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Abstract properties of negative initial leaders (NILs) and flash size in a cluster of supercells with generally
inverted charge structure in Oklahoma on 10-11 May 2010 are examined, primarily using Lightning Mapping
Array data. A method to identify NILs from Lightning Mapping Array source is proposed and helps to
reveal the multiple NILs properties and their distributions. The NILs in the supercell cluster have smaller
speed (median 3-D displacement speed: 0.65 x 10° m/s), relative to the previous reports in normal
thunderstorms. Furthermore, median NIL speeds initially decrease with increasing height but begin
increasing above 12 km. The NILs tend to decelerate during the early stage. The parameters characterizing
flash duration and spatial size are also investigated. It is found that they all follow lognormal distributions and
the spatial flash size is relatively small on average (median horizontal distance: 5.54 km). Most flashes
(83.18%) extend primarily in the horizontal direction. Flash area shows an inverse relationship with flash
density at their fast changes during storm evolution. Although large flash initiation density (FID) generally
occurs in regions with small flash size, the smallest flash size is nearly not collocated with large FID value. In
the regions with large FID, average flash duration roughly increases with increasing FID, while average flash
area changes little. We proposed that the pattern of charge pockets and variation of charge density
dominated by the strong kinematics are responsible for some new findings about the properties of NIL and
flash size in the supercell cluster.

1. Introduction

The development of three-dimensional (3D) lightning location technology has enabled mapping of the pro-
pagation processes and flash structure by very low frequency/low frequency or very high frequency location
systems (Bitzer et al.,, 2013; Karunarathne et al., 2013; Rison et al., 1999; Shao et al., 2006; Shi et al., 2017;
Thomas et al.,, 2004; Yoshida et al., 2014; Zhang et al., 2015, 2010), which provide a means for studying flash
size and the characteristics of the initial flash leader during the preliminary breakdown (PB) process and for
revealing their connections with the parent thunderstorm using large sample data sets.

The PB process is also referred to as the initial breakdown (IB) process and corresponds to the initial stage of a
flash after it is initiated. Rison et al. (2016) suggested that many or possibly all flashes are initiated by fast posi-
tive breakdown (weak narrow bipolar event-type pulse) associated with positive streamers. It may be then
followed by the subsequent changes in the initial electric field associated with weak negative breakdowns
(Chapman et al., 2017; Marshall et al., 2014). They commonly enhance the ambient electric field and then
guide the occurrence of first IB pulse that used to be regarded as the beginning of a flash (Chapman et al.,
2017; Marshall et al.,, 2014). Most reported initial leaders typically carry negative charge and propagate toward
positively charged regions with an average speed on the order of 10°> m/s (Behnke et al., 2005; Bitzer et al,,
2013; Campos & Saba, 2013; Liu & Krehbiel, 1985; Shi et al.,, 2017; Stolzenburg et al., 2013; Wu et al,, 2015).
The discontinuous development of the initial leader is sometimes referred to as being stepwise.
Stolzenburg et al. (2014) proposed that initial leaders might have step patterns that differed from those typi-
cal of cloud-to-ground (CG) flashes and were “driven primarily by the large ambient electric field and occur in
the absence of a hot channel”. The IB pulses associated with initial leaders have been found to be coincident
with light bursts observed by high-speed cameras (Campos & Saba, 2013; Stolzenburg et al., 2014, 2013). The
step length of initial leaders typically ranges from tens of meters to ~1,000 m (Edens et al., 2014; Rhodes &
Krehbiel, 1989; Stolzenburg et al., 2014, 2013; Tran & Rakov, 2016; Wu et al., 2015). Initial leaders develop
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2017; Peterson & Liu, 2013; Qie et al,, 2003; Zhang et al., 2017; Zheng
et al,, 2016; Zheng & MacGorman, 2016).

This study investigates the flash activity in a supercell cluster with a general inverted charge structure and
aims to answer the following questions. (1) How do the properties of the initial leader and flash size distribute,
based on the flash activity during the evolution of the thunderstorm? (2) How can connections among flash
initiation, size, and general storm and charge structures be understood? The innovative aspects of this study
are as follows: (1) in our analysis of initial leader properties, we include the large number of flashes observed
during the evolution of a supercell cluster, which differs from previous studies that either typically use a small
number of samples or artificially select suitable examples; (2) most of the observed intracloud flashes have
downward propagating negative initial leaders (NILs) resulting from a generally inverted charge structure,
whereas previous studies have focused almost exclusively on upward propagating NILs of intracloud flashes
associated with a normal charge structure; and (3) the impacts of the storm and charge structures on flash
initiation and flash size properties are investigated and discussed.

2. Thunderstorm Processes and Observations

The focus of this study is a cluster of supercells that occurred in Oklahoma from 10 to 11 May 2010 (UTCQ). It
was part of a series of strong storms that occurred at that time, with intense instability characterized by
strong low-level shear and large convective available potential energy (2,759 J/kg; Zheng & MacGorman,
2016). Information on this strong storm outbreak and an analysis of the kinematic and microphysical struc-
tures of the southern supercell in the cluster can be found in Palmer et al. (2011). Zheng and MacGorman
(2016) have investigated this supercell cluster, especially the south supercell, with the concerns being
about the spatial correspondence between the positions of flash initiations and kinematic and microphy-
sical structures in the supercell. The evolution of the supercell cluster captured by radar data is described
in section 3.1 and shown in Figure 4 of Zheng and MacGorman (2016) and is not reproduced here. In gen-
eral, the supercell cluster featured merging storms in the south and splitting in the north during its evolu-
tion as it moved from west by south to east by north. Because it was difficult to separate the storms in the
cluster and the storms ultimately developed into supercells, we studied these storms as a whole. A set of 11
tornadoes (out of a total of 55 tornadoes in 13 storms in this outbreak; see Figure 1), consisting of three
EF4-scale, three EF3-scale, one EF2-scale, two EF1-scale, and two EFO-scale events, was documented in
the cluster. In addition, 12 hail events with hail diameters from 1.9 to 11.7 cm and 2 strong wind events
with velocities greater than 28 m/s were reported.
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Figure 2. Time-height distribution of flash activity using the same data shown in Figure 1. The shading colors in (a) indicate
the relative density of sources as a function of height (right axis) and time (1-min interval and 0.5-km vertical span). The
white contour lines in (a) indicate the density of the initial flash positions (the positions of the first sources of a flash) as a
function of height and time (2-min interval and 1-km vertical span); the contour values are 10, 50, and 100 moving
toward the center. The black and solid red lines in (a) indicate heights with the maximum source density and heights with
the most initiation points, respectively. Initiation positions of flashes whose NIL directions can be obtained (see section 3)
are shown as red dots for upward NILs and blue dots for downward NILs. Their height distributions are shown in (b).
Flash frequencies observed in 1-min intervals are indicated by the solid pink line and the left vertical axis in (a). Levels with
environmental temperatures of 0 °C, —10 °C, —20 °C, —30 °C, and —40 °C are shown as gray dashed lines in (a). Temperature
values are obtained from a sounding in Norman, Oklahoma, at 2100 UTC on 10 May 2010. Sounding data are provided
by the University of Wyoming.

