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ABSTRACT

Knowledge of the raindrop size distribution (DSD) is crucial for disaster prevention and mitigation. The record-
breaking rainfall in the summer of 2020 caused some of the worst flooding ever experienced in China. This study uses 96
Parsivel disdrometers and eight-year Global Precipitation Measurement (GPM) satellite observations to reveal the
microphysical aspects of the disastrous rainfall during its northward migration over East China. The results show that the
nearly twice as heavy rainfall in Jiangsu Province compared to Fujian Province can be attributed to the earlier-than-average
northward jump of the summer monsoon rainband to the Yangtze-Huaihe River valley. The persistent heavy monsoon
rainfall showed similar near-maritime DSD characteristics, with a higher concentration of small raindrops than the
surrounding climatic regimes. During the northward movement of the rainband, the DSD variables and composite spectra
between the pre-summer rainfall in Fujian and mei-yu rainfall in Jiangsu exhibited inherent similarities with slight regional
variations. These are associated with similar statistical vertical precipitation structures for both convective and stratiform
rain in these regions/periods. The vertical profiles of radar reflectivity and DSD parameters are typical of monsoonal
rainfall features, implying the competition between coalescence, breakup, and accretion of vital warm rain processes. This
study attributes the anomalously long duration of the mei-yu season for the record-breaking rainfall and reveals inherent
homogeneous rainfall microphysics during the northward movement of the. summer monsoon rainband. The conclusion is
statistically robust and would be helpful for accurate precipitation estimation and model parameterization of summer
monsoon rainfall over East China.
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Article Highlights:

* The record-breaking summer rainfall in 2020 was mainly attributed to an extended duration of heavy rainfall with near-
maritime raindrop size distributions.

* The vertical structure and microphysics of summer rainfall remained nearly homogeneous during the northward
migration of the East Asian summer monsoon.

¢ Vital warm rain processes during moderate convective rainfall have resulted in near-homogeneous rainfall microphysics
over East China.

1. Introduction itation microphysics. The DSD variations and their deriva-
tives (e.g., the derived and retrieved integral parameters, rela-

Knowledge of the raindrop size distribution (DSD) char-  (jonships, and constructed scattering models) over different
acteristics and variability is crucial to better understand precip- regions have been extensively investigated in recent years
(Rosenfeld and Ulbrich, 2003; Wen et al., 2016; Zhang et
* Corresponding authors: Long WEN, Gang CHEN al., 2019b; Murali Krishna et al., 2021; Raut et al., 2021;
Emails: wenlong @smail.nju.edu.cn, chengang @cma.gov.cn Ryu et al., 2021; Lai et al., 2022; Wang et al., 2022). In addi-
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tion to many application fields, this vital information is essen-
tial for estimating precipitation accurately and establishing
precise model microphysics parameterizations (Zhang et al.,
2001).

Summer (May-September) is the rainy season in East
China when rainfall accounts for more than 40% of the
annual total (Li and Mao, 2019). Typically, with the onset
of the East Asian summer monsoon (EASM), a quasi-station-
ary subtropical mei-yu front (Tao and Chen, 1987), associated
with a major monsoon rainband, was established from the
Bay of Bengal to the South China Sea in early May. It then
advances to the continent with the northward march of the
EASM, bringing pre-summer rainfall to South/East China
(including Taiwan) from late May to early June. Subse-
quently, the rainband remains around the Yangtze-Huaihe
river valley (YHRV) from mid-June to mid-July (the com-
monly known mei-yu season), followed by a rapid jump
over North China and Korea in late July (Ding and Chan,
2005).

In 2020, the duration of the mei-yu season in the
YHRV was 62 days, during which time rainfall amounts
reached ~759.2 mm (twice the average). Both the mei-yu
duration and associated rainfall amounts have broken the his-
torical record and caused the worst flooding in the YHRV
since 1961 (Ding et al., 2021; Zhou et al., 2021). The floods
killed at least 200 people, flattened approximately 30,000
houses, and caused economic losses of over 170 billion
yuan (Zhou et al., 2021). The causal synoptic features, sub-
seasonal variability, and extreme events have been exten-
sively investigated (Clark et al., 2021; Ding et al., 2021;
Niu et al., 2021; Qiao et al., 2021). Significant contributing
factors to the long-lasting (early onset and late withdrawal)
and extreme mei-yu rainfall are belived to include the
record strength of the Indian Ocean dipole event in 2019
(Takaya et al., 2020; Zhou et al., 2021), the sub-seasonal
phase transition of the North Atlantic Oscillation (Liu et al.,
2020), the exceptionally persistent Madden-Julian Oscillation
activity (Zhang et al., 2021), and Tibetan Plateau vortices
(Lietal., 2021).

