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Abstract In this study, significant rainfall microphysical variability is revealed for the extremely heavy rainfall event over
Henan Province in July 2021 (the “21·7” Henan EHR event) using a dense network of disdrometers and two polarimetric radars.
The broad distributions of specific drop size distribution (DSD) parameters are identified in heavy rainfall from the disdrometer
observations, indicating obvious microphysical variability on the surface. A K-means clustering algorithm is adopted to ob-
jectively classify the disdrometer datasets into separate groups, and distinct DSD characteristics are found among these heavy
rainfall groups. Combined with the supporting microphysical structures obtained through radar observations, comprehensive
microphysical features of the DSD groups are derived. An extreme rainfall group is dominantly formed in the deep convection
over the plain regions, where the high number of concentrations and large mean sizes of surface raindrops are underpinned by
both active ice-phase processes and efficient warm-rain collision-coalescence processes in the vertical direction. Convection
located near orographic regions is characterized by restricted ice-phase processes and high coalescence efficiency of liquid
hydrometeors, causing the dominant DSD group to comprise negligible large raindrops. Multiple DSD groups can coexist within
certain precipitation episodes at the disdrometer stations, indicating the potential microphysical variability during the passage of
convective system on the plain regions.
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1. Introduction

In July 2021, an extremely heavy rainfall event occurred in
Henan Province, China (the “21·7” Henan EHR event), re-

sulting in destructive floods and huge loss of lives and
properties. Majority of precipitation occurred between July
19 and 21, with the average 3-day rainfall accumulation
exceeding 300 mm over tens of thousands of square kilo-
meters of the area around Zhengzhou (Figure 1). A record-
breaking hourly rainfall of 201.9 mm was observed at the
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Zhengzhou station (ZZ, 57083) on July 20, causing severe
urban waterlogging in the city. Previous studies have in-
dicated that surface rainfall intensity is directly reflected in
the rain’s drop size distribution (DSD), which is determined
by the occurrences of microphysical processes in vertical
layers (Bringi et al., 2003; Friedrich et al., 2015; Zhang,
2016; Cifelli et al., 2018; Chen et al., 2020; Wen et al., 2020).
To reveal the formation mechanism of the “21·7” Henan
EHR event, it is crucial to investigate the microphysical
characteristics, including surface DSDs and vertical micro-
physical processes of the heavy rainfall.
Surface DSDs at a given location are commonly obtained

from a disdrometer, which measures the number of rain-
drops in individual size ranges during the passage of a
precipitation system (Thompson et al., 2015; Chen et al.,
2016; Wen et al., 2016). Recently, precipitation phenom-
enometers have been widely placed in the national stations
of the China Meteorological Administration (CMA); these
instruments are inherently disdrometers and record real-time
information about DSD. During the abovementioned 3-day
period, dozens of this type of disdrometers recorded heavy
precipitation DSDs at the national stations. Statistics of
surface DSD characteristics in this extreme rainstorm event
can be obtained from the observations of the dense network
of disdrometers. Moreover, a certain proportion of opera-
tional polarimetric Doppler weather radars in China have
been upgraded to possess polarimetric capabilities since
2013 (Zhao et al., 2019), including the two in Zhengzhou
and Luoyang (ZZRD and LYRD). Information about the
species, size, shape, and orientation of hydrometeors in
space can be inferred through polarimetric radar observa-

tions, which help investigate the occurrences of certain
microphysical processes in the vertical direction (Bringi et
al., 1986; Vivekanandan et al., 1999; Zhang et al., 2001;
Zhao et al., 2019). This extreme rainfall is exactly captured
by the two polarimetric radars (ZZRD and LYRD), thereby
providing an excellent opportunity to analyze the micro-
physical structures of the precipitation systems. Based on
the combined analysis of disdrometers and polarimetric ra-
dars, the relatively comprehensive insights into the micro-
physical characteristics of rainstorms have been provided
(Bringi et al., 2003; Chang et al., 2015; Friedrich et al.,
2016; Wang et al., 2016; Wen J et al., 2017; Dolan et al.,
2018; Chen et al., 2019; Wen et al., 2020).
Microphysical characteristics vary extensively in different

types of precipitation systems. Global convective clusters
were first classified into maritime and continental types
based on DSD variability and microphysical structures by
Bringi et al. (2003), where convection formed in maritime
(continental) regions comprises raindrops with smaller (lar-
ger) mean sizes and higher (lower) number concentrations.
Dolan et al. (2018) and Ryu et al. (2021) reported similar
results, where the distinctive type of warm-rain (ice-based)
convection causing heavy precipitation mainly exists in the
maritime (continental) regions of low (mid) latitudes. Sta-
tistical analyses in the low latitude maritime regions have
also shown that the convective systems mainly comprise
raindrops with high number concentrations and small mean
sizes (Thompson et al., 2015; Seela et al., 2017; Zeng et al.,
2019; Raut et al., 2021). Additionally, various precipitation
microphysical characteristics have been found in different
topographic conditions, where relatively deeper (shallower)

Figure 1 (a) Locations of ground instruments superimposed on the terrain heightmap (gray shadings). Distributions of OTT disdrometers in the national
surface stations are represented with black crosses, whereas that of the sites 57083 (ZZ), 53984, 53991, 57091 and 57098 are separately outlined by the
crosses (red). The locations of two polarimetric radars (ZZRD, LYRD) are indicated by the two black triangles. Two dashed blue rectangles denote the special
investigation areas for the Hovmöller diagrams. (b) Spatial distribution of accumulated precipitation (shading, mm) from July 19 to 21 2021 from the
observations of hundreds of gauges (not shown). The 500-m terrain height contours are denoted by gray lines.
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convection is easier to form over the plain (orography),
causing overall stronger (weaker) ice-phase processes and
larger (smaller) surface raindrops (Lang et al., 2009; Luo et
al., 2011; Houze, 2012; Xu, 2013; Chang et al., 2015; Cifelli
et al., 2018; Zagrodnik et al., 2019). Microphysical varia-
bility also exists in specific precipitation cases, where dis-
tinct DSD characteristics and related microphysical
structures are found in different parts or stages of the con-
vection systems (Wang et al., 2016; Wen J et al., 2017; Wu et
al., 2018; Bao et al., 2020; DeHart and Bell, 2020; Han et al.,
2021). Radar-derived quantitative precipitation estimation
(QPE) relationships are deeply influenced by rainfall mi-
crophysical variability, which induces considerable diffi-
culties in obtaining accurate QPE results when using one
single relationship (Matrosov et al., 2016; Zhang, 2016;
Chen et al., 2017). Moreover, likely, the present bulk mi-
crophysics schemes cannot well-reproduce the variability of
microphysical characteristics among different rainfall types
(Brown et al., 2016; Putnam et al., 2016; Wang et al., 2020;
Chen et al., 2021), which possibly restricts the final quanti-
tative precipitation forecast (QPF) performances of the
schemes. To improve the QPE and QPF results, a better
understanding of microphysical variability is required.
As for summer-time convection in the midlatitude of