The data used in this study are primarily from flash sources observed by the Oklahoma Lightning Mapping
Array (OK-LMA); data from the KOUN polarimetric radar are occasionally referenced. The same data sources
were used by Zheng and MacGorman (2016).

The OK-LMA contained 10 available stations (Figure 1) at that time, which located flash breakdown events at
frequencies ranging from 60 to 66 MHz by time of arrival technology. Thomas et al. (2004) reported that the
source location of LMA had an uncertainty of 6-12 m rms in the horizontal and 20-30 m rms in the vertical.
Details about the LMA can be found in Rison et al. (1999), Krehbiel et al. (2000), Thomas et al. (2004), and
MacGorman et al. (2008). To ensure data quality, only sources identified by at least seven stations and having
chi-square goodness-of-fit values lower than 2 are used (Lund et al., 2009; Thomas et al., 2004). These sources
are grouped into flashes following the algorithm used by Zheng and MacGorman (2016) in which a potential
flash source must occur within 180 ms of a previous source and within 2 km and 300 ms of any other flash
sources. The flash duration must be less than 3 s. The basic principles of this method were introduced by
MacGorman et al. (2008), but the parameters have been adapted to the supercells considered here (see
Zheng and MacGorman (2016)). Flashes containing no more than 10 sources are not considered.

The S-band KOUN polarimetry radar is located in Norman, Oklahoma (Figure 1). Although the radar data
include multiple polarimetric variables, such as differential reflectivity, copular cross-correlation coefficient,
and differential phase shift, besides the traditional horizontal polarization Z,, velocity, and spectrum width,
we only use the Zy, in this study. The data were originally observed in 14 elevations. The area of composite
reflectivity above 30 dBZ is used in section 6.

From experience, measurements from OK-LMA within a 100-km range (see Figure 1) are thought to be reli-
able (MacGorman et al., 2008); therefore, we choose storms and flashes between the KOUN radar times of
2047:33 and 2258:51 UTC (the time of the first volume scan with a 0.5° tilt) when the main body of the super-
cell cluster was located within 100 km of the OK-LMA (although some flashes might be out of this region; see
Figure 1). The supercell cluster produced vigorous lightning discharges. The spatial distribution of the sources
during this period is shown in Figure 1, where the positions of the OK-LMA sensors, the KOUN radar, and the
tornado tracks (all located in the region shown during the outbreak) are also indicated.

A total of 28,872 flashes were recorded in the supercell cluster during the analysis period (this number differs
from the 27,297 flashes of Zheng and MacGorman, 2016, because the end of the measurement period in
Zheng and MacGorman, 2016, was 2300:00 UTC, whereas here it was 2303:10 UTC, corresponding to the
end of last radar volume scan). The variation of flash frequency over time is shown in Figure 2a, which
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indicates that our analysis covers the development stage and part of the vigorous stage of the supercell, as

the peak flash rate hit more than 600 fl min™".

The height of the maximum source density (solid black line in Figure 2a) roughly corresponds to the vertical
position of the center of the main positively charged region involved in the discharges, because the LMA
recorded more breakdown events coming from negative channels that propagated through the positively
charged region, than it did the reverse case (Rison et al., 1999; Rust et al., 2005; Thomas et al., 2001). The most
flash initiations occurred nearly steadily above the main positively charged center (solid red line in Figure 2a),
indicating a general inverted electric structure—that is, upper negative and central positive.

The initial heights of the 16,970 flashes whose NIL directions can be identified (the method will be intro-
duced in section 3) are superimposed in Figure 2a as red dots (upward NILs) and blue dots (downward
NILs), and their number distributions with height are shown in Figure 2b. The downward NILs, accounting
for ~89% of the flashes considered, had a center initial height between 9 and 10 km (median height of
9.29 km); for upward NILs, the position with the most initial points was between 7 and 8 km (median
height of 7.91 km). Below 5 km, although the total number was small, the fraction of upward NILs was
greater, which indicated that there might be a small negative charge around the 0 °C level. Therefore,
from a macro-perspective, the supercell cluster had a general inverted tripolar charge structure during
the analysis period.

The coexistence of initial points belonging to both upward and downward NILs at almost all heights indicates
that from a local perspective, the charge regions of the supercell cluster should be not ideally organized into
the vertically separated three charge layers. Zheng and MacGorman (2016) determined that the local charge
structure in this cluster might be dominated by the pattern of charge pockets suggested by Bruning and
MacGorman (2013), under the influence of strong updraft, recycling, entrainment shear, etc. (Browning &
Foote, 1976; Klemp & Wilhelmson, 1978; Lemon & Doswell, 1979; Nelson, 1983; Tessendorf et al.,, 2007;
Zheng & MacGorman, 2016). Relative to the horizontally broad and vertically layered charge distribution,
the pattern of charge pockets indicates smaller regions of similar polarity and a staggered distribution of
regions with different polarity, due to strong convection and turbulent mixing. In this scenario, flash initiation
can occur over wide height ranges.

3. Methodology for Quantifying NIL and Flash Size Properties

3.1. Identification and Parameters of NiLs

In order to handle the large number of flash samples, an objective, automated method to identify the PB
stage and retrieve the NIL parameters from OK-LMA observations is proposed. First, we explicitly define here
that the PB process corresponds to the period when a flash is initiated in a strong electric field and its NIL
propagates toward the positive charge region. This definition is same to Bitzer et al. (2013), Wu et al.
(2015), and Shi et al. (2017). The leaders during the PB process (i.e., initial leaders) are typically thought to
have a vertical orientation in the propagation direction. After the PB process, flash channels propagate
throughout the region with high charge density (Coleman et al., 2003; Williams et al., 1985) with a primarily
horizontal orientation. Furthermore, the method is based on the hypothesis that the NIL is of a single main
channel without significant branching. This hypothesis is the basis of many previous studies that calculated
NIL parameters (e.g., Behnke et al., 2005; Bitzer et al., 2013; Shao & Krehbiel, 1996; Shi et al., 2017; Wu et al.,
2015) and is supported to some extent by Stolzenburg et al. (2014, 2013) who reported the scarcity of
branches in initial leaders and regarded it as a distinct difference between initial leaders and typical
stepped leaders.

