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Abstract Inland frontal heavy rainfall (FR) and coastal warm-sector heavy rainfall (WR) are two
typical types of precipitation in South China during the pre-summer rainy season. FR and WR are found
to be generated by different mechanisms, but their differences in microphysical features and relevant
possible reasons are not well understood. In the present study, dual-polarization observations merged
from 10 radars are utilized to investigate microphysical characteristics of two coexisting convective
systems producing FR and WR. Overall, the WR has a stronger convection intensity, larger raindrop size,
and higher liquid water content than the FR. The larger raindrops might be partly attributed to the deeper
warm-sector convection evidenced by stronger convective updrafts, which could potentially promote
mixed-phase processes. Raindrops in the WR are still larger even when the WR has a similar convection
intensity with the FR, which might be explained by the active warm rain processes associated with higher
low-level humidity and more evident low-level rotation in the WR. In addition, the FR was originally
developed near the front and then vacated from the front into the warm sector, exhibiting an obvious
temporal evolution in microphysical characteristics. Despite weaker convection intensity, the FR away
from the front manifests a larger mean raindrop size than the FR near the front possibly because of more
abundant environmental moisture in the warm sector.

1. Introduction

South China, located in the north of the South China Sea and at relatively low latitudes, is often influenced
by warm and moist air from the sea, which is one of the regions where heavy rainfall frequently occurs.
Several field campaigns were carried out during the past 40 years, and mainly focused on the mechanisms
of the initiation and maintenance of heavy rainfall over South China (e.g., Huang, 1986; Luo et al., 2017;
Zhang et al.,, 2011; Zhou, 2003). Findings from these field campaigns have greatly advanced our under-
standing of the dynamics and thermodynamics of heavy rainfall in South China. During the pre-summer
rainy season (April-June), two types of heavy rainfall generally exist: one is near the synoptic-scale cold
front [i.e., frontal heavy rainfall (FR)] established by the convergence of cold-dry-northerly airflows and
warm-moist-southerly airflows (Ding, 1994; Zhao et al., 2007); the other one occurs more than 200 km
ahead of the front in the warm sector [i.e., warm-sector heavy rainfall (WR)] and at coasts without obvious
synoptic forcing (Huang, 1986; Lin et al., 2006).

Both FR and WR can cause severe economic damage and life losses. Sometimes, heavy rainfall in South Chi-
na during the pre-summer rainy season is characterized by coexisting inland frontal rainband and coastal
warm-sector rainband (e.g., Chen et al., 2018; Li & Du, 2021; Li et al., 2020; Liu et al., 2020; Wu et al., 2020).
Past studies have shown that FR is related to the dynamical forcing by front lifting at the synoptic scale (e.g.,
Akiyama, 1973; Tao & Chen, 1987). In contrast, WR in South China is initialized by complex local forcings,
including coastal convergence associated with low-level jet (e.g., Du & Chen, 2018, 2019; Du, Chen, Han,
Mai, et al., 2020), topographic lifting (e.g., Wang et al., 2014; Du, Chen, Han, Bai, & Li, 2020), land-sea con-
trast (e.g., Chen et al., 2016; Wu et al., 2020), and cold pools (e.g., Wu & Luo, 2016). Besides, WR frequently
occurs in the coastal region that is profoundly affected by southerly warm and moist winds from the ocean
with more favorable thermodynamical conditions (Xia et al., 2006). Overall, the differences between these
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Figure 1. Locations of ten dual-polarization radars in South China (red
dots) and terrain height (shaded, units: m). The black circles show the
maximum scanning range of radars. The dashed orange boxes represent
the dual-Doppler radar wind field retrieval domains. Locations of two
sounding sites are shown by the green triangles.

two types of heavy rainfall from the dynamical and thermodynamical
perspectives have been well documented in previous studies.

Stronger convective updrafts commonly favor the riming process by lift-
ing more liquid droplets above the freezing level and thus lead to more
production of heavily rimed particles like graupel and/or hail. These re-
lationships between the kinematical and microphysical features can be
seen in the mesoscale convective system (MCS) evolved from the initial
stage to mature stage (e.g., Wen et al., 2017) and also in the comparison
between the midlatitude continental MCSs and tropical oceanic MCSs
(e.g., Barnes & Houze, 2014; Matsui et al., 2020). The melting of more
graupel and/or hail particles usually induces higher initial liquid water
content (LWC) just below the melting level. However, the variability of
LWC and raindrop size with decreasing height is closely associated with
environmental thermodynamical conditions at lower levels (e.g., Lang
et al., 2010; Rowe et al., 2011, 2012; Ulbrich & Atlas, 2007). Therefore,
as revealed in these studies, it is expected that the differences in the dy-
namical forcings and thermodynamical conditions between inland FR
and coastal WR can cause microphysical differences in the ice-based and
warm rain processes, and ultimately result in varying rain microphysics.
However, the microphysical differences between these two types of heavy
rainfall are still not clear because of limited microphysical observations
over South China in the past.

Dual-polarimetric radar can provide additional information such as par-
ticle shape, size, and orientation (Bringi & Chandrasekar, 2001; Zrnic &
Ryzhkov, 1999), which has been employed widely to study the microphys-
ical features in different kinds of severe convective storms over the world
(e.g., Barnes & Houze, 2014; Chen et al., 2019; Kumjian & Ryzhkov, 2008;

Matsui et al., 2020; Rowe et al., 2011, 2012; Wen et al., 2017). In South China, due to the lack of polarimetric
observations, only a few studies about convective events have been investigated using polarimetric measure-
ments (e.g., Li et al., 2019; Wang et al., 2019; Wu, Zhao, et al., 2018), and they found that active warm-rain
processes are the main contributor to the extreme rainfall (Luo et al., 2020). However, these studies either
focus on the microphysical structure of the squall line and typhoon or don't strictly distinguish the types of
heavy rainfall. During the last few years, multiple operational radars in South China have been upgraded to
dual-polarization mode (Zhao et al., 2019). Large spatial coverage and high temporal resolution of polari-
metric radar observations provide us a new opportunity to investigate the microphysical characteristics of
convective systems producing FR and WR. Therefore, the purpose of the present study is to conduct a com-
parison between these two types of heavy rainfall from a microphysical perspective. Moreover, we further
attempt to explore the possible reasons for the varying microphysical characteristics between the two types
of heavy rainfall, which have not been well studied.