Over the last few years, with the advancement of precipi-
tation microphysics measurement techniques, summer/mei-
yu rainfall studies have been extensively investigated and
have reported various DSD characteristics over East Asia.
For example, three-year Parsivel observations during mei-
yu in Nanjing, East China (Chen et al., 2013) showed a
slightly lower concentration but larger raindrop size than
mei-yu/baiuin Japan (Bringi et al., 2006). Jin et al. (2015)
found that convective rain in Chuzhou, Anhui Province con-
tains a higher concentration of smaller raindrops than in Nan-
jing (~90 km west). Since then, both disdrometer and polari-
metric radar observations in Nanjing (Wen et al., 2016,
2020) demonstrated a higher concentration of smaller rain-
drops compared to Chen et al. (2013) and Bringi et al.
(2006). For comparison, monsoonal stratiform precipitation
over South China exhibits larger diameters (Huo et al., 2019)
and a higher concentration of small-sized drops (Tang et al.,

2014) than the observed droplet spectrum in East China. In
South and East China, convective rainfall shows significant
regional differences, with similar average raindrop diame-
ters, but at lower concentrations than in maritime clusters
(Tang et al., 2014). Recently, DSD parameters in Fujian
Province showed features consistent with those in South
China, with higher droplet concentrations and smaller diame-
ters than in East China (Hu et al., 2022b). Many small-sized
raindrops in Taiwan with some geographic-dependent varia-
tions have also been reported (Seela et al., 2017).

In summary, among the various regional differences, a
higher concentration of small-sized raindrops in East China
compared to other climate regimes covered by the EASM rain-
band could be roughly elicited from the literature. Those pre-
vious results imply a “maritime” or “maritime-like” nature
of convective DSD over East China (Chen et al., 2013;
Tang et al., 2014; Jin et al., 2015; Wen et al., 2016, 2017b;
Zhang et al., 2019a). It is recognized that DSDs vary across
different rain types, rainfall systems, climate regimes, and
topographies (Rosenfeld and Ulbrich, 2003; Wen et al.,
2019). However, these studies have been limited to observa-
tions from only one or a few stations and thus place more
emphasis on their differences rather than similarities. The
insufficient data samples, lack of spatial representativeness,
and different sampling times in each study may all lead to
variability and uncertainty in the analyses. These potentially
led to the different and unstable results of DSD characteristics
obtained in each study, which impedes the attainment of a
general and robust conclusion for EASM rainfall micro-
physics over contiguous China. To achieve a precise and gen-
erally applicable microphysical parameterization for model-
ing efforts in this specific region, efforts are needed to summa-
rize some commonalities in the diversity of EASM rainfall
microphysics in a statistical sense.

Moreover, the microphysics of the record-breaking sum-
mer rainfall in 2020 has not yet been investigated. It is not
entirely known whether the characteristics that made the
2020 summer/mei-yu rainfall a record-breaking event over
East China differed from the climatological EASM DSD.
We previously revealed that the DSD characteristics of each
rain type (convective, stratiform, and shallow) remained
essentially unchanged throughout summer in East China
(Wen et al., 2016). Under the control of a similar large-scale
circulation in the EASM season, what were the DSD varia-
tions during the northward movement of this annual quasi-sta-
tionary mei-yu front and the interrelated monsoon rainband?
Addressing these issues would aid in better understanding
monsoon rainfall microphysics and potentially lead to more
accurate parameterizations and predictions of EASM rain-
fall. Here, with the use of a dense array of OTT Particle
Size and Velocity disdrometer (Parsivel) network observa-
tions, the subjects of this study were 1) to reveal the micro-
physics of the historic 2020 summer rainfall and 2) to further
examine whether the precipitation microphysics varies or
shows commonality along with the northward migration of
the EASM rainband, typically from the pre-summer season
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to the mei-yu season over East China.

The remainder of this paper is organized as follows. Sec-
tion 2 describes the data and methodology, section 3
presents the results, and section 4 provides a conclusion and
discussion.

2. Data and Methods

2.1. DSD dataset

The DSD datasets used in this study were collected
from 30 Parsivel disdrometer measurements of pre-summer
season rainfall in Fujian (FJ) Province and 66 mei-yu season
rainfall measurements in Jiangsu (JS) Province (Fig. 1). The
second-generation Parsivel disdrometer (Tokay et al., 2014)
was equipped with a laser sheet (180 mm long and 30 mm
wide). It measures (estimates) the size and fall velocity of
the particles from the maximum attenuation and duration of
the particles falling through the laser sheet. Considering the
edge effect of the sampling, the effective sampling area was
180 x (30-D/2), where D is the raindrop diameter (Tokay et
al., 2013). The procedure then binned the signals into a 32 x
32 matrix with size and velocity ranging from O to 25 mm
and 0 to 22.4 m s~!, respectively. The first two size classes
were left empty because of their low signal-to-noise ratio,
and the smallest detectable size was 0.312 mm in diameter.

