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Abstract

Precipitation exists in the form of event, which means all pixels within the
same event have similar atmospheric condition and development experiences.
Therefore, using GPM DPR and Himawari-8 AHI data from 2016 to 2020, we
carried out event-based investigations on precipitations during the pre-summer
rainy season over south China. The identified rain clusters (RCs) were classi-
fied into three classes based on the mode of cloud-top temperature, including
those <230, 230-265, and >265 K. The results show that RCs with mode of
cloud-top temperature <230 K were related to low-level velocity and jet. The
atmospheric layer was very unstable with sufficient moisture supply, so the
ratio of convective precipitation reached as high as 20% with largest droplet
size. RCs at 230-265 K were mainly frontal stratiform precipitations caused by
quasi-stationary front. The atmospheric layer was stable but the horizontal
moisture flux was strong; precipitations often appeared as continuous light
rain with high droplet density and small droplet size. RCs with mode of cloud-
top temperature >265 K contributed less than 10% of the accumulated rainfall
amount. They were mainly warm-cloud shallow precipitations triggered by
local convection with low droplet density. Our results suggest that the event-
scale characteristics of precipitation are indicative of the triggers and micro-

physics of precipitation.
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July-October, the rainfall during the pre-summer rainy
season over south China is usually related to the East

The pre-summer rainy season, also called the pre-flood
season, usually lasts from April to June and is one of the
two prominent rainfall seasons over south China (Tao
and Chen, 1987). During the pre-summer rainy season,
the accumulated rainfall amount accounts for 40-60% of
the annual rainfall amount over south China (Luo
et al., 2017). Different from the typhoon precipitations in

Asia summer monsoon and the westerlies with relatively
stable large-scale background (Ding and Chan, 2005).
Therefore, meso- and small-scale disturbances such as
topography, low-level jet (LLJ), and land-sea thermody-
namics play key roles in the triggering of precipitation
during the pre-summer rainy season (Jiang et al., 2017;
Bai et al., 2020).
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With the vigorous development of observation instru-
ments and research methods in the past 20 years, there
have been numerous progresses on the characteristics of
precipitation during the pre-summer rainy season over
south China (Sun et al., 2019; Luo et al., 2020). In terms
of temporal variation, Curtis (2019) used Global Precipi-
tation Climatology Centre (GPCP) gridded product and
pointed out that the precipitation in the coastal areas of
continent showed an insignificant upward trend under
the background of global climate change. There was also
similar long-term trend for extreme precipitation over
south China (Gu et al., 2017; Zhang et al., 2017). Using
rain gauge observations, Yu et al. (2007) conducted a
series of studies on the diurnal variation characteristics of
regional precipitation in China and pointed out that sum-
mer precipitation in south China presents an obvious
afternoon peak, which should be related to the diurnal
variation of monsoon activity (Chen et al., 2009; Du and
Rotunno, 2018).

In terms of precipitation triggers, the heavy rainfall
over south China during the pre-summer rainy season
mainly contains the frontal heavy rainfall and the warm-
sector heavy rainfall (Wu et al., 2020; Li and Du, 2021).
The frontal precipitations are related to the dynamic forc-
ing of quasi-stationary front (similar to meiyu front) and
cold front over south China (Tao and Chen, 1987; Han
et al., 2021). The triggering mechanisms of warm-sector
heavy rainfall are very complex, which include the
coastal convergence related to LLJ (Du and Chen, 2019),
the inhomogeneous underlying surface layer such as
topography and land-sea contrast (Xu et al., 2012; Chen
et al., 2014), gravity wave (Liu et al., 2012), and atmo-
spheric perturbation instability (Weckwerth and
Wakimoto, 1992). Apart from the heavy rainfalls, there
are also light rainfalls linked with activities of warm
clouds during the pre-summer rainy season over south
China (Zheng et al., 2019).

In terms of precipitation microphysics, the relevant
studies are still limited. Using combinations from ground-
based disdrometer and vertical radar, Huo et al. (2019) sta-
tistically analysed the droplet size distribution (DSD) of
precipitation in south China from June to July 2016-2017
and established the D,,—N,, and Z-R relationships for vari-
ant types of precipitation. Based on ground-based dual-
polarization radar observations during the Southern China
Monsoon Rainfall Experiment (SCMREX), Luo et al
(2020) revealed that the extreme rainfall over south China
during the pre-summer rainy season is attributed to the
active warm rain processes. Han et al. (2021) studied the
microphysical characteristics of two coexisting frontal and
warm-sector heavy rainfall events over south China, and
pointed out the warm-sector event has stronger convection
intensity and larger droplet size than frontal event.

