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Highlights:

* Investigating electrical characteristics in a rainstorm dominated by warm cloud



precipitation is novel.

* Inthis rainstorm, lightning discharges predominately occurred in areas featuring
dry snow and relatively weak precipitation.

* The lightning discharges spatially deviate from the origin area of charging; the

cause of this is discussed.

Abstract: Lightning activity and its associations with cloud structures during a
rainstorm dominated by warm cloud precipitation were st:“iec in Guangdong, China
on May 7, 2017, using three-dimensional lightning 'oc.tton and polarimetric radar
data. The overall convection and lightning activitie< ¢* the rainstorm were weak. The
rainstorm generally showed a typical tripolar ch7ige <tructure with the main negative
charge core located between the —15 and - 8 “© environmental isotherms in the first 4
h. The height of the charge regions .'ea' ly decreased after this period, with the main
negative charge core being below .~ —8 °C isotherm. Lightning discharges were more
concentrated in areas featurng relatively weak convection and relatively low
precipitation intensity. M. st of the locations with lightning discharges were
dominated by dry ang,~cated snow and weak updrafts and downdrafts. This
investigation demor.~trated that the lightning discharges were spatially separated from
the area of origin of charging in this rainstorm. It is proposed that, with weak
convection in the rainstorm, the charging rate was lower than the speed of charge
transfer from the area of origin, causing a relatively low charge density and a low
frequency of lightning in the area of origin of charging. Meanwhile, the aggregation
of small charged particles in regions away from the area of origin of charging might
be conducive to the formation of a relatively high charge density and therefore

relatively frequent lightning flashes. This situation is different from a typical



thunderstorm with strong convection.
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1. Introduction

Different weather systems often display variations in their lightning activities.
For example, in typical thunderstorms and climate statistics, positive cloud-to-ground
(PCG) lightning usually accounts for ~10% of the total cloud-to-ground (CG)
lightning (Liu et al., 2011; Rudlosky and Fuelberg, 2010; Zhe:.j et al., 2010), but the
ratio of PCG lightning in severe thunderstorms is relat’ve, ‘ high, even greater than 50%
(MacGorman et al., 1989; Soula et al., 2004; Zhera «nd MacGorman, 2016). Winter
thunderstorms may also produce high-proporti~n cnd large-current PCG lightning
(Suzuki, 1992; Takeuti et al., 1976; Zh:ny °. al., 2019a). Typical thunderstorms
usually have tripolar charge stru-tures (Williams, 1989), while some severe
thunderstorms may have invertea -~harge structures (Rust et al., 2005; Zheng and
MacGorman, 2016; Zheng et ~'., 2£09). In typical or severe thunderstorms, the most
active lightning discharg:s ae usually distributed in or around the regions
characterized by the sucrgy kinematics, because of the dependence of charging
process on the rebocnuing collisions between ice-phase particles under the influence
of airflow; while in the regions away from convection, the lightning flashes are
usually less frequent and spatially dispersed (Bruning and MacGorman, 2013; Carey,
et al., 2005; Feng et al., 2007; Liu et al., 2001; Lopez et al., 1990; Ribaud et al., 2016;
Zhang et al., 2017; Zheng and MacGorman, 2016; Zheng et al., 2010).

For storms vyielding heavy rainfall (i.e., rainstorms), their precipitation
characteristics and triggering and maintenance mechanisms are often the focus of

research, but their electrical attributes and characteristics have received less attention.



In this study, we investigated lightning activity in an extraordinary rainstorm that
occurred near the Pearl River Delta in Guangdong, China on May 7, 2017 (Beijing
time, the same below). The rainstorm yielded extreme rainfall in the Pearl River Delta,
with a maximum recorded precipitation of 446.6 mm, but a relatively low lightning
flash rate, which prompted us to explore the relationship between its lightning activity

and precipitation structure.

2. Data and methodology
2.1. Observations and data
In the analysis, 3-D lightning location dat> % flash observation data, and

polarimetric radar observation data were mainly 1 seu They are introduced as follows.
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Fig. 1. Distribution of observing systems and cumulative precipitation from 20:00:00
on 6 May 2017 to 20:00:00 on May 7, 2017 (Beijing time, observed by ground-based
automatic weather stations). The origin of the distance coordinate is located based on

the position of the Guangzhou polarimetric radar (113.3553°E, 23.0039°N), which is



marked by the black star. The coordinates used in the following figures follow this
definition. Solid dots show the positions of the automatic weather stations and their
colors express the recorded cumulative precipitation, which is indicated by the color
bar. Two black ellipses represent two precipitation centers with a cumulative
precipitation greater than 250 mm; they are located in Huadu and Zengcheng, two
districts in Guangzhou. The black triangles indicate the 10 substations in the
Low-frequency E-field Detection Array (LFEDA). The red circle indicates the 100 km
range of the LFEDA network center, and the two black con~enric circles centered on
the Guangzhou polarimetric radar indicate 50 and “uu km ranges from the radar
center. The symbols in the following figures are the same. The small graph in the
upper right corner shows the locations of th. © radars that were used for the

wind-field retrieval.

a. 3-D lightning location obse: "ation

The 3-D lightning locati~n ‘= were provided by the Low-Frequency E-field
Detection Array (LFEDA), which consists of 10 stations (Fig. 1) and was developed
by the Chinese Academy ~f Meteorological Sciences. The LFEDA detects the electric
field change causeu hy iightning discharge in the 160-600 kHZ frequency band and
locates the 3-D position and time of the discharge event associated with the electric
field change pulse using the time of arrival method. Thus, we call the located source
from the LFEDA the lightning pulse discharge events (LPDEs). More introduction on
the LFEDA and its data application can be found in Chen et al. (2019), Fan et al.
(2018), Shi et al. (2017), and Zheng et al. (2019b). In the estimation of the
performance of the LFEDA based on artificially triggered lightning flashes (TLFs),

the LFEDA detected 100% TLFs and 95% return strokes with the average location



error of 102 m (Shi et al., 2017). For the detection of a lightning flash causing
people’s death, the LFEDA gave the 3-D spatial distribution of the lightning discharge
process and located 7 return strokes with an average error of approximately 27 m (Fan
etal., 2018).