Eastern Asia, the overall microphysical characteristics are
significantly different from the typical continental rainfall
but are similar to the maritime convective clusters (Wen et
al., 2016; Bang et al., 2020; Wen et al., 2020). Significant
microphysical variability also exists in this region for dif-
ferent precipitation systems (Chen et al., 2016; Wen et al.,
2018; Chen et al., 2019) or within certain rainfall events
(Wen J et al., 2017). For the “21·7” EHR event, heavy
rainfall was majorly produced over the foothills of Taihang
and Funiu Mountains (Figure 1b), which are complex to-
pographic regions in the midlatitude of Eastern Asia.
Abundant water vapor was persistently transported into this
region from Typhoon In-Fa at low latitudes, indicating the
deep influence of tropic maritime weather systems (Ran et
al., 2021). All these conditions offer a great possibility of
causing the potential microphysical variability in the record-
breaking event. It is worthy of investigating the variability of
the precipitation DSDs and vertical structures to compre-
hensively understand the microphysical characteristics of the
rainstorm.
In this study, the microphysical characteristics of the

“21·7” EHR event are investigated using the observations of
the disdrometer network and polarimetric radar, mainly fo-
cusing on the surface DSD variability and vertical micro-
physical structures. Observed datasets and the adopted DSD
clustering algorithm are introduced in Section 2. Properties
of DSD groups and the corresponding vertical structure of
convection are analyzed in Section 3. The discussion and
conclusions are presented in Section 4.

2. Data and methodology

2.1 Surface disdrometers

Surface DSD observations were obtained from a dense net-
work of disdrometers operated by the CMA. Datasets of the
OTT Particle Size and Velocity (PARSIVEL) disdrometers
located in the national stations of Henan Province (Figure 1a)
were collected; 50 OTTs (Figure 1a) with observed rainfall
amounts exceeding 200 mm between July 19 and 21 2021,
were analyzed in this study. The OTT disdrometers are es-
sentially laser-based optical systems, which produce a hor-
izontal strip of light (1-mm thickness) in a 180-mm long and
30-mm wide measuring area (Löffler-Mang and Joss, 2000).
The receiving signal is reduced when hydrometeors fall
through the light beam, the amplitude of the signal reduction
indicates the particle sizes, and the signal reduction duration
determines the fall speeds. OTT measures 32 nonequidistant
bins of hydrometeor diameter from 0.062 to 24.5 mm in
diameter and 32 bins of fall speeds from 0.05 to 20.8 m s−1

(Löffler-Mang and Joss, 2000). Several data quality control
(QC) procedures were performed on the OTT datasets to
minimize the measurement error: (1) the first two size bins
(0.062 and 0.187 mm) were left empty because of the low
signal-to-noise ratio, and spurious particles larger than 8 mm
were eliminated (Chen et al., 2016); (2) particles outside the
±60% of the fall velocity-diameter relationship (Brandes et
al., 2002) were removed to minimize the impact of strong
wind or splash in heavy rainfall (Friedrich et al., 2013); (3) 1-
min data samples with total drop numbers less than 10 or
disdrometer-derived rain rate less than 0.1 mm h−1 were also
discarded as noise (Chen et al., 2016; Wen L et al., 2017).
After QC, several integral DSD parameters, including the

1-min instant rain rate R (mm h−1), liquid water content LWC
(g m−3), and radar reflectivity factor Z (mm6 mm−3) are de-
rived from the obtained raindrop number concentrations in
32 bins, as follows:
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where L denotes the total number of raindrop bins for the
OTT disdrometer, Di (mm) denotes the equivalent spherical
raindrop diameter, ΔDi denotes the corresponding diameter
interval (mm), Vi (m s−1) denotes the fall speed calculated
with the fall velocity-diameter relationship from Brandes et
al. (2002), and N(Di) (mm−1 m−3) represents the corre-
sponding number concentration of raindrops for each bin i.
Additionally, the log form of the radar reflectivity factor is
represented in decibels as ZH=10log10Z (dBZ).
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Once the DSD is obtained, the nth-order moment (Mn) of
the DSD can be expressed as follows:

M D N D D = ( ) . (4)n
i

L

i
n

i i
=1

The mass-weighted mean diameter Dm (mm) is derived as
the ratio of the fourth (M4) to the third moment (M3) of the
DSD:

D M
M= . (5)m

4

3

The generalized intercept parameter Nw (mm
−1 m−3) is also

computed following Bringi et al. (2003), as follows:

N D= 4 10 LWC . (6)w w m

4 3

4

The specific differential phase KDP (° km
−1) is calculated

from OTT observations using the T-matrix scattering ap-
proach for nonspherical particles (Zhang et al., 2001). Some
assumptions in precalculating forward-scattering amplitude
f (0,D) (mm) are made: the axis ratio of raindrops is based on
Brandes et al. (2002), the raindrop temperature is 20°C, and
the canting angle is set to 0°. Then, KDP is obtained as fol-
lows:
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where Re denotes the real part of the integral, fhh(0, D) and
fvv(0, D) (mm) denote the forward-scattering amplitudes at
the horizontal and vertical polarizations, respectively.
Only the 1-min OTT data samples with instant rain rates

over 20 mm h−1 were selected in the study to analyze the
DSD characteristics of heavy precipitation in the “21·7”
EHR event, yielding a total of 11,418 heavy rainfall samples
for further analysis.