One of the key efforts in calculating NIL properties is to determine the NIL's end time and position. There
have been nearly no reports of PB processes lasting more than 100 ms (e.g., Wu et al,, 2015; Zhu et al,,
2014). Therefore, we first choose sources within the first 100 ms after the initiation of a flash as the pre-
liminary data. We additionally demand that there are at least five source points within the first 30 ms, of
which one point must be within 1 km of any other flash source, in order to ensure at least partial spatial
continuity and filter the PB process data for quality. Flashes that do not meet these criteria are removed
from consideration. Next, the method takes the following steps, which are explained using the example
flash case shown in Figure 3.
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Figure 3. Example of identifying the NIL of a flash occurring at 2140:51.145922327 UTC on 10 May 2010. (a) Time-height
pattern of flash source points. (b) First 100 ms of source points in (a); the red dot indicates the position of flash initiation
(i.e., the first source). (c) Average height of the source points shown in (b); the average position is determined for 3-ms
intervals, and only average heights are shown. (d) Average height after applying the five-point moving average to points
shown in (c). (e) Change rate of height of the points shown in (d). The cross in (e) indicates the position where the
change rate of height first changes sign. The dashed line in (d) indicates the NIL end time. White dots in (a) indicate source
points during the PB process.

1. Determine the initial position of the flash. The first source in a flash is temporarily regarded as the position
where the flash is initiated. The chosen 100-ms sources in each flash case and the initial flash position are
indicated by a red dot in Figure 3b.

2. Determine the negative leader. The numbers of sources above and below the initial height are each
counted for the first 100 ms. Only when one number is more than 2 times larger than the other number
will the flash be further considered. The sources with large numbers are believed to be related to negative
leaders. Their directions are preliminarily determined to be upward or downward according to the posi-
tion of these sources relative to the initial height of the flash. In Figure 3b, the solid black dots mark the
sources belonging to the negative leader.

3. Obtain the average positions of the negative leader sources in 3-ms time intervals, as shown in Figure 3c
(only average heights are shown). If a flash lasts shorter than 3 ms, it will be excluded from the data set.

4. Retrieve the average height of the negative leader sources in 3-ms time intervals using a five-point mov-
ing average method, as shown in Figure 3d. In some cases, no sources are located within several contin-
uous 3-ms intervals, which cause the five-point moving average method to fail; these cases are removed.

5. Determine the NIL end time and position. The change rate of the five-point moving average height over
time is calculated by investigating the two adjacent points using the following equation:

hy — hy
r =
At
where r is the change rate of height, h, and h; are the heights of the two adjacent points, and At is the
time interval, that is, 3 ms, here. If the change rate of height first reverses its sign (the position marked
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by a cross in Figure 3e, it corresponds to the latter one of the two adjacent points) or its absolute value
decreases below 10 m/s, we determine that the former point in the two adjacent points corresponds to
the NIL end time, as shown by the vertical dashed line in Figure 3d. If the above conditions do not exist
within the 100-ms time frame, the corresponding flash is removed from consideration. Furthermore,
the direction of the NIL indicated by the sign of the height change rate must be consistent with that
obtained in the second step. If not, the flash is removed from consideration.

Parameters describing NIL properties are calculated based on data associated with the average position of
the source points, that is, data shown in Figure 3c. They include (1) initial height, (2) duration, (3) vertical dis-
placement (the absolute height difference between the NIL end and start positions), (4) 3-D displacement
(the absolute straight line distance between the NIL end and start positions), (5) vertical displacement speed
(the vertical displacement divided by the duration), (6) 3-D displacement speed (the 3-D displacement
divided by the duration), (7) propagation speed (the 3-D displacement velocity in each neighboring 3-ms
time interval), and (8) the angle between the displacement direction and the vertical direction. In some cases,
there may be no detected source at the NIL end position; in this situation, parameters (3)-(6) and (8) are not
obtained, whereas parameters (1), (2), and (7) are unaffected.

There is a total of 16,970 flashes in the data set whose NIL initial height, propagation direction, and duration
can be obtained by the proposed algorithm, including 1,929 upward NILs and 15,041 downward NILs (shown
in Figure 2). For the other parameters, excluding propagation speed, the sample numbers are 11,637 total
flashes including 1,149 upward NILs and 10,488 downward NILs. For propagation speed, the corresponding
number of calculated 3-ms segments are 61,446, 3919 and 57,527, respectively. In the following analysis, we
do not distinguish between IC flashes and CG flashes. Zheng and MacGorman (2016) reported an extremely
low ratio of CG flashes (1.07%) in this supercell cluster. Although some differences in NIL properties between
IC flashes and CG flashes were reported, on the whole, these differences are not enough great to affect results
presented here (e.g., Bitzer et al,, 2013; Nag & Rakov, 2008; Shi et al., 2017; Weidman & Krider, 1979; Wu
etal, 2015).

3.2. Parameters of Flash Size

Flash size here indicates the spatial extent and duration of a flash. We continue to use the example flash
shown in Figure 3 to explain the definition of flash size (Figure 4) as it relates to the spatial extent of a flash;
the flash duration is equal to the temporal difference between the first and last source in the time sequence
of a flash (Figure 3a).

The area of the convex hull of a horizontal plane projection of VHF sources (Figure 4a) roughly indicates the
area of the region impacted by a flash. A convex hull is the polygon produced by allowing a band to contract
on all the sources of a flash, minimizing the area encompassed by the band. This parameter has been used by
Bruning and MacGorman (2013), Bruning and Thomas (2015), Zhang et al. (2017), Zheng and MacGorman
(2016), among others and is referred to as flash area in the following text. Similarly, the volume of a 3-D flash
convex hull is associated with a polyhedron encompassing all the source points with a minimum volume, as
shown in Figure 4d, and is referred to as flash volume in the following text. The horizontal flash distance is
indicated by the solid pink line in Figure 4a and describes the maximum distance between any two sources
in a flash. The solid pink lines in Figures 4b and 4c both describe the vertical flash distance, which is equal to
the difference in height between the highest and lowest sources of a flash. All 28,872 flashes are used to cal-
culate the above parameters.