This paper focuses on a typical heavy rainfall event during the pre-summer rainy season, featured by the
coexisting FR and WR in South China. Data and methodology used in this study are briefly described in
Section 2, followed by the case description and environmental conditions in Section 3. The detailed compar-
ison of microphysical characteristics between the two types of convection, as well as the temporal evolution

of microphysical features for the frontal convection, are presented in Section 4. The possible causes for the
microphysical differences are discussed in Section 5. Summary is provided in Section 6.

2. Data and Methodology

2.1. Data

Polarimetric variables measured from ten S-band dual-polarization radars deployed in South China (Fig-
ure 1) are used to examine the microphysical characteristics of the FR and WR in the present event. All the
radars operate with nine-elevation Plan Position Indicator (PPI) scans (0.5°, 1.5°, 2.4°, 3.3°, 4.3°, 6.0°, 9.9°,
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14.6°, and 19.5°) every 6 min to obtain the full volume coverage. The quality control is proceeded by noise
suppression with a 1-km running-average filter (Wu, Liu, et al., 2018). After the quality control, observa-
tions from each radar are bilinearly interpolated onto a 3-D Cartesian coordinate. The horizontal resolution
is 1 km and the vertical extent is from 0.5 to 15 km above the mean sea level (ASL) with a grid spacing of
0.5 km. Finally, the gridded observational data of 10 radars are merged using the weighted-average method
(Zhang et al., 2005):

fm = Z anna/ Z Wy (1)

n=1,10 n=1,10

m sz

where /™ is the merged data at each grid point, f is the gridded data of each radar, and w,, is the correspond-
ing weight for each radar. The calculation of w, follows:

2
w, = exp[_%] (2)

where r is the distance between the radar and each grid point, and R is the radius of influence. For S-band
radars, R is generally taken as 300 km. After data processing, five polarimetric variables including horizon-
tal radar reflectivity (Z,), differential reflectivity (Z,), differential phase (®,;), specific differential propa-
gation phase (K,;,), and correlation coefficient (p,,,) are employed based on a modified hydrometeor classi-
fication algorithm (HCA) as in Wu, Liu, et al. (2018). In this study, the estimation of K|, is derived from a
slope of the least-squares fit of the filtered @, (Section 2a in Park et al., 2009). The modified HCA is based
on the algorithm described in Park et al. (2009) and is optimized for the Chinese operational S-band radars.
10 dominant categories are identified: (a) ground clutter (GC); (b) biological scatters (BS); (c) dry snow (DS);
(d) wet snow (WS); (e) ice crystal (CR); (f) graupel (GR); (g) “big drops” (BD); (h) light and moderate rain
(RA); (i) heavy rain (HR); and (j) a mixture of rain and hail (RH). Non-meteorological radar echoes (i.e., GC
and BS) are excluded from the data.

To show the temporal evolution of the two coexisting rainbands in South China, we use satellite-based
precipitation estimates from the Integrated Multi-satellite Retrievals for GPM (IMERG) Final Run product
(Huffman et al., 2019; Tan et al., 2019). The IMERG precipitation data has a high spatial resolution of 0.1°
with a time interval of 30 min. The environmental conditions of the present event are analyzed by the
European Centre for Medium-Range Weather Forecasts (ECMWF) hourly reanalysis data (ERAS5) with a
horizontal resolution of 0.25° x 0.25°. Besides, soundings from two stations (i.e., Heyuan and Hong Kong)
located ahead of the frontal rainband and warm-sector rainband are selected to further provide additional
information about environmental conditions.

2.2. The Calculation of Frontogenesis Function

To identify the location of front objectively, the frontogenesis function is calculated with the ERA5 reanaly-
sis data at the surface layer. The calculation follows Bluestein (1986) as below:

= di|v,196 = F1+F2+F3+F4 3
t
Fl = —1A|v ) (4)
2 h¥%
1| (o6,Y 00, \( 20 00, Y
F2=——|B|—=| +2¢| == | == |- B|—=| |/|V,6, (5)
2 ox ox Oy Oy
06, 0Q 06,
F3 = L_Q Q/|Vhe (6)
ox Ox 8y Oy
rq (26, 00 06, 00 |V/, e @
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where V,is horizontal Hamilton operator, 6, is equivalent potential temperature, Q is diabatic heating, u,
v, and w are wind velocity along zonal, meridional, and vertical directions, respectively. The frontogenesis
function F contains four terms: FI is the horizontal divergence term, F2 is the horizontal deformation term,
F3 is the diabatic heating term, and F4 is the vertical motion term. Frontogenesis occurs if F is larger than
zero. Since the variability of vertical motion w is quite small along the horizontal direction, F4 is not includ-
ed in the calculation.

2.3. The Retrieval of Rain Size Distribution Parameters

Rain size distribution (RSD) parameters can be retrieved from polarimetric variables based on the con-
strained-gamma (C-G) model proposed by Zhang et al. (2001). A three-parameter gamma function is widely
applied to characterize the observed RSDs with the form:

N(D) = NyD*exp(-AD) ¢8))

where D is the particle diameter, N, is the intercept parameter, x is the shape parameter, and A is the slope
parameter. Previous studies found that the three parameters (N,, &, and A) in Equation 11 are not inde-
pendent of each other (Testud et al., 2001; Ulbrich, 1983). A significant positive correlation exists between
uand A (Zhang et al., 2001, 2003). Therefore, the C-G model is alternatively established by using the 1 — A
relationship in Equation 11 to reduce the number of independent parameters from three to two. The em-
pirical i — A relationship relies on RSD observations, so it varies among different geographical locations
and precipitation types. Based on two-year RSD data collected by four disdrometers located at Guangdong
Province, Liu, Wan, et al. (2018) applied a localized x — A relationship (A = 0.02414> + 0.867 4 + 2.453)
into the C-G model and derived the fitting formula between the RSD parameters (N,, A) and the Guang-
zhou polarimetric radar data (Z;, Z,). The Guangzhou radar (GZRD) is one of the 10 radars used in the
present study. Given that these 10 radars are operated in the same scanning mode and the same frequency,
and meanwhile they are located in the same limited geographic region, it is probably reasonable to apply the
same fitting formula for the merged data from the 10 radars. Therefore, we adopt the same formulas as in
Section 3 of Liu, Wan, et al. (2018) to retrieve the RSD parameters. Microphysical variables such as raindrop
mass-weighted mean diameter (D, ) and normalized intercept parameter (N, ) can be further calculated by
moments of the gamma RSD.

