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Abstract: To investigate the characteristics of regions exhibiting multiple lightning initiations within
a finite volume and a short time, the lightning location data obtained from the convective regions of
14 mesoscale convective systems were analyzed in combination with data from radar. In total, 415 out
of 5996 radar grids (1 km × 1 km × 0.5 km) were found to initiate more than one flash within 6 min.
Only 49 grids showed an initiation density of more than two flashes within 6 min. The grids with
high flash initiation densities were found to have a similar distribution to those with one lightning
initiation within 6 min, in terms of altitude and reflectivity relative to altitude. They also showed
similar trends in their frequency evolution. The grids with higher initiation densities seemed to
be more concentrated in the altitude range of 9–13 km. However, only one was found to form at a
lower altitude near the melting level when lightning initiation clearly declined. Moreover, the spatial
relationship of this lower higher-initiation density grid to the reflectivity core was different to that
in the main altitude range. In this paper, the possible dynamic and electrical mechanisms of the
formation of this lower higher-initiation density grid are discussed.

Keywords: lightning flashes; initiation density; mesoscale convective systems

1. Introduction

The conditions of regions displaying lightning initiation represent an important re-
search topic for the improvement of lightning warning systems and the assessment of
lightning risk, as well as for gaining insight into the conditions allowing lightning initiation
and propagation. It is common practice to carry out such research using lightning location
data combined with weather radar data. Based on this method, many previous studies
have obtained a range of research results relating to the reflectivity in the lightning initia-
tion regions and their altitude distributions [1–6]. The findings of these studies indicate
that lightning flashes are usually initiated in regions with a moderate reflectivity range of
20–40 dBZ, instead of in the core, where reflectivity is strongest [1,2,5]. Moreover, the distri-
bution of lightning relative to altitude and radar reflectivity was found to vary as a function
of both storm type and flash type [3–5]. The peak distribution areas of lightning initiation
relative to altitude and reflectivity have a relatively low altitude range and a relatively small
reflectivity range for mesoscale convective systems (MCSs) (8–9 km and 30–35 dBZ), those
with multiple cells (8–10 km and 30–35 dBZ), and those with supercells (10–12 km and
35–40 dBZ) [5]. A study of the distribution of the reflectivity and altitude of a VHF source
detected in isolated convections indicated that the distributions of VHF sources in normal
storms are similar (7–10 km), although there is a slight change with an alteration in the
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region [7]. The reflectivity of cloud-to-ground lightning flashes at initiation has been found
to be stronger than that of intra-cloud lightning flashes [4,8]. Moreover, recent research
has shown that the reflectivity characteristics of stratiform initiation regions of lightning
flashes in MCSs are different from those initiated in convective regions [6]. In other regions,
some researchers have used data from similar lightning location systems to analyze the
characteristics of lightning flashes, including intra-cloud and cloud-to-ground lightning
flashes, combined with radar data, and derived similar results for the distributions of
lightning initiation/propagation altitude and co-located radar variation [8–11].

Most of the above studies only considered the positions of lightning initiation, and did
not treat regions with different initiation densities differently. However, in a finite region,
lightning flashes could be initiated just once or several times within a limited period. Based
on existing knowledge about electrical activity in a thunderstorm [12], in a region with
a high initiation density, the electrical field should be quickly re-strengthened to a level
sufficient for another initiation after the last flash. This means that, at that moment, the final
effect of the electrical activity in the vicinity is that the charges of the nearby layers can be
replenished quickly. Therefore, the charges of the charge layers near the multiple-initiation
region can quickly return to a sufficiently level for another initiation after the last discharge.
This is also assumed to contribute to the increases in average flash duration with increases
in flash initiation density in regions with a large initiation density [13].

However, few studies based on high lightning initiation density have been con-
ducted [13–16] (e.g., As we know, electrification processes charge different particles with
opposite polarity charges first; then those opposite charges are transported (charge separa-
tion) to the charge accumulation areas (net charge layers). Once the charge densities in the
charge layers have accumulated to a sufficiently high level, a flash can be initiated. The
neutralization of a flash will reduce the charge densities, while the processes mentioned
above (electrification and charge separation) will strengthen the charge densities again
for the next discharge. The combined efficiency (charge supplement efficiency) of the
above electrical activities may determine whether the next flash can be initiated in the
same finite volume, and how quickly it can be initiated again. Those regions displaying
multiple initiations of flashes within a short time should be treated as the true center of
lightning activity, and deserve more attention in lightning warning systems and lightning
risk assessments. An analysis approach based on the volume of every lightning initiation,
but that ignores the time relationship between these discharges, may give rise to a situation
where the characteristics of the volumes with high lightning initiation density are blurred
by those with low lightning initiation density, even though the former should be dominant.
However, because of the lack of targeted research, the specific quantitative results regarding
the correlation and evolution of regions with different lightning initiation densities remain
unclear. In this study, we used the lightning location data of 14 MCSs combined with data
from radar to carry out a preliminary study of the characteristics of regions with a high
lightning initiation density.