Some a priori assumptions were made during the observa-
tion, data processing, and analysis of the Parsivel measure-
ments. For example, the “spheroidal” assumption does not
account for the shape of the drop, and the “one drop at once”

assumption assumes that only one particle is in the beam at
any one time (see details in Wen et al., 2017b). Moreover,
when the 1D laser signal measures one or a few small-sized
drops, they may be blocked by a large one while passing
through the sensor area, or the shadow of two or more drops
overlaps and is incorrectly recognized as a larger one. These
assumptions and working principles are inconsistent with nat-
ural rainfall, which could potentially result in the underestima-
tion of small drop concentrations and the overestimation of
large drop diameters (Tokay et al., 2013; Wen et al., 2017b).
Therefore, a size-correction procedure was recommended
(Battaglia et al., 2010). Despite the above-mentioned short-
comings, Parsivel is the most widely used tool and has demon-
strated exemplary performance in capturing primary DSD
characteristics (Tokay et al., 2014). The easy-to-operate fea-
tures and capability to identify various precipitation types
have made the Parsivel a present weather sensor to replace
manual observations at over 2300 county-level meteorologi-
cal stations by the China Meteorological Administration
(CMA) in 2019.

The temporal resolution of DSD data was 1 min. Rain-
drops larger than 8 mm were eliminated because of the signifi-
cant uncertainties and rare occurrences in natural rain. For
each 1-min sample, if the total number of drops is less than
10 or the derived rain rate is less than 0.1 mm h-!, the sample
was disregarded as a bias/noise. Therefore a fall-velocity-
based filter was applied to eliminate oversampling errors
and spurious raindrops resulting from wind-caused turbu-
lence, splash contamination, and other biases (Wen et al.,
2019). As officially determined by the CMA, the pre-summer
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Fig. 1. The topography (shading, m) and location of Parsivel disdrometer
stations (magenta triangle) in Fujian and Jiangsu provinces.
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season in FJ is between 18 May and 27 June, and the mei-
yu season in JS is from 9 June to 20 July 2020. A total of
153 463 min of pre-summer season DSD samples from FJ
and 555 079 mei-yu samples from JS were obtained after qual-
ity control.

A widely used method to distinguish between convective
and stratiform rain types is based on continuous rainfall inten-
sity and its standard deviation (Bringi et al., 2003). How-
ever, Bringi’s scheme usually excludes considerable data sam-
ples as either an uncategorized or mixed type. For example, ~
29.2% and 21.1% of the data samples were excluded by
Chen et al. (2013) and Wen et al. (2016), respectively. More
importantly, the Bringi scheme would have excluded ~
57.73% and 57.66% of the total rainfall amount as uncatego-
rized samples for the FJ and JS datasets, respectively. There-
fore, for simplicity and to retain as many data samples as pos-
sible, a rain rate R of 10 mm h~! was used to separate the con-
vective (R>10 mm h-!) and stratiform (R<10 mm h-1) rain
in this study, which has also been widely applied in the litera-
ture (Tokay and Short, 1996; Uijlenhoet et al., 2003; Thurai
etal., 2010; Lane et al., 2018; Wen et al., 2018; Chang et al.,
2019; Ryu et al., 2021; Zheng et al., 2021). The simple R =
10 mm h-! threshold is reasonable for separating stratiform
from convective rain types (Uijlenhoet et al., 2003; Thurai
et al., 2010). This procedure produced 7577 and 14 5886
min of convective and stratiform samples in FJ, and 37 655
and 517 424 min in JS, respectively.

After the 1-min DSD samples were obtained, the bulk
integral rainfall and DSD parameters were derived from the
n-th order weighted moment of the measured DSD and fall
velocity. The parameters discussed in this study included
the total count of raindrops C,, the total concentration of rain-
drops N, (m3), liquid water content LWC (g m3), rain rate
R (mm h!), radar reflectivity factor Z (mm® m=3), mass-
weighted mean diameter D,, (mm), and generalized intercept
parameter N,, (mm~! m—3). These parameters were directly cal-
culated from the measured DSDs without any assumption of
the DSD form. Moreover, the gamma-DSD model’s shape
parameter u and slope parameter 4 (mm-!) were computed
using the truncated moment fitting method (TMF, Vivekanan-
dan et al., 2004) with the second, fourth, and sixth moments
(M246) of the DSDs. The M246 method was applied in our
previous studies (Wen et al., 2017a, 2020) to accurately
retrieve the DSD parameters from polarimetric radar observa-
tions. More detailed expressions of the above parameters
were given by Wen et al. (2016).

2.2. Monthly rainfall, ERA-5, and GPM dataset

The 1-km monthly. precipitation dataset for China
(Peng, 2020) and the hourly 0.25° x 0.25° output of the fifth-
generation global atmospheric reanalysis from the European
Center for Medium-Range Weather Forecasts (ERA-5, Hers-
bach et al., 2020) were applied to illustrate the distribution
of monthly rainfall at the surface and the synoptic environ-
ment background.

Moreover, eight years (2014-21) of the Global Precipita-
tion Measurement Satellite Dual-Frequency Precipitation

Radar level-2 dataset (GPM-2ADPR, version 7, (Seto et al.,
2021)) were used to examine the vertical structure of precipi-
tation microphysics in the two study areas of FJ (115°-
122°E, 22°-29°N) and JS (116°-122°E, 30.5°-35.5°N). The
DPR operating at the Ku and Ka bands provides three-dimen-
sional rainfall and DSD retrievals at a 5-km spatial and
125-m vertical resolution (Iguchi et al., 2021). Recent studies
have validated the accuracy and potential applicability of
GPM-DSD retrievals in China (Sun et al., 2020; Huang et
al., 2021; Chen et al., 2022; Hu et al., 2022a). The official
products applied here are the attenuation-corrected radar
reflectivity factor Z, at the Ku band, and the retrieved D,,
and N,, values in the inner swath of the scan. The official
DPR precipitation type products (convective and stratiform)
were also applied, and the shallow rain (categorized as con-
vective precipitation in the GPM) was excluded.