2.2 K-means DSD clustering algorithm

The K-means clustering algorithm was adopted in the study
to objectively classify the OTT-observed DSD datasets into
separate groups and minimize variability within each DSD
group, following Raut et al. (2021). The K-means algorithm
is used to objectively groupM vectors of N dimensions into k
clusters (C1, C2,...,Ck), which applies the Euclidean distance
as the metric of similarity to minimize the total within-cluster
sum of square (d) (Anderberg, 2014; Hartigan and Wong,
1979):

d x µ= , (8)
i

k

x C
i
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where x denotes a vector of N dimensions in cluster Cj, and μi
denotes the geometric centroid of the vectors in this cluster.
In this study, the optimal value of k=5 was determined, the

same as in Raut et al. (2021). The length of vectors is equal to
the quantity of all selected 1-min OTT samples (M=11,418).
For the K-means analysis, we choose the parameters of Nt1,
Nt2, Dm, Nw, and LWC (dimension N=5) to comprehensively
describe the DSD characteristics of each 1-min sample, si-
milar to Dolan et al. (2018). Nt1(Nt2) denotes the total rain-
drop number concentrations of the first (last) 16 OTT size
bins, which represents the overall number concentrations of
relatively small (large) raindrops. Because the parameters of
Nt1, Nt2, Nw, and LWC are lognormally distributed (Dolan et
al., 2018; Thompson et al., 2015), their log forms [log10(Nt1),
log10(Nt2), log10(Nw), and log10(LWC)] are used in the clus-
tering algorithm.
Before clustering, five vectors (OTT samples) were ran-

domly selected as the geometric centroids of the clusters.
The Euclidean distances for each vector to the five centroids
were calculated for the first time, and the corresponding
cluster is confirmed (minimum Euclidean distance). After
clustering, five groups with a certain quantity of vectors were
obtained, and new centroids of each cluster were re-
calculated. The clustering of groups and calculation of new
centroids were repeated as above until all centroids remained
unchanged for two successive steps. Following the proces-
sing steps of the K-means algorithm, five groups of all se-
lected DSD samples were finally determined.

2.3 Polarimetric radar and additional datasets

Datasets from two S-Pol polarimetric radars (ZZRD and
LYRD) covering the OTT network within a 150-km range
were collected and analyzed in this study. The two radars
possess a range resolution of 250 m and a beamwidth of
around 1° and operate at a volume coverage pattern (VCP)
mode with nine elevations (0.5°, 1.5°, 2.4°, 3.4°, 4.3°, 6.0°,
9.9°, 14.6°, and 19.5°) every 6 min. Before being used in the
study, a QC procedure similar to Huang et al. (2018) was
applied. First, nonmeteorological echoes with a correlation
coefficient (ρhv) lower than 0.85 were eliminated (Gian-
grande and Ryzhkov, 2009). Second, system biases of the
differential reflectivity (ZDR) were calibrated using light rain
(ZH from 10 to 20 dBZ) observations (Giangrande and
Ryzhkov, 2005), where the averaged ZDR values of the two
radars were obtained and compared with the intrinsic ZDR
(assumed to be 0 dB) in light rain; thus, differences between
the observed and the intrinsic values were considered ZDR
system biases. Then, the five-gate median average and run-
ning mean were applied to ZH and ZDR, respectively, to re-
duce the random fluctuation along the radial axis. Finally,
values of the differential phase (ΦDP) were calibrated, un-
folded, and smoothed, and the corresponding KDP were re-
calculated. After QC, the radar datasets of each VCP were
interpolated onto a constant altitude plan position indicator
(CAPPI) in a Cartesian grid using the NCAR REORDER
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software package (available at https://www.eol.ucar.edu/
software/reorder). The CAPPI data applied in the study have
a 1.0-km horizontal grid spacing and 0.5-km vertical re-
solution starting from 1.0 to 15 km above ground level
(AGL).
We employed a fuzzy-logic hydrometeor identification

(HID) algorithm to identify the dominant hydrometeor type
in each radar sample volume (Chen et al., 2021; Dolan et al.,
2013; Vivekanandan et al., 1999). Five variables—tem-
perature, ZH, ZDR, KDP, and ρhv—were selected to calculate
the occurrence scores of ten hydrometeor species (drizzle
[DZ], rain [RN], big drops [BD], ice crystals [CR], vertical
aligned ice [VI], aggregates [AG], wet snow [WS], high-
density graupel [HDG], low-density graupel [LDG], and hail
[HA]) in each CAPPI grid volume (Dolan et al., 2013). Then,
the most likely hydrometeor type to have the highest oc-
currence score was identified. Although misidentification
occasionally occurs due to the inherent uncertainties (e.g.,
partial overlaps of certain polarimetric radar variable ranges
for different hydrometeor types) of the HID algorithm, it is
still the most reliable method to obtain the conditions of
hydrometeor distributions inside convective systems (Barnes
and Houze, 2014; Chen et al., 2019).
Additional data were obtained to help the microphysical

analysis in this study. Precipitation amounts from hundreds
of automated gauge stations during the 3-day period were
collected (Figure 1b). Vertical temperature information was
obtained from the radiosonde observations at the ZZ station
two times a day. The fifth-generation ECMWF reanalysis
(ERA5) hourly data on the 700-hPa level were used to obtain
general information on environmental airflows.

3. Results

3.1 Overview of the rainstorm event

During the 3-day period from 08:00 local standard time
(LST=UTC+8) July 19 to 08:00 LST July 22, 2021, record-
breaking rainfall accumulations occurred over Henan Pro-
vince (Figure 1b). The observed precipitation was dom-
inantly distributed near the east side of the Tainhang and
Funiu Mountains, with the average amount of the 3-day
precipitation exceeding 300 mm over a 200-km×200-km
area centered around the ZZ station, as indicated by the black
cross in Figure 1b. The accumulated precipitation also
reached 200 mm over a fraction of upward-sloping terrain
regions, as outlined by the 500-m terrain height contours
(gray lines). Two obvious heavy precipitation centers are
shown in the figure, with the 3-day rainfall exceeding
600 mm; one is exactly located at Zhengzhou; it produced a
record-breaking rainfall of 753.9 mm at the ZZ station.
Several studies have described the abnormal synoptic en-

vironment during the “21·7” EHR event (Ran et al., 2021;