2. Data
2.1. Lightning Location Data

The lightning flashes used for analysis in this study were located by a network consist-
ing of 14 sensors (Figure 1) that received the very-high-frequency (VHF) signals radiated by
lightning, located in Chongqing, southwest China [6,17,18]. This lightning mapping system
was similar in design to the lightning mapping array used in the United States [19–22].
The distances between each pair of sensors varied within the range 10–100 km. Each VHF
radiation source was located using time differences in the time-of-arrival signals at the
sensors. A global positioning system (GPS) device was used for the synchronization of the
sensors and guaranteed a synchronization accuracy better than 50 ns.
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coverage of the observation domain. 

The VHF radiation sources were grouped into flashes based on the method of Mac-
Gorman et al. [23]. Under this system, a new VHF radiation source will be added to a flash 
if it occurs within 150 ms of the previous source and 3 km from any source already ac-
counted for in the flash. Two segments previously treated as separate flashes will be 
merged into one flash if the newest source added to one of the segments satisfies the 150 
ms and 3 km criteria for both segments. The maximum duration permitted for each flash 
is 3 s. 

To ensure high accuracy in the location of the VHF radiation sources, only VHF sig-
nals simultaneously received by at least six sensors were used in the location calculation 
[20]. Moreover, to ensure that the lightning flashes used for the analysis could be detected 
by as many sensors as possible, only the lightning flashes occurring in a domain of about 
80 km in diameter and surrounded by a large number of sensors (the observation domain) 
were selected for analysis (Figure 1). This ensured that the errors in the height of the VHF 
radiation source located by our network in the observation domain were mostly less than 
200 m. 

To avoid the high electromagnetic interference of the urban area of Chongqing, the 
trigger threshold of most of the sensors was set to a high level. The maximum and mini-
mum trigger thresholds were about −35 dBm and −85 dBm, respectively. As a result, only 
high-power VHF radiation sources could be detected and located. Thomas et al. [21] indi-
cated that the initial VHF radiation source of a flash has a consistently very high peak 

Figure 1. The Chongqing sensor network. The colored contours indicate the vertical location errors
in the 7-km range estimated by Monte Carlo simulation. The magenta dashed-dot and dashed circles
show the ranges of 20 km and 150 km from the radar, respectively. The yellow circle shows the
coverage of the observation domain.

The VHF radiation sources were grouped into flashes based on the method of MacGor-
man et al. [23]. Under this system, a new VHF radiation source will be added to a flash if it
occurs within 150 ms of the previous source and 3 km from any source already accounted
for in the flash. Two segments previously treated as separate flashes will be merged into
one flash if the newest source added to one of the segments satisfies the 150 ms and 3 km
criteria for both segments. The maximum duration permitted for each flash is 3 s.

To ensure high accuracy in the location of the VHF radiation sources, only VHF signals
simultaneously received by at least six sensors were used in the location calculation [20].
Moreover, to ensure that the lightning flashes used for the analysis could be detected by
as many sensors as possible, only the lightning flashes occurring in a domain of about
80 km in diameter and surrounded by a large number of sensors (the observation domain)
were selected for analysis (Figure 1). This ensured that the errors in the height of the VHF
radiation source located by our network in the observation domain were mostly less than
200 m.

To avoid the high electromagnetic interference of the urban area of Chongqing, the
trigger threshold of most of the sensors was set to a high level. The maximum and minimum
trigger thresholds were about −35 dBm and −85 dBm, respectively. As a result, only high-
power VHF radiation sources could be detected and located. Thomas et al. [21] indicated
that the initial VHF radiation source of a flash has a consistently very high peak power,
and powerful VHF radiation sources usually occur in positively charged regions. This
means that the initial VHF radiation source can be detected even by a sensor with a high
trigger threshold. This ensures our network can efficiently detect the initiation of lightning
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flashes. Although Rison et al. [24] indicated that the position of the initial radiation is often
poorly identified, the location error (less than about 200 m) is acceptable when compared
with the resolution of the radar data (about 1 km) used here. The high trigger thresholds
of most of the sensors in our network also mean that most of the VHF radiation sources
detected by our network are produced by negative breakdowns in the positively charged
regions, because previous observations found that the channel on the end propagating in
the positively charged layer produces stronger VHF signals than those produced by the
end propagating in the negatively charged layer [25]. Therefore, it is easy for the lightning
data provided by our network to roughly determine the positively charged region but to
miss the negatively charged region.