The analysis referred to the LFEDA observation data between 00:00:00 and
12:00:00 on May 7, 2017. We chose the LPDEs whose located heights were less than
20 km and their chi-square goodness-of-fit values less than 10. The LPDEs were then
grouped into flashes. A potential flash LPDE should occur **u:in t1 s of the previous
LPDE and within t2 s and d km of any other flash /.P_%. The idea referred to the
flash algorithm in the Lightning Mapping Array (MacZorman et al., 2008; Zheng and
MacGorman, 2016; Zheng et al., 2019a), but the spc-ific parameters were tested and
adjusted for the LFEDA. For this anal/si.. rrocess, after comparing the flashes
determined by this idea with multi le combinations of parameters and judged by
humans, the parameters were dete.mined as t1=0.4 s, t2=0.6 s, and d=4 km. The
flashes to the analysis contain~ &* 'east five LPDES to exclude the effects of discrete
points. The first LPDE in & 'ighwing flash is roughly regarded as the initiation of flash
(Zheng et al., 2019D).

LFEDA can loc~te the initial leader during the preliminary breakdown process of
some lightning flashes. Zheng et al. (2019b) used LFEDA’s locations to analyze the
properties of negative initial leaders (NILs) during two thunderstorms in Guangdong
and their associations with the initial positions. In their study, referring to the
directions of the NILs and their initiation positions, they suggested the general charge
structures of the thunderstorms. We will employ this method in this study. Lightning
is typically initiated in a strong electric field, and two leaders with different polarities

propagate towards the charge regions with opposite polarities to the leaders (Coleman



et al., 2003; Shao and Krehbiel, 1996. Zhang et al., 2006a). The NIL is initiated near
the edge of the negative charge region and develops towards the positive charge core,
with relatively obvious vertical orientation. In some studies, the end of the NIL is
determined to be the turning position where the leader’s propagation direction
changes to be predominantly horizontal (Bitzer et al., 2013; Shao and Krehbiel, 1996;
Wau et al., 2015; Zheng et al., 2018, 2019b). Therefore, the initiation position of an
NIL can be roughly regarded as the edge of the negative charge core. Fig. 2 shows the
3-D location of the NIL of a lightning flash. The NIL wa<c imi ated at approximately

6.6 km and developed to 7.9 km within approximately 3 1. s, indicating it is an upward

NIL (UNIL).
_— . N e o |
aEc 104) ‘
T 87,‘ "?* i
E 6! ¢ : ¥
g 47 b Il 1 ;
0 10 20 30 40 50 60
Time(ms)
8 N
£ ® .
= L.
B 7
2
E6 L L 1
0 0.5 1 15 2 25 3
Time(ms)

Fig. 2. A flash occu ing at 04:12:08 on May 7, 2017 as an example to show the
locations of the LPDEs associated with a negative initial leader (NIL). (a) LPDE
height versus time; the colored dots indicate the NIL. (b) Enlarged display of the

LPDEs associated with the NIL.

b. CG lightning data
The CG lightning data come from the Guangdong Lightning Location System

(GDLLS), which was built and is operated by the State Grid Electric Power Research



Institute. Based on GDLLS’s detection of artificially TLFs and natural lightning
flashes striking tall structures in Guangzhou, Chen et al. (2012) evaluated the
detection efficiency of the GDLLS for return stroke and CG lightning to be 60% and
94%, respectively. The return stroke records with peak current peak less than 10 kA
were excluded to avoid the misinterpretation of cloud lightning, and then the return
strokes were grouped into CG flashes using the criteria that adjacently located return
strokes for one flash should occur within an interval of 0.5 s and at a distance of 10

km (Cummins et al., 1998; Zheng et al., 2016).

c. Radar data and processing

The S-band polarimetric radar in Guangzhsu (~ig. 1) provided information on
the precipitation structure of the rainstorn: p.ocess. For the convenience of analysis,
the original polar coordinate data vor: the radar was converted into rectangular
coordinate data with a horizontal .2solution of 0.25 km x 0.25 km and a vertical
resolution of 0.5 km by intzroc!~don. In addition to the traditional variable of
reflectivity factor at horizo. tal polarization, the Guangzhou Radar provided additional
variables such as the a®e ential reflectivity, specific differential phase (computed
from the differenuc! phase shift) and copolar cross-correlation coefficient. The
information on the classification of hydrometeors was obtained using software
developed by the Chinese Academy of Meteorological Sciences (Wu et al., 2018),
which referred to the hydrometeor classification algorithm developed by Park et al.
(2009). Additionally, the observation of the polarimetric radar was used to obtain the
surface precipitation using the retrieval algorithm introduced by Chen et al. (2017).
Based on the dual-radar 3-D wind-field retrieval technique suggested by Luo et al.

(2012), a total of six radars (Fig. 1), including the Guangzhou, Yangjiang (111.9792°E,



21.8450°N), Shaoguan (113.5655°E, 24.7906°N), Qingyuan (112.4003°E,
24.7325°N), Foshan (113.0103°E, 23.1444°N) and Heyuan (114.6069°E, 23.6903°N)
radars, are used to get the wind field information in some areas of the rainstorm

system.

d. Precipitation data from automatic weather stations
The cumulative precipitation data from 20:00:00 on 6 May 2017 to 20:00:00 on
May 7, 2017 were provided by the automatic weather s*t2tio,s; their locations and

recorded values are shown in Fig. 1.

