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Characterizing the dynamic movement of thunderstorms using
VLF/LF total lightning data over the Pearl River Delta region
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Abstract. This paper reveals ttdynamic movementharacteristics ahunderstormsising total lightning databtained from

the VLF/LF locatiormeasuremenEight thunderstorms, whicheseevenly distributed in the morning, midday, afternoon and
evening, are selected to compare thiediint kinematic features ovitre Pearl River Delta (PRD) region in the south of China
from 17 May to 23 May 2014. The cosetedneighbourhoodabelingmethod is used to identify lightning clusters and obtain

the centroids. Significant characterization parameters are put forward as metrics to reveal the kinematic features of
thunderstorms, including thaurationtime, valid aea (VA), movementelocity, movementirection, and farthest distance in
longitude and latitude during the life cycle tbe storm. A common trend is that the storms initiate in the west of the PRD
region, moving to the east and disappearing after thelénstorm travels around 106.5 km in longitude. There are two kinds

of distributionsto depict the property dhevalid area, which are orgeak distribution with the maximum in the mature stage
and twoepeakdistributionwith a relatively smaller peak imé early time othe storm. The velocity does not show the same
trend as the variation of VA which shoasteady increase or decrease during the lifetimbuwifderstormsThe biggest VA

and highest velocity are 891 Rmccurred on the evening of 17 Mayda204.8 knh? occurred on the morning of 20 May.

The 19 May evening storm was the weakest, with the maximum VA and velocity being 2&3ckii 5.3 knin?, respectively.

The motion ofightstorms shows a distinct pattern, as the spread of directioitbdies tightly in the range of 018( The
movement characteristics thiunderstormand the associated parameters may help to improve the nowcasting and forecasting

system of thunderstorniis the warm season

1 Introduction

As one of the noticeable wis@r events in naturgéhe thunderstornandits dynamic movement are of great interest in
engineering applicatimand i n the analysis of inter act (Kandalgaobkart2008;e n |
Zeng et al., 2016; Jayawardena and M&elg 2Q24iyghtning has been the subject of intense scientific research because of its
close relationship with severe weather and convective rainfall, thus @ogiegt threat to lightningensitive facilities, sut

as airports, energy sector infrastructure, maritime assets and military (Basébauser, 1971; Lee and Passner, 1993;
1
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Cummins et al., 1998; Keenan et al., 2000; Villarini and Smith, 2@h8) the environmer{Krider et al., 1980; Lee, 2017)
Thunderstorm identification, tracking and shamhge forecasting for the future clusters through the lifetime would constitute
the basis of severe weather warning operations.

A highrresolutionobservation system and automatic algorithms applied to tlaard needdto detect, evaluate, track,
forecast thunderstorms anbtain quantitative informatioimcluding theposition, size, path and velocity of the q@&bnelli
and Marcacci, 2008 he evaluation of thunderstorm occurrence and characteristics is conducted through lightikcmhdata
et al.,, 2011; Meyer et al., 2013bpdar datdDel Moral et al., 218; Miller and Mote, 2017)or the combination of both
(Bonelli and Marcacci, 2008; Lu et al., 2021; Meyer et al., 2013a; Rigo et al.,. ZBE0jghtning detection methods include
groundbased systems, suchths LINET (Betz et al., 2008)Earth Networks Total Lightning Network (ENTLNRinghausen
and Bitzer, 2021)ZEUS (Kohn et al., 2011and Lightning Mapping Arragl MA, (Weiss et al., 2012)and the spaebkased
satellites, such as the Lightning Image Sensor (Cl8ponis and Koshak, 2017; Zhang et al., 2D1@ptical Transient
Detector (OTD(Buechler et al., 2000; Christian, 20G8)d Geostationary Lightning Mapper (GL(Rutledge et al., 2020)
The reflectivity images provided by the Weather Surveillance Radar (WSR) are commonl udedtify those areas of
convection imacertain time intervaWith theability to captue the spatial and tempordévelopmenof thunderstormsada
data with high resolution can providedetailed analysis of thariationand movement of convecti®iorms(Mufoz et al.,
2018) After the recogition of high reflectivity areas or high lightning density areas with automatic algorithms, the motion of
thunderstorms can be tracked and extrapolated.

