of ice water content IWC) and liquid water content (LWC) mainly involved a
method similar to that in Cifelli et al. [28] but with the LWCs for non-solid hydrometeors
calculated from the Kpp. The LWC-Kpp relationship was fitted through the DSD data using
the T-matrix method [29]. The precipitation efficiency was calculated using the rain rate
divided by the total water vapor within a layer from 3 to 5 km heights [30].

The VDRAS is a four-dimensional variational data assimilation system that assimilates
radar observations (i.e., radar reflectivity and radial velocity) and surface observations with
the background provided by the weather research and forecasting (WRF) model [20,31]. In
the VDRAS analysis, radar observations from ZZ, SQ, PDS, and LY (Figure 1) with a 6-min
interval, together with surface observations of temperature and wind from the 6900 AWSs
with a 5-min interval were assimilated. The VDRAS domain was centered at the ZZ radar
with a horizontal resolution of 3 km and 0.4 km vertical spacing from 0900 to 2000 on
20 July 2021.
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3. Results
3.1. Mesoscale and Convective Dynamical Processes

Widespread precipitation occurred in the central and northern parts of the Henan
Province, with convective activities mostly in the mountainous areas west of ZZ on
20 July 2021. Figure 2a shows the horizontal winds at 0.6 km above the mean sea level
(MSL) obtained from the VADRS analysis at 1200 LST, i.e., four hours before the extreme
hourly rainfall in ZZ. Predominantly easterlies from the east of Henan were blocked on
the southeastern slope of the Taihang Mountains and turned into northeasterlies in the
form of a barrier jet [32] (see Supplementary Figure S1) that funneled into the valley to-
wards LY, whereas east of the Funiu Mountains was southerly flows towards the Song
Mountains (SM) and ZZ. Together with the easterly flows east of ZZ, a three-way low-level
convergence was set up at ZZ that had the potential to produce extreme rainfall. In the
lower troposphere (Figure 2b), there was a mesoscale vortex located west of ZZ [18,33]. The
horizontal winds of this low-level mesovortex were primarily southerlies/southwesterlies
over ZZ, which showed an increasing trend from 1000 LST, with a moderate speed of
~14 m s~ at 1600 LST (see Supplement Figure S2). By 1600 LST, the low-level convergence
at ZZ was strengthened, with the maximum more than doubled from 1.4 x 1072 s~ 1 at
1200 to 3.5 x 1072 s~! (Figure 2c). Easterly winds increased toward ZZ, leading to the
enhancement of convergence.

A sounding extracted from the 1200 LST VDRAS analysis 150 km southeast of ZZ
(Figure 2e) exhibited a well-mixed boundary layer due to solar insolation, with a low lifting
condensation level (LCL) of 685 m MSL and a moderate convective available potential
energy (CAPE) of 2670 ] kg~ !. The net low-level moisture convergence into a budget box
over ZZ (red box in Figure 2a) steadily increased from 1100 LST, reaching a maximum at
1600 LST and quadrupling over the period. Most of the increase was due to the increase in
inward flux through the eastern boundary and the decrease in outward flux through the
western boundary (Figure 2d). The large positive flux through the southern boundary also
increased somewhat, whereas the northern boundary flux remained negative but small.
Because of the continuous moistening, the low-level inflow was near saturation (Figure 2e),
tending to suppress the evaporative cooling of rainfall. In consequence, the storm produced
a relatively weak cold pool of about 2 K, whose leading edge was near ZZ (Figure 2f).