4, Statistics for NIL Properties

4.1. Distribution of NIL Parameters

Distributions of NIL properties are shown in Figures 5 and 6, and statistics of the parameters are listed in
Table 1. The median values of the NIL property parameters were 18.00 ms for duration, 0.63 km for vertical
displacement, 1.02 km for 3-D displacement, 0.40 x 10° m/s for vertical displacement speed, 0.65 x 10°> m/s
for 3-D displacement speed, 1.12 x 10> m/s for propagation speed, and 47.24° for angle. Figure 5 shows that
all properties for both upward and downward NILs, except for angle, follow a lognormal distribution, with the
bulk of samples having relatively smaller values (the dashed lines in Figures 5a-5f). The angle more closely
follows a normal distribution (the dashed line in Figure 5g). The 25th and 75th percentile values are shown
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Figure 4. Explanation of the definition of flash size. The flash case is the same as that shown in Figure 3. (a) Horizontal
projection of flash source points. (b) Height of flash source points in the west-east direction. (c) Height of flash source
points in the north-south direction. (d) Three-dimensional distribution of flash source points. The polygon in (a) is a convex
hull of minimum area that contains all the sources. The solid pink line in (a) indicates the longest horizontal flash
distance. The solid pink lines in (b) and (c) indicate the maximum vertical distance of the flash. The polyhedron in

(d) encompasses all the source points in a 3-D space of minimum volume.

in the box-and-whisker plots in Figure 6. Further analysis indicates that 90% of NILs had a duration shorter
than 36 ms, vertical displacement less than 1.90 km, 3-D displacement less than 2.80 km, vertical
displacement speed slower than 1.00 x 10° m/s, 3-D displacement speed slower than 1.53 x 10°> m/s, and
propagation speed slower than 3.07 x 10° m/s. The distributions of upward and downward NiLs are each
shown in Figures 5 and 6, which reveals no substantial differences between the two groups.

In comparison with NIL speeds reported in other studies, which typically had mean or median values on the
order of 10° m/s (Behnke et al., 2005; Bitzer et al.,, 2013; Campos & Saba, 2013; Liu & Krehbiel, 1985; Shi et al.,
2017; Stolzenburg et al.,, 2013; Wu et al., 2015), the NIL speeds in this study are notably smaller. For example,
Wu et al. (2015) reported that the vertical speed of upward NiLs in 662 positive intracloud flashes over eight
thunderstorm days ranged from 0.5 to 17.8 x 10° m/s with an average value of 4.0 x 10° m/s, and an average
3-D displacement speed of 4.3 x 10°> m/s. This will be discussed in sections 7.1 and 7.2.

Previous studies have rarely reported other NIL parameters. A reinvestigation of data was reported by Wu
et al. (2015), who showed that the peak of the distribution of ratios of horizontal to vertical NIL speed was
between 0.4 and 0.6, and reveals that the peak angle of their 662 NILs was between 22° and 31°, whereas
our results give values between 40° and 60° for all NILs investigated (Figure 5g). This indicates that the
NILs in our study are generally more horizontally oriented than those in Wu et al. (2015). This can be attrib-
uted to the pattern of charge pockets discussed in section 2. Under the influence of strong turbulent kine-
matics in a severe supercell cluster, the charge cores in charge pockets are not as vertically aligned as the
stratified and horizontally extending charge regions. Their relatively staggered distribution structure leads
to final NIL directions that are more varied and generally more horizontal than those of normal thunder-
storms (such as the thunderstorms in Wu et al,, 2015).
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Figure 5. Probability and cumulative distributions of NIL properties including (a) duration, (b) vertical displacement, (c) 3-D
displacement, (d) vertical displacement speed, (e) 3-D displacement speed, (f) propagation speed in 3-ms intervals, and
(g) angle. The lognormal distributions (a-f) and normal distribution (g) of the NIL properties are described by the dashed
lines. These curves are obtained based on the mean () and standard deviation (o) of the variables (g) or their natural
logarithm (a—f). # and o are the two parameters in probability density functions of normal distribution and lognormal
distribution. R? is the goodness of fit of the distribution curves.

4.2, Variation of NIL Properties With Height

Figure 7 shows the distribution of NIL properties with height. At all heights, all parameters are distributed
over a wide range. All properties generally decreased with increasing height, except for duration, which
showed the opposite trend. Relationships between median values and height are fitted by linear functions
(although for some properties, other functions have been shown to result in improved fits). A decrease in
NIL speed with height was also reported by Wu et al. (2015). They found that the average speed decreased
from 11 x 10° m/s below 4 km to 1.6 x 10° m/s around 11 km. Unexpectedly, NIL propagation speeds
reversed their decreasing trend at 12 km (Figure 7e; values for 12 km are calculated using samples between
11.5 and 12.5 km), continuously increasing in median value above 12 km. The 3-D displacement speed also
shows this trend above 12 km, which in not evident in the box plot in Figure 7d because only data sets with
sample numbers greater than 30 in each height span (1 km) are selected; however, this tendency can be esti-
mated from the scatter points above 12 km in Figure 7d (see also Figure 16). The variation of NIL speed with
height will be discussed further in sections 7.1 and 7.2.

4.3. Variation of NIL Propagation Speed With Time

Using propagation speeds over 3-ms time intervals, we calculate NIL acceleration by dividing the difference
between adjacent propagation speeds by their time difference (3 ms). Variations of the median acceleration
and the sample numbers of upward and downward NILs with the relative time to flash initiation are shown in
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Figure 6. Distributions of the NIL properties in box-and-whisker plots. The sequence of the NIL properties is same to
Figure 5. The top, middle, and bottom lines of the boxes represent the 75th percentile (Q3), the median (Q2), and the
25th percentile (Q1). The top and bottom whiskers indicate values of Q3 + 1.5 X (Q3 — Q1) and Q1-1.5 X (Q3 — Q1). Outliers
beyond the top and bottom whiskers are not shown.