2.4. The Estimation of Liquid and Ice Water Content

Following previous studies (e.g., Carey & Rutledge, 2000; Cifelli et al., 2002; Chang et al., 2015), LWC (M)
and ice water content IWC) (M,) are estimated with the consideration of three scenarios: pure ice, pure
rain, and the mixture of ice and rain. The difference reflectivity (Z,,; dB) method (Golestani et al., 1989) is
utilized to discriminate the total radar reflectivity (i.e., the horizontal reflectivity Z, for dual-polarization
radars) for ice (Z““; dBZ) and rain (Z""; dBZ). Z,, is calculated as follows:

Zpp =1010g(Zy - Zy) (12)

where Z,, and Z,, are the horizontal and vertical radar reflectivity in the unit of mm® m~3. Z’“" is estimated
by the localized Z"“" - Z pp relationship derived from two-year disdrometer data in Guangdong Province
(Li et al., 2019) as follows:
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7™M = 0.0044 x Z},p + 0.58054 x Zpp +16.591 13)
and Z* is thus calculated as follows:
Zice :ZH _ Zrain. (14)

If the Z,, method indicates the presence of mix-phase precipitation, then the following Z-M relationship is
applied to estimate M and M, (Carey & Rutledge, 2000; Cifelli et al., 2002; Chang et al., 2015; Li et al., 2019):

3 (a7
M, =344x107 (z™) (15)
and

. 4/7
= 100070y 5.28x10718zice 16)
.= 7T0; N ; _—
1 pl 1 720

where Z;*" (mm® m~3) and Z;* (mm® m~?) is the linear form of Z"“*and Z"“, p, (0.917 kg m~3) is the ice den-
sity and N, (4 X 10° m™*) is the intercept parameter of an assumed inverse exponential ice size distribution.
M, is calculated by Equation 15 with ZZ“"' = Z,, for pure rain regions while M, is calculated by Equation 16
with ZZ“’ = Z,, for pure ice regions, where Z,, is the observed horizontal radar reflectivity in the unit of
mm® m~3.

2.5. Dual-Doppler Wind Field Retrieval

The dual-Doppler wind field retrieval is conducted to show the dynamical differences between the two
types of convection in the present event. Radial velocity observations from two selected radars are incorpo-
rated into the algorithm to retrieve the vertical velocity by the variational adjustment of the anelastic mass
continuity equation. Lianzhou radar (LZRD) and Shaoguan radar (SGRD) are selected to retrieve vertical
velocity for the frontal convection when it was near the front. GZRD and Shenzhen radar (SZRD) are se-
lected to retrieve vertical velocity for the coexisting frontal convection and warm-sector convection around
the coastal region. An additional retrieval domain using the GZRD and SZRD is adopted to include more
samples for the comparison. The dual-Doppler retrieval domains are shown by the dashed orange boxes in
Figure 1. The wind field retrieval is performed on a Cartesian grid covering 200 km X 200 km X 20 km in
meridional, zonal, and vertical directions. The horizontal and vertical resolutions of the retrieval data are 1
and 0.5 km, respectively. A detailed description of the wind field retrieval methodology used herein can be
found in Section 2 of Liu, Luo, et al. (2018).

3. Case Description and Environmental Conditions

On June 12-13, 2019, a heavy rainfall event occurred in South China and exhibited the precipitation pat-
tern featured by two coexisting rainbands, namely, an inland frontal rainband and a coastal warm-sector
rainband. Figure 2 shows the spatial distribution of IMERG hourly precipitation from 1300 UTC June 12,
2019 to 0200 UTC June 13, 2019 around Guangdong Province (marked by black outlines). Because of the
frictional contrast between land and sea, frontogenesis occurred around the coast of South China due to the
convergence of wind speed. For the inland region of interest, the frontogenesis was generated by the conflu-
ence of warm air from the south and cold air from the north (purple contour in Figure 2), which is identified
as a surface cold front. During 1300-1600 UTC June 12, the inland rainband was very close to the surface
cold front and it can be regarded as the typical FR (Figures 2a and 2b). In the following four hours, the FR
began to move southeastward and vacated from the cold front (Figure 2c). At 2200 UTC June 12, the FR
continued to move toward the coastline while new convection was initialized and organized at the coastal
area and moved along the coastline (Figures 2d and 2e). Based on the location of the objectively identified
front, the coastal organized rainband at later times was located greater than 200 km ahead of the front and
in the warm sector, which is regarded as the typical WR. Finally, the frontal convection merged with the
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Figure 2. The GPM IMERG hourly precipitation (color filled; mm) and frontogenesis function (purple contours; every 3 X 10~° K m~! s7! starting from

2 x 107 K m~!s71) at (a) 1300, (b) 1600, (c) 1900, (d) 2200 UTC June 12, 2019, (¢) 0000, and (f) 0200 UTC June 13, 2019. The frontogenesis function is
calculated at surface layer data from ERAS reanalysis data. The wind vector denotes the 10-m wind. The red ellipses in (a) and (d) show the identified frontal
heavy rainfall and warm-sector heavy rainfall. Guangdong Province is outlined by thick black lines.

organized coastal warm-sector convection at 0200 UTC June 13 (Figure 2f). The maximum hourly rainfall
produced by the frontal and warm-sector convection can both exceed 30 mm (Figure 2).

The vacating process of the frontal convection and the initiation of the warm-sector convection are exam-
ined by analyzing the synoptic-scale background (Figure 3). At 1600 UTC June 12, a low-level vortex was
located at the entrance of the upper-level jet at 200 hPa, where divergence favored the synoptic-scale up-
ward motion and contributed to the development of the low-level vortex (Figure 3a). The low-level vortex
was strengthened at 1800 UTC June 12 (Figure 3b) and thus the airflow at 700 hPa was accelerated in the
north of Guangdong Province (Figure 3c). The frontal convection ahead of the front was located near the
exit of the boundary layer jet at 950 hPa and synoptic-system-related low-level jet at 700 hPa (Figures 3c
and 3d). As a result, convergence existed at low levels in this region (marked by the red ellipse in Figures 3e
and 3f). These conditions above probably jointly promoted the rebuilding process of the convection ahead
of the front. The double low-level jets also played a significant role in the warm-sector convection initiation
(CI) of this event, which is consistent with previous studies (e.g., Du & Chen, 2019, Du, Chen, Han, Mai,
et al., 2020). The boundary layer jet at 950 hPa over the Northern South China Sea developed and the core
of the jet was closer to the coast at 1800 UTC (Figure 3d). The location of CI (blue plus symbol in Figure 3)
was at the downstream and left side of the jet at 950 hPa (i.e., the region of positive vorticity), where the
convergence developed (Figures 3d and 3f). Besides, the location of CI was located near the entrance of the
jet at 700 hPa, where the divergence occurred (Figures 3c and 3e). Compared to the environmental condi-
tions at 1200 UTC, such low-level convergence and middle-to-low level divergence jointly promoted the
mesoscale lifting around the location for the warm-sector CI at 1800 UTC (Figures 4a and 4b). In addition to

HAN ET AL.