Shi et al., 2021; Su et al., 2021; Yin et al., 2021; Zhang et al.,
2021)—that the combination of the northern lifting of the
western Pacific subtropical high and the landing of Typhoon
In-Fa provided a stable channel to constantly transport water
vapor over the continental regions. Additionally, a low-level
vortex developed over Henan Province—the southerly air-
flow of the vortex strengthened the low-level jet and caused
the development of precipitation systems (Ran et al., 2021;
Su et al., 2021). With the movements of Typhoon In-Fa and
the low-level vortex, the locations and intensities of the
precipitation systems changed. To analyze the specific spa-
tial and temporal distribution of the precipitation systems
during the 3-day period, the Hovmöller diagrams of radar
reflectivity in two chosen areas along intersecting directions
during the 3-day period are shown in Figure 2. The two
slender rectangular areas are marked with dashed boxes in
Figure 1; one distributes from the edge of Taihang Mountain
to the plain regions in the southeast, and the other covers the
two heavy precipitation centers from southwest to northeast.
The mean values of 2-km-AGL radar reflectivity in each
radar VCP along the short sides of the rectangles are first
calculated, and the time series of the averaged ZH along the
long sides are presented with colored contour fillings in
Figure 2a1 and 2b1. Regions where the maximum re-
flectivity exceeds 30 dBZ at 9-km AGL (the −20°C level) are
also outlined by gray contours to represent the occurrence of
deep convection (Markowski and Richardson, 2010). The
mean elevations along the rectangles’ long sides are also
shown in the top panels (a2, b2). Time series of the domain-
averaged wind components along the A-B and C-D direc-
tions at 700 hPa level are presented in the right panels (re-
spectively a3 and b3) to provide the general information on
environmental airflows.
Several rainfall episodes are found over the 3-day period,

as shown by the areas with a mean radar reflectivity of over
34 dBZ (Figure 2). Wide areas of reflectivity exceeding 34
dBZ existed along both directions (A-B and C-D) from 04:00
to 20:00 LST July 20, corresponding to the precipitation
systems causing extreme rainfall over Henan Province.
Precipitation systems persistently develop and move from
the plain regions (B) to the orographic side (A), which agrees
with the wind components from B to A (Figure 2a). The
moving speed of the rainfall systems is probably dominated
by the environmental wind conditions, and higher wind
components along the A-B direction contribute to faster
movement of the precipitation echoes. The convective sys-
tems continuously moved toward the orographic regions
from 04:00 to 14:00 LST (Figure 2a1), and appeared to be
quasistationary between 14:00 and 20:00 around the ZZ
station (the black line). Deep convection was also observed
and maintained over Zhengzhou, bringing the record-
breaking rainfall up to 201.9 mm h−1 (from 16:00 to 17:00
LST July 20) at the ZZ station. Moreover, areas of pre-
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cipitation echoes exceeding 30 dBZ at the −20°C levels were
mainly distributed away from the orographic regions, in-
dicating the relatively shallower convection over the up-
ward-sloping terrains. Moreover, a shift of wind components
occurred around 08:00 LST on July 20 along the C-D di-
rection parallel to the edge of Taihang Mountain, and the
movement directions of precipitation echoes changed ac-
cordingly (Figure 2b). Three obvious precipitation episodes
also existed along this direction; one persistently produced
intense rainfall from Song Mountain (in the middle of LYRD
and ZZRD, not shown) to the northeast of Zhengzhou be-
tween 04:00 LST July 20 and 04:00 LST July 21, which was
exactly the convective system causing extreme precipitation
and severe urban waterlogging. The other two episodes,
particularly the one composed of deep convection from
16:00 LST July 21 to 00:00 LST July 22, were mainly dis-
tributed in the northeast of Zhengzhou and brought extreme
rainfall accumulations there.
A total of 56 national surface stations received the accu-

mulated precipitation of over 200 mm during the 3-day
period, with hundreds of short-duration heavy precipitation
(SDHP, hourly precipitation over 20 mm) hours (Figure 3a).
Precipitation reached the maximum value of 201.9 mm h−1 at
the ZZ station and exceeded 50 mm h−1 for dozens of hourly
samples. Datasets from 50 OTT disdrometers located among

these national stations were collected and analyzed in the
study, and DSD characteristics of heavy rainfall were cap-
tured by the dense network of disdrometers. Comparison of
SDHP hourly rainfall totals between gauges and OTTs at the
50 national stations are also given (Figure 3b), where hourly
rainfall totals for disdrometers are averaged from the 1-min
rain rates calculated from eq. (1). We use gauge rainfall as
ground truth; the correlation coefficient (CC) equals 0.93 for
all SDHP samples, and the root mean square error (RMSE) is
7.66 mm, indicating the overall agreement between the two
types of observations. The consistency of rainfall also im-
plies the general reliability of DSD observations from the
OTT network.

3.2 Variability of overall DSDs

The time series of the raindrop N(D) (m−3 mm−1) for five
selected OTT sites with heavy rainfall recorded are shown in
Figure 4a–4e. Persistent rainfall was observed at site 53984,
but almost no raindrop with a size larger than 4 mm (large
raindrops) was recorded from July 20 to 21, and values ofDm

were lower than 2 mm. As for the other four OTTs, obvious
precipitation episodes are observed during the passage
of convective systems. A certain number of large raindrops
were recorded and high number concentrations (above

Figure 2 Hovmöller diagram of average reflectivity at 2-km AGL for the slender rectangular areas of (a1) A-B and (b1) C-D shown in Figure 1. The gray
contours denote the maximum 30-dBZ reflectivity at 9-km AGL (the −20°C level). Black filling areas in the top panels (a2, b2) indicate the mean surface
elevations. Time series of domain-averaged wind components along the A-B and C-D directions from ERA5 hourly reanalysis datasets at 700 hPa level are
shown in the right panels (a3 and b3), respectively.
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103 m−3 mm−1) of small raindrops (D<2 mm) were observed
at each episode, with the maximum Dm around 3 mm. One
significant precipitation episode was observed between
15:00 and 18:00 LST on July 20 at the ZZ station (Figure 4c,
57083), with a record-breaking hourly rainfall of 201.9 mm
h−1. Extremely high number concentrations of small rain-
drops (around 104 m−3 mm−1) were recorded, and the max-
imum raindrop sizes exceeded 6 mm. Considerable raindrop
numbers in nearly all bin sizes contributed to the extreme
rainfall.
The joint D-log10[N(D)] normalized frequency distribu-