Figure 8, where the numbers of samples are required to be above 50 and 500 for upward and downward NILs,
respectively. This indicates that in the first 30 ms (the analysis of upward NILs ended at 24 ms), NIL
propagation speeds first decrease (negative acceleration) and then increase (positive acceleration).
Evidently, propagation speeds during 3-6 ms decrease distinctly compared with those during 0-3 ms
(indicated by the value at 3 ms along the horizontal axis in Figure 8), for both upward and downward NILs,
with their median speeds changing from 161 x 10° to 1.23 x 10° m/s and from 1.10 x 10° to
0.99 x 10° m/s, respectively. After the first 6 ms, the median downward NIL acceleration changes to be
positive and generally stable before 30 ms, indicating an increasing propagation speed. Upward NILs have
small negative median accelerations between 6 and 18 ms, indicating a relatively slow decrease in

Table 1
Statistical Parameters of NIL Properties for the Cluster of Supercells (AM: Arithmetic Mean; GM: Geometric Mean)

Quantile values

Parameters AM 25th 50th 75th 90th GM

Duration (ms) 19.57 12.00 18.00 24.00 36.00 16.53
Vertical displacement (km) 0.87 0.32 0.63 1.16 1.90 0.59
3-D displacement (km) 137 0.58 1.02 1.77 2.80 1.00
Vertical displacement speed (105 m/s) 0.51 0.23 0.40 0.64 0.99 037
3-D displacement speed (105 m/s) 0.84 0.40 0.65 1.01 1.53 0.64
Propagation speed (105 m/s) 1.56 0.68 1.12 1.87 13.07 1.12
Angle (degree) 46.58 32.04 47.24 61.20 71.95 41.26
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Figure 7. Height distributions of NIL properties: (a) Duration, (b) vertical displacement, (c) 3-D displacement, (d) 3-D
displacement speed, (e) propagation speed, and (f) angle. Dark gray dots are NIL properties as a function of height.
Overlapped box-and-whisker plots, whose definitions are the same as in Figure 6, but with median values marked by
circles, show the distribution pattern of NIL properties for each 1-km span with sample number above 30. Red lines are
linear correlations between NIL property median values and height.

propagation speed, which differs from the downward NILs during this period. Between 18 and 24 ms, the
propagation speed generally increases, as indicated by the positive median accelerations.

Decreases in propagation speed during the early stage of a NIL were also documented by previous stu-
dies. Behnke et al. (2005) reported “the speeds generally decrease with time, from initial values typically
between 1 and 3 x 10° m/s to final values on the order of or less than 1 x 10° m/s” during the first
10-15 ms of discharges in 22 of 24 flashes. Stolzenburg et al. (2013) also observed that two-
dimensional (2-D) speed decreased by ~50% over the first 2 ms in seven negative CG flashes.
Behnke et al. (2005) suggested that the deceleration of NIL propagation with time might be associated
with the decrease or dying out of the preconditioning that supports flash initiation with time and
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interval relative to that during the 0-3-ms interval.

distance. In their description, the preconditioning is provided by
energetic electron avalanches that are responsible for generating
metastable molecules and ions contributing to the fast propaga-
tion of the initial leader. But the preconditioning then dissipates
with time due to the attachment of ions to water molecules creat-
ing cluster molecules, which then attach to particles and decrease
in space due to energetic electrons that do not avalanche outside
the high-field region but can still produce ionization and meta-
stable states (therefore, the preconditioning effect is small when
the NIL travels away from the high field region). After early decel-
eration, NILs are expected to accelerate due to increases in the
electric field at the tip of the NIL as it approaches the opposite-
polarity charge core.

5. Statistics for Flash Size Properties

5.1. Distributions of Flash Size Parameters

Figure 9 shows the distributions of flash size parameters, and their
statistics are listed in Table 2. All flash size parameters follow
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Figure 9. Flash size distributions for (a) flash duration, (b) horizontal flash distance, (c) vertical flash distance, (d) area of the
flash convex hull, and (e) volume of the 3-D flash convex hull. Histograms show the probability distribution with the

left axes, and lines indicate the cumulative percent distribution with the right axes. The left axes in (d) and (e) use
logarithmic scales. The lognormal distribution curves of the flash size parameters, described by the dashed lines, are
obtained based on the mean (x) and standard deviation (o) of the variables’ natural logarithm. R? is the goodness of fit of

the lognormal distribution curves.
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Table 2
Statistics of Flash Size Parameters

Quantile values

Parameters of flash size AM 25th 50th 75th 90th GM

Flash duration (s) 0.36 0.16 0.27 0.47 0.73 0.26
Horizontal flash distance (km) 7.52 3.00 5.54 10.06 16.20 5.28
Vertical flash distance (km) 434 2.05 3.67 6.10 8.85 3.35
Flash area (km2) 36.16 244 9.67 36.22 97.65 8.72
Flash volume (km3) 145.85 1.88 14.37 94.71 378.48 11.73

lognormal distributions (dashed lines in Figure 9), concentrating a large number of samples in ranges
with small values with a long tail toward higher values. Lognormal shapes for flash duration and length
were also found by Lopez et al. (2017) based on a sample of 29,000 flashes occurring in multiple
storms. The duration, horizontal distance, and vertical distance of the flashes peaked over spans of
0.1-0.5 s, 2-5 km, and 1-3 km, respectively. Flash area and volume displayed the most prominent pre-
ference for small values.

Median values of the flash size parameters were 0.27 s for duration, 5.54 km for horizontal distance, 3.67 km
for vertical distance, 9.67 km? for flash area, and 14.37 km? for flash volume, as shown in Table 1. For compar-
ison, Brook and Kitagawa (1960) documented a median flash duration of 0.5 s using the definition that the
duration was the time interval between the first burst of pulse activity and the last detectable R- or K-change
pulse, and Lépez et al. (2017) reported median (mean) flash durations of 0.35 (0.44) s in summer storms and
0.41 (0.45) s in winter storms with LMA flashes containing more than 50 sources. These values are larger than
those found in this study. As for the spatial flash size, Lopez et al. (2017) reported a median (mean) flash
length (the length of the major axis of a fitted ellipse, which should be roughly comparable with the horizon-
tal distance) of 10.3 (15.0) km in summer storms and 15.6 (18.4) km in winter storms; their values were much
larger than the horizontal distance of 5.54 (7.52) km in this study. Small flash size in this study should be asso-
ciated with the small-size charge regions in charge-pocket pattern in this supercell cluster due to the
strong kinematics.

A comparison between vertical and horizontal flash distance can help describe the basic shape of flashes
(horizontally dominated or vertically dominated). Figure 10 presents the flash number distribution in grid
boxes of 0.5 km x 0.5 km divided by their horizontal and vertical distances. We found that 83.18% flashes
have a horizontally extended shape. In Figure 10, the maximum number densities corresponding to each hor-
izontal distance span are marked by gray dots. A power function was
found to produce the best fit for the relationship between the horizontal

and vertical flash distances corresponding to the maximum number

€ 00 densities, revealing the most probable horizontal and vertical
g flash configurations.

s 300

2] . .