Statistics and comparisons of storm attributes, such as the direction and speed of movementzes edlsaverity, are
studied byresearcherdDifferent synoptic conditionaretypically in correspondencwith specific cell characteristics
based on the characteristics of convectighsin central EuropéWapler and James, 2019)he connectiogbetween
various cell attributes and synoptic gattsare significantFor examplestormsassociated withhe broadly westerly
flow are more likely tchave high cell speeds ardrelatively narrow distribution of cell direction¥he largescale
weather conditionsvith lower average cell speetiave a lghertendencyto producehail. The omparisonof storm
speed done as a function of the month of the year is conducted between the winter and sumnii€pkioanal., 2011)

showing that the summer ones are much falsten the winter ones, which might be in contradiction with the assumption

of faster storms in the winter due to the strengthening of the jet stream at this time. The possible reason is that the summi

storms are convective in nature and thereftrenge and fasterThe lightning parameter's relationship to Hurricane

Harvey's intensification is conducted based on a merged lightning data set consisting of lightning detected bythe ground

based ENTLN and spad®mrne GLM (Ringhausen and Bitzer021) There wasa large increase just prior to rapid
intensificationin the rainband and eyewall regjomith the flash duratiorthe number of events, and groups comprising
a flash showing the largest increases. However, up to now, there have beemfalstfodies that individuallginalyze
such fundamentdlinematic characteristiasf everysingle thunderstorm. It is the objective of this study to address the

aforementioned.
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The purpose of this paper is to provide a comprehensive kinematicefefieight thunderstorms over the PRD region
from the perspective of the distribution of total lightning data obtained fheVLF/LF Foshan Total Lightning Location
System. We conductdetailedanalysisof the temporal and spatial evolutioheight casethatoccurred within a weeftom
17 May to 23 May 2014. The-&djacent connectenkighbourhoodabeling algorithm is applied for the identification of
clusters during thifetime of thunderstormsthrough which the centroids and valid areas are figureeveny 12minute time
interval. To characterize the spatial evolutifive parameters are put forward to quantify the movement of clusters in various

periods of a day. The result shows that there is a clear pattern in terms of the transition of thundettisrmegion.

2 Instrument and methodology
2.1 Foshan total lightning location system

In the summer of 2013 3-dimensionFoshantotal lightning location system (FTLLS) was installed in Guangdong
Province, ChingCai, 2013; Cai et al., 2019Based on the electromagnetic environment, surrounding buildings, terrain
conditions, communi¢en conditions, etc., ninstatiors weredevelod to detect lightning events over the PRD regasn,
shown inFigurel. Thedistancebetween eachtation is generally 10 to 40 km and the detection range is more th&m100
The coverage of the entire station network is about k@@Qwhich can effectively covehelightning activityareain PRD.

The DTZ, MCZ and JA%tations are far apart, forming a longer baseline, which can effectively improve the locating accuracy,
while the remaining subtations are densely distributed.

All the ninestations are installed on the roof of the Bimy of subsidiaries of Foshan Electric Power Company, China
Southern Paer Grid. The powersupply is achieved vithe 220 VAC power network. Widband electric field measuring
systems with a 8B bandwidth from 200 Hz to 500 kHz are employed to measarkgthining electromagnetic impulses.
threedimensionocation algorithm is utilized in FTLLS. The location information contains the height of lightning, which can
be applied to identify the discharge types. The characteristic parameters of the eld@tadfield waveform produced by
different types of discharge events can also be served as a discrimination mettubdcurrent pulse detected by the FTLLS
is defined as a lightning everithe classification of cloutb-groundevens (CG), intracloudevents(IC) and narrow bipolar
events (NBEs) can be accomplished by a combined analysis of those parameters fronfGaildtal., 2019)The system
can provide realime lightning data to the electric utility industry, whiefainly includes the time of lightning strokes, three
dimension location, peak current, rise time, fall time, pulse width and dignaise ratio. Based on the Monte Carlo
simulation, the twadimensional horizontal location error is basically less tt@hrh, and the vertical error (altitude) is less
than 200 m when the lightning event occurs within the networt al. (2021)examined the detection effeicies using the
directly measured current data at the triggering lightning Bite.result shows thahe detection efficiencies dfTLLS for

flashes and returstrokes were 87.5% and 93.0%, respectivEhe validation othe system hasden guaranteed throutjte
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comparisonof oc-k kit g g er eax p e rgiknd éha apglication of transmission li€sai et al., 2019; Wang et al.,
2019)