2.2. Radar Data

The S-band radar used here was single-polarization radar, which has been operating
for more than 10 years. The radar technique was the same as that used in the WSR-88D
system in the USA. The scan volume, with a beam width of 1◦, consisted of nine tile angles
from 0.5◦ to 19.5◦ in 6 min. The data quality was controlled using a program to avoid the
impacts of some artifacts such as ground echo, clear sky echo, and sea clutter [18].

Before the radar data were used, they were interpolated from polar coordinates to
Cartesian coordinates using a vertical interpolation scheme with nearest neighbor on the
range-azimuth plane [26]. The interpolated data had a horizontal resolution of 1 km and a
vertical resolution of 0.5 km.

After that, the radar coverage was divided into convective and stratiform regions
using the convective/stratiform participation method of Biggerstaff and Listemaa [27].
The observations indicate that the dynamic structures in the convective and stratiform
regions are totally different, and give rise to a variety of cloud and precipitation structures
in these regions [28–31]. The convective region consists of intense, vertically extending
cores, while the stratiform region is of a more uniform texture with lighter precipitation
and is usually characterized by a bright band in radar observation [32–36]. Therefore, the
convective/stratiform participation method comprehensively uses a series of reflectivity
parameters, including reflectivity at the working level [37], horizontal reflectivity gradient,
reflectivity laps rate, and bright band fraction [38], to distinguish the convective region from
the stratiform region [27]. To avoid negative impacts on the low-level cloud observations
arising from the elevation and the radar-blind zone present above the site, only radar data
from 20–150 km from the radar site were used in the analysis.

In the volume of an interpolated radar grid (1 km × 1 km × 0.5 km), the number of
first-mapped VHF radiation sources of flashes located within this volume during a radar
scanning period was determined and entered as the initiation density of the grid. Although
the location of the initiation of lightning flashes may be confused because of the powerful
and frequent pulses occurring in the initiation process [24], the errors were estimated to
be acceptable when compared with the resolution of the radar data [17], and are therefore
unlikely to negatively affect the results of our analysis.

A radar grid with only one flash initiation within one radar scanning time was defined
as a low-density initiation (LD) grid, while a grid with two or more initiation densities
within one scanning time was defined as a high-density initiation (HD) grid. Among the
HD grids, a grid with an initiation density more than two flashes grid−1 6 min−1 was
defined as a super-high-density initiation (SD) grid (note that according to the definition,
SD grids are a subset of HD grids).

It should be noted that the times of the LD, HD, and SD grids are marked by the
starting time of radar scanning and these grid times are subsequently used for frequency
calculation. This means that the lightning flashes, which are used to calculate the frequency
of a grid, in fact occur within 6 min of the time marked for this grid.

Although a distance range (20 km) to the radar site has been enforced to avoid the
most radar-blind zone, the upper parts of some cells with strong convection and which
are close to the radar site may still be missed because the maximum elevation of the radar
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beam (19.5◦) may limit the maximum altitude detectable by radar to an altitude lower than
the upper parts of these cells. This causes the number of grids with radar observation
data to be lower than the total number of grids. It does not mean that those grids without
reflectivity data and at a high altitude are located above the cloud tops, but that they could
not be observed by the radar. In the following, only grids under the maximum elevation of
the radar beam are used when analysis is associated with reflectivity.

2.3. Temperature Corresponding to Altitude

Based on the thermodynamic equations of state for atmospheric air, mixing dry air
and water vapor, temperature is a more appropriate parameter than altitude, because it
can describe the distribution of many atmospheric parameters even in different geographic
regions. Moreover, previous studies found that the main electrification processes depend
on environmental temperature rather than on altitude [39–41]. Therefore, the vertical
distribution of charge in many previous studies using data from electric sounding is usually
described in terms of temperature [42,43]. However, no real-time sounding has been
carried out through every storm in Chongqing. In order to illustrate an approximate
temperature range of altitude in the subsequent analysis, the daily sounding data of all
thunderstorm days in July–August 2014–2015 in Chongqing are used to calculate the
average temperatures corresponding to altitudes from 1 to 16 km with an interval of 1 km.
Note that these temperatures are statistical values, not the true distribution of temperature
in a storm. In some specific parts or periods of a storm, the real temperatures corresponding
to altitudes may fluctuate greatly from these statistical values. They are just used to outline
the approximate temperature range corresponding to each altitude for reference to similar
research results. Therefore, these statistical temperature values are used only to describe
the temperature range of the statistical results for altitude, and are retained to within one
decimal point.