Tracing back in time, the convective storm (labeled CS in Figure 3) that reached ZZ
by 1600 LST (Figure 3c) was initiated before 1200 LST along the southern slope of the
SM, ~55 km southwest of ZZ (Figure 3a). This storm was characterized by a maximum
reflectivity of ~55 dBZ, with the 30 dBZ echo reaching ~6.5 km altitude and a few lightning
flashes. The storm moved northeastward at a speed of ~5 m s~! and reached the western
edge of ZZ at around 1500 LST (Figure 3b). Because of the three-way low-level convergence
over ZZ, the storm became quasi-stationary between 1600 LST and 1700 LST, producing
the extreme hourly precipitation. In the west—east direction, the cold pool density current
was balanced by the low-level easterly inflow, which were 6.2 m s land —64 m s™1,
respectively, between 1600 and 1700 LST (Figure 2g). In the south-north direction, the
low-level southerly and northerly winds were also nearly in balance, with mean values
of 4.8 and —4.0 m s~ !, respectively (Figure 2h). The above balances between multiscale
flows are in agreement with the numerical results of Wei et al. [18] and contributed to
the quasi-stationarity of the convective storm in ZZ. The slow-moving storm reached its
peak intensity (Figure 3c,d) with increased lightning. The maximum 30 dBZ echo height
reached 12 km in the east-west vertical cross section through the precipitation center of
the storm (Figure 3e), indicating enhanced convection intensity [34,35]. This deep, erect
convection favored higher precipitation efficiency [36,37]. The VDRAS analysis showed
that at 1600 LST, the low-level easterly inflows entered the storm updraft below 3 km
and the air and ice aggregates exited the front (i.e., east side) of the storm above a 5 km
altitude (Figure 3f). These falling ice aggregates could have helped maintain the storm by
destabilizing the storm inflow [38].



Remote Sens. 2023, 15,4511

50f13

36

o AN w &

Latitude
Latitude
w
(3}

2 b b N b b b LN

33
112 113 114 115 112 113 114 115
Longitude Longitude
4 L Qv_ﬁ ux_We'st
3 300 QV_flux_East
2 ——QV_flux_South
1 ~—QV_flux_North
0 200 —QV_flux_all
-
[ R
° 3 o L
g B i-" 100
3 L E
-6 o OF---=====mm= =
k] _///\/\
8
° 00t f
10
-1
o d
—200
1 12 13 14 15 16 17
Time (LST)
10
8
g L
< )
24
2
10m/s —
* T reperauredeze) 1128 1131 1134 1137 114 1143 1146
Longitude
—Density Current Speed . =—0-1 km North Wind Component
== 0-1km East Wind Component 7} =—=0-1 km South Wind Component
8 b
@ 2
g7 £
s b
5 : 2
15 16 17 15 16 17
Time (LST) Time (LST)

b YUbobbAbuO=NOa

S b & N b bh AL NS

© AN w &

Figure 2. (a) Perturbation temperature (shading) and horizontal wind vectors at 0.6 km MSL in the
VDRAS analysis at 1200 LST on 20 July 2021. Yellow contours are the horizontal convergence starting
from —1 x 1073 s~ ! at an interval of —2 x 1073 s~ L. Black lines are 600 m terrain elevation contours
and the purple triangle indicates the location of the record-breaking hourly precipitation rain gauge
station in ZZ. (b) As (a) but at 3 km. The curved arrow represents the mesoscale vortex. (c) As (a) but
at 1600 LST. (d) 0-3 km moisture fluxes through the 4 borders of a 60 x 60 km box region covering the
ZZ city (red box in (a,c)) and net flux into the box (positive into the box), based on the VADRS analysis.
(e) Inflow environment sounding located at 150 km southeast of ZZ (yellow X in (a)) extracted from
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the VDRAS analysis at 1200 LST with the red, green, and black solid lines representing the temperature
profile, dew point profile, and the parcel ascent curve, respectively. (f) Perturbation temperature
(shading) and wind vectors in the west—east vertical cross section through the center of ZZ city
(line AB in (c)) in VADRAS analysis at 1600 LST. Red contours denote 40 dBZ radar reflectivity.
(g) Evolution of cold pool density current and low-level easterlies between 0 and 1 km calculated
within the red and black boxes in (c). (h) Evolution of the southerly and northerly wind components
to the south and north of the storm (see the white boxes in (c)) over ZZ, respectively.
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Figure 3. Observed radar reflectivity (color shading; units: dBZ) and horizontal winds at 600 m MSL
at (a) 1200 LST, (b) 1500 LST, (c) 1600 LST, and (d) 1700 LST on 20 July 2021. A terrain height of 200 m
is indicated by the bold brown contours. The black line represents the urban area of ZZ, and the
triangle indicates the national surface station with the hourly extreme rainfall in ZZ. The blue pluses
indicate that the lightning occurred 30 min before and after the radar time. SM indicates the Song
Mountain. West-east cross sections of (e) Z (color shading) and ZpR (contours) and (f) hydrometer
types based on hydrometeor classification algorithm (shading) and Kpp (contours) across the rainfall
center at 1600 LST.
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3.2. Microphysical Processes in the Extreme Rainfall
3.2.1. Vertical Distributions of Hydrometeors