2.2 Data andMethodology

During the monsoon periodn(May on average) in the PRD region, the South China Sea Summer Monsoon (SCSSM)
enhances the precipitation owing to the southwesterly monsoon flow, especially the southwesteshe!lgats, carrying
abundant water vapor to South Ch{B&i et al., 2002; Chen and Luo, 2018pre than 50% of heavy rainfall everit South
Chinaoccur in April toJune period, in which precipitation is primarily related to fronts and monsoon#@wet al., 2011)
Persistent heavy rainfall occurrediin 17 May 2014 to 23 May 2014, especially in the central and egstasof the PRD
region. It was reportethat 62 automatic weather stations recorded heavy ey of more than 100 mm on 17 May, while
Huizhou aml Shenzhen stations recorded 24 dnfall of 377.9 mm and 278.mm (Bingzhi Zheng, 2015) Severe
thunderstorms occurred in the PR&yion with a recordreaking 24h rainfall of 477.4 mm starting from 2000 LST (local
standard t i roe22Mayudlrihg this [Bavi dainfall weekhe hourly precipitation inthe Conghua station
surpassed 60 mm at 1300 LST on 23 Makongqing Liang, 2015; Xinyu Zhou, 2018igure 2 showed general radar
characteristics and lightning distributioofsthunderstorms from 11:36 to 14:36 and 1%et20:360n 17 May.The radar data
is obtained from Chi na 6l998\VeSki8h)atrGuadgrmow e ilighthirg revers a2 tcopated ie r
the area with radar reflectivity higher than 30 dBz, which has been verified as the thiesheleuth of China(Xu et al.,

2010) Consecutive precipitations within one wee&lude extremely severe thunderstorms and relatively mild thunderstorms
which serve as great cases for comparison.

All geographical plots in this paper are created by counting lightning events within 0.01%0.0bgeids, corresponding
to an approximateesolution of 1 knover the Pearl River Delta region (11P25%E, 22°-25°N). If a larger box is employed
to count lightning events, molightning eventswvill be contained within each box, leading to ambiguous cluster recognitions.
Conversely, smaller reagion results irplenty of empty boxes, mistakenly separating the thunderstorm clusterginide
interval of12 ministwice of the Doppler Radar scamgth which the routeof thunderstams can be tracked precisely without
losingkinematic features

Connectedneighbourhoodabelingis applied to grid boxes to identitightning clusters. Connectivity means that a
connected path can be formed between two boxes in the area. From the perspective of digital images, connectivity can k
classifiedinto two types: (1) 4adjacentonnecteeheighbourhoodabeling which refers to starting at any pixel position in a
collection or area and searching from four directions (left, above, right, below) of the pixel, any other pixels can ibe found
the collection or are and (2) 8adjacenttonnecteeheighbourhoodabeling which is the same asatljacent, but adds four
diagonalpositions(Miller and Mote, 2017; Xue et al., 2019; Zan et al., 20C)nneatd neighbourhoodabeling is to give
each connected area a unique number during the search process. In this paper, the second type is adopted to automatic:
identify lightning clusters.
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The process ofhunderstornvisualization is shown ifigure3. The analysis area is divided into 0.01%0.01°grid boxes,
corresponding to the geographic area of £ &pproximately. The number of individual lightning events is counted within
each grid box at Xfhinute intervals, on which we rely to drake lightning density map. Setting one lightning event as the
density threshold, the box with more than an event can be defined as a valid box. Usinrgdjhee® connection
neighbourhoodabelingalgorithm we can figure out the number of valid boxegath thunderstorm cluster. As the area of
each box is 1 ki we define the number of valid boxes as the valid area (VA). To better capture the main spatial movement
of thethunderstorm, clusters less thank?f? are removedbasedon the scale of thundeestns in the PRD regiorthe less
strong thunderstormare not considereith the articlesince it is the stronthundestorms that pose great damaghe final
area ofeachcluster is substituteldy an equivalent circle (ECEquation(1) is the conversioformula of VA and the radium

of equivalent circle (REC), which is used to draw the ground motion map in the following section.