tions for all OTT 1-min heavy rainfall samples are presented
in Figure 4f. The maximum values of N(D) existed when the
raindrop diameters were close to 0.6 mm, with the mean
value around 103 m−3 mm−1. Nevertheless, the upper and
lower thresholds for raindrops around 0.6 mm were 103.5 and
102.5 m−3 mm−1, respectively, when the normalized frequency
was greater than 5%, indicating the variability of maximum
raindrop number concentrations by almost an order of
magnitude. These dispersions of N(D) were nearly un-
changed for small raindrops, whereas they gradually grew
for greater raindrop diameters. The upper and lower values of
N(D) became 102 and 100 m−3 mm−1 for raindrops around
3 mm when the normalized frequency was greater than 5%.
Moreover, raindrop diameters changed between 3.0 and
5.5 mm when values of N(D) gradually reduced to 100 m−3

mm−1. Remarkable dispersions of N(D) for the middle
(2–4 mm) and large raindrops (D>4 mm) mainly caused the
DSD variability in the “21·7” EHR event.

Significant OTT-observed DSD variability also exists from
the distributions of Dm versus log10(Nw), as presented in
Figure 4g. The typical maritime and continental convective
clusters reported by Bringi et al. (2003) are shown with se-
parate gray rectangles. For samples with rain rates within
20–50 mm h−1 (blue dots), the corresponding values of Dm

vary from 1.0 to 3.5 mm and log10(Nw) from 4.5 to 2.5.
Dispersed samples are located from the typical maritime
convective cluster area to the continental one. As the in-
crease in instant rain rates (50–100 and over 100 mm h−1),
the scatterplots (yellow and red) gradually shift to the upper-
right side of the Dm-log10(Nw) space, whereas the dispersion
nearly remains unchanged. Large deviations for both Dm and
log10(Nw) are also indicated by the long crossed black error
bars, and the mean of Dm and log10(Nw) distributes in the
middle of the two typical convective boxes. In summary,
obvious DSD variability is found in the “21·7” EHR event
from the OTT observations, suggesting the complex micro-
physical characteristics at the surface.

3.3 Clustered DSD comparison

To analyze the sources of the DSD variability, the OTT-
observed heavy rainfall samples were further clustered into
five groups using the K-means algorithm (Figure 5). A small
fraction of the heavy rainfall samples (3%) were clustered
into group1 (red), which is characterized by the extremely
high raindrop number concentrations for all raindrop size
intervals (Figure 5a). The maximum value of N(D) reached

Figure 3 (a) Histogram of SDHP hours from rain gauges in the national stations. (b) Comparison of SDHP hourly rainfall totals between gauges and OTTs,
values of CC and RMSE are also given.
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3×103 m−3 mm−1 for raindrops around 0.7 mm in group1 and
was still close to 102 m−3 mm−1 when the raindrop diameters
were 4 mm. About one-tenth of the DSD datasets (9.5%) are

classified as group2 (purple), which is associated with the
lowest number concentrations for small raindrops (D<
2 mm), but N(D) decreased slowly when raindrop diameters

Figure 5 (a) Mean raindrop size spectra, (b) Dm-log10(Nw) scatterplots, (c) rain rate boxplots, (d) relative rainfall contributions for each diameter interval to
the total size ranges, (e) Z-R scatterplots and corresponding R(Z) relationships, and (f) KDP-R scatterplots and corresponding R(KDP) relationships of the five
DSD groups clustered with the K-means algorithm.
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increased and possessed the second-highest number con-
centrations for large raindrops (D>4 mm). Conversely, the
main proportion of DSD samples (38.1%) were clustered as
group3 (green). Low number concentrations for large rain-
drops were identified in group3, but the values of N(D) also
exceeded 103 m−3 mm−1 when D<2 mm, indicating the
dominant composition of small raindrops. The remaining
samples were clustered into group4 (blue, 33.1%) and
group5 (orange, 16.3%) with intermediate N(D) values, and
the raindrop number concentrations of group5 were gen-
erally higher than those of group4.
Significant distinctions are also observed within the five

DSD groups from the Dm-log10(Nw) scatterplots in Figure 5b.
Samples of group1 are mainly located in the upper-right area
of the entire DSD datasets, indicating both high values of
mean raindrop sizes and number concentrations. The corre-
sponding rain rates of group1 exceed 100 mm h−1, with an
extreme mean value of around 130 mm h−1 (Figure 5c).
Group2 points nearly reside in the lower-right corner of the
Dm-log10(Nw) space, with values of Nw close to the typical
continental convective type but with an even larger Dm. The
mean rain rates of group2 are far lower than those of group1
but still exceed 50 mm h−1. Conversely, the points in group3
are largely restricted to the typical maritime convective
cluster area, with the overall log10(Nw) greater than 3.5 and
Dm smaller than 2 mm. Group3 also possesses the lowest
mean rain rate among the five DSD groups, with dominant
values below 50 mm h−1. Similar values of Dm are identified
in group4 and group5, which mainly range between 2.0 and
2.5 mm for the two groups. However, group5 has a higher
log10(Nw) than group4, resulting in more intense rain rates at
the surface.
Relative rainfall number contributions for selected rain-

drop diameter intervals to total size ranges are shown in
Figure 5d. Rainfall of group1 is dominantly contributed by
medium raindrops, with about 50% having a diameter be-
tween 2 and 4 mm. Small raindrops (D<2 mm) contribute
around 35% of rainfall, including nearly 10% for D<1 mm
and 20% for D within 1–2 mm. A fraction of rainfall ex-
ceeding 10% is also provided by large raindrops (D>4 mm)
in group1. The relative rainfall contributions of group2 are
overall comparable to those of group1, but slightly higher
(lower) fractions of raindrops larger (smaller) than 3 mm are
found in group2 (group1). For group3, the primary rainfall is
contributed by small raindrops, of which the peak fraction
almost reaches 50% when the raindrop diameters are be-
tween 1 and 2 mm. Meanwhile, only 3% of rainfall is con-
tributed by raindrops with diameters between 3 and 4 mm in
group3, and negligible rainfall contributions are derived for
large raindrops. Similar rainfall fractions are seen in group4
and group5; comparable contributions (around 30%) are
found for raindrops within 1–2 and 2–3 mm, and the values
are both smaller than 20% for D<1 mm and D>3 mm.