6 of 24



A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2021JD035446

Figure 3. Horizontal distributions of (a)-(d) wind speed (color filled; unit: m/s) and (e) and (f) divergence (color filled; unit: 10> s7!) at (a), (b) 200 hPa,
(c) and (e) 750 hPa, and (d) and (f) 950 hPa from ERAS reanalysis data. (a) Is at 1600 UTC and (b)—(f) is at 1800 UTC June 12, 2019. The blue contours
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and 0600 UTC (1400 LST, i.e., afternoon). The red dashed lines in (a) and (b) mark the location of the warm-sector convection initiation. The red triangle in (c)
denotes the location of coastline.

the contribution from the low-level jet, the local convergence between the land breeze and southerly winds
from the sea additionally provided a favorable condition for the initiation of coastal warm-sector convection
(Figure 4c), which is also seen from the climatological study in Wu et al. (2020).

Soundings and wind hodographs from two stations (i.e., Heyuan and Hong Kong) east of the frontal convec-
tion and warm-sector convection are further provided in Figure 5. Since the Heyuan sounding was likely to
be launched into the frontal rainband at 0000 UTC June 13, we use the Heyuan sounding six hours earlier
when the sounding was not into the precipitation. Both the Heyuan and Hong Kong soundings show a
very moist layer below 850 hPa and a relatively dry layer between 700 and 500 hPa, suggesting the unstable
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Figure 5. Skew T-logP diagrams at (a) the Heyuan sounding site at 1800 UTC June 12, 2019 and (b) the Hong Kong sounding site at 0000 UTC June 13, 2019.
The inserted figures are hodographs for interpolated wind speed from the surface to 10 km height with a 1-km height interval shown by red dots.

atmospheric stratification. The lifting condensation levels are similar for both soundings, but the level of
free convection calculated from the Hong Kong sounding is about 300 m lower than that calculated from
the Heyuan sounding. Southwesterly winds were observed up to 500 hPa accompanied by the clockwise
change in wind direction and the magnitude of 0-3-km bulk vertical wind shear reached approximately
12 m s71. The environmental conditions were favorable for the development of convection. However, much
larger mixed-layer convective available potential energy (CAPE) calculated from the Hong Kong sound-
ing indicates that the coastal warm-sector convection might have a greater potential to develop into deep
convection.

4. Microphysical Characteristics of the Frontal and Warm-Sector Convective
Cells

4.1. Composite Radar Reflectivity and Identification of Convective Cells

Figure 6 shows the spatial distribution of composite radar reflectivity merged from the ten dual-polarization
radars located in South China. In this event, both the frontal convection and warm-sector convection were
well observed by those radars. More detailed features can be captured compared to the IMERG precipita-
tion data. For instance, before the frontal convection was rebuilt in the warm sector ahead of the front, the
merge processes between the frontal convection and scattered convections from the coast can be observed
(Figure 6c). The analysis period starts at 1300 UTC June 12 when the frontal convection began to organize
near the surface front and ends at 0200 UTC June 13 when the frontal and warm-sector convections merged
together (Figure 6). To compare the microphysical characteristics of the coexisting frontal and warm-sector
convections, we use two boxes for sampling. One is fixed at the coastal region (red box B in Figure 6) and the
other one is set following the movement of frontal convection (red box A in Figure 6).

In this study, we focus on the convection regions, which were the main contributor to the heavy rainfall. Fol-
lowing Wang et al. (2019), the convective cells (CCs) are identified based on the depth of radar reflectivity.
If the points with radar reflectivity larger than 40 dBZ exceed one-third of the total points in each vertical
column of gridded data, this column is considered as a CC. The large coverage of 10 radars provides us
enough samples at lower levels for robust analysis. Nevertheless, the lack of samples due to nine elevations
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Figure 6. The horizontal distribution of composite radar reflectivity (unit: dBZ) at (a) 1300, (b) 1600, (c) 1900, (d) 2200 UTC June 12, 2019, (e) 0000, and (f)
0200 UTC June 13, 2019. Red boxes denote the analysis domains for the frontal convection (box A) and warm-sector convection (box B).

of operational radar prevents us to conduct robust analysis below 1 km height. Therefore, we only use radar
data above 1.0-km altitude (above sea level) for quantitative analysis. Although rain microphysics below
1-km height would not change significantly because of the relatively large environmental humidity, the ca-
veat should be noted since the cold pool near the surface might still affect the raindrop size by evaporation.

4.2. Polarimetric Measurements

Figure 7 shows the contoured frequency by altitude diagrams (CFADs) and the percentile profiles of Z.,
Zr» and K, in all the identified frontal and warm-sector CCs during the 13-hr analysis period. The differ-
ences in the CFADs of these polarimetric measurements between the warm-sector CCs and frontal CCs are
additionally shown in Figures 7g-7i. The height of the freezing level is estimated by the consideration of
the correlation coefficient p, . and sounding data, which is about 5.3 km for both the CCs. Some negative
values of Z; and K[, above the 0°C level in the CFADs might be partly associated with observational ran-
dom errors.