3. Results

3.1. The record-breaking rainfall in the summer of 2020

According to the literature, the extremely warm SST in
the tropical Indian Ocean (Wang etal., 2021a) induced a west-
wardly extended anticyclone of unprecedented strength in
the subtropical western Pacific (Clark et al., 2021) relative
to climatology: The vital water vapor transport by the anoma-
lous anticyclone, associated with the anomalous ascending
motions induced by the enhanced southwesterly jet, caused
heavy and persistent rainfall oyer East China during the sum-
mer of 2020 (Niu et al.; 2021; Wang et al., 2021b).

Figure 2 shows the environmental background in May,
June, and July from the ERA-5 reanalysis. The location of
the summer monsoon rainband is primarily determined by
the western Pacific subtropical high (WPSH, Ding and
Chan, 2005). Specifically, after the onset of the EASM in
May 2020, a monsoonal rainband was positioned over
South/Southeast China to South Japan (Figs. 2a—c). The result-
ing rainfall center was located over Guangdong, north FJ,
and Taiwan (Fig. 2d). The WPSH then jumps northward in
early June (two weeks earlier than the climatology, Ding et
al., 2021). Its ridgeline lies north of 20°N after the jump
(Fig. 2e). During this period, South China and FJ were con-
trolled by the WPSH, and the relative humidity and vorticity
in FJ were much lower; consequently, there were fewer
rainy days than usual.

In contrast, the strengthened southwesterly flow carried
abundant moisture from the ocean to the YHRV and con-
verged with cold air from Northeast Asia (Figs. 2f, g, j, k).
Subsequently, the slowly northward-moving rainband was
subjected to increased convective instability and the early
onset of the heaviest and most persistent mei-yu rainfall
over the YHRYV (Figs. 2h, ). Owing to the earlier northward
migration, the rainfall in FJ and JS was approximately —50%
and +50%~150% that of climatology, respectively (Niu et
al., 2021; Zhou et al., 2021).

The disdrometer observed relative rainfall contributions
from convective versus the total rainfall amount at each site
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Fig. 2. Monthly mean horizontal wind (wind arrows, m s™!), geopotential height (contour, hPa), and (a, e, i) 500-hPa absolute
vorticity (shading, 1075 s71), (b, f, j) 700-hPa relative humidity (shading, %), and (c, g, k) 850-hPa temperature (shading, °C)
from the ERA-5 reanalysis in (top) May, (middle) June, and (bottom) July. The distribution of the monthly rainfall amount (mm)

in (d) May, (h) June, and (1) July.

is shown in Fig. 3a. Considering the expected variations at
each site, the Parsivel-observed convective rainfall contribu-
tion was comparable between JS (47.89%) and FJ (45.47%).
The observed maximum rainfall amount during the mei-yu
season in JS was 707.33 mm, whereas that during the pre-
summer season in FJ was 312.36 mm. On average, stations
in JS experienced rainfall that was nearly twice as heavy
than in FJ, with respective depths of 439.64 mm and 225.65
mm. The mean convective daily rainfall amount for FJ and
JS was 2.52 and 5.13 mm d-!, with the daily number count
of 1-min samples being 120.51% higher in JS (Fig. 3b). The
respective daily amounts of stratiform rain were 2.89 and
5.34 mm d-!, and there were 62.62% more samples in JS
(Fig. 3c). Generally, the duration of pre-summer rainfall in
FJ is significantly lower than usual, while the mei-yu rainfall
in JS showed the opposite effect.

3.2. The DSD characteristics
The spatial distributions of the averaged D,, and N,

from each site in FJ and JS are shown in Fig. 4. The vast
majority of the averaged convective N, for pre-summer rain-
fall in FJ was concentrated around 1000 to 1600 m=3, with 3
out of 30 sites being between 800-1000 m~3. The convective
N, of the mei-yu rainfall in JS was approximately 800-
1200 m3, with 5/66 sites between 600-800 m—3. Despite the
regional variability, the pre-summer rainfall is generally char-
acterized by a slightly higher N, (~200 m=3) than the mei-yu
rainfall for both convective and stratiform rain, while the dif-
ferences in D,, are negligible. In both FJ and JS, the distance
between two random observational sites ranges from several
kilometers to over 500 km. Considering the wide range of
observations, the variability of D,, and N, within (and
between) the pre-summer and mei-yu seasons was small.
The results from the dense network of DSD observations
over such a wide range may imply near-homogeneous micro-
physical characteristics during the two periods in the two
study areas.