The previous statistics on the precipitation character-
istics during the pre-summer rainy season over south
China were mainly based on the scale of detection pixel
or data grid, such as the Tropical Rainfall Measuring Mis-
sion (TRMM) Precipitation Radar (PR) pixel with a hori-
zontal resolution of 5 km x5 km (Li et al., 2019).
However, precipitation does not exist as a single pixel but
in the form of system (event)—a single precipitation
event may contain thousands of pixels (Liu and
Zipser, 2015; Fu et al., 2021). The precipitation pixels
within the same precipitation event should be under the
same atmospheric condition and experience similar
development stage, thus we need to study the characteris-
tics of precipitation from the scale of event (Fiolleau and
Roca, 2013; Zhang et al., 2022). Using combinations from
Global Precipitation Mission (GPM) Dual-frequency Pre-
cipitation Radar (DPR), Zhang and Fu (2018) investigated
the three-dimensional structure and microphysics of pre-
cipitations over east China. Chen et al. (2021) studied the
structural properties of rain cells (RCs) over the Tibet
Plateau. Researches on the precipitation characteristics
in south China from the perspective of event can closely
link the environmental conditions, macroscale character-
istics, and precipitation structure of precipitation.

The relationship between cloud-top temperature and
near-surface rain rate has always been a hotspot in the
field of satellite remote sensing (Hanna et al., 2008; Lau
and Wu, 2010). However, we still do not know how the
cloud-top temperature is related to precipitation event
over south China during the pre-summer rainy season
from the perspective of precipitation events. In this study,
we will investigate this issue by using GPM DPR orbital
precipitation dataset, Himawari-8 brightness temperature
product, and ERAS reanalysis data. This study consists of
four sections. Section 2 illustrates the data usage, identifi-
cation of RC (precipitation event), and definition of the
mode of cloud-top temperature. Section 3 introduces the
environmental conditions, horizontal distributions, and
microphysics of RCs with different modes of cloud-top
temperature. Section 4 is the discussion and conclusions.

2 | DATA AND METHODS

21 | Data

GPM DPR, containing a Ku-band (13.6 GHz) and a Ka-
band (35.5 GHz) precipitation radar, covers the world from
65°N to 65°S about 16 times a day. GPM DPR has three
scan modes, namely Ku-band normal scan, Ka-band
matched scan, and Ka-band high-sensitivity scan, with min-
imum detectable reflectivity of 15.46, 19.18, and 13.71 dBZ,
respectively (Seto et al., 2021). Based on the co-observations
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of Ku-band and Ka-band radar, the dual-frequency algo-
rithms were developed to provide users level-2 dual-
frequency precipitation product GPM 2ADPR. In this study,
we used the GPM 2ADPR product, which contains radar
corrected reflectivity, rain type, precipitation phase, rain
rate profile, DSD profile, and other precipitation informa-
tion with a horizontal resolution of 5 km x 5 km and a ver-
tical interval of 125m. The rain type of precipitation
contains stratiform, convective, shallow, and other. As other
precipitation account for less than 1% of the total precipita-
tion, it is not specifically presented in the draft.

The cloud-top brightness temperature information
used in this study was from the longwave infrared band
(10.4 pm) detections of Advanced Himawari Image (AHI)
onboard geostationary satellite Himawari-8. The sum of
observational and model error variance is about 1 X for
this band (Da, 2015). To be consistent with GPM 2ADPR
product, we used the Himmawari-8 full-disk cloud-top
temperature (TB;o4) on 0.05° x 0.05° grids with a tempo-
ral resolution of 10 min (http://ftp.ptreejaxa.jp, last
accessed: April 12, 2022).

In addition, we also used geopotential, winds, water
vapour flux, and other environmental information from
ERAS5 dataset on 0.25° X 0.25° grids with a temporal
interval of 1 hr (Hersbach et al., 2020). The atmospheric
stability and moisture supply are two key environmental
conditions in the occurrence and development of precipi-
tation. Therefore, we calculated the average convective
available potential energy (CAPE) and integrated water
vapour flux (Q, and Q,). The formulas are as follows:

n Tv ar Tv env
CAPE=/1g<—4%T——;—>d& (1)
2 v,env
D u
.= Lap, 2)
p 8
Dt v
Q= Ldp, (3)
ps 8
PELENPL 4
de:V~Q=/% ~8 4 8 |gp, (4)
b ox ady

where z and p indicate atmospheric height and pressure;
Zy represents the level of free condensation and z,, indi-
cates the height of equilibrium level; Ty eny and T, par are
virtual temperature of environment and particle; p, and p,
are the atmospheric pressure at atmospheric top and sur-
face, respectively; u and v are the components of winds,
while Q, and Q, are the components of integrated water
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FIGURE 1
China and surrounding regions, derived from NGDC DEM data.