The majority of Z; (defined as frequency larger than 5%) are generally distributed between 40 and 52 dBZ
below the freezing level in both the frontal and warm-sector CCs (cf. Figures 7a and 7d). However, above
the freezing level, the decrease of Z, with height varies between the frontal and warm-sector CCs. At 12-km
altitude, most Z,; decreases to 8-22 dBZ for the frontal CCs (Figure 7a) while most Z,; declines to 10-32 dBZ
for the warm-sector CCs (Figure 7d). The differences in CFADs of Z,; between these two types of CCs clearly
show that the warm-sector CCs have more large values than the frontal CCs (Figure 7g). This is also validat-
ed by differences in the profiles of Z, at the 50th, 90th, and 99th percentiles between these two types of CCs
(Figure 7j). The vertical profile of radar reflectivity is commonly used as an indicator for storm intensity in
previous studies (e.g., Xu et al., 2009; Zipser & Lutz, 1994; Zipser et al., 2006). Larger vertical profiles of Z,
at all the three percentiles indicate that the warm-sector CCs generally have a stronger convection intensity
than the frontal CCs in this event.
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Figure 7. The CFADs (unit: %) of (a) Z,;, (b) Z;, and (c) K, for the frontal CCs. (d)~(f) Are the same as (a)-(c) but for the warm-sector CCs. (g)-(i) Are the
CFAD:s difference between the warm-sector CCs and frontal CCs. (j-1) Are the 50th, 90th, and 99th percentile profiles of Z,;, Z ., and K, for the frontal CCs
(dashed lines) and warm-sector CCs (solid lines). The analysis period is from 1300 UTC June 12, 2019 to 0200 UTC June 13, 2019. The height of the melting
level is indicated by dashed gray lines.

From 12 to 7 km height, the distribution of most Zir samples in the frontal and warm-sector CCs is cen-
tered nearly zero with more positive values in the frontal CCs (Figures 7b and 7e). A prominent downward
increase of Z,, is seen from 7-km altitude to the freezing level. Below the freezing level, a part of the fre-
quency contours of Z; in the warm-sector CCs show a faster increase toward the lower altitude while those
in the frontal CCs generally remain constant (cf. Figures 7b and 7e). As a result, the warm-sector CCs show
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Figure 8. The joint PDFs (unit: %) of D and log, (N,) at 1-km altitude for (a) frontal CCs and (b) warm-sector CCs. The analysis period is from 1300 UTC
June 12 to 0200 UTC June 13, 2019. The gray dashed line denotes the fitting line for stratiform precipitation while two gray rectangles represent the maritime
and continental convective clusters in D — log, (N, ) space from Bringi et al. (2003). The black dots in (a) and (b) show the locations of mean values of D, and

log,(N,).

a larger frequency for Z, larger than 1 dB below 4 km height (Figure 7h). A more obvious discrepancy in
Z, between the warm-sector and frontal CCs can also be found in the 90th and 99th percentile profiles
(Figure 7k). The maximum differences in Z, at the 90th and 99th percentile profiles below 5 km altitude
are around 0.4 and 0.7 dB, respectively. Higher Z, below the melting level suggests that the raindrop size
is larger in the warm-sector CCs.

The distributions of K, for both CCs are slightly different above 7-km altitude (cf. Figures 7c and 7f). How-
ever, the K of warm-sector CCs is distributed more broadly toward values larger than 1.5° km~! below the
melting level (Figure 7i), resulting in approximately 0.3° km~' higher at 90th and 99th percentile profiles
(Figure 71). The result indicates higher rainwater content in the warm-sector CCs.

Overall, the differences in Z; and K, between the two types of CCs below the melting level at 90th and 99th
percentile profiles are relatively small compared to those in Z, (Figures 7j-1). Since Z; and K, are related
to both particle diameter and number concentration while Z , is only closely associated with particle ob-
lateness (or diameter), the greater difference in Z,, between the two types of CCs but with relatively similar
Z,, or K, implies a considerable number of larger raindrops in the warm-sector CCs.

4.3. Rain Microphysics

To directly reveal the microphysical characteristics of raindrops for the two types of CCs, the RSD param-
eters are retrieved by Z, and Z,, based on the C-G model as described in Section 2c. Figure 8 shows the
joint probability distribution functions (PDFs) between the mass-weighted mean diameter D_ and the log-
arithmic scale of normalized intercept parameter log, (N, ) at 1.0-km altitude (i.e., the lowest height with
samples for robust analysis). The gray dashed line in Figure 8 denotes an empirical fitting line for stratiform
precipitation in D, — log, (N, ) space from Bringi et al. (2003). Samples are almost located on the right side
of this dashed line, which indicates the convective rain type. The joint PDFs for both CCs are mainly con-
fined within the area bounded by D, with a range of 1.5-2.0 mm and log, (N, ) with a range of 3.5-5.0 mm™!
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Figure 9. Mean profiles of the retrieved (a) D, (unit: mm) and (b) log,(N,,) (unit: mm~" m~?) averaged over the frontal CCs (blue lines) and warm-sector CCs
(red lines). The analysis period is from 1300 UTC June 12, 2019 to 0200 UTC June 13, 2019.

m~. The mean D_ and log, (N, ) of the warm-sector CCs are about 0.15 mm and 0.1 mm™" m~ higher than
those of the frontal CCs. The mean values of both CCs are still within the “maritime-like” cluster where the
RSDs are characterized by a high number concentration of small raindrops. Since these two precipitation
systems were generally coexisting in the same climatic region, it is not surprising that they present similar
raindrop characteristics in an average sense. However, RSDs of the warm-sector CCs also partly have a “con-
tinental-like” characteristic with some samples featured by a considerable number concentration of large
raindrops. By contrast, very few RSDs in the frontal CCs are within the “continental-like” cluster.

The vertical distribution of D_ and log (N, ) averaged over the two types of CCs are further compared in
Figure 9. For the frontal CCs, retrieved D_ shows a slight increase from 4 to 1.5 km height and a decrease
from 1.5 to 1 km height. The decrease of D_ from 1.5 to 1 km height might be caused by the lack of sam-
ples since the frontal convection was located in a relatively high-terrain region at most times (cf. Figures 1
and 6). In the warm-sector CCs, retrieved D shows an increasing tendency with decreasing height. Besides,
the two types of CCs both show a decrease of log (N, ) from 4 km height to 1 km height. The increase of
D_ and decrease of log (N, ) with decreasing height in the two types of CCs are probably resulted from the
interactions among collision, coalescence, and evaporation (Dolan et al., 2013; Wen et al., 2017). However,
the warm-sector CCs generally have a more efficient increase of raindrop size than the frontal CCs.