2.2. Overview of the rainstorm process

The core area of precipitation duriny e rainstorm process is the Pearl River
Delta in Guangdong Province and i < surrounding areas. There were 142 automatic
weather stations with a 24-hour cumulative rainfall of more than 50 mm; seven of
them located in the east of Pac district and west of Zengcheng district recorded
cumulative precipitation .vceeding 250 mm (see Fig. 1), with the documented
maximum surface rainfa,! 2f 446.6 mm. By checking the radar data, this maximum
rainfall came from >nproximately 10-h precipitation accumulation. Previous studies
on this rainstorm showed that the atmospheric stratification prior to this storm
featured weak convective inhibition, low lifting condensation levels, moderate
convective available potential energy, deep warm layer and moist southerly flow, the
height of strong radar reflectivity was relatively low, and the heavy precipitation
dominantly consisted of high concentration of small raindrops, suggesting the
rainstorm was dominated by warm cloud precipitation (Fu et al., 2018; Tian et al.,

2018; Xu et al., 2018; Zeng et al., 2018; Zhang et al., 2018; Zhang et al., 2019).



Fig. 3 shows the composite reflectivity of the Guangzhou radar at certain times.
The first cell appeared in Huadu district in Guangzhou at approximately 00:00:00 on
May 7, 2017 (Fig. 3a), and then strengthened and maintained in the east of Huadu for
a long time (Fig. 3b and Fig. 3c), contributing to the extraordinary rainfall observed
there. At approximately 02:30:00, a small cell occurred in the region to the southeast
of this Huadu cell (Fig. 3c). It developed and connected together with the
aforementioned cell, and the regions with heavy precipitation maintained in the west
of Zengcheng district (Fig. 3d and Fig. 3e). During this r:ncecs, new cells appeared
continuously in nearby areas, and experienced comphcited merging and splitting
processes among cells (Fig. 3c—e), while the system n~nt relatively steady in position
with a slow southward movement. After approx’ma:ly 07:00:00, some cells coming
from the southwest side merged into the s,<t-m, and the whole rainstorm system
generally moved eastward, accom,an’ed by complex generation and extinction
processes of cells (Fig. 3f-h). 1.2 system clearly weakened and only sporadic
lightning flashes could be obs~rvi~ after 12:00:00. According to the evolution of the
rainstorm, the analysis period frum 00:00:00 to 12:00:00 on May 7, 2017 was selected
in this study. The primary ~:ecipitation cloud first occurring in the Huadu district was
taken as the referei.~e 10 select the analysis part of the rainstorm system. When the
new cell merged into the part being focused on (their 30-dBZ echoes started to fuse),
they became the analysis region from this moment. When one cell exceeding 30-dBZ
echo was separated from the main convection body, it was excluded from the analysis.
The concerned parts of the system were roughly indicated by the pink ellipses in Fig.
3. The lightning data used in the analysis were all within the selected regions. They
were located within 100 km of the center of the LFEDA where the detection

efficiency and accuracy of LFEDA was relatively high (Shi et al., 2017).
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Fig. 3. Evolution of the ra.~storm shown by the composite reflectivity of the

Guangzhou radar. The pink «ilipse area roughly surrounds the analyzed cells.

3. Overall lightniny activity

According to the method described in section 2.1a, a total of 2072 flashes (CG
flashes and IC flashes) were observed by the LFEDA during the analysis period and
were derived from 44,439 selected LPDEs. The GDLLS located 563 CG flashes that
will be referred to in following analysis. To understand the possible impact of
detection efficiency of the LFEDA on the analysis, we investigated the ratios of CG
flashes to total flashes and the average number of LPDEs per flash before and after

06:00:00, when the rainstorm was relatively close to, and away from, the center of the



LFEDA, respectively. The corresponding values were approximately 27% and 22
before 06:00:00 and 29% and 20 after 06:00:00, indicating that the detection
efficiencies of the LFEDA for flash and LPDE should remain relatively steady during
the analysis period.

Fig. 4 shows the changes in lightning activity and rainfall over time and the
time-height distribution of the LPDEs. The information of initial position of 159 NILs
selected according to the method introduced in section 2.1a is also exhibited in Fig. 4c
and d, including 137 UNILs and 22 downward negative :»iti.' leaders (DNILS). As
shown in Fig. 4a, the lightning was relatively a.uv> during the period from
approximately 00:00:00 to 04:00:00, mainly corresncnding to the cell above Huadu
district (Fig. 3a—d), and then maintained low frec Jei.>ies after 04:00:00. The lightning
frequency hit a peak of 136 per 10 min frsn, 07.30:00 to 01:40:00. The rainfall mass
and maximum rate of rainfall in arec~ w.ere the rainfall rate retrieved from the radar
exceeded 2 mm h™* are shown in k2 4b. They were very different from the lightning
rate in time changes. For ex~mp!, after 04:00:00, the rate of lightning was much
lower, but the rainfall ma.~ was larger. Furthermore, the maximum rate of rainfall
after 04:00:00 was gerer.'™ analogous to that before 04:00:00.

The proporuor. m CG lightning to the total lightning was approximately 27%.
The PCG lightning accounted for 10% of the total CG lightning, which was analogous
to previous studies reporting the small proportion of PCG lightning in typical
thunderstorms (Knupp, 2003; MacGorman et al., 1994; Zheng et al., 2010). However,
it is interesting that the ratio of PCG lightning experienced a significant change during
the evolution of the rainstorm. Before 04:00:00, the ratio of PCG lightning was only
approximately 3%, and after 04:00:00 the value was approximately 24%. Fig. 4c

indicates that the lightning discharges mainly occurred between the 0 and —40 °C



environmental isotherms; this outcome was consistent with the main charging area
suggested by the electrification mechanism (Pereyra et al., 2000; Takahashi, 1978)
and the main temperature ranges of the lightning discharges reported in other types of
thunderstorms (Krehbiel, 1986; Zheng et al., 2018, 20193, b). The peak height of the
LPDEs appeared at 6.3 km, corresponding to an environmental temperature of
approximately —8 °C (Fig. 4d).