3. Results

Based on the data from the radar and the lightning location system, 6333 grids at
which lightning flashes were initiated were found in all 14 MCSs. According to the convec-
tive/stratiform participation method of Biggerstaff and Listemaa [27], 5996 grids were in
the convective regions and 337 in the stratiform regions.

Table 1 lists the maximum altitudes of the 30 dBZ echo top and the maximum ar-
eas of the 30 dBZ region at the altitude of 7 km (about −10 ◦C), which is an important
altitude/temperature for the onset of lightning activity [44–46], for 14 analyzed MCSs.
Note that the maximum altitudes of the 30 dBZ echo top and the maximum areas of the
30 dBZ region are only counted based on the radar data within the observation domain
when these MCSs pass through the observation domain. As mentioned in Wang et al. [17],
because of the limitation of the observation domain, some MCSs with a larger area than
the observation domain and some MCSs partly within the observation domain could be
partially captured by the observation domain for both radar echo and lightning flashes.
Therefore, only the radar echoes within the observation domain have been used for the
statistics shown in Table 1, because these should constitute the majority of the echoes that
are closely related to the lightning flashes to be analyzed, although sometimes some echoes
just outside of the observation domain may also have an impact.

In the stratiform grids, the maximum value of the initiation density was found to be
two flashes grid−1 6 min−1. The initiation density in ~98.2% of the stratiform grids was
found to be one flash grid−1 6 min−1. Only six stratiform grids showed an initiation density
greater than one flash grid−1 6 min−1. Since the charge structures are different between
convective and stratiform regions, the main electrification processes in these regions are
correspondingly inferred to be different [42,43,47–51], and thus the characteristics of the
stratiform grids can be expected to be different from those of the convective grids. However,
the number of stratiform grids was considered too small to be worth analyzing in-depth,
and thus these stratiform grids were not analyzed in depth in this study. The data from the
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stratiform grids will be accumulated and may be analyzed in the future when the dataset is
sufficiently large.

Table 1. The distribution of the LD, HD and SD grids in the 14 MCSs.

No. Date of Storm
The Maximum

Altitude of 30-dBZ
Top (km)

The Maximum
Area of 30-dBZ
Region at 7-km
Altitude (km2)

LD Grids
(Percentage)

HD Grids
(Percentage)

SD Grids
(Percentage)

1 1 September 2014 14 208 238 (99.2%) 2 (0.8%) 0 (0.0%)
2 1 September 2014 11 113 29 (100.0%) 0 (0.0%) 0 (0.0%)
3 9 September 2014 15 126 285 (93.8%) 19 (6.3%) 1 (0.3%)
4 11 September 2014 15 217 529 (97.2%) 15 (2.8%) 2 (0.4%)
5 11 September 2014 16 184 596 (94.6%) 34 (5.4%) 6 (1.0%)
6 7 August 2015 15 374 1354 (91.3%) 129 (8.7%) 9 (0.6%)
7 7 August 2015 13 577 1894 (92.7%) 150 (7.3%) 21 (1.0%)
8 7 August 2015 12 77 10 (100.0%) 0 (0.0% 0 (0.0%)
9 7 August 2015 13 265 191 (96.0%) 8 (4.0%) 0 (0.0%)

10 11 August 2015 10 16 15 (83.3%) 3 (16.7%) 0 (0.0%)
11 14 August 2015 10 50 3 (100.0%) 0 (0.0%) 0 (0.0%)
12 16 August 2015 11 117 283 (84.7%) 51 (15.3%) 10 (3.0%)
13 16 August 2015 12 190 108 (98.2%) 2 (1.8%) 0 (0.0%)
14 16 August 2015 17 352 46 (95.8%) 2 (4.2%) 0 (0.0%)

Sum 5581 415 49

However, based on this small number of samples, the HD grids in the stratiform
regions formed within the altitude range of 9–13 km (about −21.9 to −52.7 ◦C). Approxi-
mately 66.7% of the HD grids in the stratiform regions formed in regions with an altitude
of 9–11 km (about −21.9 to −36.4 ◦C). Note that this small sample is highly susceptible to
localized maxima and minima, and more accurate results need to be obtained to provide a
larger dataset in future.

In the convective grids, the maximum value of the initiation density was found to
be four flashes grid−1 6 min−1. The mean initiation density was found to be ~1.1 flashes
grid−1 6 min−1. The frequency distribution of the convective grids (Figure 2a) shows that
most of the grids (~93.08%) had an initiation density of only one flash grid−1 6 min−1. This
means that in most of the regions of 1 km × 1 km × 0.5 km, a lightning flash could only
be initiated once every 6 min. The initiation density in ~6.10% of the grids reached two
flashes grid−1 6 min−1, and it reached more than two flashes grid−1 6 min−1 in ~0.82% of
the grids.