To discuss the impacts of DSD variability on QPE, the
corresponding R(Z) and R(KDP) relationships of the five
groups are derived in Figure 5e and 5f. The R(Z) [R(KDP)]
relationship is widely applied for QPE before (after) the
upgrades of polarimetric radars (Fulton et al., 1997; Ryzhkov
et al., 2005; Zhang, 2016). As for R(Z), the best-fit equation
for all heavy rainfall samples (black line) is Z=234R1.52,
which is close to the relationship obtained in eastern China
for summer-time convective systems (Wen et al., 2016).
However, obvious distinctions are found among the derived
R(Z) equations from the separate DSD groups. For a given ZH
of 50 dBZ, for example, the estimated rain rate was ap-
proximately 50 mm h−1 when using the fitted relationship of
all samples. Much higher rainfall (nearly 80 mm h−1) could
be obtained when using the relationship fitted by group3, but
lower rainfall (around 30 mm h−1) was calculated from the
relationship of group2. The maximum difference in esti-
mated rain rates could reach 50 mm h−1. The distinctions of
QPE results were significantly reduced when using the fitted
R(KDP) relationships. The estimated rain rates fluctuated
nearly within the 20 mm h−1 range when KDP was 2° km

−1,
but the range still expanded to 50 mm h−1 when KDP was 4°
km−1 for a tiny fraction of samples. Overall, DSD variability
in this rainfall event still induces considerable difficulties in
obtaining accurate QPE results when using the single fitted
R(KDP) equation.

3.4 Microphysical structures of varied DSD groups

Observations of two S-band polarimetric radars (ZZRD and
LYRD) are also analyzed in the study to further investigate
the vertical microphysical structures contributing to the
surface DSDs in each group. Vertical radar variables and
identified hydrometeor species over the OTT disdrometers
are selected as follows. For each OTT at a given location, the
corresponding distances to the two polarimetric radars were
first calculated. Only a radar 20–120 km away from the
disdrometer is selected for use in the analysis. If both radars
meet the distance requirements, datasets from the closer ra-
dar are used. Then, the closest radar VCP in time match with
each OTT heavy rainfall sample is determined, and datasets
within a 3-km×3-km area centered on the OTT station are
picked out for the analysis. This setup is unideal due to the
inconsistency of temporal and spatial resolutions between
the two types of instruments, but the uncertainties can be
reduced when comparing the overall mean values of statis-
tical observations.
The average ZH, ZDR, and KDP profiles of the five DSD

groups are presented in Figure 6. Significantly distinct sig-
natures are identified in group1 (red) compared with the
other four groups from the profiles. The largest mean ZH
values are found throughout all latitudes in group1, and the
mean height of 30-dBZ echo reaches 8 km and is higher than
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the −10°C level, suggesting deep convection with intense
updrafts (DeMott and Rutledge, 1998). Group1 also pos-
sesses the highest ZDR and KDP values below the −10°C level,
where the mean ZDR is around 0.3 dB at the −10°C level and
persistently increases to 1.3 dB at the 4-km AGL, and then
slowly raises to 1.4 dB toward the 1-km level (Figure 6b).
We suggest that the greatest ZDR above the freezing levels is
primarily contributed by supercooled raindrops transported
by the strongest updrafts (Rowe et al., 2011; Wang et al.,
2016) because the ice particles of snow and graupel are
generally regarded as spherical hydrometeors, and their ZDR
values are close to 0 dB (Dolan et al., 2013; Friedrich et al.,
2016). The downward increase in ZDR from the freezing level
to the 4-km AGL is attributed to the melting of large-sized
ice hydrometeors, the further growth of ZDR values within the
warm cloud layers indicates the active collision-coalescence
processes (Kumjian and Prat, 2014). For KDP, the related
mean value increases continuously from 0.3° km−1 at the
−10°C level to nearly 1.7° km−1 at the 1-km AGL (Figure
6c). Because KDP is partially related to the LWC (Zrnić and
Ryzhkov, 1996), it also indicates the transport of liquid hy-
drometeors through strong updrafts above the freezing level
and efficient collision-coalescence processes within the
warm cloud layers (Kumjian and Prat, 2014; Chen et al.,
2019). Based on the average radar profiles of group1, the
extreme surface rainfall is generally contributed by deep
convection with both active ice-phase and warm-rain pro-
cesses.
Group3 (green) has the lowest mean ZH values for all la-

titudes (Figure 6a), with a height of 30-dBZ echo only
around 6 km. The mean ZH of group3 at the −20°C level is at
least 5 dB lower than that of the other four groups, indicating
a designation of the shallowest convection and likely the

weakest vertical motions (Friedrich et al., 2016). Both the
lowest values of ZDR and KDP throughout the warm cloud
layers are observed in group3, suggesting the smallest mean
size of raindrops and a relatively low LWC. However, the
mean polarimetric radar variables continuously increased
below the freezing level in this group, indicating the majority
contribution of surface rainfall by efficient collision-coa-
lescence processes (Carr et al., 2017). Another distinctive
feature comes from group2 (purple), the mean ZH and KDP
values are overall lower than those of group1 spanned over
all vertical layers, suggesting that shallower convection
contains lower LWC. Meanwhile, the mean value of group2
ZDR was approximately 0.3 dB lower than that of group1 at
the 4-km level, but increased faster for the former group,
leading to a comparable ZDR value of the two groups at the
1-km AGL. ZDR is a typical indicator for raindrop mean size
within the warm cloud layers, its anomalous value growth
also reflects the increase of mean raindrop diameters through
collision-coalescence processes ( Kumjian and Prat, 2014).
Comparative ZDR profiles are also identified between group4
(blue) and group5 (orange), although about 1 dBZ higher ZH
values are observed at low levels for the latter group. The
growth of KDP values within the warm cloud layers is also
faster for group5 than group4, with an approximately 0.3°
km−1 gap at the 1-km AGL, suggesting more efficient col-
lision-coalescence processes in group5 (Carr et al., 2017).
Results between group4 and group5 are consistent with the
DSD characteristics in Figure 5. Similar Dm values for the
two groups are consistent with the comparable ZDR values,
but higher raindrop number concentrations for group5 cor-
respond to higher mean rain rate, ZH, and KDP values.
Occurrence fractions of the identified hydrometeors in

vertical layers for each DSD group are shown in Figure 7.