© 5.2. Comparison of Flash Size Parameters

% 200

= Previous studies typically employed different parameters to describe the
@

S D,=0.842D}7" | 1100 flash size, such as the duration and horizontal distance in Lang et al.
aJ

> R?=0.97 (2017) and flash area in Bruning and MacGorman (2013), Zhang et al.
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Figure 10. Flash number distribution (shading color) in grid boxes divided
by the horizontal and vertical flash distance. The statistical grid box size is
0.5 km x 0.5 km, of which only those with a flash number above 3 are
colored. The solid line indicates positions where the horizontal flash distance
(Dp) is equal to the vertical flash distance (Dy). Gray dots mark the positions
of the grid boxes with the largest number of flashes corresponding to

each 0.5-km interval of horizontal extent, where the correlation between
horizontal extent and vertical extent is fitted by a power function (dashed
line) with the formula shown in the lower right.

(2017), and Zheng and MacGorman (2016). To determine whether these
differing parameters are comparable, we investigate the relationships
between the different flash size properties and present their fitting
equations and correlation coefficients in Table 3. Excellent relationships
exist between parameters associated with spatial flash size. However,
relationships between duration and parameters associated with spatial
flash size were less strong. A weak correspondence between duration
and spatial size was also reported by Peterson and Liu (2013), who
reported a weak linear relationship between the illuminated area and
flash duration with a correlation coefficient of 0.39, referring to the
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Table 3
Fitting Equations (Lower Left) and Correlation Coefficients (Top Right) Expressing the Relationships Between Various Flash Size Parameters
Flash duration Horizontal flash distance Vertical flash distance Flash areza Flash volume
(T.s), (Dpy, km) (Dy, km) (Ack km?) (Ver, km?)

Flash duration (T, s) — 0.749 0.695 0.771 0.766
Horizontal flash distance (Dy, km) Dy = 14.9767°768 - 0.853 0978 0.965
Vertical flash distance (Dy, km) Dy = 7.8147°923 Dy = 0.9707%74 - 0878 0.927

1.697 H = 0.989
Flash area (Aciykm?) Acy; = 87.293T Acis = 0.266D5 597 Ay — 0.644D%15%

43
Flash volume (Vg km> Ve = 320.0017%4 _
Ver k) " Vo = 0.081D%%8 Ve = 0.22003788 Vey = 0.531AL42°

flashes observed by Lightning Imaging Sensor. The best relationships are well described by power
functions rather than linear functions. In Figure 11, scatterplots and fitted functions for some paired
parameters associated with flash size are presented as examples. We further test the relationship
between the product of the vertical distance and the area of the flash convex hull (as a rough
estimation of the flash volume) and the volume of the 3-D flash convex hull and find a prominent
linear correlation, as expected (Figure 11d).
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Figure 11. Correlations and their fitting equations for (a) flash duration (7T) and area of the flash convex hull (Acpy),
(b) horizontal flash distance (Dy) and area of the flash convex hull, (c) area of the flash convex hull and volume of the
3-D flash convex hull (Vy), and (d) the product of vertical flash distance and area of the flash convex hull and volume of the
3-D flash convex hull.
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Figure 12. (a) Flash densities, flash areas, flash durations, and composite-reflectivity areas above 30 dBZ during the
evolution of the cluster of supercells and (b) correlation of their changes between adjacent radar volume scans. Flash
density is defined as flash number over volume scan time interval and area of composite reflectivity above 30 dBZ. Solid
black dots in (b) are associated with changes in flash density and flash convex-hull area, and red hollow dots in (b) are
associated with changes in flash density and duration.

6. Time-Space Correlation Between Flash Size and Density

Because there are strong correlations between various parameters describing spatial flash size, flash area is
used as a proxy of the spatial flash size, along with flash duration.

Figure 12 shows the flash areas, durations, and densities (relative to the radar volume scan time interval
and the area of composite reflectivity above 30 dBZ) during the analysis period. In general (i.e., during
slow change), the flash size increases with increasing flash density; however, between adjacent radar
volume scans (i.e., during fast change), changes in flash area are generally opposite to those of flash den-
sity. As shown in Figure 12b, when flash density values change negatively, all (12/12) corresponding flash
areas change positively, and when flash density changes positively, ~73% (11/15) of flash areas change
negatively. Their change values are linearly fitted with a correlation coefficient of —0.66. Flash duration,
however, does not correlate exactly with flash area during fast changes, with a correlation coefficient
of only —0.065.

We then investigate the spatial correlation of flash initiation density (FID) with flash size during the evolution
of the supercell cluster. FID means the density of initiation positions of flashes in 2 km x 2 km grid box with
the unit fl km =2 min~". The flash area in one 2 km x 2 km grid box is counted by averaging the area values of
flashes whose channels propagate through this grid box. The results are shown in Figure 13. During the evo-
lution of the supercell cluster, high-density (low-density) flash initiation generally occurred in regions charac-
terized by small (large) flash area or duration, which is directly indicated by that the average flash initiation
densities (black lines in Figure 13) are almost always larger than those over regions associated with the top
10% of extreme flash areas or durations (red lines in Figure 13). These results are consistent with previous
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Figure 13. Spatial correlation of flash initiation density (shading colors) to (a) flash area and (b) flash duration during the
evolution of the cluster of supercells. Statistical spans are 10 km for flash area and 0.03 s for flash duration. Preliminary
data used for this analysis come from spatial counts of flash size and flash initiation density in 2 km x 2 km grid boxes
associated with each radar volume scan. Black lines (labeled Density 1) and pink lines (labeled Density 2) associated with
the right axes show the temporal evolution of the average flash initiation density for all grid boxes and in grid boxes with
the top 10% of flash area (a) and flash duration (b), respectively.
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Figure 14 shows the changes in average flash area and duration with FID
for 2 km x 2 km grid boxes with flash initiations. Changes in overall flash

Figure 14. Changes in average flash area and duration with flash initiation ~ size indicate sharp decreases of both flash area and duration with
density, for 2 km x 2 km grid boxes with flash initiations. increases in FID in regions with FID lower than 0.25 fl km 2 min~". In other

regions, changes in average flash area and duration are both generally
slow. Notably, in regions where FID is smaller than ~0.6 fl km~2 min~", the average flash area and duration
exhibit nearly the same tendency to decrease; however, in regions with FID above ~0.6 fl km~=2 min~',
increases in FID is accompanied by increases in average flash duration, although with fluctuations, whereas

average flash area changes little.