In the HD grids, the maximum and minimum values of the timespans between
adjacent initiations were about 341.9 s and 4.9 s, respectively, with an average value
of 70.8 ± 63.6 s. This means that even in a convective region, in which charges can be
replenished by strong electrification, the next flash in the same finite volume is usually
initiated several to more than 100 s after the initiation of the last flash.

The distributions of the LD, HD and SD grids in the 14 MCSs show a similar trend
(Table 1). The LD grids represent the majority in every MCS, as expected. The percentage
of HD grids in all convective grids with lightning initiation in an MCS varies in the range 0
to ~16.7% with a mean percentage of ~5.2%. SD grids were found in only six MCSs, and
the percentages of the SD grids in these MCSs varied in the range 0.3–3.0%, with a mean
value of ~1.1%.

Figure 2b shows that the altitude distributions of the LD and HD grids are also similar.
The majority (more than 58.1%) of LD grids were found distributed in the altitude range
8–12 km (−15.1 to −44.7 ◦C), with a peak value of ~17.6% in the bin for 9–10 km (−21.9
to −29.0 ◦C). The HD grids were mainly found distributed in the altitude range 9–12 km
(−21.9 to −44.7 ◦C) (accounting for ~74.9%) with a peak value (~31.6%) in the range
10–11 km (−29.0 to −36.4 ◦C). The SD grids were more concentrated in this altitude range.
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A total of ~89.9% of the SD grids are distributed in the altitude range 9–12 km, with a peak
value of ~34.7% found in the altitude range 9–10 km, which is slightly lower than the center
bin for the HD grids. Moreover, it seems that there was a sub-peak range at a lower level
(5–7 km; 1.2 to −9.3 ◦C) for the LD, HD, and SD grids. The LD, HD, and SD grids in the
lower altitude distribution range accounted for ~14.1%, ~5.1%, and ~6.1%, respectively.
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Figure 2. (a) Distribution of the convective grids with different initiation densities and altitude
distributions of the LD, HD and SD grids in (b) all cases and (c) the cases excluding Case 6 and 7.

Table 1 shows that the HD and SD grids from Cases 6 and 7 constitute a large propor-
tion of the total. To consider the impact of data from these two cases, we also analyzed
the data when these cases were excluded (Figure 2c). After the grids from Cases 6 and 7
were excluded, the altitude distributions of the LD, HD, and SD grids showed a similar
trend, as can be seen in Figure 2b. The differences were mainly reflected in two aspects: (1)
the distribution centers of the HD and SD grids were slightly increased in altitude. The
percentages of the HD and SD grids within 9–10 km (−21.9 to −29.0 ◦C) decreased, while
the percentages above 11 km (−36.4 ◦C) increased; (2) the percentages of the LD, HD and
SD grids in the lower distribution range all increased. Although some distribution values
in Figure 2c changed, the overall distribution trend remained similar to that in Figure 2b.
The similar distributions shown in Figure 2b,c indicate that the distribution characteristics
of the LD, HD, and SD grids are real, and should not be influenced by a few individual
cases. That is to say that the main LD, HD, and SD grids formed within the altitude range
of 9–12 km (−21.9 to −44.7 ◦C). Additionally, the lower altitude range of 5 to 7 km (1.2 to
−9.3 ◦C) was also relatively concentrated.

A bootstrap statistical method was applied to evaluate the stability of the statistical
results derived for the limited number of HD and SD grids considered in this study. The
1000 bootstrap data samples were separately drawn from each of the HD and SD grids.
The statistical results show that the distributions of the mean altitudes of the samples for
both HD and SD grids were all normal, and the samples were highly concentrated. The
mean values of the mean altitudes for the HD and SD grids were 10.22 ± 0.08 km and
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10.11 ± 0.19 km, respectively. All the mean values of the samples for the HD and SD grid
altitudes were found within the ranges 9.96–10.44 km and 9.46–10.78 km, respectively. Most
(99.7% for the HD grids and 71.7% for the SD grids) of the mean values of altitude statistical
results were found within a narrow altitude range of 10–11 km. These statistical results
for the altitude distributions of the HD and SD grids show that our conclusions based on
our limited data should be stable. This also implies that the distribution characteristics
shown in Figure 2b may represent a real distribution trend, although the case numbers of
HD and SD grids used in this analysis are limited. In the future, as more data accumulate,
the characteristics of the dual-center regional distribution should not be substantially
altered, although there may be some changes in specific values, such as the center value or
regional shape.