The height distribution of the NILs with different directions indicated the
changing charge structures during the evolution of the rain=*an.>. According to Fig. 4c
and d, before 04:00:00, the peak initiation height of t'e 'NILs was 7.3 km, and that
of the DNILs was 6.3 km, corresponding tr a.nroximately —15 and -8 °C
environmental isotherms, respectively. Consider’ng ‘hat the NIL developed from the
edge of the negative charge core and tovva. ! *ae positive charge region, the above
distribution suggested a macroscopi. trisolar charge structure with an upper positive
charge, middle negative charge ana 'awer positive charge (Williams, 1989), where the
main negative charge core wac rou 2y located between —15 and —8 °C environmental
isotherms. After 04:00:00, 'JNi dominated the samples and their initiation heights
decreased significanthv. ‘»th the peak initiation height being 6.3 km (about
environmental temy°rawre of -8 °C). Tian et al. (2018) also reported that the
precipitation cloud cluster during this period was a highly efficient tropical-type
low-centroid precipitation cloud cluster. Therefore, this situation should correspond to
a decrease in the main charge zone resulting from the weakened convection. The
result suggested that the main negative charge core was below approximately -8 °C
environmental temperature.

The changed charge structures and the height distributions of the charge regions

might be responsible for the significant comparison of the ratio of PCG lightning



before and after 04:00:00. In the case of the tripolar charge structure before 04:00:00,
the CG lightning flashes were more likely contributed by the lower two charge
regions (Proctor, 1991). Accompanied by the bidirectional propagations of the
lightning leaders, the polarity of the CG lightning, i.e., the polarity of the downward
grounding leader, is typically same as that of the upper charge region in these two
charge levels (Zhang et al., 2006b). Therefore, under the situation of the normal
tripolar charge structure, the NCG lightning was more likely to occur; therefore, PCG
lightning only accounted for 3%. After 04:00:00, the weak~~ing of convection led to a
decrease in the rate of lightning. Meanwhile, the charge .2gions decreased in height,
which was conducive to the discharge from the urne, nositive charge region towards
the ground, resulting in a significant increase ‘n .~e proportion of PCG lightning

compared to the previous period (24% ver:.us 20y).
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Fig. 4. Comprehensive lightning activity and rainfall from 00:00:00-12:00:00 on May

7, 2017. (a) Changes in the frequencies of lightning and LPDEs with time (10-min



interval). (b) Changes in the maximum rainfall rate and rainfall mass in the areas with
rainfall rate above 2 mm h™*, according to the rainfall rate retrieved from radar data. (c)
Density of LPDEs as a function of height and time (shading colors; 10-min interval
and 0.5-km span). The initiation of UNILs (indicated by blue triangles) and DNILs
(indicated by pink inverted triangles) and the PCG lightning flashes (black “+) and
NCG lightning flashes (black “o”) are superposed. The solid white lines indicate the
height of the 0, —10, —20, -30, and —40 °C environmental isotherms, which were
provided by the Qingyuan sounding at 20:00:00 on % niay 2017. (d) Height
distributions of LPDEs (black solid line), UNILs (blac’« n.>es) and DNILs (pink lines).
The blue and pink solid lines are associated with the samples between 00:00:00 and
04:00:00. The blue and pink dotted lines are asso.iated with the samples between

04:00:00 and 12:00:00.

4. Association of lightning activity vith cloud structures
4.1. Spatial correspondence betne >+ lightning and precipitation

During the analysis, v.» found that the areas with active lightning discharges did
not correspond to the hea » precipitation center. Fig. 5 shows the surface rainfall rate
and superposed LFCFs and flash initiations at certain times. The heavy precipitation
cores in Fig. 5a and b are mainly associated with the cells in Huadu district, and those
in Fig. 5¢c and d are mainly associated with the cells in Zengcheng district. We can
find that the positions of lightning discharges and initiations significantly deviated
from the heaviest precipitation zone in space. The LPDEs and flash initiations
predominantly occurred in the areas where the precipitation was less than 20 mm h™.

This situation was common in different cells of the rainstorm.
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Fig. 5. LPDEs and flash initiations superposed on the rainfall rate retrieved from the
radar data during the radar voltm™a scans starting at approximately 01:36:00 (a),
04:24:00 (b), 05:42:00 (c, anu 06:30:00 (d) on May 7, 2017. The chosen LPDEs
(yellow dots) and flash :nitiations (black hollow dots) were within the 6-min radar

volume scan periou.

Fig. 6 shows the resulted spatial distribution of the LPDEs and flash initiations in
the rainstorm during the whole analysis period while the accumulated rainfall
retrieved from the radar are superposed. There were two areas with high densities of
LPDEs and flash initiations indicated by the contours in the horizontal patterns (Fig.
6¢l and c2). They were generally associated the cells responsible for the heaviest

precipitations. But, it was worth noting that the areas with the heaviest precipitation



were spatially separated from the positions with the large-density cores of LPDEs and
flash initiations. The spatial separation was more apparent in the areas related to the
east heavy precipitation core occurring in Zengcheng district.
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rainstorm from 00:00:00-12:00:00 c.1 N ay /7, 2017. The colors of the dots ranging
from blue to red indicate the ti.nes of the LPDEs or flash initiations. The black
contours indicate the density ol 1.PIJEs or flash initiations (statistical grid is 1 km).
They represent 20, 100, 200, ond 300 per square kilometer from the outside to the
inside for the LPDEs; "~hiie the corresponding values are 2, 5 and 10 per square
kilometer for the flac™ Initiations. The pink contours indicate the rainfall retrieved
from the radar data during the analysis period, the relevant values are 150 and 250
mm from the outside to the inside. The 0, —10, —20, —30, and —40 °C environmental

isotherms are labeled in a and b, similar to those in Fig. 4c.