Since both the frontal and warm-sector convections have mixed-phase processes in this event, initial rain-
drops partly come from the melting of rimed ice particles and thus these raindrops usually have relatively
large sizes. Both types of convection are different from shallow convection, in which the initial raindrops
are primarily produced by the collision between cloud droplets condensed from water vapor. In general,
the warm-sector CCs have stronger convective updrafts (see Section 5) to lift more liquid droplets above the
freezing level and thus probably promote the riming process. Large raindrops melted from more rimed ice
particles in the warm-sector CCs experience further growth in raindrop size by a more efficient collision—co-
alescence process below the melting level (i.e., collection of cloud droplets). In this study, we mainly regard
the more efficient collection of cloud droplets as more active warm rain processes to explain the differences
in raindrop size between the frontal and warm-sector CCs.

Caveats should be noted since Bringi et al. (2003) did not use the same method to retrieve D_ and log, (N, )
as in this study, and the values of retrieved D_ and log, (N, ) and relevant fitting line in Figure 8 are
somewhat sensitive to the u—A relationship. These factors could influence the interpretation of the RSDs
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4.5. Temporal Evolution of Microphysical Characteristics for the
Frontal CCs

In the last three subsections, microphysical characteristics of the frontal
and warm-sector CCs are compared quantitatively. However, unlike the
warm-sector convection, the frontal convection in this event experienced
an evident temporal evolution from the first stage near the front (stage
1) to the second stage that merged with scattered convections from the
coast (stage 2), and then to the third stage that rebuilt ahead of the front (stage 3). Stage 1 is a typical frontal
convection period while the latter two stages are somewhat not as typical as stage 1. Here we further com-
pare the microphysical features during the three stages of the frontal CCs. Figure 11 shows the time-height
distributions of Z,, Z ., and K, averaged over the frontal CCs along with the corresponding mean profiles
of these polarimetric variables averaged over the three stages. There are pronounced differences among the
three stages of the frontal CCs. Z,; undergoes an evolution from the strongest period to the relatively weak
period but then it gets enhanced again at stage 3 (Figures 11a). The convection intensity at stage 3 is similar
to that at stage 1 below 4 km height, but it is obviously weaker than stage 1 above 4 km height (Figures 11d).
The change of Z, generally shows a consistent increase above the melting level (Figure 11b). Below the
melting level, Z , experiences an increase at stage 1 following a temporary decrease during 1700-1900 UTC
and then increases again at stage 3 (Figure 11b). Compared to stage 1, the mean Z, is even larger at stage
3 (Figure 11e). For all three stages, the values of K, increase remarkably from 8-km height to lower levels
(Figure 11c). K, is largest at stage 1 while the change of K, is relatively small for the latter two stages. The
difference in the mean profiles between stages 2 and 3 only exists below 3 km height (Figure 11f).

We further compare the microphysical features of raindrops for stages 1 and 3 when organized frontal con-
vection was observed. Stage 3 has comparable or even slightly larger Z,; than stage 1 below the melting level
(Figure 11d). Meanwhile, low-level Z, averaged during stage 3 is about 0.2 dB greater than that in stage 1
but the corresponding mean K, is much smaller (Figures 11e and 11f). It suggests a large number of small
raindrops at stage 1 of the frontal CCs. In contrast, stage 3 might produce relatively large raindrops but with
less number concentration, which is somewhat similar to the rain microphysics of the warm-sector CCs.

The vertical distribution of hydrometeors at stages 1 and 3 is compared in Figure 12. The frontal CCs at
stage 1 have more rimed graupel particles, which is associated with the larger convection intensity at stage
1. The mixture of rain and hail can still account for approximately 5% frequency at 2 km height while the
corresponding frequency is only 2% for stage 3 (cf. Figures 12a and 12b), which suggests a more profound
riming process at stage 1. However, the occurrence frequency of heavy rain at stage 3 is greater than that at
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Figure 13. Same as Figure 8, except for the joint PDFs (unit: %) of D, and log, (N, ) at 1-km altitude at three stages of the frontal CCs.

stage 1 because of larger Z,, (i.e., larger raindrop) at stage 3, which is easier to be categorized as heavy rain

by the HCA.

4.6. Comparison Between the Warm-Sector CCs and the Frontal CCs at Different Stages

To compare the polarimetric features between the warm-sector CCs and the frontal CCs at different stages,

the mean profilesof Z,;, Z, .,

and K, averaged over the warm-sector CCs are also shown in Figures 11d-11f

(green lines). The mean profile of Z, for the frontal CCs at stage 1 is quite similar to that of the warm-sector
CCs except that the latter shows a larger Z,; below 4 km height. A similar large Z;, below 4 km height is
found for the warm-sector CCs and the frontal CCs at stage 3 while their difference in Z, is prominent above
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Figure 14. Same as Figure 10, except for the mean profiles of LWC (solid
lines; unit: g m=3) and IWC (dashed lines; unit: g m=3) for the frontal CCs
at three stages and the warm-sector CCs.

4 km height (Figure 11d). All the three stages of frontal CCs show smaller
Z, than the warm-sector CCs below 4 km height, although the low-level
Z,r at stage 3 is the largest (Figure 11e). Below the melting level, the
mean K, of the warm-sector CCs is smaller than that of the frontal CCs
at stage 1 but larger than that at stage 2 and 3 (Figure 11f).

The joint PDFs of D and log /N, for the frontal CCs at different stages
are shown in Figure 13. The pattern of joint PDFs of D and log, N for
the frontal CCs is mainly contributed by the first two stages (cf. Figures 8
and 13). For the frontal CCs at stage 3, its pattern is somewhat close to
that of the warm-sector CCs, showing more samples with large D and
small log, N, than the first two stages.

Vertical profiles of retrieved LWCs and IWCs are further compared in
Figure 14. The differences between the frontal CCs at different stages and
the warm-sector CCs are similar to those in the mean profiles of Z . It
is because the retrievals of LWC and IWC are highly determined by the
values of Z,; (see Equations 15 and 16). The mean IWC in the warm-sec-
tor CCs is similar to that of the frontal CCs at stage 1 and higher than
those at stages 2 and 3, suggesting active ice-based processes in the fron-
tal CCs at stage 1. However, even with similar IWC, the mean LWC in the
warm-sector CCs is about 0.2 g m~3 larger than that of the frontal CCs at
stage 1 below 4-km height. The frontal CCs at stage 3 show the largest
LWC among three stages and thus are closest to the warm-sector CCs, in-
dicating that warm rain processes become active at stage 3. It is noted that
K., (depends on LWC) is largest at stage 1 (Figure 11f) but retrieved LWC
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Figure 15. The horizontal distribution of (a) CAPE (unit: J kg~!) and (b) CIN (unit: J kg~!) calculated from ERAS reanalysis data averaged from 1300 UTC June

12, 2019 to 0200 UTC June 13, 2019.

at stage 1 is not the largest. This is likely because the retrieval algorithm highly depends on Z;, which is
proportional to the particle number and sixth power of particle diameter. Therefore, the retrieval algorithm
used in this study somewhat amplifies the relatively small raindrop size at stage 1, resulting in moderate
retrieved LWC.