2 %# — 1)
Taking the proportion of lightning frequencies in each grid to the totaber of lightning in all effective grids as the
weight, the longitude and latitude coordinates of discharge centroid (C) are obtained by the weighted average of each gri

within thevalid area. The expressions are showkdn(2) andEg. (3).

# B . @)

# B z, 3)

where Clon$ the longitude of discharge centroid in the density diagram, Clat is the latitude of discharge centroid, Nlon is
the longitude of one gird in all the effective grids in the density diagram, Nlat is the latitude of one gird in allcthe effe
grids.

As the coordinates of discharge centsidthin a time interval are obtained, two clusters whose discharge centroid is less
than 10 km merge as one clusteor the split of the thunderstm, if there are more than one cluster withindhalysisegion
thecluster with the largest area is set as the main bothetfiunderstormThe cluster whose discharge centroid is more than
10 km away from the main cluster ds dhethunteestormand beedistardedi d
Each tme the window advances t#inutes, the cluster is updated and also its centroid. If the distance from the previous
cluster to the next cluster is less than 50 km, or the current cluster exhibits an overlap with the previous clustelystersvo
are rgarded as the same thunderstorm and recorded. As we focus on the transit thunderstorm in this region, the storm with
duration less than 60 min and the farthest distance in longitude less than 50 km is not considered as the aimed aject of stu
The thumlerstormstarted withthe appearance of the valid a@&5 kn¥), while the ending time of the thunderstorm is when
the cluster is less than 25 kand can not be depicted by the algorithm any longer.

Based on the selected thunderstormtaeccoordinatef thedischarge centroith each intervalwe can obtain the distance
thatthethunderstorm runs and the direction it movEsetrue North is set as the benchmark to illustrate the direction of the

storm. Theazimuthal anglequation is as follows:
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wheresubscriptsl and 2 represent the discharge centroidsoofrsclusters at two consecutive time intervals.

Velocities of the cluster, determined by distanicaseledin a 12minute interval, are recorded as well (seen in Eq. (5)).
The farthest distances (FD) that the thunderstorm moves in longitude and Idtitinte the lifetime help to foresee the

movement of the storm, the expressions of which are shown in Eq. (6) and Eq. (7).

WQa ¢ ORe zom (5)
00 | A@ i EW (6)
00 I A@ i E#® 7)

wherethe unit of velocity iskm h2.
To characterize the motion tfunderstormswe usdive parameters mentioned above to depict their movements, which
include the valid area, velocijtgirection, and farthest distance in longitude and latitude. The meanthg pdrameterss

shown inTablel.

3 Result
3.1 Total lightning characteristics and temporal evolution of thunderstom

From the thunderstm activities detected by FTLLS in the summer of 2014, eight thunderstorms around the Pearl River
Deltaregionare selected which were evenly distributed in the morning, midday, afternoon and dk@midg May to 23
May. Table2 provides the basic informati@boutthese thunderstorms, including the date, the specific time, the durhéon, t
total number of lightning eventightning eventate (he number ofightning eventgper hour)andeventtype classificatin.
A common trend of thunderstorms over theDPegion is that convection occurs most frequently during the afternoon due to
solar heatindChen et al., 2014; Chen et al., 201Bhe life cycle durations range fne 2 hours to 4.2 hours, with a large
difference in the number of total lightning.