In Fig. 7, we show the probability distributions of the LPDEs and flash
initiations corresponding to the rate of surface rainfall. Both the probability
distributions of the LPDEs and flash initiations followed lognormal distributions,

concentrating numerous samples in weak-precipitation intervals, with a long tail



toward heavy precipitation. Approximately 51% of LPDEs and 47% of flash
initiations occurred in areas where the rate of rainfall was less than 10 mm h™*, while
the maximum rate of rainfall nearly always exceeded 100 mm h* (Fig. 4b).
Approximately 72% of the LPDEs and 67% of flash initiations corresponded to rates
of rainfall below 20 mm h™. In contrast, LPDEs and flash initiations occurring in
areas with a precipitation intensity exceeding 40 mm h™* only accounted for
approximately 12% and 14%, respectively. In the case where most of flash initiations
and LPDEs preferred to correspond to a low rate of rainfa!!, fiach initiations exhibited
a slightly higher probability of occurring over areas w.ch > higher rate of rainfall than
the LPDEs. Because of the observed change in the flash rate (Fig. 4a), we further
compared the distributions of LPDEs and flash iniuctions as a function of the rate of
surface rainfall before and after 04:00:0J (4=.a not shown). Before 04:00:00, the
LPDEs corresponding to rainfall rat.< Irwer than 10 mm h~!, lower than 20 mm h?,
and higher than 40 mm h™, accc'inted for approximately 49%, 70%, and 13%,
respectively. The correspondir v~'ues for flash initiations were approximately 44%,
64%, and 17%, respective:,” Airer 04:00:00, the relevant ratios were 54%, 74%, and
10% for LPDEs and 5z:~ 70%, and 11% for flash initiations, respectively. These
results further sugy~st that lightning activity predominantly occurred over areas
featuring relatively low precipitation, and that these were usually in different cells and

stages of development of the rainstorm.
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Considering the correspondence of 1. htning activities to the rainfall rate, in the
following analysis of sections 4.2 an! 4.3, the samples will be divided into three
regions according to the surface r=im.'l rate as follows: rainfall rate less than or equal
to 10 mm h* (R<yo), greater then 10 mm h™! and less than 40 mm h™ (Ry0.40) and

greater than or equal to 4C mu> h™ (R40), aiming to compare their differences.

4.2. Hydrometeors as: ociated with lightning discharges

Considering that the vertical spatial resolution in the distance far from the radar
is low and the cone of silence near to radar, we only chose LPDEs and flash initiations
within 1 km above or below each radar scanning cone in this analysis. Additionally,
since the step or dart leader of the CG flash did not propagate through the charge
region after it developed out of the cloud, we excluded the LPDEs below 3 km.
Regardless of whether a radar grid box had only one LPDE (flash initiation) or

multiple LPDEs (flash initiations), the attribute of hydrometeors in the grid box was



only counted once. The statistics were performed based on a radar volume scan
lasting 6 minutes. With the data control, the sample numbers of the grid boxes with
LPDEs in the R<jo, R10 40, and Rs40 regions were 9713, 6192 and 1653, respectively.
The corresponding sample numbers of the grid boxes with flash initiations were 590,
422 and 176, respectively.

Fig. 8 shows the vertical distributions of the relative proportion of grid boxes
dominated by different-type hydrometeors associated with the LPDEs (Fig. 8a—c) and
flash initiations (Fig. 8d—f) at 1-km height intervals. The pr~nu.*ion values of the four
main hydrometeors associated with the LPDEs arda .‘ash initiations during the
evolution of the rainstorm are shown in Table 1 ard ., respectively. It is revealed that
the positions with LPDEs and flash initiations wr.re .Mainly dominated dry aggregated
Snow.

During the whole analysis peri.d, ne grid boxes dominated by dry aggregated
snow and with LPDEs (flash initia.’ans) accounted for approximately 81% (87%) of
all the grid boxes with LPDF< ('~sh initiations); for the grid boxes dominated by
graupel and with LPDEs (i 'ash nitiations), the ratio was about only 9% (8%). In the
three investigated reginns ircluding R<jo, R1o40, and R4 (Fig. 8 and Tables 1 and 2),
the grid boxes featu.iny dry aggregated snow and with LPDEs (flash initiations) also
occupied the largest proportion, with the corresponding proportion values being 84%
(91%), 79% (84%) and 71% (81%), respectively; the counterparts for the graupel grid
boxes with LPDEs (flashes) were 3% (3%), 13% (11%) and 22% (16%), respectively.
These results showed that the proportion of graupel grid boxes with LPDEs and flash
initiations increased as one moved toward the strong precipitation area. For example,
in the Rx4 region, the proportion of graupel grid boxes with LPDEs (flash initiations)

to all grid boxes with LPDEs (flash initiations) was approximately 7 (5) times that in



the R<jo region. Meanwhile, if the hydrometeors between 5 and 7 km (approximately
between —1.1 and —12.6 °C environmental isotherms) were checked specifically, the
proportions of graupel grid boxes with LPDEs (flash initiations) in the R<jo, R0 40,
and Rx4 regions were 5% (4%), 25% (22%), and 64% (66%), respectively, indicating
that the lightning discharges between 5 and 7 km in the regions with rainfall rate
below 40 mm h™* were still mainly related to the charged dry aggregated snow, but
those at 5-7 km over the R-4 region were mainly related to charged graupel.

Checking the height distributions of the lightning dischzraec and flash initiations

(black lines in Fig. 8), we found that the LPDEs (flas imiations) in the R<jo, R1o 40,

and Rx4 regions peaked at 6.5 (5.5), 6.5 (8.5), a~1 8.5 (9.5) km, respectively, and the
predominant particles at the peak heights we.e all dry aggregated snow. For the R1g 40,
and Rx4 regions, there were second pr..'s oS LPDEs (flash initiations) at 8.5 (5.5) and
6.5 (6.5) km, respectively. For the R4 region, the secondary peak heights
corresponded to more graupel g'10 . ~xes with LPDEs and flash initiations. The above
characteristics also indicate!' that the regions with greater rainfall rate featured
stronger convection than u= regions with smaller rainfall rate, which supported the
generation of more ¢rauf 2l and the flash initiations and discharges to occur at higher

positions.
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Fig. 8. The height distributions of the radai 1rii boxes with different-type dominant
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region where the rainfall rate is le2s than or equal to 10 mm h™ (R<yo). b and e: The
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The region where the rainf-Il r.'e was greater than or equal to 40 mm h™* (R=4). The
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different-type hyu.nnicieors associated with LPDEs are counted at each height
interval. The solid red lines marked the 0, —10, —20, —30, and —40 °C environmental

isotherms, similar to those in Fig. 4c.

Table 1. The proportions of radar grid boxes with some main hydrometeors associated

with LPDEs to all radar grid boxes with LPDEs.