5. Discussion: Possible Reasons for the Microphysical Differences

Figure 15 shows the spatial distributions of CAPE and convective inhibition (CIN) averaged over the anal-
ysis period. Generally, the warm-sector CCs were situated in the coastal region of high CAPE greater than
2000 J kg~! while the inland frontal CCs were supplied by the CAPE smaller than 1000 J kg~'. The envi-
ronmental CIN for both CCs was relatively weak. The difference in CAPE suggests that the environmental
condition favors the development of warm-sector CCs. When accompanied by other favorable conditions,
the warm sector could have a larger possibility to grow into deeper convection than the frontal CCs.

To validate the differences in convection intensity and better understand the microphysical differences, the
dual-doppler wind field retrieval is conducted for this case. The radar reflectivity observations merged from
10 radars are regridded onto the grid of each wind field retrieval so that the identified CCs can be matched
with the retrieved vertical velocity. The comparison is limited to the identified CCs with vertical velocity
(w) greater than 1 m s™! to focus on the convective updrafts. The analysis period for the frontal convection
at stage 1 is from 1400 UTC to 1600 UTC June 12, 2019 while the analysis period for the frontal convection
at stage 3 and the warm-sector convection is from 2300 UTC June 12, 2019 to 0100 UTC June 12, 2019. Fig-
ure 16 shows the vertical profiles of convective updrafts at the 50th, 99th, and 99th percentiles. Compared
to the frontal CCs at stage 3, larger w is found at stage 1, which is consistent with more identified graupel
particles above the 0 °C level during the typical frontal convection period (Figure 12). More importantly, the
warm-sector CCs generally have a larger w than the frontal CCs at these three percentiles, suggesting that a
more favorable condition to lift the cloud droplets above the freezing level and thus to promote the riming
process. A more active riming process can produce more rimed ice particles for melting. Therefore, there
might be more initial large raindrops in the warm-sector CCs, which could experience a further increase in
size by a more efficient collection of cloud water when they fall toward lower levels. This can partly explain
the discrepancy in quantitative results of raindrop microphysics between the frontal and warm-sector CCs
(Figure 8).

For the frontal CCs near the front (i.e., stage 1), they can also develop into deep convection without abun-
dant CAPE but by strong dynamical forcing of front lifting, which is evidenced by the large w at the 99th
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Figure 16. Vertical profiles of convective updrafts at the 50th, 99th, and 99th percentiles. The black lines denote the frontal CCs at stage 1, the blue lines denote
the frontal CCs at stage 3, and the red lines denote the warm-sector CCs.

percentile (Figure 16). However, the warm-sector CCs still produce larger raindrops than the frontal CCs
near the front. Therefore, their difference in raindrop size cannot be explained only by the convection
intensity.

Recent studies have shown that low-level rotation in the storms can enhance precipitation through dy-
namical effects and potentially increase the warm rain processes (e.g., Nielsen & Schumacher, 2018, 2020).
Radial velocity from the GZRD and LZRD are thus used to show the rotation features when the strongest
convection occurred. From Figure 17 (black contour denotes the identified convective cells), we can see that
the rotation features exist in both the frontal and warm-sector convection. When the frontal convection was
near the front, the rotation mainly occurred at the east part of the frontal system (Figures 17a-17c). When it
was away from the front and gradually moved into the warm sector, the frontal convection was established
by the convergence of wind speed (inland convection region in Figures 17d-17f). As for the warm-sec-
tor convection, the rotation feature in the convection region is obvious, especially for those over the sea
(coastal region in Figures 17d-17f). Large values (>2 dB) of Z, were also observed by the GZRD in these
convective cells over the sea. It is possible that the low-level rotation additionally accelerates the growth of
raindrop size by enhancing the warm rain processes (e.g., the collision-coalescence process between cloud
droplets and raindrops) for the warm-sector convection. Although the frontal convection at stage 1 (Fig-
ures 17a-17c) also had the rotation feature, it only obviously existed in the eastern part. For the warm-sector
convection, the rotation feature dominated most of the convection region, which can affect more samples
of convective cells. This might result in a larger mean raindrop size in the warm-sector CCs than that in the
frontal CCs at either stage 1 or stage 3.

Besides, the low-level water vapor mixing ratio at the coastal region was larger than that in the inland
region (Figure 18), which could further contribute to more active warm rain processes by potentially pro-
viding more cloud droplets to be collected by raindrops. It might result in an even larger mean raindrop
size in the warm-sector CCs (Figure 11e). The frontal convection rebuilt in the warm sector was close to the
coastal area of a larger low-level water vapor mixing ratio (Figure 18b). Due to the similar promoted warm
rain processes, the raindrop size of the frontal CCs at stage 3 was increased compared to those at stage 1
(Figure 11e).
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Figure 17. Spatial distribution of radial velocity at the 2.4° elevation observed by Lianzhou radar (LZRD) at (a) 1400, (b) 1430, and (c) 1500 UTC June 12,
2019. (d)—(f) Are same as (a)—(c) but for Guangzhou radar (GZRD) at (d) 0000, (e) 0030, and (f) 0100 UTC June 13, 2019. Black contours denote the identified
convective cells. The locations of LZRD and GZRD are marked by the black dots. Red arrows mark the radial wind direction toward and away from the radars.
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Figure 18. Spatial distribution of mean water vapor mixing ratio (unit: g kg=!) between 900 and 1,000 hPa layers averaged during (a) 1400-1500 UTC June 12,
2019 and (b) 0000-0100 UTC June 13, 2019.
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6. Summary

In the present study, we use polarimetric observations merged from 10 radars as well as IMERG precipita-
tion, ERAS5 reanalysis, and sounding data to investigate a heavy rainfall event that occurred on June 12-13,
2019 in South China. The purposes are to identify the differences in microphysical characteristics of the
coexisting frontal and warm-sector convection, and also to investigate the possible influence of dynamical
and thermodynamical conditions on their microphysical differences.