The distribution of the averaged D,—1gN,, pairs at each
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site also showed inherent similarities between the pre-summer
and mei-yu rainfall (Fig. 5). The stratiform D,,—IgN,, pairs
from FJ and JS showed substantial negative correlation coeffi-
cients (CC=-0.89 and —0.77), nearly overlapping with each
other. The fitted D,—IgN,, linear relationships using the
least-squares method had similar slopes (-1.71 and —1.75),
and the same intercept value (5.56), with the coefficient of
determination (R2) higher than 0.6 and the root mean square
error (RMSE) lower than 0.09. As suggested by Bringi et al.
(2003), the reverse distribution of the D,,~IgN,, line reflects
the different microphysical processes of stratiform rain, rang-
ing from the melting of tiny graupel or smaller rimed ice parti-
cles to the melting of large dry snowflakes. The fitted strati-
form lines lie to the left of the “stratiform line”in Bringi et
al. (2003) with similar negative slopes. This suggests that
stratiform rain during the EASM in East China remained
steady while moving northward from FJ to JS, with a
smaller raindrop diameter than that of the other climatic
regimes.

The convective D, ~IgN,, pairs were located around the
lower right of the “maritime cluster” in Bringi et al. (2003),
implying the near-maritime nature of convective rain in East
China. Remarkably, straight convective D,,~1gN,, lines were
also fitted, as the pairs exhibited a stronger correlation (CC=
—0.93 and —0.91) than stratiform rain. The pre-summer line
was located to the northeast of the mei-yu line because of
the slightly higher concentration of raindrops in FJ. Mean-
while, R? was higher, whereas the RMSE was smaller for
the fitted convective lines, suggesting a stronger negative cor-
relation between D,, and 1gN,, in convective rain for both FJ

and JS.

Itisworth noting that although a different rain type classi-
fication method was applied in this study, the D,,—IgN,, distri-
bution obtained here showed only minor differences com-
pared to that when using the Bringi et al. (2003) scheme.
Therefore, the comparative results were general and accept-
able. Moreover, based on the distribution of D,,—1gN,, pairs
using multisource observations from one or a few stations in
the same/surrounding climatic regimes, previous DSD studies
usually announce the finding of a different characteristic com-
pared with the others. However, such findings are inconclu-
sive because many factors contribute to these “differences”.
One of the main reasons for this is the lack of spatial represen-
tativeness, with insufficient data samples from one or a few
stations.

Using observations from the dense disdrometer net-
work, the features of the statistical EASM rainfall D,—IgN,,
pairs recognized here demonstrate that the “differences” in
the literature are mainly within the deviations between each
site. For example, for convective rain, the summer rainfall
in Guangdong, South China (Huo et al., 2019, right triangle),
mei-yu rainfall in Hubei, Central China (Fu et al., 2020,
plus), and summer/mei-yu rainfall in Taiwan (Chen, 2009, dia-
mond), and Jiangsu (Chen et al., 2013, pentagram; Wen et
al., 2017b, down triangle), East China, are all plotted
around the derived convective lines. Their averaged strati-
form D,,—1gN,, pairs are less diverse and lie between the strati-
form lines of Bringi et al. (2003) and the newly derived
ones.

The large dataset of 96 OTTs observations in this study
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Fig. 4. Averaged convective and stratiform D,, (dot sizes) and N, (colors) at each site in (a, b) FJ and (c, d) JS.

aids us in the effort of determining whether there is some com-
monality besides the spatial (FJ and JS) and temporal (pre-
summer and mei-yu rainfall) diversity of EASM rainfall
microphysics. In this case, the results implied that the “differ-
ences” obtained in previous studies should be largely recog-
nized as'a deviation in DSD at a specific site and can be
well represented by the general characteristics of EASM rain-
fall microphysics. The similarity in the derived D,—IgN,,
lines can be considered a valid and reasonable indicator.
Generally, the overlap of averaged D,,—IgN,, pairs from
30 sites in FJ and 66 sites in JS (with similar coefficients of
linear fitting), as well as the similarities with the results in
the literature, suggest near-homogeneous microphysical char-
acteristics during the northward migration of summer mon-
soon rainfall, typically from the pre-summer rainfall in

South/Southeast China to mei-yu rainfall in the YHRV.

The distributions and statistics of various DSD parame-
ters for the pre-summer and mei-yu rainfall were further com-
pared with the average value and standard deviation in each
panel (Fig. 6). Both convective and stratiform rain showed
similar distribution patterns for the bulk DSD parameters
between the pre-summer and mei-yu rainfall. While most con-
vective and stratiform D,, values range from 1 to 3 mm and
0.5 to 2 mm, respectively, and their distributions all have neg-
ative skewness. In contrast, the skewness of convective
IgN,, (and IgN,) is positive, with a much narrower range
than its stratiform counterpart. This suggests large numbers
of smaller raindrops in intense rainfall. Because of the
slightly higher concentration of raindrops, the corresponding
convective Z, R, and LWC values during pre-summer rainfall
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Fig. 5. Scatterplot of averaged D,,—1gN,, pairs from each site. The blue and cyan squares
represent convective and stratiform rain in FJ, and the red- and black-filled circles represent
convective and stratiform rain in JS, respectively. The gray rectangles and the pink dashed
line correspond to the maritime and continental convective cluster and stratiform line in
Bringi et al. (2003). The pink and green symbols represent the averaged convective and
stratiform values from the literature. The fitted convective and stratiform lines and relations
for convective and stratiform rain for FJ and JS are provided with the corresponding colors.
The shading represents the 95% confidence interval of the fitting. CC = correlation
coefficient; R? = coefficient of determination; RMSE = root mean square error.