Figure 6 The average profiles of (a) ZH, (b) ZDR, and (c) KDP correspond to the five DSD groups from polarimetric radar observations. The 0, −10 and
−20°C levels from radiosonde observations are denoted by the gray dashed lines from bottom to top.
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Figure 7 Occurrence fractions of identified hydrometeors in vertical layers for each DSD group.
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For 10 types of identified hydrometeors, their occurrence
number fractions compared with total samples at each 0.5-
km radar vertical gird layer are obtained. The statistical
analysis helps reduce the uncertainties of the HID algorithm
and provides the overall dominant hydrometeor type in
certain vertical layers (Chen et al., 2019; Friedrich et al.,
2016). Group1 possesses the highest graupel fractions (yel-
low for HDG and green for LDG) above the freezing level,
where the maximum value is almost 100% at the 6-km AGL
and still shares a 10% number fraction at around the 11-km
AGL. The mean graupel fraction is around 80% between the
−10°C and freezing levels (Figure 7a), indicating active
riming processes in the adequately mixed region of falling
ice particles and uploaded liquid hydrometeors (Barnes and
Houze, 2014; Homeyer and Kumjian, 2015). After the
melting of graupel in group1, the dominant raindrops
(around 95%) and a small proportion of big drops (5%) are
identified below the 4-km AGL.
The second-highest graupel occurrence frequencies are

found in group2 (Figure 7b), with a fraction of 10% around
the 10-km AGL and a peak value of 60% at the 6-km level.
Active ice-phase processes also occur in the convection of
group2, and almost equivalent fractions of big drops are
identified at low levels compared with group1. Meanwhile,
the minimum quantities of graupel exist in group3, where the
dominant hydrometeor species is snow between the −20°C
and freezing levels. For this reason, negligible big drops are
formed from the melting of large ice particles at low levels,
and the smallest Dm is observed at the surface (Figure 5b).
Moderate vertical graupel fractions are identified in group4
and group5. Slightly higher graupel fractions are found in
group5, which is related to higher raindrop concentrations
and rain rates of the DSD group at the surface.

3.5 Spatial distribution of DSD groups

Based on the above analysis above, the surface DSD varia-
bility is derived from the distinct precipitation structures and
inferred microphysical process activations along the vertical
axis. There is another remaining question, whether the
clustered DSDs have particularly spatial distribution char-
acteristics? Therefore, the occurrence distributions of the
five DSD groups in the dense OTT network are further in-
vestigated. For each of the top five OTT stations with the
most frequent samples belonging to the clustered DSD
groups, their spatial distributions during different periods are
shown in Figure 8. Owing to the disparity of rainfall accu-
mulations at different OTT stations, it is unfair to directly
compare the observed sample quantities of certain DSD
groups. To reduce uncertainties, the relative fractions of each
DSD group to total samples at individual OTT stations are
first calculated, and the five stations (10% of 50 OTTs) with
the top fraction values are then selected and labeled in the

figure.
During the entire analysis period, from July 19 to 21, the

“typical” (top five fractions) group3 OTTstations (green) are
clustered near the 500-m terrain height contours (black line)
(Figure 8a). The stations possess maritime-like convective
DSDs with high (low) concentrations of small (large) rain-
drops, one of which (53984) is shown in Figure 4a. Con-
versely, the “typical” group1 stations (red) are mainly
located in regions away from the 500-m terrain contours,
three of which [57083 (ZZ), 57091, and 57098] are illu-
strated in Figure 4. Although there is some inconsistency,
most “typical” group2 stations (purple) are also found to be
located at some distance from the orographic regions, two of
which are coincident with group1 stations. Moreover, the
“typical” stations are mainly found nearby orographic re-
gions for group4 and mainly distributed in plain regions for
group5 (orange), and with a certain degree of location dis-
persions. Together, it is likely that the DSD groups with
relatively lower (higher) rain rates and Dm values are easier
to form in the regions nearby orographic regions (plain),
consistent with the findings in previous studies (Lang et al.,
2009; Houze, 2012; Xu, 2013; Zagrodnik et al., 2019). Si-
milar distributions of the “typical” stations have also been
obtained for individual days (Figure 8b–8d); the “typical”
group3 stations always seem to be located nearby orography,
whereas the “typical” group1 and group2 stations majorly
distribute over the plain regions. Besides, the “typical” sta-
tions of all DSD groups were mainly located around
Zhengzhou on July 19 but shifted eastward on July 20, and
several “typical” group1 and group2 stations further moved
to the north on July 21. The movements of these “typical”
stations agree with the development of precipitation systems
during the 3-day period and indicate the evolution of sy-
noptic conditions (Ran et al., 2021; Su et al., 2021).
To further compare the precipitation structures under dif-

ferent topographic conditions with different types of “typi-
cal” DSD stations, average profiles of polarimetric radar
variables in two selected regions are presented in Figure 9.
One of the regions is mainly distributed near the orography
(named “Region T”) and covers all “typical” group3 OTT
stations from July 19 to 21, as is outlined by the gray rec-
tangle in Figure 8a. The other region is away from the 500-m
terrain contours (named “Region P”) and contains three
(two) “typical” OTT stations of group1 (group2). Datasets
within the rectangles are selected from the closer polari-
metric radar-observed VCPs during the 3-day period, the
same as in Figure 6. The standard deviations of the radar
variables in each altitude layer are also outlined by the cor-
responding error bars.
Significant distinctions are found in the average radar

profiles of the two regions. The ZH values of Region P (or-
ange) are nearly 10 dB higher than those of Region T (blue)
above the −10°C level, indicating much deeper convection
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from the former region. Smaller standard deviations of ZDR
values are also found in Region P at these altitude layers,
attributable to the widespread snow particles (smaller ZDR
ranges) but low fractions of ice crystals (larger ZDR ranges)
there (Andrić et al., 2013; Schrom and Kumjian, 2018). More
rapid increases in ZDR and KDP values are also found from the
−10°C level to the freezing level in Region P, suggesting
higher contents of liquid particles supplied by stronger up-
drafts. Moreover, gaps in the mean ZH and KDP values in the
two regions gradually decrease from the freezing level to the
1-km AGL; hence, it is very likely that a more efficient
collision-a coalescence of raindrops exists within the warm
cloud layers of Region T (Kumjian and Prat, 2014; Carr et
al., 2017). Region P also has higher mean ZDR values below

the freezing level, indicating the formation of larger rain-
drops through the melting of large ice particles such as
graupel. Higher (lower) graupel fractions are also found in
Region P from HID retrievals (not shown), which agree with
the inferred analysis from the radar variable profiles. Finally,
larger standard deviations of the radar variables, especially
for KDP, exist in Region P within the warm cloud layers,
indicating the composition of more complicated precipitation
types related to the multiple surface DSD groups.