7. Discussions
7.1. As a Comparison of NIL Speed in Another Supercell

The smaller speeds of the NILs in this supercell cluster than those in normal thunderstorms and their
increases with height above 12 km should be reported for the first time. In order to determine whether they
happened only accidentally in this case, we further investigate the New Mexico (NM) supercell studied by
Zhang et al. (2017) based on the NM-LMA observation. The NM supercell was relatively isolated and pro-
duced hail with sizes from about 2.24 to 7.62 cm and exhibited flash initiations that varied widely with
height and followed patterns of charge pockets (Zhang et al, 2017). Unlike the cluster of supercells
explored in this study (referred to as OK supercells in this discussion for clarity), the average height of dis-
charges in the NM supercell underwent a significant rise during the mature stage (Figure 4 in Zhang et al.
(2017)), and the flash activity in the adjacent forward anvil was weak (Figure 8 in Zhang et al. (2017)). We
use the algorithm described in section 3.1 to calculate NIL parameters of the flashes in the NM supercell, for
which 1,518 NILs are selected out of a total of 4,042 flashes. Upward propagating NILs account for ~82% of
the samples. It was obtained that the median (mean) vertical speeds were 0.63 (0.82) X 10° m/s and the
median (mean) 3-D speeds were 0.98 (1.36) x 10° m/s, when both upward and downward NiLs are
included. These values are also generally smaller than those in the previous studies discussed in
section 4.1 that primarily focused on normal storms. As for the changes of NIL properties with height,
except for NIL angle, all other NIL properties in the NM supercell generally increase or decrease with
changes in height, as do those in the OK supercells (Figure 7). The 3-D displacement speed and propaga-
tion speed of the NILs in NM supercell are shown in Figure 15. It is obvious that with the increase of height,
the median NIL speed in the NM supercell also reverses its tendency from decrease to increase above
12 km for both 3-D displacement speed and propagation speed. Therefore, it is possible that in severe
storms, the NIL speed is relatively small and tends to first decrease and then increase with increasing initial
height of flashes, with the reverse height being ~12 km.

7.2. Possible Factors Responsible for the Abnormal NIL Speed in Supercells

Wu et al. (2015) attributed their observed decreasing NIL speed with increasing height (their flashes were all
initiated below 12 km) to the drop in the breakdown electric field with increasing height, which meant that
the ambient electric field for flash propagation tends to be smaller at a higher position than the lower posi-
tion. Previous studies showed that streamer properties are affected by air density, the electric field, and their
physical dimensions (Liu & Pasko, 2004; Qin & Pasko, 2014, 2015); the streamer electron mobility varies posi-
tively with electric field and inversely with air density. Therefore, a decreasing electric field with height
reduces NIL speed, whereas the decreasing air density with height accelerates the NIL. Thus, the change of
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Figure 15. Height distributions of NIL properties including (a) 3-D displacement speed and (b) propagation speed in the
New Mexico supercell studied by Zhang et al. (2017).

NIL speed depends on which impact is dominant. From the results, we speculate that the crucial factor
impacting the change of NIL speed in height should be the electric field below ~12 km and possibly shift
to the air density above ~12 km. Whether the change of NIL speed with height is universal and the factors
affecting it warrant further investigation.

As for the smaller NIL speed in OK and NM supercells relative to normal thunderstorm, it may be associated
with the charge-pocket patterns in OK and NM supercells. In the pattern of the charge pockets, the chaotic
distribution of the small charge regions with opposite polarities can reduce the local ambient electric field
and therefore causes a low speed of NIL. If this speculation is correct, it can be expected that the mean NIL
speeds in regions characterized by small-sized flashes (those associated with small-charge regions) should
be smaller than those in regions characterized by large-sized flashes (those associated with horizontally
broad charge regions). In order to test this expectation, mean flash areas in 2 km x 2 km horizontal grid
boxes with flash initiations are aggregated for all radar volume scan intervals. Then, using the 25th and
75th percentiles of the flash areas, we divide the NILs of the flashes initiated in the grid boxes into three
types: NILs in regions with small-, middle-, and large-sized flashes. In order to avoid the impact of the
change of NIL speed with height, we compare the median NIL speed for each type at the same height.
Figures 16a and 16b present the results. It is evident that regions with small-sized flashes have the lowest
values for median NIL 3-D displacement speed and propagation speed, whereas regions with large-sized
flashes have the highest values, consistently at all heights. This trend is also observed for the 25th and
75th percentiles of NIL speed (not shown). Figures 16c and 16d present examples on the NIL speed distribu-
tions at 9-10 km, where flash initiations are most frequent. These results support the proposed association
of NIL speed with charge pattern.

7.3. Effect of Charge Structure on Flash Size and Flash Initiation Density

Some summarized results in section 6 can be explained by the charge distribution models and their associa-
tions with storm kinematics suggested by Bruning and MacGorman (2013). For example, in terms of spatial
distribution, the spatial flash size and duration are generally inversely correlated with FID (Figures 13 and
13), which should be due to the charge pockets in regions with strong turbulent kinematics and horizontally
broad charge patterns in regions with weak convection. In terms of time evolution, flash area and flash den-
sity tend to have an inverse correspondence at their fast changes and consistent tendency at their slow
changes. The inverse correspondence should be associated with fast changes in storm kinematics that play
crucial roles in shaping the charge distribution (Bruning & MacGorman, 2013). The consistent tendency
should be due to the overall growth of the cluster of supercells in the horizontal plane as suggested by
the evolution of area of composite reflectivity above 30 dBZ in Figure 12.

Meanwhile, there are some observations that cannot be fully explained by the charge distribution models
suggested by Bruning and MacGorman (2013), which are primarily concerned with the scale of the charge
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Figure 16. Distributions of NIL speed in regions with small-, middle-, and large-sized flashes: (a) median 3-D speeds and (b)
propagation speeds of NILs at different heights and distribution of (c) 3-D speeds and (d) propagation speeds at 9-10 km.

regions. For example, flash duration follows different trends than flash area in regions with large FID
(Figures 13 and 14), with weak correlation between the two parameters (Figure 11a and Table 3), and
storm areas with smallest flash size generally do not have the largest FID (Figure 13). Here based on the
charge distribution models of Bruning and MacGorman (2013), we further consider the possible effects of
charge density and quantity on flash initiation and channel propagation and attempt to give a reasonable
explanation on the aforementioned phenomena.