were slightly larger than those during mei-yurainfall. The dis-
tributions of x« and A also exhibited consistent characteristics
between these two periods/areas. The only noticeable differ-
ence was the higher average C, value for pre-summer rain in
FJ. This phenomenon may have resulted from the higher envi-
ronmental moisture content in FJ, which is much closer to
the South China Sea (the primary water vapor source). Over-
all, the difference in the DSD parameters (except C,)
between the pre-summer and mei-yu rainfall was minor and
smaller than the standard deviation within each period/area.
For comparison, the derived integral rain parameters
for convective and stratiform rain during 2020, as well as
those from Wen et al. (2017b) for the 2014—15 mei-yu rainfall
in Nanjing, Jiangsu province, and Hu et al. (2022b) for the
2019 monsoon rainfall in Xiamen, Fujian province are pre-
sented in Table 1. For convective rain, the difference in D,,
is within £0.1 mm, while IgNV,, (and N,) have the highest values

in Hu et al. (2022b). The slightly higher raindrop concentra-
tions (and the resulting higher R and LWC) in FJ than in JS
from the literature are consistent with the present work. For
stratiform rain, the differences are considerable but still
within the standard deviation of each DSD parameter. These
results imply that observations from one or a few stations
are not necessarily statistically conclusive to address a“differ-
ent” characteristic and that regional variability should be rea-
sonably considered to reach a general conclusion.

For comparison, the composite spectra of different rain
types, R classes, and Z classes also exhibited substantial simi-
larities between the pre-summer and mei-yu rainfall (Fig. 7).
All the spectra have peak concentrations mostly in the diame-
ter range of ~0.5 mm with a sharp drop-off towards smaller
sizes. It is a typical Parsivel-observed size spectrum at the
small end (Tokay et al., 2013; Wen et al., 2016). The role of
instrument limitations on missed small-sized drops, and
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Fig. 6. Histograms of DSD variables and spectra for convective and stratiform rain in FJ and JS. (a—i) Red and black curves:
convective and stratiform rain in JS; blue and cyan bars: convective and stratiform rain in FJ, respectively. The averaged value
and its standard deviation are given in each panel with the corresponding color.

Table 1. Integral rain parameters as derived from the composite raindrop spectra of convective and stratiform rain in FJ and JS and
previous studies in each region.

Rain type Studies Years D, 1gN,, N; R LWC
Convective IS 2020 1.80 3.89 871 22.64 1.05
Wen etal. (2017b) 2014-15 1.73 3.84 846 19.10 0.88

FJ 2020 1.84 3.95 1047 24.53 1.29

Hu et al. (2022b) 2019 1.74 4.07 - 23.38 1.21

Stratiform IS 2020 1.06 3.69 200 1.72 0.11
Wen et al. (2017b) 2014-15 1.19 3.67 271 2.16 0.13

FJ 2020 1.00 3.86 269 1.51 0.12

Hu et al. (2022b) 2019 1.24 3.97 - 2.20 0.15
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thereby the concave downward shape, has been explained
by Wen et al. (2017b) and is not discussed further. Overall,
convective rain has a higher concentration in every size bin
and alarger maximum diameter than stratiform rain. The strat-
iform spectra were narrower, with a maximum diameter of
approximately 4.7 mm. The raindrop concentration and maxi-
mum diameter also increased with increasing R (Fig. 7b),
regarding incremental rain rate classes from <5 mm h-! to
5-10 mm h!, 10-30 mm h-!, and >30 mm h-!. Similar char-
acteristics were also observed for the Z classes (Fig. 7¢).
The differences in raindrop concentration between pre-
summer and Mei-yu rainfall were compared in each size bin
by subtracting N(d) of JS from N(d) of FJ (Figs. 7d—f). One
can conclude that pre-summer rainfall contains more small
drops peaking at ~0.5 mm and extends to 1-2 mm size bins
with intense rainfall. Accordingly, the higher C, (up to
683.89) due to the extra small drops in pre-summer rainfall
should be responsible for the slightly higher values of some
DSD parameters than mei-yu. The influencing magnitude
decreased with an increase in the DSD moment. The lower-
ordered parameters (such as ;) have a more pronounced

impact than the higher-ordered ones (such as Z).

3.3. Vertical structures

Eight-year GPM-DPR observations were applied to con-
firm the near-homogeneous DSD characteristics on the
ground as derived above and to further investigate the statis-
tics associated with vertical structures of monsoon rainfall
microphysics. The Z,, D,,, and IgN,, contoured frequencies
by altitude diagrams (CFADs) from during April-May-June
in FJ and June-July-August in JS are presented in Fig. 8.
Note that the contaminated near-surface-level data due to
ground clutter (<1 km height) were eliminated from the dis-
cussion. Similarities in the statistical vertical structure and
evolution of precipitation in these two regions/periods can
also be found in the satellite observations, consistent with
the rainfall microphysics similarities described in the previous
paragraphs from ground-based Parsivel observations.