The thunderstorm witkhe highest number of total lightning occurred on the afternoon of 23 May, consisting of 101,242
lightning events within 3.6 hours. The lowest numdeaotal lightning events occurred on the evening of 19 May, lasting for
2.4 hours with 14,926 lightning events in total. The midday and afternoon thunderstorms keep relatively strong and stable
with more than twelve thousatightning eventgper hour, whie the morning thunderstorms are muebregentle and wead,
with around ten thousand lightning events per hour. The two evening thunderstorms are much variable and differentiated, witt
the first case possessing the highest frequency (29,240) per haheastond case possessing the lowest frequency (7,263)

per hour.
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In the LLS data set of all storms, IC events make up 81.7% of total lightning and CG events make up 17.5% of total lightning.
The NBEs make up the very slightest proportion, with less 1B&wof total lightning. The 17 May afternoon stoconsisted
of 81,872 lightning events, with IC events accounting for the highest proportion (91.8%) among alldterdistinctlyhigh
proportion of IC events occurred time 23 May afternoon storm artle 17 May evening storm, which are strengtorms
than other case#ndicating thata high IC ratio is in connection with severe weathdowever, the weak 21 May morning
storm also possesses a high proportion ofVYents(88.7%), while other storms withsimilar scale shova much lower IC
ratio. Overall, the proportion of IC events is variable in thunderstorms, miaklifficult to use them as a tool for predicting
severe weather.

General total lightning distributions with respectth@ time of eightcases are presented kigure 4. The comparison
between lightning events detected by the FTLLS (green shaded areas) and the chosen thunderstorms (light blue shaded are
shows that there are some other stormsedsgal within the LLS detection ardéde lessintense storms are excluded by the
thresholdsand the most prominent storms are selected chosen to characterize the movements. Note that the light blue shade
area in each statistical time interweds derivedwithin the thunderstorm system, the analysis period was defined from the
starting timeto theending timeof thunderstorms, when the main body of the thunderst@msll observed by radar. The
blue line and red lines represent the IC events and CG guredisced bythe choserthunderstormrespectivelyWe can see
thatthe variation of IC events is highly consistent with the total lightning events, while the variation of CG events is quite
different. The thunderstornoccurred at 18:00 on 17 Mand prodwced the largest number of total lightning eventsfer
minutes, with the number being more than 8000 times. Another night skataccurred at 19:18n19 May is much weaker,
whose scale islightly smaller than the morninipat occurred at 8:36 on 20 &, with a smaller peak of total lightning per

hour and a smaller number of total lightning events.

3.2 Spatial footprint of thunderstorms

The footprint, trajectory, anlightning eventdensity of thunderstormare displayed ifFigure 5. The storm footprint is
defined as the combination of the unique area consisting of the VA of each cluster and thehgatkrafoid. During the
lifetime of all thunderstorms, the horizontal movement of the thunderstorm doesaetleb50 km in longitude and 100 km
in latitude, except that the path thie 18 May afternoon thunderstorm is longer than the average and depidte?id0
kmx150 km domain.
The coverage and intensity of thunderstorms during the whole process candlig presented in the evolution map. At
the initiation stage, the VA is much smaller than that in the development or maturation stage when the thunderstorm move:
faster in the meanwhile. Note that there is some interspace between two centroids whemshmaete fast and the VA is
not big enough. The reason is that the ciori¢he map is the equivalent tifevalid area and can only reflect the valuehaf

thunderstorm area within 12 min.
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The transition of storms is mainly from west to east with liwagks, usuallynitiating in the Foshan district, crossing the
Guangzhou district and disappearinghe Dongguan district. Howeveahe 17 May midday storm is inclined to twist and
spin in the same place with extremely short tracks. The V@9 May evening storm is relatively small in each time
intervalcomparedvith other storms, which is in accord with the small number of total lightning analyzed above, however, the

velocity is no slower than any other severe storms.