Horizontal distribution of elevation over south

The dashed rectangle indicates our study region [Colour figure can
be viewed at wileyonlinelibrary.com]

vapour flux; g is the gravitational acceleration; and divQ
is the vertical integral of divergence of water vapour flux.

The elevation information with a horizontal resolu-
tion of ~3 km was from the Digital Elevation Model
(DEM) data provided by the National Geophysical Data
Center (NGDC). Considering that GPM DPR works since
2014 and Himawari-8 works since 2016, the study period
was set as the pre-summer rainy season in south China
(April-June) from 2016 to 2020.

2.2 |
of RC

Study region and identification

Figure 1 shows the horizontal distribution of elevation
over south China and surrounding regions. The dashed
rectangle indicates our study region (105°-120°E, 18°-
28°N), which mainly consists of Guangdong, Guangxi,
Fujian, Hainan Island, and Beibu Gulf, and partial
regions of Guizhou, Hunan, Jiangxi, South China Sea,
and Vietnam. On the land surface in the study area, the
terrain height is mainly 0-1.2 km. The undulating hilly
terrain of south China plays an important role in the gen-
eration and development of the precipitation during the
pre-summer rainy season (Ding and Chan, 2005).

We identified RCs from GPM 2ADPR product by group-
ing contiguous precipitation pixels (near-surface rain rate
>0 mm-hr™"). Similar identification method has been used
in numerous event-based precipitation studies (Nesbitt
et al., 2006). All RCs were retained, regardless of whether
the RC was truncated by the DPR swath (Zhang
et al., 2022). We identified totally 9,573 RCs with 441,261
2ADPR precipitation pixels which were located over the
study region (central location) during the pre-summer rainy
seasons for 2016-2020.

The Himawari-8 AHI data was matched to DPR pixels
within RCs following the closest point principle. The
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FIGURE 2 The horizontal
distributions of (a, b) GPM 2ADPR near-
surface rain rate and (c, d) Himawari-8
AHI TBy 4, and (e, f) PDFs of TB;( 4 of
precipitation pixels for two different RCs
occurring at 2120 UTC June 15, 2019
(left panels) and 1047 UTC April

20, 2018 (right panels), respectively
[Colour figure can be viewed at
wileyonlinelibrary.com]
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time lag of matched Himawari-8 AHI data and RC
should be within +5 min. Specifically, the statistics were
derived on 2ADPR pixels of RCs.

2.3 | Mode of RC

Figure 2 presented two cases of RCs. The first one
occurred over the sea-land junction area of Beibu Gulf

180 200 220 240 260 280 300
TByo4 (K)

and Guangxi province at 2120 UTC June 15, 2019, which
was a typical RC forced by land-sea contrast (Figure 2a).
The RC contained 256 DPR precipitation pixels, which
were distributed along the coastline like a “strip.” The
near-surface rain rate increased with decreasing distance
from the coastline with a maximum value exceeding
20 mm-hr™' (Figure 2a). Unlike the shape of RC, the cor-
responding cloud system showed in quasi-circular shape
with minimum TB,4 < 200 K (Figure 2c). The area of
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cloud system far exceeded that of RC, indicating most 3 | RESULTS
regions within the cloud system were free of precipitation
(Figure 2a,c). 3.1 | Classification of RCs

The second case occurred over the boundaries of
Guangdong province and Hunan province at 1047 UTC
April 20, 2018 (Figure 2b), which should be related to the
mountain ranges there (Figure 1). This RC contained
204 DPR precipitation pixels and showed in quasi-circular
shape (Figure 2b). The near-surface rain rate was mainly
distributed in the range of 1.5-5 mm-hr™' with maximum
<10 mm-hr~! (Figure 2b). The corresponding cloud system
also presented a quasi-circular shape with minimum TB1q4
of ~240 K (Figure 2d). The cloud system and RC were sim-
ilar in both size and shape, indicating that precipitation
occurred in most of the cloud system (Figure 2b,d).

The probability distribution functions (PDFs) of TByg 4
for precipitation pixels of the two events were shown in
Figure 2e,f. We used the mode of TB;o4 of RC at 5 K inter-
vals to represent the overall cloud-top temperature. For
the first RC, The TB;,4 was distributed in the interval of
185-280 K with a peak (hereafter mode) of 195-200 K
(Figure 2e). For the second RC, the TB;44 was distributed
in the interval of 240-280 K with a mode of 245-250 K
(Figure 2f), indicating lower cloud top than the first one.