Rz240

Hydrometeors R10-40

Dry aggregated snow 79% 71%




Graupel 3% 13% 22%
Light and moderate rain 7% 4% 1%

Crystals of various orientations 2% 2% 2%

Table 2. The proportions of radar grid boxes with some main hydrometeors associated

with flash initiations to all radar grid boxes with flash initiations.

Hydrometeors R<10 R10-40 Ra40

Dry aggregated snow 91% 820 81%
Graupel 3% Ay 16%

Light and moderate rain 4% 0% 1%
Crystals of various orientations 2% 2% 1%

4.3 Vertical airflow associated with lightnin¢. 0'scharges and flash initiations

In this section, we focus on the vertico! airflow in radar grid boxes containing
LPDEs and flash initiations. One radar y-id box with any number of LPDEs or flash
initiations was counted only onc 2. 1 2 distributions of the LPDEs and flash initiations
in the R<10, R1040, and Rx4 1u7i0NS as a function of the velocity of vertical airflow are
shown in Fig. 9, where up vard (downward) velocities are positive (negative). The
LPDEs and flash ini iatic ns were strongly associated with locations characterized by
weak updrafts and c~wndrafts. For example, there were approximately 56% (47%) of
LPDEs (flash initiations) in the interval of vertical airflow velocity between —2 and 2
m s . In the interval of vertical airflow velocity ranging from —4 to 4 m s, the
corresponding ratios were 74% for LPDEs and 68% for flash initiations. In the R,
R10 40, and Rx4 regions, the ratios of LPDEs (flash initiations) corresponding to the
vertical airflow velocity interval from —2 to 2 m s were 65% (59%), 44% (37%), and
38% (22%), respectively. The ratios of LPDEs (flash initiations) corresponding to the

interval from -4 to 4 m s were 83% (79%), 63% (58%), and 57% (44%),



respectively. These results indicated that the lower the rate of rainfall, the higher the
proportions of LPDEs and flash initiations appearing in regions with weak updrafts
and downdrafts. This might also be a manifestation of the overall weaker convection
in regions with low precipitation intensities.

Generally, lightning discharges were slightly more likely to occur in regions with
updrafts than those with downdrafts. Approximately 58% (59%) of the grid boxes
with LPDEs (flash initiations) featured updrafts. But, in regions with high rates of
rainfall, LPDEs (flash initiations) tended to have a large: nrcoortion of samples in
intervals with large downdrafts than in intervals with iaiy= updrafts. For example, in
the R4 region, grid boxes with LPDEs (flash initiai,~ns) and featuring a downward
airflow velocity less than 4 m s (a relativel; song downdraft), accounted for
approximately 26% (39%), while those ¢3sc-iuted with an upward vertical airflow
velocity exceeding 4 m s (a relativ.ly “trong updraft), accounted for 16% (17%). In
contrast, the corresponding values i~ the R<;, region were 6% (10%) and 10% (11%),
for downdrafts and updrafts, r>soc~ively. These results should be associated with the

relatively stronger updrafts *nd downdrafts in regions with heavier precipitation.
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Fig. 9. Distributions of the radar grid boxes with LPDEs (a) and flash initiations (b)

corresponding to vertical airflow velocity.



5. Discussions

Previous studies on the mechanisms of the triggering, organization, and
maintenance, and precipitation characteristics of this rainstorm have demonstrated
that it was a high-efficiency precipitation system dominated by warm cloud
precipitation, with weak convection and a high ratio of small-size raindrops in the
raindrop spectrum (Fu et al., 2018; Tian et al., 2018; Xu et al., 2018; Zeng et al., 2018;
Zhang et al., 2019; Zhang et al., 2018). We further examin= 1.~ vertical development
of this rainstorm by plotting the vertical cross sectiors o1 reflectivity and differential
reflectivity (Fig. 10), where the flash initiations a"ia . FOES are also presented. Strong
radar echoes mainly occurred at lower heir::'s. For example, the 40-dBZ echo top
barely exceeded the —10 °C enviror..>en.”l isotherm (approximately 6.6 km). In
contrast, Liu et al. (2011) demonrstrated what the 40-dBZ echo top developed through
10 km in a mesoscale convect.ve system over Beijing, while Zhang et al. (2017)
observed a 40-dBZ echo tch avcve 12 km in a supercell. Some studies suggested that
the 40-dBZ echo tor nmioc. exceed 7 km or —10 °C environmental isotherm for
lightning to occur (Iv.rtinez, 2002; Vincent et al., 2003; Wang et al., 2008). Thus, the
current rainstorm barely exceeded the critical condition that could cause lightning to
occur. Furthermore, we determined the distributions of reflectivity at locations
associated with flash initiations and LPDEs, and found that they followed the normal
distribution pattern, with a peak between 24 and 28 dBZ (Fig. 11). The mean and
median reflectivity values associated with flash initiations were approximately 27

dBZ each and the corresponding values for the LPDEs were approximately 26 dBZ



each. In an investigation of the radar signals associated with lightning in the summer
of 2017 in northeastern Switzerland, Ventura et al. (2019) reported that most flashes
originated in areas with a reflectivity of approximately 40 dBZ, and they also mainly
propagated within such regions. In a study involving multicells, mesoscale convective
systems, and supercells, Mecikalski and Carey (2018) documented that the peaks of
the distributions of reflectivity associated with flash initiations were between 30 — 35
dBzZ, 30 — 35 dBZ, and 35 — 40 dBZ, respectivelv. The above analysis and
comparisons further indicate that the rainstorm exar.\inet in the present study was
characterized by weak convection. The weak con ‘ection caused weak ice-phase
growth and a weak charging process, anu r.onsequently the generally infrequent

lightning activity.
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Fig. 10. Vertical cros< sections of radar reflectivity and differential reflectivity (Z4) at
00:24:00 (a2 — a3), 01:36:00 (b2 — b3), 02:36:00 (c2 — ¢3), and 05:00:00 (d2 — d3).
The positions of the vertical cross sections are indicated by the black lines superposed
over the radar composite reflectivity in al, b1, c1, and d1. The flash initiations are
marked by hollow black circles, and LPDEs are marked by gray dots. In the vertical
cross sections, the flash initiations and LPDEs within 5 km of the vertical cross
sections are superposed. The 0, —10, —20, —30, and —40 °C environmental isotherms