3.3 Duration time, valid area, movementvelocity, farthest distanceand direction

Figure 6 displays two lightning parameters to characterize the intensity and movement of thunderstorms: valid area and
velocity, which can comprehensively showe tinack ofthunderstormin a measurable way. Despite the diffeneatiodsof a
day, there are two kinds dfistributionof thunderstorm valid area in the whole evolution process. Thedfgstbutionis
characterized asnepeak seen irigure6(a)(e)(g) which means the variation ¥f rises at first and drops dramaticalljhe
valid area shows an upward trend at the beginning and decreases at lasind@period is found to be longer than the drop
period, which means that the peak of VA lies in the mature stage of thundessidrensecondlistributionis defined ashe
two-peak distribution irFigure6 (b)(f)(h), which means there is a distinct decrdaestsveertwo peaksduring the lifetime of
the thunderstormThe VA increases in the initiation stage and reaches the first peak in the developing stage. After a small
decline, the VA surges in a short time and arrives at the second higher peak in the mature stsigehé\MA decreases
rapidly as the thunderstorm is dissipatiRggure6(c)(d) is not in full accord witlthe one peakdistributionbut almostclose
to it. Although tere is another much smaller peak in the disisigestage,it can be seen as the notnflactuation. The
difference is that the VA shows a slight increase sign after the highest peak. Meanwhile, the peathé&tie day midday
storm is much earlier than the typical gpeakdistribution of which the peak time basicallgccursin the mature stage. It is
noticed that the VA does not decrease to zero at last because of the existence of time interval and the threshotates.cluster

The velocity exhibits more marked changes with time. It oscillatesrasly compared with the valid area which shaws
steady increase or decrease during the lifetinielofderstormsThere is no stable variati@amthe velocity ofthunderstorms
indicating thatheinstability of convection within the cloud. When the nmnbf lightning events grows up and the valid area
becomes biggeduring the development of thunderstarthe velocity does not show an obvious increase tendency. This
finding is of great significance to facilitateir knowledgeof the kinematics ofhemesoscale convection systefie physical
mechanism inside the convective cloud needs further study in the future.

The violin plots inFigure7 present the cluster attributes including the VA and velocity in theanthahderstornprocess
The VA boxes in the afternoon show the rugihyped distributions, indicating that the storms are variable during the life
cycle and extremely severe in the mature stage (sdeigunre6 (e)f)). The storns in the morning, midday and eveniage
much stable and the VA showvasuniform distribution, exhibiting the rectangdhaped boxes. There dsgreat difference
between the two evening storms, with both the biggest and smallest maximuspirithd, which is becauséthe instability

of convection in this regiorA storm withabig VA does not mean a fast speed when it moves. The velocity of each storm is

8
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densely distributed around the median, with only one value much bigger than dtbeiagshe rugbyshaped distributions.
Althoughthe VA of 17 May evening storm is much bigger than another evening storm, the speed does not greatly discriminate
between each other.

Five characterization parameters are listed in Table 3 to reveal thedtiodeatures of thunderstorms. The maximum VA
represents the biggestverage that the thunderstorm affects within-anlr2ute interval. The afternoon storm is notably more
severe and intense than that in the morning and midday, while the two evenimgdistinguish greatlfrom each other. The
maximum VA is 891 krhioccurred on thevening ofLl7 May, with the mean value being 662.7°kktowever, the storm with
minimum VA also occurs on the evening of 19 May, the maximum and mean of which are’268 Rd6.7 km, respectively.

It can be found that the velocity does not match precisely with the VA. The storntheitighest speed occurred on the
morning of 20 May, witta value 0f170.7km h. The lowest maximum of speed W&t 1km h occurred on thevening of
19 May. Although total lightning events of these two storms are the smallest among eight cases, theétspeadtef does
not show the same characteristic.

To measure the horizontal motion of thunderstorms during the whole process, #umthbiarthestdistanceqFD) in
longitude and latitude are calculated by the coordinates of centroids. It can be clearly seen that the loR@itisdmath
longer than the latitudin®D, which means thahemovement othestorm is mainly along theastwest path. Thenaximum
and theminimumFD in longitude are 153 km and 55 km, respectively. FBén latitudeis much shorter than that in longitude,
with the maximum and minimum being 45 km and 12 km.

Figure8illustrates the direction dhecluster. We gathered the direction of all cases in the normalized timeline to show the
orientation. The motion of storms shows a distinct pattern, as the spread of direction distributes tightly in the t&l&f®.of O
Combining with the ground track of thunderstormd-igure?7, we can clearly see that the storms initiatéhe west of the
PRD region, moving to the east and disappearing after the thunderstorms travel aroukan1d®is kinetic information

could shed light on further research on severe convection weather prediction.