The mode of TB,o, indicates the general cloud-top tem-
perature of RC. To investigate the relationships between
cloud-top temperature and precipitation characteristics,
we would like to classify the RCs by selecting the thresh-
olds of mode of TB, 4. Therefore, we first focused on sev-
eral basic parameters of RCs related to the mode of
TBio.4-

The relationships between RC number and mode of
TB,04 were showed in Figure 3a. With the increasing of
mode of TBg 4 till 285 K, RC number showed an almost
linear trend with a slope of about 9 K™'. RC number
peaked at 260-285 K with about 850 RCs in every 5 K
interval, indicating that there existed numerous warm-
cloud precipitation in the pre-summer rainy season over
south China (Zheng et al., 2019). The variation of RC
area showed opposite features to RC number—the aver-
age RC area decreased exponentially with increasing
mode of TB,y 4 (Figure 3b). In the interval of 190-195 K,
the average RC area reached 12,000 km?, which was
more than 30 times the average RC area over land
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FIGURE 4 (a-c) Ratio of stratiform, convective, and shallow precipitation for RCs of different mode of TB,o 4 and two-dimensional

PDFs in (d-f) near-surface rain rate and mode of TB,4 and (g-i) storm-top height and mode of TB, 4, derived from 2ADPR pixels for

different rain types during the pre-summer rainy season 2016-2020. The spacing of near-surface rain rate is (AIgRR=0.1). The spacings of

mode of TB,, 4 and storm-top height are 5 K and 0.5 km, respectively. [Colour figure can be viewed at wileyonlinelibrary.com]

(385 km?; Fu et al., 2021). These RCs often correspond to
warm-sector heavy rainfall over coastal regions, which
are usually companied with sufficient water vapour flux
and intense updraft. Under such excellent environmental
condition and the inhomogeneous underlying surface
layer especially land-sea contrast (Chen et al., 2014),
numerous precipitations intensively occur over the
coastal region and form large RC.

The average near-surface rain rate gradually
decreased with increasing mode of TBq4 (Figure 3c).

The average rain rate was as high as 5.6 mm-hr™" in the
interval of 190-195 K, whereas <2.5 mm-hr~! for warm-
cloud RCs with mode of TB;4 > 270 K. The rainfall con-
tribution to total precipitation amount was proportional
to the product of the above three parameters (Figure 4d).
It had two peak intervals at 200-235 and 240-265 K, with
average rainfall contribution of about 7.9 and 5.3% per
5 K, respectively.

Figure 4a-c shows the ratio of stratiform, convective,
and shallow precipitations for variant mode of TBig4.
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These ratios showed as three-segment distributions:
(a) For RCs with mode of TB;, 4 < 230 K, the ratio of con-
vective precipitation reached as high as 20%, whereas
about 70 and <5% for stratiform and shallow precipita-
tion. (b) For RCs with mode of TB,q,4 in the range of
230-265 K, the ratio of stratiform precipitation reached
80%, while the ratios of convective and shallow precipita-
tion were both about 10%. (c) For RCs with mode of
TBig4 > 265 K, the ratio of stratiform precipitation
decreased sharply with mode of TB,( 4, While the ratio of
shallow precipitation increased rapidly with mode of
TBio.4- This is because that the cloud-top height was close
to or below the 0°C level for these RCs, which restricts
the ice-phased processed within clouds. The ratio of con-
vective precipitation was also as high as 16%, which may
be related to the RCs were at development stage at this
moment (Zhang and Fu, 2018). The statistics of rain-type
properties of warm-cloud RCs showed consistent with
that intense warm rain is provided by convective clouds,
not by stratiform clouds (Kodama et al., 2009).

Figure 4d-i are the two-dimensional PDFs in near-
surface rain rate (or storm-top height) and mode of TB,g 4.
For stratiform precipitations (Figure 4d,g), the two-
dimensional PDFs also showed in three-segment distribu-
tions. The near-surface rain rate of stratiform precipitation
had a mode of 1-2 mm-hr™" for precipitation systems with
mode of TByp4 < 230 K or >265 K, whereas it was only
~03 mmhr' for mode of TBj, at 230-265K
(Figure 4d). The storm-top height of stratiform precipita-
tion rapidly decreased with increasing mode of TBg 4 till
230 K, whereas it kept similar for mode of TB,, 4 > 230 K.