The hydrometeor classification algorithm (HCA [27]) based on the polarimetric radar
data indicates graupels (large rain drops) above (below) the freezing level (Figure 3f). The
combination of the large reflectivity Zy (~58 dBZ), differential reflectivity Zpg (~3.0 dB),
and differential phase Kpp (~4° km~!) near the surface beneath the updraft signals in-
tense rainfall with the presence of large and oblate raindrops [39,40]. Positive Zpr and
Kpp columns were collocated with the updraft, where the region of Zpr > 1.0 dB and
Kpp > 1.5° km~! extended to a 6.5 km altitude, indicating supercooled liquid particles
lifted above the freezing level (~5 km) by the strong updrafts (Figure 3e,f) [41,42]. The
existence of the supercooled liquid water favored the riming process and the presence of
graupel in the updraft region above the freezing level.

The time series of the Zyj, Zpg, and Kpp fractions in specified value bins from 1200 to
2000 LST on 20 July 2021 are presented in Figure 4a—c. The polarimetric radar variables
come from the 30 x 30 km box centered at the CS (labeled in Figure 3) at 2.0 km MSL. As the
CS developed to the mature stage between 1600 and 1700 LST, the radar reflectivity values
were frequently above 50 dBZ. About 20% of the Zpr samples exceeded 2.0 dB in this hour,
which was obviously higher than in any other hour, indicating abundant large raindrops
formed in the CS. In addition, the fractions with a high Kpp value (over 3.0° km~!) also
peaked in the same hour, suggesting the dominance of extreme liquid water contents and
instant rain rates at this vertical level. The significantly higher fractions of large polarimetric
radar variables compared with other hours are consistent with the hourly extreme rainfall
at the surface.

The vertical structure of the polarimetric radar variables in the region of radar-
observed extreme rainfall near ZZ (Kpp higher than 4° km~!, approximately 160 mm h~!
based on the radar-estimated rainfall) is illustrated in Figure 4d. More than 95% of the
extreme rainfall occurred in the strong updraft region, as shown in Figure 3f. Between
12 and 8 km, Zy; increased rapidly, whereas Zpgr decreased slightly with decreasing height;
the Zpr was around 0 dB, suggesting there was aggregation in this layer [43]. Between 8 km
and 5 km (the 0 °C level), the increase in both Zy and Kpp indicates the existence of more
supercooled liquid drops [41]. The increase in Zy, Zpg, and Kpp towards the 0 °C level
reflects the occurrence of active riming processes, as further confirmed by the normalized
frequency of hydrometeors showing that large ice particles (graupel or hail) dominate in
this layer (Figure 4e). Below the 0 °C level, Zy, Zpr, and Kpp continuously increased to-
ward the ground, indicating active warm rain processes of coalescence and accretion [44,45]
that help increase the raindrop sizes and enhance precipitation. The enhanced Zy; and Zpr
within 1 km below the 0 °C level can be partly attributed to the melting of graupel and hail
because of the increase in the dielectric constant and aspect ratio [46,47].

The radar-derived IWC and LWC analysis shows a rapid increase in LWC below the
melting level, mainly through the accretion of cloud drops along with the auto-conversion
process. The maximum LWC is about 6.2 g m~3 near the ground, less than twice the
IWC maximum (about 3.9 g m~3), suggesting that both ice and warm rain processes
have important contributions to the surface extreme rainfall. This can be explained by
the interactions between the kinematic and microphysical structures of the convective
storm under favorable environmental conditions. A low LCL, strong low-level moisture
convergence, and a deep warm cloud layer can promote the rapid and efficient conversion
of inflow water vapor to cloud drops and then raindrops in the updraft through active
warm rain processes [10]. Meanwhile, the strong updraft also transports water vapor and
liquid water above the freezing level to promote the production of graupels and hails.
Previous studies showed that upright convection has a higher precipitation efficiency than
tilted convection because it allows for a more effective collection of cloud condensate
by precipitation [36,48]. In this event, because the convective storm was erect, the large
raindrops from melting graupels or hailstones can fall through the updraft and grow by
accretion and coalescence below the melting layer and contribute to the extreme rainfall.
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This suggests an optimal coupling between ice-based and warm rain processes contributed
to the extreme hourly rainfall in ZZ.
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Figure 4. Time series of (a) Zy, (b) Zpr, and (c) Kpp fractions in specified bins at 2.0 km MSL in the
30 x 30 km box centered on the CS (labeled in Figure 3) from 1200 to 2000 LST. Average profiles of
(d) polarimetric radar variables and (e) hydrometer types (shading), LWC (black solid), and IWC (red
dashed) for Kpp values higher than 4° km ™1 near the ZZ national surface station between 1600 and