are similar to those in Fig. 4c.
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The results presented in section - suggest that convection should be relatively
stronger in areas with relatively ne. n precipitation compared to areas with relatively
weak precipitation. For exen.le, there was a higher ratio of larger ice particles (i.e.,
graupel) associated wit lig .ining discharges in the R4 region than in the R<;y and
Rio 40 regions. Tac ks,, region was dominated by graupel particles associated with
lightning discharges between 5 and 7 km, while all levels above the 0 °C
environmental isotherm in R<jp and Ry 40 regions were entirely dominated by dry
aggregated snow. According to Fig. 10, above the regions of heavy precipitation
(indicated by the large reflectivity and differential reflectivity at lower level), there
were higher top of strong echo (e.g., 40 dBZ), and large value of differential
reflectivity (e.g., 1 dB) tended to have relatively larger vertical extension.

Occasionally, differential reflectivity columns, the signal of convection (Kumjian et



al., 2014), were apparent. Therefore, it is concluded that the generation and growth of
ice-phase particles should mainly occur in regions associated with heavy precipitation
(although a large number of rain drops did not experience the ice-phase process before
they fell, contributing to the warm cloud precipitation). According to the universally
accepted non-inductive electrification mechanism (Pereyra et al., 2000; Takahashi,
1978), graupel and ice crystals are the main particles participating in the charging
process. Therefore, it is concluded that the main chargi:y, 9rucess should occur in
regions associated with heavy precipitation, where relative ly stronger convection and
relatively more graupels existed. Some small chaigea ice-phase particles were brought
to the upper level by the weak updraft anu r.rought to the periphery of the heavy
precipitation region by advection, w ere they should be related to lightning
discharges.

It seems that regions with tn main lightning discharges were spatially separated
from regions that mainly cc ~tributed to the charging process. While the main charging
processes were assoriui2u with heavy precipitation, the flash initiations and LPDEs
over the Rs4 region only accounted for approximately 14% and 12% of all the
samples, respectively. Many flash initiations and LPDEs occurred in the regions
horizontally away from the convection regions (Fig. 10). Graupel predominately
associated with lightning discharges over the R4 region was located between
approximately 5 and 7 km or between —1.1 and —12.6 °C environmental isotherms
(Fig. 8c, f), suggesting that the main charging process might occur around —10 °C

environmental isotherm. Meanwhile, the most active lighting discharges over the Rx4



region occurred at a height of approximately 9 km (Fig. 8), suggesting a vertical
separation of charging and discharging locations. This is why lightning discharges
were significantly spatially associated with dry aggregated snow (relatively small
particles). The relatively large ice-phase particles might directly fall in the heavy
precipitation core or fall earlier during their transportation because of the weak
convection and relatively large mass of these particles.

We attempt to give a explanation with the conceptua’ s.-2tun map of Fig. 12. Fig.
12a shows the situation of this rainstorm with weak cor vection and dominated by
warm precipitation process, and Fig. 12b show~ the possible situation in a

thunderstorm with strong convection as a co’ny arison.

Rainstorm with weak convection in this study Typical thunderstorm with strong convection
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* Main charging area lig ning -~ isotherm  —>— Airflow; the number of arrows roughly indicates the strength of airflow

Fig. 12. Conceptual sketch map showing the spatial relationship of lightning
discharge regions with the main charging regions in the rainstorm with (a) weak
convection, as observed in this study; and (b) a typical thunderstorm with strong

convection.

To generate a lightning discharge, it is necessary for the charge density to reach a

certain level to generate an electric field sufficiently strong to cause a discharge.



Under conditions of overall weak convection in this rainstorm (Fig. 12a), the charging
process, which is believed to have mainly occurred in the region with relatively strong
convection and heavy precipitation, was inefficient and slow. Furthermore, weak
updraft and advection transported small charged particles upwards and downwind,
and large charged particles fell quickly. The inefficient and slow charging process,
coupled to the transfer of charge from their area of origin, was not conducive to the
aggregation of sufficient charge. Therefore, it might be difficult to form continuous
regions with a sufficiently high charge density for lightnirz aiocharge to occur in the
charging region. In contrast, in regions away from an.' above the main charging
region, the transported charged small ice-phase p~rtici»s could stably exist for a long
time under weak airflow, which was favorable tc the aggregation of sufficient charge
and a high charge density in local area, there.\’ supporting the occurrence of lightning
discharges.

The analysis about this rainstu.m and some previous studies provide support for
the above speculation. In Fig. ? a.* the relevant analysis, we have noted that most of
the lightning discharges ccurred in the regions with weak updraft and downdraft.
Based on the numerical 1.:2zel study, Wang et al. (2015) indicated that ice particles in
regions with a ver..~ai velocity between 1 and 5 m s acquired the most charge
during the lifetime of the thunderstorm. They suggested that the quasi-steady regions
featuring a vertical velocity ranging from —1 to 1 m s ~* were the most beneficial to
the separation of different-polarity charges. Meanwhile, the charges were mainly
contributed by the regions with relatively strong updrafts. Xu et al. (2016) noted the
function of the aggregation of charge particles in enhancing the lightning activity. In
one hailstorm investigated by them, there were two stages featuring high-rate

lightning flashes; the first was around the hailfall time and the second was after the



end of the hail and during the period when the convection of the storm continuously
weakened. It is surprising that the lightning frequency in the second stage had a
significantly larger peak than that in the first stage. They speculated that after the
strong downdrafts accompanying the hailfall suddenly ended, the airflow in the storm
weakened and provided conditions for small-size charged particles to aggregate in the
middle and lower levels (a low lightning discharge height was observed), causing
high-density charge regions and even more active lightning discharges.