For convective precipitations, the near-surface rain
rate kept nearly constant with mode of TBg4 < 265 K,
whereas the near-surface rain rate sharply decreased with
increasing mode of TBg4 from 265 K (Figure 4e). This
should be due to the moisture supply in precipitation sys-
tems were mainly concentrated in low-to-mid atmo-
spheric layers (Rao and Reddy, 2019). The storm-top
height decreased with increasing mode of TB,,, from
12 km at 190 K to about 5 km at 265 K, whereas it kept
at about 5 km after 265 K (Figure 4h). For shallow pre-
cipitations, the near-surface rain rate and storm-top
height were less related to mode of TB,q 4 (Figure 4£,i).

Based on the three-segment distributions of features
of RCs related to modes of TB;y4, we divided the RCs
into three categories with modes of TB,4 at the range of
<230, 230-265, and >265 K. The three types of RCs con-
tributed 51.49, 39.77, and 8.74%, respectively, to the total
precipitation in south China.

The horizontal distributions of precipitation sample
sizes for three classes of RCs were shown in Figure 5.
RCs with mode of TB;p4 < 230 K were mainly concen-
trated in the offshore areas, so the sample size showed a

of Climatology

southwest-northeast distribution (Figure 5a). This class
of RCs includes the coastal warm-sector heavy precipita-
tion and inland precipitation formed by strong mesoscale
convective systems (MCSs).

The precipitation samples for RCs with mode of
TB,.4 at the range of 230-265 K were concentrated in the
inland area of 23°-27°N, showing an east-west rainband,
which was consistent with the position of the quasi-
stationary front in the pre-summer rainy season
(Figure 5b). It indicates that these RCs were mainly fron-
tal precipitations, corresponding to medium rain top and
inactive convection activity. RCs with mode of
TByo4 > 265 K were distributed quite uniformly in the
study region—the proportion of warm-cloud precipita-
tion over sea was higher than that over land (Figure 5c).

3.2 | Environmental conditions

In this section, we would like to investigate the general
environmental conditions of the three classes of RCs to
reveal their possible triggering mechanisms. Specifically,
we used the total rainfall contribution of RC to perform
weighted averages of environmental parameters, instead
of using direct arithmetic averages.

Figure 6 shows the average distributions of 500 hPa
geopotential height and winds, which is widely used to
reveal the location of western Pacific subtropical high
and fronts (Zhou et al., 2009; Zhang et al., 2020). As
shown in Figure 6, during the pre-summer rainy season,
the 500 hPa geopotential height and wind field for RCs
with mode of TB;,, of 230-265 K was much different
from that of <230 or >265 K. The area of subtropical high
(with 500 hPa geopotential height >5,880 m) covered
most of the southern regions south to 17°N on the map
for RCs of 230-265 K (Figure 6b), whereas it only covered
the southeast region near the Philippines for RCs of <230
or >265 K (Figure 6a,c). In the northern regions with lati-
tude of ~29°N, the 500 hPa geopotential height was
about 5,790 m for RCs of 230-265 K (Figure 6b), showing
lower mid-level atmospheric pressure than that of <230
or >265K with 500 hPa geopotential height about
5,810 m (Figure 6a,c).

Due to the southern stronger subtropical high and
northern lower mid-level pressure, the mid-level pressure
gradient in the study region was obviously larger for RCs
with mode of TB;o4 of 230-265 K than that of <230 or
>265 K (Figure 6), resulting in much stronger fronts and
westerly winds. As shown in Figure 6b, the strongest
westerly winds occurred near the latitude of 26°N, indi-
cating the location of quasi-stationary front over south
China, which was also consistent with the location of
precipitation samples (Figure 5b).
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FIGURE 5 Horizontal
distributions of precipitation
sample sizes for RCs with mode
of TBy4 at the range of

(a) <230 K, (b) 230-265 K, and
(c) >265 K, derived on

0.1° x 0.1° grids from GPM
2ADPR for the pre-summer
rainy season 2016-2020. The
dashed rectangle indicates the
study region [Colour figure can
be viewed at
wileyonlinelibrary.com]

FIGURE 6 Horizontal distributions of 500 hPa geopotential height overlapped with wind field for three classes of RCs: (a) <230 K,
(b) 230-265 K, and (c) >265 K, derived from ERAS dataset. The figures were averaged based on rainfall contribution of RCs [Colour figure

can be viewed at wileyonlinelibrary.com]
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FIGURE 7 The same as Figure 6, but for 925 hPa geopotential height overlapped with wind field. The white colour was used to indicate

regions with elevation above 925 hPa geopotential height [Colour figure can be viewed at wileyonlinelibrary.com]