For convective rain of pre-summer rainfall in FJ and
mei-yu rainfall in JS, the altitude of the majority (>30% of
the maximum frequency) of 30-dBZ distributions for convec-
tive rain is near 6-km height, suggesting the general formation

104 ( ).R. t. T T T 104 ( T R.I T T 104 ( ).Z .I T T
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Fig. 7. Composite raindrop spectrum curves for different (a) rain types, (b) R classes, and (c) Z classes. The solid and dashed
lines represent rainfall in JS and FJ, respectively. (d—f) Differences in N(d) between FJ and JS with variable colors

corresponding to different classes.
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of moderate convection within warm clouds (Chen et al.,
2019; Wen et al., 2020). The sharp decrease in convective
Z, at altitudes above the freezing level indicates a limited
amount of large frozen hydrometeors and super-cooled
water (Carr et al., 2017; Wen et al., 2020). Consequently,
large raindrops ‘were rare near the ground. Below the 0°C
isotherm level, the convective Z, continued to increase until
a height of 1 km, with the convective core centered at ~
32-35 dBZ. The average convective Z, in FJ was only

~1 dBZ higher than in JS.

The corresponding convective D,, and IgN,, CFADs
exhibited negligible differences. Typically, below the 0°C
isotherm level, the average profiles of convective D,, and
IgN,, for FJ and JS were nearly identical (Figs. 8n, o). From
a height of 4 km to ~2 km, the rapid increase in Z, was associ-
ated with an increase in both D,, and 1gN,,, implying the com-
bined effects of coalescence and warm rain accretion, noting
that the warm rain microphysical processes related to DSD
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include rain evaporation, accretion, and sedimentation
(Carey and Rutledge, 2000; Zhang et al., 2008). While the
coalescence process increased the raindrop size and
decreased the concentration, the accretion process had the
opposite effect. The evaporation distinctly decreases the con-
centration of raindrops but should be negligible under such
a humid environment in the persistent EASM rainband
(Wen et al., 2020). Meanwhile, the DSD often narrows
because of size sorting by the differential sedimentation of
falling particles (Milbrandt and Yau, 2005; Dawson et al.,
2010). However, in a statistical sense, size sorting is transient
and does not substantially impact the overall DSD characteris-
tics (Bailey and Hallett, 2009), especially during moderate
convection within the widespread stratiform area of quasi-sta-
tionary and continuous monsoonal rainfall (Kumjian and
Ryzhkov, 2012; Wen et al., 2020). From a height of 2 km
downward to 1 km, the convective D,, decreases slightly
while the 1gN,, value continues to increase. These characteris-
tics may have been associated with an overpowered breakup
rather than a coalescence process.

For stratiform rain, the CFADs and mean vertical profiles
of the examined parameters show an even more homogeneous
pattern for FJ and JS. The stratiform Z, and D,,, at all altitudes
were lower than those of convective rain, with an enhanced
reflectivity area (bright band, ~25.5 dBZ) around the 5-km
height (near the 0°C isotherm level). The stratiform Z, also
decreases rapidly at an altitude above the 0°C isotherm level.
In contrast, it shows only a weak decreasing trend (ranging
between 20 dBZ and 30 dBZ) when descending toward the
ground. The decrease in stratiform D,, and increase in 1gN,,
below the melting layer can be attributed to the breakup pro-
cess (Rosenfeld and Ulbrich, 2003).

To investigate the potential anomalous characteristics
that might be responsible for the heavy rainfall during 2020,
the differences in the vertical profiles for convective and strat-
iform rain in FJ and JS between 2020 and the eight-year statis-
tics were presented in Fig. 9. As shown, monsoon rainfall in
2020 exhibited minor anomalies in the vertical structure of
its precipitation microphysics. Typically, convective rain in
FJ was slightly weaker, with the maximum difference in Z,
being lower than 1 dBZ. In contrast, convective JS rainfall
was stronger in 2020 than the eight-year average, but the dif-
ferences are still lower than 1.5 dBZ (below 14 km height).
The convective D,, showed a differential pattern similar to
that of Z,, whereas the 1gN,, did the opposite. In other words,
the heavy rainfall during 2020 in JS (FJ) was associated
with a slightly stronger (lower) than average convection
with a ~0.1 mm larger D,, (~0.1 mm~! m=3 lower IgN,,). The
differences in stratiform Z, were still lower than 1 dBZ for
both JS and FJ, and they all contain a ~0.8 dBZ stronger
bright band. The differences in stratiform D,, and 1gN,, were
even smaller. The comparison of the vertical structure of pre-
cipitation between 2020 and the eight-year average revealed
a negligible difference in annual EASM rainfall micro-
physics.