As mentioned in Section 2.2, only the data for lightning flashes and reflectivity within
20–150 km of the radar site were used for analysis to avoid the negative impact of the blind
zone. This was appropriate for our previous studies on stratiform lightning flashes because
the altitudes of the cloud tops in most stratiform regions are not very high. However,
because our observation domain is close to the radar site (Figure 1), a convective cell in the
observation domain may be missed in its upper part by the radar, because the maximum
elevation of the radar beam is only 19.5◦ if the convective cell is close to the radar site and
has developed to a very high altitude. This leads to some grids, including the LD, HD, and
SD grids, forming at a high altitude without any detected reflectivity. Therefore, only the
LD, HD, and SD grids located below the maximum elevation of the radar beam have been
collected for further analyses of the reflectivity distributions in these grids. This means
that the numbers of LD (3500), HD (172), and SD (17) grids that can be used for analysis of
reflectivity distribution are smaller than the true total number of LD, HD, and SD grids.
This is also the main reason why some grids showing lightning initiation were located
in positions with a very high altitude but very low reflectivity, as shown in Figure 2 of
Wang et al. [6].

Based on the grids below the maximum elevation of the radar beam, 2D histograms
of the LD and HD grids relative to radar reflectivity and altitude are exhibited (Figure 3).
Because there were too few SD grids with effective reflectivity data, the SD grids are not
analyzed individually here. The results show that the LD grids were mainly located in
the area of 5–11 km and 15–45 dBZ (Figure 3a). This is similar to the results (7–11 km and
15–40 dBZ) given by Mecikalski and Carey [5] for MCSs in terms of altitude and reflectivity
ranges, although the center bin in Figure 3a is located in a bin with a slightly higher altitude
and reflectivity. Fuchs and Rutledge [7] also gave similar distributions of reflectivity and al-
titude based on 3D location data from VHF radiation sources combined with Doppler radar
from normal isolated storms in Alabama, Washington DC, and Oklahoma. In Figure 3a
of Mecikalski and Carey [5], a weaker center can be vaguely seen in the lower altitude
range of 4–7 km. In the distribution of LD grids (Figure 3a), the lower distribution center is
clearer. The reflectivity range for this lower distribution region is within 25–45 dBZ, which
is slightly higher than that (15–40 dBZ) for the main distribution region.

The main distribution region of the HD grids was found to be the same as that of the
LD grids in terms of the reflectivity range and reflectivity of the center bin (Figure 3b).
However, the altitude range of the main distribution region for the HD grids is 9–12 km
(−21.9 to −44.7 ◦C), and the center bin is located at an altitude of 10–11 km (−29.0 to
−36.4 ◦C). These values are all higher than those for the LD grids. Simultaneously, the
lower distribution region for the HD grids is not as clear as that of the LD grids. Only in
one bin of 6–7 km (−4.0 to −9.3 ◦C) with a reflectivity of 30–35 dBZ did the percentage
exceed 2%. This may suggest that the HD grids tend to be formed in a higher altitude range
than the LD grids, but in almost the same reflectivity range.
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Figure 3. Two-dimensional histogram of the (a) and (b) grids relative to radar reflectivity and altitude
for the 14 MCSs.

To investigate the stability of the statistical results on the reflectivity distribution of
the HD grids, a bootstrap statistical method was also used, based on the same setting
parameters. The results show that the distribution of the mean reflectivities of the samples
conform to a normal distribution. The mean values of the mean reflectivities change
between 28.0 and 31.2 dBZ, with a mean value of these mean values of 29.7 ± 0.5 dBZ.
These results indicate that, although the total number of HD grids with valid reflectivity is
small, the statistical results based on these finite grids are still stable.

4. Case Study

Case 7 in Table 1 shows an MCS with a maximum horizontal diameter of more than
200 km, as shown in Figure 6b of Wang et al. [17]. Some parts of the main body of this
MCS passed through our observation domain when the lightning activity in these parts
was active. As a result, there were more observed lightning flashes in this storm than
in other storms in all 14 MCSs. Moreover, for the reason mentioned in Wang et al. [6],
the lightning flashes in all 14 MCSs occurred mainly during the dissipation stage. Case
7 is the only one with sufficient lightning flashes across a relatively complete lifetime for
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analysis. Moreover, the radar observations show that the MCS of Case 7 had reflectivity
characteristics of a typical MCS, with a front convective line and a trailing stratiform region,
the dynamical and precipitation structures of which have been proposed many times in the
past [32,36,52]. Therefore, we conducted a more in-depth analysis of this storm to provide
a better understanding of the spatial–temporal distribution characteristics of the HD and
SD grids.