Unlike the 500 hPa environmental fields, the 925 hPa
environmental fields showed obvious variances between
RCs < 230 K (Figure 7a) and RCs > 230 K (Figure 7b,c).
For RCs < 230 K, there existed a strong low-level vortex
over Guizhou and northern Vietnam; the low-level high
with 925 hPa geopotential height >765 m only controlled
the southeast of map near the Philippines (Figure 7a). For
RCs > 230 K, the low-level vortex was much weaker and
the low-level high was much stronger that controlled most
of the southeast oceanic regions on the map (Figure 7b,c).
Due to the strong vortex for RCs < 230 K (Figure 7a), the
925 hPa winds over the coastal regions of south China
showed as strong southwest winds, referred to the LLJ
(Du and Chen, 2019; Sun et al., 2019), which was favour to
the triggering of warm-sector heavy rainfall. For
RCs > 230 K (Figure 7b,c), the strong winds only controlled
the oceanic regions whereas the coastal regions over south
China were dominated by southerly weaker winds.

For detailed knowledge on the environmental condi-
tions of RCs < 230K, we further investigated the
latitude-vertical cross sections of wind field, equivalent
potential temperature, and divergence (Figure 8). The
coastal region is located from about 22°N to 25°N with
clear increase of average terrain height. The regions
between 18°N and 22°N are ocean regions while the
regions between 25°N and 28°N are inland regions. Over

the ocean regions, the environmental conditions for RCs
of <230 K and 230-265 K were similar. The low-level
meridional wind for RCs of <230 K and 230-265K
exceeded 6 m-s™'. The equivalent potential temperature
decreased with increasing height till about 4 km, showing
unstable low-level atmospheric layer (Figure 8a,b).

Over the coastal regions, the environmental conditions
for variant classes of RCs were quite different. The low-
level meridional wind was violent for RCs < 230 K, which
validated the existence of LLJ (Figure 8a). The low-level
atmospheric layer was unstable and the convergence zone
extended from surface to 400 hPa, which resulted in strong
updraft and therefore favoured convective activities
(Figure 8a,d). On the contrary, the atmospheric layer was
stable and the vertical wind was weak over the coastal
regions for RCs at 230-265 K (Figure 8b,e), which sup-
pressed intense convection activities.

Over the inland regions, due to the existence of fronts,
the atmospheric layer was very stable for RCs at 230-265 K
with average equivalent potential temperature of <330 K on
the ground and ~340 K at 400 hPa level (Figure 8b). The
meridional and vertical winds were weak, whereas the mid-
level zonal winds were intense (Figure 6b).

The PDFs of CAPE and vertical interval of divergence of
water vapour flux (div Q) was shown in Figure 9. As shown
in the figure, both CAPE and divQ are less affected by
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FIGURE 8 South-north cross sections of latitude-vertical (a—c) equivalent potential temperature and (d-e) divergence, averaged

between 111°E and 113°E for three classes of RCs. The shadowed area indicates the relative terrain height [Colour figure can be viewed at

wileyonlinelibrary.com]

rain type. On the one hand, it is because the precipitation
pixels with different rain type can be in the same RC with
similar environmental conditions. On the other hand, it
may also because the horizontal resolution of ERAS5 data
is 25 times of GPM 2ADPR and it is difficult to show the
inner environment information of 2ADPR pixel. Both the
two causes illustrate the need to study the environmental
condition from the perspective of RC.

The PDFs of CAPE and divQ were different among
three classes of RCs (Figure 9). RCs with mode of
TB10.4<230K had the largest CAPE and strongconver-
gence of water vapour flux, indicating unstable atmo-
spheric layer and sufficient water supply, which was
conducive to the occurrence of heavy convective precipi-
tation. RCs with mode of TB,p4 at 230-265K had the
smallest CAPE but strong convergence of water vapour
flux, which was consistent to the environmental condi-
tions of frontal precipitation like meiyu (Zhang
et al., 2020). For RCs with mode of TB;y4> 265K, the
divergence of water vapour flux was the largest indicating
driest atmospheric layer; the CAPE was larger than that
of 230-265K. These showed that RCs with mode of
TB1p4> 265K should be linked with the local convec-
tions, which often occurred in the afternoon with weak
precipitation intensity.