In this event, the inland frontal convection at first occurred near the front forced by the dynamical lifting of
the front but it was later vacated from the front and rebuilt ahead of the front. The vacating and rebuilding
processes were likely associated with the convergence of wind speed at the exit of a boundary layer jet.
Meanwhile, the coastal organized warm-sector convection was initialized by the low-level convergence and
middle-to-low level divergence related to the double low-level jets in South China. In addition, the local
convergence between the nocturnal land breeze and southerly low-level flows from the sea possibly further
promoted the initiation of the warm-sector convection.

By comparing the polarimetric measurements of the frontal and warm-sector convection, we examine the
microphysical differences between the two types of convection. For all the identified CCs during the 13-hr
period, the warm-sector CCs generally have larger Z,, than the frontal CCs, suggesting a stronger convection
intensity. Below the melting level, the warm-sector CCs show greater Z, and K, indicating a larger rain-
drop size and higher LWC. Compared to the frontal CCs, retrieved RSDs at 1 km height further reveal that
the warm-sector CCs partly have a “continental-like” feature with more large raindrops, which is consistent
with much larger Z; in 90th and 99th percentile profiles.

More large raindrops might be attributed to the melting of more rimed ice particles due to more active
ice-based microphysical processes in deep convection. An unstable environment over the sea or coastal
area during the East Asia monsoon season provides abundant CAPE from the ocean for the development
of warm-sector convection. Combined with other local forcings, the warm-sector convection has a larg-
er possibility to develop significantly with prominent ice-based processes (especially riming process) than
the frontal convection in most circumstances. The stronger warm-sector convection is further evidenced
by the larger convective updraft velocities derived from the dual-Doppler radar retrieval. This can largely
explain the discrepancy in the quantitative comparison of raindrop microphysics between the frontal and
warm-sector CCs.

Interestingly, the warm-sector CCs still manifest larger raindrops than the frontal CCs when their convec-
tive intensity is similar. The temporal evolution of microphysical properties in the frontal convection is sig-
nificant. The frontal convection can be also quite strong when it was near the front, which was dynamically
forced by the front lifting (stage 1). Compared to the later stage when it was organized again ahead of the
front (stage 3), the frontal convection near the front had more active ice-based microphysical processes with
more rimed ice particles aloft. However, the raindrop size of frontal CCs near the front was smaller than that
of the frontal CCs ahead of the front.

There are some possible reasons for the microphysical differences illustrated above. When the frontal con-
vection moved ahead of the front and was closer to the coast, warm rain processes were likely promoted due
to the higher low-level humidity around the coastal region, resulting in a larger mean raindrop size at stage
3 than that at stage 1. Apart from the contribution from greater low-level moisture, the low-level rotation
might also potentially increase the warm rain processes to a certain degree from the dynamical perspective.
The warm-sector convection shows more evident rotation features, especially for those CCs over the sea.
By contrast, the frontal convection only partially exhibits the feature of low-level rotation at stage 1 and has
no obvious low-level rotation at stage 3. Therefore, the combined effects of low-level moisture and rotation
probably lead to a larger mean raindrop size in the warm-sector CCs than that in the frontal CCs at either
stage 1 or stage 3. The major findings of the microphysical differences between the warm-sector CCs and
frontal CCs at different stages and the possible influence of environmental factors are summarized in a
schematic diagram as shown in Figure 19.

The comparison between the frontal CCs at stage 1 and those at stage 3 suggests that large raindrops might
not necessarily be related to deep convection with active ice-based processes. Meanwhile, it also indicates
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Figure 19. Schematic diagram depicting the microphysical characteristic differences between the warm-sector CCs
and frontal CCs at different stages and the possible influence of environmental factors.

that warm rain processes are likely more important in determining the raindrop size for convection with
ice-based processes near the coastal area. Processes affecting the raindrop microphysics in this event are
somewhat different from those in the typical tropical oceanic and midlatitude continental convections.
Tropical oceanic convection is usually shallow convection due to lower vertical velocities (e.g., Houze
et al., 2015; Zipser et al., 2006). With abundant moisture, warm rain processes dominate the change of
raindrop size. But due to the absence of contribution from the melting of rimed ice particles and the lim-
itation of relative weak updrafts to hold raindrops aloft for a sufficient collision-coalescence process, the
mean raindrop size is typically smaller in the oceanic convection (e.g., Bringi et al., 2003; Dolan et al., 2018).
Intense deep convection is more commonly observed over land (e.g., Houze et al., 2015; Zipser et al., 2006).
Strong vertical velocities can continuously lift small cloud droplets above the freezing level to enhance the
ice-based processes for continental deep convection. This can somewhat suppress the warm rain processes,
since cloud droplets are lifted above the freezing level by strong updrafts before they experience the colli-
sion-coalescence process to form raindrops, especially for the deep convections growing in high cloud con-
densation nuclei concentrations over land (e.g., Rosenfeld et al., 2008). As a result, the raindrops are mainly
melted from heavily rimed particles, and thus the mean raindrop size is typically larger in the continental
convection (e.g., Bringi et al., 2003; Dolan et al., 2018). Besides, some small raindrops might be evaporated
when falling into the air with a relatively low humidity over inland regions, which could further lead to a
larger mean raindrop size and a lower mean raindrop number.

This event occurred around coastal regions, where continental and maritime influences coexist (Lang
et al., 2010). Consistent with previous studies focusing on convections at subtropical regions (e.g., Chang
et al., 2015; Rowe et al., 2011, 2012; Xu & Zipser, 2015), results in this study show that different meteoro-
logical forcings can lead to the variability in the microphysical structure of different types of convections.
Moreover, the low-level rotation might be an important factor leading to more large raindrops. The relative
importance of the thermodynamical factor (i.e., CAPE, moisture) and dynamical factor (i.e., low-level rota-
tion) might be clarified by conducting numerical simulations but beyond the scope of this study.

The microphysical characteristic differences between the coexisting frontal and warm-sector convection
shown in this study are only based on one typical heavy rainfall case. Most of the operational radars in
South China just completed the upgrade to dual-polarization mode recently. With more data collection
after the upgrade, we plan to include more heavy rainfall cases in South China to obtain the microphysical
characteristics of the frontal and warm-sector convection from a perspective of climatology in the future.
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