4 Discussion and Conclusion

For the purpose of characterizing the dynamic movement of thunderstorms as well as the associated attributes of lightnini
clusters over the PRD region, we investigate eight das¢sccurred within a wek from 17 May to 23 May in 2014. Based
on thehigh-resolutiontotal lightning data set obtained from VLF/LF Foshan Total Lightning Location System, the temporal
and spatiatharacteristics of thunderstorms are presented in this study. To analyze the thunderstorm cluster features, statistic
of various cluster parameters have been calculated.

Usingthe8-adjacent connecteaeighborhood labeling algorithm, five parameterspartforward to measure thunderstorm
kinematics features, including terationtime, valid areamovementvelocity, movementirection and farthest distance in

longitude and latitudeTable4 showsthe comparisonfahe parameterbetween eightases in the PRD region and previous

9
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studies. Various thresholds are set to better capture the moventbnohdérstormsMiller and Mote (2017fentified the
thunderstorm as the regiof @ontiguous radar reflectivity greater than or equal to 40 dBz using connected neighborhoods
labeling. A sophisticated approach was taken to identify the rainfall pix&gyet al. (201@Gyho usedhe radar reflectivity,

pixel area andiurationas the thresholds. A lower reflectivity threshold of 12 dBz was chosen to ensure all possible clusters,
while the threshold ofther parametersan appropriately aid nonprecipitation echoes in the rainsta In this paper, the

valid box less than onevent the area of clusters less than 25 kmd the duration dhestorm less than 60 min are neglected

to reduce th@umberof smallground clusters and track the main storms within the analysis region.

Eight thunderstorms, whiclhiereevenly distributed in the morning, midday, afternoon and evening, are selected to compare
the different kinematic features from 17 May to 23 May 204dst previous studies focus on timerannual or interdecadal
variations inthe characteristics of the storm&ohn et al. (2011yelected 670 winter storms and 13,600 summer storms
2008to track the spatial and temporal attribute®r the Mediterranean area and Eurdparrison and Kestens (2017)
climatologicallyanalyzethe fundamental components of thunderstorm geospatial movements within the continental United
States This paper is aimd to make a comprehensive analysfsthe casesin a weekand reveal the dynamic motion of
thurnderstormsver the PRD regiom the south of China

Significant characterization parameters greposedas metrics todepict the kinematic features of thunderstorms,
including theduration,VA, velocity, direction, anéD in longitude and latitude durgntheevolutionof thunderstormsit is
found thatno more than threhunderstorm parametegise demonstrated in the previous stugligo et al. (2010)eported the
duration andthe averagearea of 6 Cataloniawarmseasonthunderstorms. The lifetime was between 54 utes to
approximately &ours with theaverage duration of the whalleunderstornevolution procesbeing about 3.5 h, which is
slightly longer than this studf2.93 hours)The averagareaof 66 thunderstormsas 509 krin a 6-minute time interval,
with the biggest cluster area in the mature stAgéunesupercell propagated north of Munichtire eastern direction was
reported byMeyer et al. (20134 illustrak the area, velocity and farthest distance of storms, showing that the maximum cell
area was nearly 500 Krim the 3-min interval. The average area of eightunderstormén this paper is 336 kfrper 12 min
The differences derive from the geographic posijtthe severity ofhunderstormsthe clustering methodolognd so forth

In this paper, liere are two kinds of distribution to describe the variationthefvalid area during the lifetime of
thunderstorms, which are opeakdistribution with the maxmum in the mature stage and tweakdistribution with a
relatively smaller peak in the early timeth& storm. The maximum VA is 891 Knoccurred on the evening of 17 May, with
the mean value being 66XM?. The storm with minimum VA also occurs in teeening, the maximum and mean of which
are 253km? and 146.7&«m?, respectivelyThe areavariation ofMe y e r dcecurced ean€5 June 2008ppeas to be more
fluctuant with a sharp decrease in the developing stage and mang ghadkg the whole evolubh procesgMeyer et al.,
2013a) The maximum of cluster arsaares notablybetween storms reported Bgtz et al. (2008)the largest area reazh
up to 7000 krfin 10 min, while thesmallest area is only 1550 knThe intensity of storms discriminates in differgetiods

of a day in this papebutnot in a big difference, indicating that the convection in the summer seasareigbut stablen