The frequency evolution of the HD grids in Case 7 reveals a similar trend to that of the
LD grids, but while the HD and LD frequencies are similar from 17:15 to 17:51, the later
LD peak is more pronounced than the HD peak (Figure 4a). The frequencies of the LD and
HD grids gradually increase until they reach their peaks (213 grids 6 min−1 for the LD
grids and 22 grids 6 min−1 for the HD grids) within the time bin of 17:33–17:39 CST; then
they decrease gradually. Note that the zero value within the period 17:57–18:09 CST does
not mean there were no lightning flashes during this volume scanning time, but rather
that there was a period of missing radar data due to radar failure (the time span without
radar data is shown using the dotted box in Figure 4a,b). Since there are no radar data,
it is impossible to determine whether a lightning flash was initiated in the MCS or not.
Therefore, the lightning flash data during this radar scanning period were not included in
the analysis. Thus, no grid can be marked within this period in Figure 4a,b. In addition,
because the total number of the SD grids during the statistical period is too small (21 SD
grids) to make statistics, the SD grids are only marked in Figure 4b, but are not taken into
account in the frequency and altitude analyses.
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Figure 4. (a) Frequency (grids 6 min−1) evolution of the LD and HD grids, (b) altitude evolution of
the LD, HD and SD grids, and (c) altitude distributions of the LD and HD grids in Case 7. (It should
be noted that there is a time gap larger than 6 min due to radar failure).

The LD grids showed the largest altitude range, from 2.6 km to 17.1 km (Figure 4b).
More than 68.8% of the LD grids were assembled in the altitude range of 8–13 km, with a
peak (~17.3%) in the altitude bin 10–11 km (Figure 4c). These were approximately coincident
with the distribution characteristics shown in Figure 3a. Most of the time, the LD grids
were distributed in a vertical range with a thickness of nearly 10 km, while the distribution
center showed a slight decrease with declining frequency (Figure 4b). In the last period,
the vertical distribution range of the LD grids shrank, and the distribution center declined
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to nearly 7 km. The drop in the altitudes of the centers of LD grids in the last period, which
are superimposed upon the previous LD grids formed in the lower-altitude range, may
have given rise to the sub-peak between 5 and 7 km seen in Figure 4c.

Compared to the altitude distribution of the LD grids, the HD grids tended to be
distributed in a relatively higher altitude range. More than 85.3% of the HD grids were
located between 9 and 13 km, with a peak of ~34.7% in the bin 9–10 km (Figure 4c). The
evolution of the altitude distribution ranges of the HD grids shows that in the period of
increase in HD grid frequency, the altitude distribution ranges of the HD grids were wider
than those in the period of decrease (Figure 4b). The thickness of the vertical distribution
range of the HD grids in the period of increase reached the maximum value of 9 km, with
the lowest boundary at the altitude of 5.7 km in the time bin of 17:33–17:39 CST when the
HD grid frequency reached its peak. Subsequently, the lower boundary of the distribution
range increased to more than 9 km after two radar scanning times. After that, the lower
boundary remained above 9 km for about 53 min before it declined again.

A similar distribution and trend can also be seen in the evolution of the altitude of the
SD grids, although the total number of SD grids is evidently smaller than the total number
of HD grids. Most SD grids were formed when LD and HD grids were frequently formed,
and these SD grids were all located within the relatively narrow altitude range of 9–12 km
(Figure 4b). When the frequencies of the LD and HD grids were further reduced, the SD
grid disappeared for about 36 min. However, in a short period (one radar scanning time),
in which the LD and HD grid frequencies all declined to low values (19:02–19:08 CST), two
SD grids, one in the main distribution range above 9 km and another in a low altitude
(~5.2 km) near the melting level, appeared briefly.

The maximum value of the initiation density in these SD grids reached four flashes
grid−1 6 min−1, but only four SD grids reached this maximum value. Two of these SD grids
with the maximum initiation density were formed at the same scanning time (17:27 CST)
in two adjacent altitude bins (9.2 and 9.7 km). The next was formed two radar scans later
(17:39 CST), at a similar altitude (9.2 km). Subsequently, no SD grid reached the maximum
initiation density until the last period in which the SD grids were seen (19:02 CST) at a
similar altitude (9.7 km). These results indicate that, although the arising of the SD grids
was sparse, they tended to appear within a stable and relatively narrow altitude range,
especially for those SD grids with higher initiation densities.