Generally, the GPM-derived precipitation microphysics

is a typical monsoon rainfall feature in East China, which is
consistent with polarimetric radar observations (Shusse et
al., 2009; Oue et al., 2011, 2015; Chang et al., 2015; Wen et
al., 2020; Chen et al., 2022). Both Wen et al. (2020) and the
current study target the vital role of warm rain processes dur-
ing the evolution of the summer/mei-yu convective rainfall
in this specific region. It is worth noting that the different
working principles, data samples, and processing procedures
can all contribute to the differences between the GPM and
ground-based observations. Despite their slight differences,
the high uniformity of the vertical distribution and pattern
of precipitation microphysics between FJ and JS as derived
from the GPM (for both summer 2020 and the eight-year aver-
age) is another indicator that supports the disdrometer-
observed, near-homogeneous DSDs.

In summary, observations from the disdrometer, polari-
metric radar, and satellite-borne radar in the present and previ-
ous studies cooperatively brought us to a consensus. There
was inherent homogeneous precipitation microphysics (with
slight regional deviations) during the northward migration
of the quasi-stationary EASM front and the associated rain-
band in East China. With near-homogeneous precipitation
microphysics, the long-lasting duration of rainfall, as
opposed to differences in precipitation microphysics, was
responsible for the record-breaking monsoonal rainfall in
2020 over this specific region.

4. Conclusion and discussion

This study uses observations from 96 Parsivel disdrome-
ters to reveal the microphysical characteristics of the record-
breaking 2020 summer/mei-yu rainfall over East China. The
associated vertical structure and evolution of precipitation dur-
ing the northward migration of the EASM rainband, from
the pre-summer season in Fujian to the mei-yu season in
Jiangsu province, were further investigated using eight-year
GPM-2ADPR data. The main conclusions are summarized
as follows.

(1) Due to the earlier northward migration of the summer
monsoon rainband from South/Southeast China to the
Yangtze-Huaihe river valley of East China in 2020, JS experi-
enced nearly twice as heavy rainfall than FJ, with mean
daily rainfall amounts of 10.47 mm d-! over JS and 5.41
mm d-! over FJ. However, the near-equal contribution of con-
vective rain between pre-summer rainfall in FJ and mei-yu
rainfall in JS implicates rainfall duration (instead of inten-
sity) in determining rainfall amounts in the two regions/peri-
ods.

(2) Considering the wide range of observational stations
between FJ and JS, comprehensive comparisons of all DSD
parameters and composite spectra between pre-summer and
mei-yu rainfall were very similar, with negligible differ-
ences. The only noticeable difference is the higher numbers
(nearly 500) of 0.5-1 mm size raindrops per minute with
intense rainfall in FJ because of the higher moisture content
in the ambient atmosphere of the coastal FJ. Generally, the
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Fig. 9. Differences in the vertical profiles of averaged (left) Z,, (middle) D,,, and (right) IgN,, for convective (C_) and
stratiform (S_) rain in FJ and JS between 2020 and the eight-year statistics.

record-breaking 2020 summer monsoon rainfall should
largely be attributed to the unusually long duration of mei-
yu rainfall for this year, with inherent similarities in precipita-
tion microphysics, typical of a near-maritime rainfall feature
(high concentrations of small-sized raindrops), with only
slightregional variations. This finding is consistent with previ-
ous results for the same or surrounding climatic regimes.

(3) The similarity in monsoon rainfall DSD is associated
with a similar statistical vertical structure and evolution of
microphysics in these two regions/periods. The Z,, D,,, and
1gN,, CFADs forboth convective and stratiform rain exhibited
typical monsoon rainfall features. The competition between
different rain-forming processes during moderate convective
rainfall resulted in this region’s unique and near-homoge-

neous precipitation microphysics. Overall, observations
from disdrometers and satellite-borne radar, as presented
here, as well as many previous disdrometer and polarimetric
radar analyses, jointly demonstrate the robust conclusion of
inherent near-homogeneous precipitation microphysics dur-
ing the northward migration of the quasi-stationary EASM
rainband in East China. Ding et al. (2010) stated that the
EASM is the dominant moisture supplier for persistent
heavy rainfall in East China. Every summer, East China is
controlled by a similar large-scale circulation able to transport
abundant water vapor from the Bay of Bengal, the South
China Sea, and/or the western Pacific Ocean by southerly
winds. Consequently, the generation and evolution of precipi-
tation may have exhibited similar characteristics. In a statisti-



14 MICROPHYSICS OF THE RECORD 2020 SUMMER RAINFALL

cal sense, the consequent precipitation microphysics
showed inherent homogeneous characteristics despite slight
regional variations, at least over a wide range of East China.
The conclusions we obtained reveal that the differences inves-
tigated in the literature are within one standard deviation of
the general EASM rainfall microphysics. This study fills the
gaps (differences) in the literature and will prove helpful for
the future development of general and applicable micro-
physics parameterization for EASM rainfall in East China.
In addition, the fitted D,,—1gN,, lines have potential applica-
tion value for more accurate DSD retrieval from the GPM
observations. In the interests of disaster prevention and mitiga-
tion, further efforts are needed to apply disdrometer-derived
and GPM-retrieved information to conduct more accurate
quantitative precipitation estimations and model simula-
tions.
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