1700 LST. The label for IWC/LWC is shown at the top of the panel.

3.2.2. The Raindrop Size Distribution on the Ground

The DSD is an important feature of precipitation microphysics [49]. The time series of
DSD from 1 min OTT—2 observations at ZZ (Figure 5a) shows that both the drop number
and maximum drop diameter increased dramatically between 1600 and 1700 LST. Note
that the variations in the DSD during this period represent different parts of the convective
storm moving across ZZ. The concentration of small raindrops (D < 1 mm) reached as high
as 10* m~2 mm~!, with the largest drop diameter being about 7 mm. With the increase in
drop concentrations for all particle sizes, the hourly rain rate reached an extreme value
of 201.9 mm h~!. The largest contribution (66%) to total rainfall was from mid-size drops
(1-3 mm), whereas large drops (D > 3 mm) were the second largest contributor (22%). On
the other hand, small drops dominated the total number concentration (81.5%) but had the
least contribution (12%) to the total rainfall. This is consistent with the large Zpgr and high
Kpp near the surface (Figure 4a).
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Figure 5. (a) Time series of 1 min DSDs from the OTT disdrometer at the ZZ national surface
station. Color shading represents the DSD in logarithmic units of mm~! m~3 and the y-axis indicates
the equivalent volume diameter (mm) of raindrops; the instant rain rate is plotted as the red line.
(b) Scatters of Ny, (Dy;) from the ZZ extreme hourly rainfall between 1600 and 1700 LST (red) and
DSD samples with an instant rain rate over 20 mm~! h~! from 1200 to 2000 LST (blue), respectively.
The two gray rectangles represent the maritime and continental convective clusters reported by [24].
The blue, green, black, and red crosses represent the mean values of convective rain in different
regions from previous studies [50-53].

The scatter plot of log1oNy, (the generalized intercept parameter, indicating the rain-
drop concentration) and D, (mass-weighted mean diameter) in Figure 5b illustrates the
unique microphysical characteristics that distinguished the extreme hourly rainfall in ZZ
(red dots) from other documented heavy rainfall events produced by typical continental
or maritime convection [50-53] as well as other rainfall hours of the “21.7” rainstorm
surrounding the extreme rainfall hour (blue dots). The two rectangle boxes in Figure 5b
represent the characteristics of maritime and continental convection [24], dominated by
warm-rain collision—coalescence processes (higher concentration of small drops) and ice-
based microphysical processes (the presence of larger drops from the melting of graupel
and hail), respectively [50]. Recent statistical studies have revealed that convective rainfall
in South China possesses a maritime nature due to the impact of the East Asian summer
monsoons or tropical cyclones [23,52,53], whereas convective rainfall in North China pos-
sesses more a continental nature being influenced by the northeast cold vortex and other
mid-latitude systems [51,54]. The intense convective rainfall samples (defined as a rain rate
>20 mm h~! but excluding the period from 1600 to 1700 LST, i.e., blue dots in Figure 5b)
show a large variation of D, and log;oNy, (positioned in between these two boxes), reflect-
ing the presence of ice processes in the ZZ rainfall. During the extreme hourly rainfall
in ZZ, the concentrations of both large and small drops increased (Figure 5a), exhibiting
the combined properties of maritime (high N;) and continental (large D;;) convection.
This unique characteristic of DSD indicates that both ice-based and warm-rain processes
were active in producing the extreme hourly rainfall in ZZ, which is consistent with the
microphysical processes inferred from the polarimetric radar observations in the previous
subsection. They appear to be the results of extremely rich moisture (like the data of marine
precipitation) and sufficiently large CAPE and low-level convergence forcing (that promote
deep convection).