As we know, the initial breakdown of flash depends on the ambient electric field that is positively related to
the charge quantity. Therefore, although the occurrence of the pattern of charge pockets generally causes
high-frequency flash initiations, if the charge regions are too small in size to hold enough charge, the flash
initiations between these charge regions may be suppressed. It is why the smallest flash area and duration
are nearly not collocated with high-density flash initiation, as shown in Figure 13.

Flash channels tend to propagate toward areas with high density of charge (e.g., Bruning & MacGorman,
2013; Griffiths & Phelps, 1976; MacGorman et al., 2001; Williams et al., 1985). Supposing that the scales of
charge regions (valid for the propagation of flash) are constant, the flashes propagating in the charge regions
with large-density charge are potential to be tortuous and/or feature more branches and neutralize more
charges than those in small-density charge region, which can cause the flashes in large-density charge region
to last longer. Meanwhile, the flash areas and distances are limited by the scale of charge regions and
expected to change little. Therefore, the flash duration and flash area will change consistently with the scale
of the charge regions when the charge densities are relatively small and flash channels are stretched, as the
scenario when the FID < ~0.6 flkm ™2 min~" in Figure 14. When FID > ~0.6 flkm~2 min~", the average flash
area keeps relatively stable, meaning that the scale of charge regions changes little on average. The generally
increasing flash duration with the increasing FID should be attributed to increasing charge density.

The average convex hull area of flashes can be analogized to the area of charge regions valid for the flash
discharges. If using a circle to approximate the flash area, we can get the equivalent diameter of the
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charge region. In Figure 14, in the bin where FID <0.05 fl km™2 min™", the maximum flash area suggests the
average equivalent diameter of charge regions to be approximate 16 km. The average size of charge regions
continuously decreases when FID < ~025 fl km 2 min~'; then it changes litle when FID >
~0.25 fl km~2 min~" with the estimated average equivalent diameters of the charge regions being approxi-
mately between 8 and 10 km. Bryan et al. (2003) reported the turbulent kinetic energy peak was at approx-
imate 10 km in their simulated thunderstorms. It seems that the average scale of charge regions producing
the most lightning flashes is same to peak turbulent kinetic scale, which also agree with Bruning and

MacGorman (2013) who concluded that the spectrum of flash size was similar to that of turbulent kinematics.

Two limitations of the proposed hypothesis should be noted. First, the values of the thresholds at which the
kinematic intensity changes the pattern of the charge regions, and the charge density affects the nature of
the flash channels, are uncertain. Numerical simulations may provide a means to estimate these values, as
their determination from in situ observations remains difficult. Second, the proposed hypothesis has been
developed primarily for supercell storms and may be not suitable for normal storms with generally moderate
dynamic processes that lack charge pockets and do not have strong charging processes or large
charge densities.

8. Conclusions

In this study, NIL properties and flash size for a cluster of supercells in Oklahoma on 10-11 May 2010 are
examined. The cluster of supercells produced active flashes and generally kept an inverted charge structure
during the analysis period. We propose a new method to identify NILs using VHF LMA source data and
obtain NIL parameters during the evolution of the cluster of supercells, in which ~89% of NILs propagated
downward. Flash size is described by the duration, horizontal distance, vertical distance, area, and volume of
a flash.

Median values of NIL properties are 18.00 ms for duration, 0.63 km for vertical displacement, 1.02 km for 3-D
displacement, 0.40 x 10°> m/s for vertical displacement speed, 0.65 x 10° m/s for 3-D displacement speed,
1.12 x 10° m/s for propagation speed, and 47.24° for angle. The angle follows a normal distribution, whereas
all other properties follow a lognormal distribution. The NIL speeds in the cluster of supercells are significantly
smaller than those reported by other studies that focused on typically normal storms. We suggests an asso-
ciation of slow NIL speed with the pattern of charge pockets in the supercells, which is supported by compar-
ing the 3-D displacement speed and propagation speed of NILs in regions with small-, middle-, and large-
sized flashes. It is found that the median, 25th and 75th percentile NIL speeds at different heights all increase
with increasing flash size. The median vertical displacement, 3-D displacement, 3-D displacement speed, and
propagation speed of the NILs tend to decrease with increasing height. However, this trend reverses around
12 km where median NIL speeds begin to increase with height, which we thought to be associated with the
rapid reduction of air density. It is found that the median propagation speed of downward NILs undergoes a
significant decrease during the first 6 ms and increases between 6 and 30 ms. The median propagation speed
for upward NILs strongly decreases during the first 6 ms, weakly decreases between 6 and 18 ms, and then
increases after 18 ms (the statistical analysis period ended at 24 ms).

Median values for the flash size parameters are 0.27 s for duration, 5.54 km for horizontal distance, 3.67 km for
vertical distance, 9.67 km? for flash area, and 14.37 km? for flash volume. All flash size parameters follow log-
normal distributions. For 83.18% of the flashes, the horizontal extent exceeds the vertical extent. It is found
that parameters describing the spatial flash size are significantly correlated with each other, but their correla-
tions with flash duration are relatively weak. The flash size, flash density, and area of composite reflectivity
above 30 dBZ all increase during slow changes of the evolution of the cluster of supercells from an early stage
to a vigorous stage, whereas flash area exhibits the opposite trend as flash density during fast changes. Large
FID generally tends to occur in regions with small-sized flashes. However, the smallest flash sizes are nearly
not collocated with large FIDs, which are suggested to be due to that the flash initiation is suppressed if
the charge pockets are too small to hold enough charge. In regions where the FID is smaller than
~0.25 fl km™2 min~"', average flash area and duration both sharply decrease with increasing FID, and in
regions with FID larger than ~0.25 fl km 2 min~", changes in average flash area are relatively slow (it means
that the average scale of charge regions changes little). Furthermore, in regions with FID above
~0.6 fl km™2 min~", average flash duration generally increases, with some fluctuations, whereas average
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flash area still changes little. We speculate that if the charge density in charge pockets that keep relatively
steady in scale becomes very large (indicated by the increasing FID), the duration of flash propagating in
them tends to increase because the potentially neutralizable charge increase, while the spatial flash extent
is limited by the charge region scale and changes little. The average equivalent diameter of charge regions
producing the most lightning flashes (large FID) is estimated to be between 8 and 10 km, approximately simi-
lar to the peak turbulent kinetic scale.
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