10



this region.To be noted, the valid area observedtiyFTLLS is much smaller thatihat observed byhe radar where the
former represents the lightning discharge activity and electricity charge accumulation, and the latter reflects thd content o
hydrometeors and the effegh radar echoeéXu et al., 2010; Miller and Mote, 2017)

The velocity othunderstormsbtaned by the motion of lightning centroids in this paper represents the integral movement

315 which is basically composenf three types of factors: the translation (synoptic), the forced propagation (mesoscale) and the
autopropagation (thunderstorm itsgkotton et al., 2011)n this paper, velocities are calculated by the discharge centroids
of the thunderstorm. Owing to the instability of updraft andimduictive electrification in the convective cloud, the Hage
centroid is not always the barycentre of thunderstorm clusters. As the movement metrics are obtained through the lightnin
events, which represent tekctrificationin the cloud, the discharge centroid can better reflect the electrification masiati

320 the storm.The storm withthe highest speed occurred on the morning of 20 May, withlue of170.7km/h. The lowest
maximum speed wa86.1km/h occurred on the evening of 19 May. The velocity does not show the same tendency as the
variation of VAduring the lifetime of thunderstorms. It oscillates severely compared with the valid area whicla steady
increase or decrease during the lifetimehohderstormsThefluctuation of velocity is very likely to result from the calculation
method of catroid discharge. In addition, the different time intervals may cause theirbaislocity. Some severe

325 thunderstorms like supercells ldst a short time and move extremely fast, leading to poor monitoring sesuiglatively
large velocity variatioris also seen in the Mediterranean st¢Batz et al., 2008)but with a general upward trend in some
cells during the whole movemeMeyer et al. (2013g)roposed that lontived storms are most likely fast propagation as the
storms with velocities around 80 km/h spent 150 min to 240 min to cross the domain, however, this weepresierted
beause of the insufficient statistics. The eight cases in this study also do not show this trend.

330 Affected by theSouth China Sea Summer Monsptimre motion of storms shows a distinct pattern, as the spread of
direction distributes tightly in the range of-Ql8C indicating that thunderstorms mainly move fromestto east The
orientation ofthethunderstorm can be affected by the topographic r@léfer and Mote, 2017) Lin et al. (2011found that
the warm season afternoon thunderstorm over Taiwan Island frequecitlyexl in a narrow strip, parallel to the orientation
of the mountains, along the lower slopes of the mountainsurbla@ heat islandffects and northern mountains in Guangzhou

335 city may have an influence on the movement of thunderstorms over the PBRD(Mg et al., 2020)

Overall, thedetailedanalysis of the dynamic movement @fht thunderstormsn May shows that there are some
remarkablecharacteristics, but still exist variations among thunderstorms in different periods of a day over the PRD region in
the summer season. The result helps to improve the recognition of Hawaterstormsin advance by giving a general
understanding of how long the storm lasts, how fast the cluster moves and how much area the storm affects, via informatiol

340 about the kinematics features of thunderstorms, and ideally establish a foundation éorefsarch that may contribute to

the development of a new or improved prediction paradigm.
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Figure 1. Geographical distribution of the Foshan Total Lightning Location System (FTLLS), in which a full operation
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Figure 2. The stacking map of reflectivity scan bytSR-98D research radar and spatial distributions of total lightning
480 data on 17May 2014.Prominent areas of higher reflectivity are simultaneously covered by lightning events. The red
plus represents the radar station which is situated on the east side of the FTLLS.
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Figure 4. (a-h) Lifetime diagrams of total lightning eventsfor thunderstorm case study from 17 May to 23 May. The

green shaded areas represent all total lightning events detected by the LLS network, whereas the light blue shaded
490 areas represent total lightning eventproduced by thechoserthunderstorm. The blue and red lines indicate the number

of IC events and CG events with respect to time per 12 min, respectively.
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