4. Conclusions

The “21.7” extreme rainfall event hit Zhengzhou, China on 20 July 2021, causing
hundreds of fatalities and great economic losses. In particular, the 1 h precipitation at a



Remote Sens. 2023, 15,4511

10 0f 13

national surface station in ZZ was 201.9 mm between 1600 and 1700 LST, breaking the
record for hourly precipitation in mainland China. Our analyses show that the record-
breaking hourly precipitation was produced by a quasi-stationary, well-organized, deep
convective storm in ZZ that was fed by abundant tropical moisture via an atmospheric
river between the WPSH and Typhoon In-Fa. The Taihang Mountains northwest of ZZ
played a vital role in turning the environmental low-level easterlies into mountain-parallel
northeasterly flows in the north, helping to block the southerly flows from the south into
ZZ. The storm that moved into ZZ to produce the extreme hourly rainfall was initiated on
the southern slopes of the Song Mountains southwest of ZZ.

The low-level easterly flow into ZZ was steadily enhanced in the hours preceding the
extreme rainfall, whereas the airflow out of the ZZ region on its west side weakened in the
same period. The flow changes led to a net moisture flux into ZZ that quadrupled in 5 h
preceding the extreme hourly rainfall in ZZ. The enhanced low-level easterly flow roughly
balanced the relatively weak cold pool density current and kept the storm stationary over
ZZ. The rainstorm contained unusually high concentrations of small raindrops with the
presence of some very large drops (about 7 mm). The rain DSDs and the polarimetric-
radar-derived microphysical properties provided the first observational evidence that
both oceanic (high number of raindrops, active warm rain processes) and continental
(large raindrops, active ice processes) rain characteristics were active and very efficient in
converting the abundant tropical moisture into the record-breaking hourly rainfall. These
key dynamical and microphysical processes are summarized schematically in Figure 6.

-
* g * *5 % Snow and Ice Crystal
*
x .} ﬁ & Graupel and Hail

Cloud droplet

Raindrop

Figure 6. The conceptual model of the maintenance and precipitation microphysics of the convective
storm resulting in extreme hourly rainfall in ZZ. The blue line with triangles indicates the cold pool
gust front. The red arrows represent the prevalent winds.

This study provides insights into how local extreme rainfall may be better predicted
by including mesoscale and convective scale processes together with the well-forecasted
favorable synoptic conditions for heavy rainfall. This study also points out the unique
DSD differentiating this extreme rainfall event from most other documented precipitation
events in different regions of the world. We admit that an MCS should consist of both
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convective core and anvil cloud regions, with the latter also likely to contribute to the
production of extreme rainfall. In this study, our main purpose was to investigate the key
factors causing the record-breaking hourly rainfall in a local ZZ region weather station.
According to radar observations, this hourly extreme rainfall was directly caused by the
convective cell over ZZ. More observational and modeling studies will be conducted to
investigate whether there are optimal and synergetic combinations between dynamics and
microphysics in producing the unique DSD identified in the “21.7” extreme rainfall event.
To be able to accurately represent within numerical weather prediction models the unique
microphysical characteristics of this event and all other important ingredients that act in
synergy to produce such record-breaking extreme rainfall and to provide quantitatively
accurate operational forecasting with sufficient lead time remain challenging. Gaining
insights and understanding of the physical processes and mechanisms involved is critical
and this study represents one of the first efforts toward this goal.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/rs15184511/s1, Figure S1: (Top) Terrain elevation (shading) and VDRAS
analysis horizontal winds at 0.6 km MSL (vector) at 1200 LST on 20 July 2021. (Bottom) Potential
temperature (shading) and VDRAS analysis wind field in the vertical plane along line AB at 1200 LST
on 20 July 2021. Red contours indicate the speed of horizontal wind normal to the vertical plane
(i.e., nearly parallel to the Taihang Mountain); Figure S2: (Top) Horizontal wind vectors and speed
(shading) at 3 km MSL in the VDRAS analysis from 1000 to 1600 LST on 20 July 2021. (Bottom) Time
evolution of the mean horizontal wind speed over ZZ at different heights. Reference [55] is cited in
Supplementary Materials.
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