In conclusion, RCs with mode of TB;y4 < 230 K were
related to low-level vortex and LLJ. The atmosphere layer
was very unstable and the water vapour transport was
strong. These RCs included warm-sector heavy rainfall in
the offshore area of south China. RCs with mode of TB;g 4
at 230-265 K were closely related to the quasi-stationary
front with stable atmospheric layer and sufficient moisture
supply. RCs with mode (peak) of TB,o4 > 265 K are mostly
warm-cloud precipitations, also referred to warm rain in
many studies, with storm-top height lower than the melting
layer. As revealed by Kodama et al. (2009), warm rain tends
to appear frequently over warm open sea and corresponds
to the activity of stratocumulus. The local updraft plays
important role in the triggering of shallow warm rain
(Houze, 2014). During the pre-summer rainy season over
south China, these RCs with mode of TB;y4 > 265 K con-
tributes little to the total rainfall amount.

3.3 | Vertical structure and precipitation
microphysics

Based on the three-dimensional detections of GPM DPR,
we conducted investigations on the vertical structure and
precipitation microphysics of RCs during the pre-summer
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PDFs of (a-c) CAPE and (d-f) vertical interval of divergence of water vapour flux (div Q) for three classes of RCs, derived

from ERA5 dataset. The black, blue, and red lines indicate RCs with mode of TB,( 4 at the range of <230, 230-265, and >265 K, respectively.
The spacings of CAPE and div Q are 100J-kg™" and 0.1 g-m™"-s™", respectively [Colour figure can be viewed at wileyonlinelibrary.com]

rainy season over south China. First, we focused on the
contoured frequency by altitude diagrams (CFADs) of
Ku-band reflectivity with minimum detection threshold
of 15.5 dBZ (Figure 10). The CFADs are normalized by
the overall maximum.

The CFADs of stratiform precipitation showed dif-
ferent features for RCs of variant categories
(Figure 10a—c). For RCs with mode of TByg4 < 230 K,
the vertical evolution of stratiform precipitation was
concentrated above the melting layer with the outer
contour (0.05) reaching 12 km (Figure 10a). The mode
of Ku-band reflectivity reached 28 dBZ just above
freezing level (~5 km), which was apparently larger
than the other two classes (Figure 10b,c). For RCs of
230-265 K (Figure 10b), the CFAD of stratiform pre-
cipitation peaked at the area of (15.5-18 dBZ, 1-3 km),
which was due to numerous weak stratiform precipita-
tion with rain top below 4 km (Figure 4g). For RCs
with mode of TB;y4 > 265 K (Figure 10c), the CFAD
peaked near and just below the melting layer. The ice-

phased processes were less important for RCs of this
category.

The liquid-phased precipitation microphysics are vital
to the development of heavy precipitation (Kumjian and
Prat, 2014). Yu et al. (2022) investigated the convective
features of extreme precipitation with maximum radar
reflectivity >40 dBZ over the Pearl River Delta. They
found that the extreme precipitations are dominated by
the coalescence in the liquid-phase processes rather than
intense convection with presence of large solid precipitat-
ing particles. Although the CFADs of convective precipi-
tation for the three classes were dramatically different
above 0°C level, they were quite similar in the liquid
zone below 4 km (Figure 10d,e). The small differences
were manifested in the magnitude of near-surface echoes,
with mode of 39, 37, and 36 dBZ for the three classes,
respectively. The sort of near-surface echoes was consis-
tent with convergence of moisture (Figure 9e). The
CFADs of shallow precipitations within three classes of
RCs were almost the same (Figure 10g-i).
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FIGURE 10 CFADs of Ku-band corrected reflectivity for (a—c) stratiform, (d-f) convective, and (g-i) shallow precipitations within three
classes of RCs. The spacings of x- and y-axis are 1 dBZ and 0.5 km, respectively [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 11 shows the average profiles of DSD parame-
ters, including dBNy, (10log,cNy,) indicating droplet den-
sity and effective droplet diameter (D,,,). For any type of
precipitation, RCs with mode of TB,, 4 at 230-265 K were
companied with the largest dBN,, and the smallest D,,

among all classes of RCs (Figure 11). This is because the
RCs of this category were mainly frontal precipitation
with abundant moisture supply but lack of updraft; small
precipitation particles continuously generated in the low-
to-mid layers. Due to lack of moisture supply, the dBN,
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of RCs with mode of TB;y4 > 265 K was the smallest of
all classes (Figure 11a-c).

For stratiform precipitations, the main growth modes of
particles are known to be the ice-phased processes includ-
ing deposition, riming, and aggregation (Houze, 2014).
When particles fall to the melting layer, they will get smal-
ler due to melting process, corresponding to the turning
point of D,, profile at around 4.5 km (Figure 11d). This
turning point was not obvious for RCs with mode of
TB1p4 > 265 K due to the low rain top. The D,, for RCs
with mode of TB,g4 < 230 K was 0.06-0.1 mm larger than
that of 230-265 K at all heights, which was suggested to be
resulted from two aspects. One is that the higher rain top
provided a longer path for ice particles to grow; the other is
the mid-level updraft restricted the falling of small particles.