In a thunderstorm featuring strong convection, circ':mswnces may differ (Fig.
12b). The main charging process occurs in a region w’ _*rong convection. Although
charged particles are also transported outwards, ctro.q convection supports a more
efficient charging process and a high charge drnsic‘ is therefore maintained in the
charging region. However, because of tre .erimentation and diffusion of charged
particles during their transport oulwvards, charge density tends to decrease with
distance travelled, making lightning activity generally more frequent in and around
the charging regions, and wea'-2n.~7 in regions away from the charging regions. This
is why, in typical or sevire wwunderstorms, the active lightning discharges were
usually observed in renio, < with strong convection, shear, or turbulence (Bruning and
MacGorman, 2013, “arey, et al., 2005; Feng et al., 2007; Liu et a., 2001; Lopez et al.,
1990; Ribaud et al., 2016; Zhang et al., 2017; Zheng and MacGorman, 2016; Zheng et
al., 2010).

In summary, in circumstances similar to those represented in Figure 12a and b,
the essential difference among them is the relationship between the rate of charging
and the speed of charge transfer from the area of origin. If the former is slower than
the latter, the lightning flashes in the region in or near to the area of origin of charging

may be relatively infrequent, and the aggregation of charges in the region away from



the area of origin of charging may cause relatively frequent lightning flashes. This
situation should occur in storms with weak convection. In contrast, if the former is
faster than the latter, the area of origin of charging should have the highest charge
density and therefore features the most frequent lightning discharges. Furthermore,
the charge density generally decreases with distance from the area of origin of
charging, causing a decreasing frequency of lightning flashes with increasing distance.
This situation should occur in storms with strong convection.

Strong convective thunderstorms also tend to have m~re a>undant large particles
associated with the charging process and lightning ruscharges. For example, in an
analysis of a supercell cluster, Zheng and MacGoermea (2016) reported that the flash
initiation points located in positions dominated %y yaupel and dry aggregated snow
accounted for 44.3% and 44.1% of the tua! flash initiation points, respectively.
Applying the same method as used i." th: present study, we recalculated the supercell
cluster of Zheng and MacGorma. (2016) and found that grid boxes with flash
initiations and dominated b ¢ 2apel and dry aggregated snow accounted for
approximately 49% and 3<™, respectively, of total grid boxes, and the corresponding
values for flash sources (, ~:ghly similar to the LPDEs used in the present study) were
43% and 38%, respocuvely, indicating a stronger association of lightning discharges
with graupel. In a study of a bow-echo system, Ribaud et al. (2016) reported that the
percentages of graupel areas with flash initiations and propagations were
approximately 70% and 58%, respectively, which is also significantly different from

the results of the present study.

6. Conclusions

In this study, 3-D lightning location data and polarimetric radar data were mainly



used to analyze lightning activities and their associations with cloud structures in a
rainstorm featuring weak convection and predominated by warm cloud precipitation
in Guangzhou on May 7, 2017, and the following conclusions were obtained:

The lightning discharges were mainly concentrated in the height range from
approximately 4-12 km, corresponding to an environmental temperature layers from
approximately 0 to —40 °C, and a peak height of 6.3 km, corresponding to about -8 °C
environmental temperature. There were 2072 detected LFEDA lightning flashes, of
which the CG lightning flashes accounted for approximatz'v 27%. The ratio of PCG
lightning to CG lightning was approximately 10% cur 9 the analysis period from
00:00:00 to 12:00:00, while it was only approvini.ctely 3% before 04:00:00 and
reached up to approximately 24% after 04:00:00.

Before approximately 04:00:00, the'e ~=s generally a typical tripolar charge
structure with an upper positive ch.rge, middle negative charge and lower positive
charge, the negative charge core heing between approximately —15 and -8 °C
environmental isotherms; aft~r ‘4t time, the main charge regions significantly
reduced in height, accominieu by further weakened convection, with the negative
charge core deduced tn .~ Lelow approximately —8 °C environmental isotherm. The
changing charge s.ticwres might be responsible for the distinct ratios of PCG
lightning during the two periods.

The lightning discharges predominantly occurred in regions corresponding to
relatively weak precipitation intensity and convection, causing the significant spatial
separation between active lightning discharging and heavy precipitation core. The
LPDEs (flash initiations) located in the Ry and Rs4 regions accounted for
approximately 51% (47%) and 12% (14%), respectively.

The predominant hydrometeor associated with lightning discharges was dry



aggregated snow. Overall, approximately 81% (87%) of radar grid boxes with LPDEs
(flash initiations) were dominated by dry aggregated snow, and only 9% (8%) of the
radar grid boxes with LPDEs (flash initiations) were dominated by graupel. Only
between 5 and 7 km over the R4 region, the areas with lightning discharges were
dominated by graupel, with the corresponding ratios being 64% for LPDEs and 66%
for flash initiations.

Most of the flash discharges were distributed in locations featuring weak
updrafts and downdrafts. Approximately 74% of LPDEs =4 ¢3% of flash initiations
were concentrated in the range of vertical airflow velor.ity Yetween —4 and 4 ms .

It is speculated that the weak convection 21 *his rainstorm made charging
inefficient and slow. Furthermore, small chargec ice nhase particles were transported
upwards and outwards as a result of weak uy. r=ft, and advection, respectively. These
conditions were not conducive to the for nation of a high charge density in the area of
origin of charging. The effective agaregation of the small charged particles in local
areas away from the area of ~rigi* of charging and with relatively steady airflow
supported the developmern. of a sufficiently higher charge density for the occurrence
of lightning discharge C.c~<equently, more lightning flashes were observed in regions
dominated by dry «gregated snow (relatively small particles) and correspondingly
weak precipitation. The circumstances in this rainstorm may be different from those in
a typical thunderstorm with strong convection and an efficient and fast charging
process. This in turn makes the charge density in the area of origin of charging bigger
than in other regions, resulting in the most active lightning discharge in and around

the area of origin of charging.
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Highlights:

* Investigating electrical characteristics in a rainstorm dominated by warm cloud
precipitation is novel.

* In this rainstorm, lightning discharges predominately occurred in areas featuring
dry snow and relatively weak precipitation.

* The lightning discharges spatially deviate from the origin area of charging; the

cause of this is discussed.
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