4. Discussions and conclusions

In this study, we examine the variability of microphysical

Figure 8 Spatial distributions of five most frequent occurrence OTT stations for individual DSD groups during (a) July 19–21, (b) July 19, (c) July 20, and
(d) July 21. Stations labeled with two colors represent the frequent occurrence of two DSD groups. The 500-m terrain height contours are denoted with black
lines. Station IDs of the selected disdrometers in Figure 4a–4f are marked in Figure 8a; two selected regions for further comparison are also outlined with
gray rectangles.
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characteristics in the “21·7” Henan EHR event from the
combined observations of a dense network of disdrometers
and two polarimetric radars. Majority of the extreme pre-
cipitation is produced for a 3-day period from July 19 to 21
2021; obvious DSD variability is derived from all heavy
rainfall samples of 50 OTT disdrometers. The OTT data are
clustered into five groups using the K-means clustering al-
gorithm, and distinct DSD characteristics are obtained
among the DSD groups. Vertical structures of the DSD
groups are compared through the observations of the po-
larimetric radars, and the distinctions of microphysical
structures causing the surface DSD variability are in-
vestigated. The spatial distributions of the DSD groups are
also discussed.
The extreme rainfall is generally captured by the dense net-

work of OTT disdrometers operated by CMA. Dm-log10(Nw)
values are widely distributed from the typical maritime
convective clusters to the continental convective area re-
ported by Bringi et al. (2003), indicating significant micro-
physical variability. To quantitatively describe the
microphysical variability, the OTT datasets are objectively
clustered into five groups by a K-means clustering algorithm,
and distinctive rain rates, D-log10[N(D)], Dm-log10(Nw), and
rainfall contributions of raindrop sizes are obtained among
the five DSD groups. Group1 is characterized by extreme
rain rates and high concentrations of raindrops in the entire
size range. Group2 is identified with the largest raindrop
mean sizes but the lowest concentrations of small raindrops.
The Dm-log10(Nw) distributions of group3 are majorly re-
stricted to the typical maritime convective area, with negli-
gible large raindrops observed. Values of Dm-log10(Nw) are
majorly distributed in the middle of typical maritime and

continental convective clusters in group4 and group5, and
higher raindrop number concentrations are found in group5,
resulting in more intense rain rates. Because of the DSD
variability, huge distinctions in QPE results are obtained
from the R(Z) relationships fitted from the separate DSD
groups. Although the inconsistency in QPE results is reduced
by the R(KDP) relations, DSD variability still induces con-
siderable difficulties in obtaining accurate precipitation
amounts from the single QPE relationship.
Microphysical structures over the OTT stations are pro-

vided by the supporting observations of the two polarimetric
radars. The highest values of averaged ZH are obtained
throughout all vertical latitudes in group1, and the most
abundant graupel are equally identified above the freezing
level, indicating the existence of deep convection with active
ice-phase processes. Persistent increases in KDP are also
found within the warm cloud layers of group1, suggesting
potentially efficient warm-rain coalescence of raindrops. The
very distinctive precipitation structures are identified in
group3, where the lowest radar echo heights reflect the
shallowest convection with limited riming processes. Sur-
face DSDs are mainly determined by the active warm-rain
processes. Group2 is also indicated by high ZDR values ac-
companied by moderate ZH and KDP among the DSD groups.
Moreover, group3 is found to be primarily distributed near
the orographic regions, whereas clusters corresponding to
deeper convection (group1 and group2) are more easily
formed near the plain. Microphysical variability is likely to
be related to topographic conditions from the comparison of
radar variable profiles in two areas with different terrain
heights. All DSD groups are found to coexist in the lowlands,
indicating potential microphysical variability within the deep

Figure 9 Comparison of (a) ZH, (b) ZDR, and (c) KDP average profiles for the two selected regions in Figure 8a. Error bars denote the standard deviation in
each altitude layer. The 0, −10 and −20°C levels are also outlined by the gray dashed lines, as in Figure 6.
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convection. A simplified conceptual model is provided in
Figure 10 to summarize the possible microphysical varia-
bility in the convection of this extreme rainfall event.
Although the complexity of precipitation microphysics in

the “21·7” Henan EHR event is preliminarily revealed in this
study, more analysis should be performed. For example, the
convective/mesoscale dynamics and microphysical pro-
cesses that generate record-breaking hourly rainfall
(201.9 mm) in Zhengzhou can be further examined using
three-dimensional wind and thermodynamic and micro-
physical fields obtained from an advanced radar data as-
similation system. Additionally, more accurate QPE
estimators can be established by considering the DSD
variability. To discuss the possible influences on QPF per-
formance, the capability to reproduce the microphysical
variability in a model should also be evaluated in the future.
We also suggest designing more customized observation
strategies by combining the existing in situ instruments and
remote-sensing measurements to obtain the comprehensive
structures of severe storms. Besides, certain quantities of
super observation stations should be constructed in regions
with frequent meteorological hazards. The combined ob-
servations of microwave radiometer, cloud-aerosol lidar,
multifrequency vertically pointing radars and disdrometers at
the same site will help elucidate the formation of raindrops
through complete growth processes.
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raindrops produced by efficient warm-rain processes. Obvious microphysical variability is also found in the convection near the plain; concentrations and
sizes of surface raindrops change along with the variation in convection depths. Extreme surface rainfall is only formed in the deep mature convection, where
abundant raindrops of various sizes are produced through both active ice-phase and warm-rain processes.
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