For convective precipitations, there is no uniform melt-
ing level within clouds due to convection activity
(Houze, 1997). Under the lift of updraft, the particles need
to grow larger before falling to ground. Therefore, the D,,
of convective precipitation was much larger than that of
stratiform precipitation (Figure 11d,e). RCs with mode of
TBio4 < 230 K had the largest D,,, with a value of 1.9 mm
at 1 km height due to the strongest updraft (Figure 11e).

For shallow precipitations, the DSD profiles of the
three classes of RCs showed distinct characteristics
despite similar CFADs. RCs with mode of TB,, 4 at 230-
265 K had the largest dBN,, but smallest D,,, whereas it
was just the opposite for RCs with mode of
TB104 > 265 K. We suggest it is because the ratio of shal-
low precipitation was low when mode of TB;p4 < 265 K;
therefore, shallow pixel was likely to be affected by its
surrounding rainfall pixels. The reasons why shallow pre-
cipitations occasionally appear in deep precipitation
clouds still needs to be analysed through high-precision
models and observations.

4 | DISCUSSION AND
CONCLUSIONS

In this work, we investigate the triggering mechanism,
horizontal distribution, and vertical microphysics of pre-
cipitation during the pre-summer rainy season over south
China from the perspective of precipitation events. We
first identified RCs from GPM 2ADPR dataset, and then
conducted taxonomy researches based on the mode of
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Himawari-8 AHI TB;o4 of RCs. By analysing the differ-
ences in rain type, near-surface rain rate, storm-top
height and other precipitation features of RCs with vari-
ant mode of TB,( 4, RCs were classified into three classes:
<230, 230-265, and >265 K. The three classes of RCs had
distinct characteristics as follows:

1. RCs with mode of TByg4 < 230 K. These RCs contrib-
uted 51.5% of total rainfall amount during the pre-
summer rainy season over south China. RCs were
mainly distributed in the offshore regions and con-
tained warm-sector heavy rainfall; low-level vortex
and offshore LLJ were vital triggers for them. The
environmental atmospheric layer was very unstable
with sufficient moisture supply. Affected by this, the
ratio of convective precipitation was the highest
among three classes with high rain top and heavy rain
rate. Specifically, under the lift of strong updraft, the
D,, of convective precipitation for RCs with mode of
TB1p4 < 230 K far exceeded the other two classes with
a mean value of ~1.9 mm below 0°C level, which is
like the average D,, of extreme precipitations
(1.89 mm) over the Pearl River Delta (Yu et al., 2022).
However, the average dBN,, of convective precipita-
tion for RCs with mode of TB4 < 230 K (~32.2) was
significantly lower than extreme precipitations
(~39.8), showing that there was more prominent coa-
lescence warm-rain process for the triggering of
extreme events.

2. RCs with mode of TBg4 at 230-265 K. Despite the
low cloud top, these RCs contributed around 39.8% of
the total rainfall amount. This result supported that
many extreme precipitation events are produced by
relatively weak convective systems (Xu et al., 2022).
RCs with mode of TB( 4 at 230-265 K were related to
the quasi-stationary front over south China; therefore,
they were distributed near the average location of
front at 23°-27°N. The mid-level pressure gradient
over the study region and westerly winds were signifi-
cantly stronger than the other two classes. The atmo-
spheric layer was quite stable with sufficient moisture
supply, so stratiform precipitation dominated the RCs.
The mode of near-surface rain rate within stratiform
precipitation was only ~0.3 mm-hr™", indicating they
were continuous light rain. Below 3 km, numerous
small droplets continuously formed under strong
water vapour flux, so the droplet density was high
whereas the D,,, was small.

3. RCs with mode of TB;o4 > 265 K. These RCs were
mainly warm-cloud precipitation, which account for
only 8.7% of the total rainfall amount. The number of
RCs was large but the scale was small. They were dis-
tributed quite uniformly in the study region; the

proportion over sea was larger than that over land.
RCs were triggered by the local convections and domi-
nated by shallow precipitation. The atmospheric layer
was quite unstable with insufficient moisture flux.
Therefore, RCs of this class had the lowest droplet
density and large D,,,.

The uncertainties of the study include the follows.
Due to the large spatiotemporal scale of this study, we
did not carry out one-by-one analysis on the environmen-
tal condition of the RCs. In the future, we will target on
subregions with frequent precipitation and conduct
detailed analysis using objective synoptic classification
and high-resolution simulation to establish microphysical
parameterization schemes for RCs of each category.
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