In the time bin of 17:33–17:39 CST, the frequencies of the LD and HD grids both
reached their peaks. Moreover, two SD grids, one with the maximum initiation density
of four flashes grid−1 6 min−1, were formed at the scanning time of 17:39 CST. Figure 5a
shows the horizontal distributions of the LD, HD, and SD grids overlapping the composite
reflectivity. Obviously, the LD and HD grids in the right-hand part of the system were more
numerous and denser than those in the left-hand part. A comparison of the profiles in the
right-hand and left-hand parts (with the SD grids) of the system demonstrates that the cells
in the right-hand part may be more robust. Although the reflectivity above ~9 km near the
SD grid in Figure 5c was missed because of the limitation of the maximum elevation of the
radar beam (those cells displaying lightning initiation were just outside the 20 km radius to
the radar site), the distributions of the detected reflectivity show that the cell on the left
reached a peak of 45 dBZ near 5 km, and the 45 dBZ echo peak in Figure 5c was about
7.0 km. Moreover, the altitude distribution of lightning initiation also demonstrates that the
convection of the right-hand cell should have been stronger than that in the left-hand cell,
because the maximum value of lightning initiation altitude in the right-hand cell reached
about 14 km, but the maximum initiation altitude in the left-hand cell was only about
10 km. The results seem to show that regions where lightning flashes were initiated at a
high density tended to be located at similar altitude levels.
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Figure 5. Distributions of the reflectivity and the LD, HD, and SD grids in (a) the horizontal and
(b,c) the vertical planes at 17:39 CST. The contours in (a–c) indicate the distribution of (a) composite
reflectivity in the horizontal and (b,c) reflectivity in the vertical (unit: dBZ). The blue, green, and
red rectangles represent the LD, HD, and SD grids, respectively. The yellow star in (a) shows
the location of the radar site. The black lines in (a) illustrate the positions of the vertical sections
in (b,c), respectively.

One of the SD grids shown in the left-hand cell of Figure 5a,b was located at 9.2 km,
and had an initiation density of four flashes grid−1 6 min−1. Another SD grid in the right-
hand cell appeared at 11.2 km with an initiation density of three flashes grid−1 6 min−1.
The channels of the flashes initiated in the SD grid on the left, which had a higher initiation
density, are illustrated in Figure 6. Regrettably, due to the limitation of the maximum
elevation of the radar beam, the reflectivity in many parts of these lightning channels
was missed. The maximum and minimum differences between the initiation times of the
four flashes were ~36.883 and ~20.291 s, respectively, with a mean value of ~30.44 s. The
maximum differences in longitude and latitude of their initiation positions were 0.003◦ and
0.002◦, respectively. According to the distribution of the channels (Figure 6), it is obvious
that these lightning channels (dominated by negative leaders) did not follow the same path.
This suggests that these flashes were more likely to have developed independently, and
the later channel development may not have been directly affected by the earlier channel
development, although these flashes were initiated and propagated within almost the same
volume area during a short period.
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In the last scanning period for the SD grids (19:02 CST), only two SD grids were found 
at two different altitude levels (Figure 7). One (9.7 km) was in the normal altitude range, 
in which many previous SD grids have been found, and another (5.2 km) was the only SD 
grid at an obviously lower altitude than the normal SD grids (Figure 7b). The vertical sec-
tion of reflectivity shows that the main reflectivity core (>40 dBZ) was at a much lower 
altitude (about 2 km) than those seen in Figure 5b,c. These results indicate that the updraft 
in the system was evidently weakened. 

Figure 6. The 3D distribution of the channels of the lightning flashes initiated in the SD grid in the left-
hand part of Figure 5a. The flashes in (a–d) were initiated at 17:40:34.443, 17:41:11.326, 17:41:31.617,
and 17:42:05.762 CST, respectively. (1) illustrates the altitude evolution of VHF radiation sources
with time; (2) and (4) give the distributions of reflectivity and the altitudes of VHF radiation sources
in the vertical sections along the dot-dashed lines in (3); (3) shows the composite reflectivity and
the horizontal projections of the VHF radiation sources. The contours in (2), (3), and (4) show the
distribution of reflectivity (unit: dBZ). The colored dots illustrate the locations of VHF radiation
sources and the colors represent their time differences relative to the first in ms. The red X indicates
the location of the first VHF radiation source.

In the last scanning period for the SD grids (19:02 CST), only two SD grids were found
at two different altitude levels (Figure 7). One (9.7 km) was in the normal altitude range,
in which many previous SD grids have been found, and another (5.2 km) was the only
SD grid at an obviously lower altitude than the normal SD grids (Figure 7b). The vertical
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section of reflectivity shows that the main reflectivity core (>40 dBZ) was at a much lower
altitude (about 2 km) than those seen in Figure 5b,c. These results indicate that the updraft
in the system was evidently weakened.
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Figure 7. Distributions of the reflectivity and the LD, HD, and SD grids in (a) the horizontal and
(b) the vertical at 19:02 CST. The contours in (a,b) indicate the distribution of (a) composite reflectivity
and (b) reflectivity (unit: dBZ). The blue, green, and red rectangles represent the LD, HD, and SD
grids, respectively. The yellow star in (a) indicates the location of the radar site. The black lines
in (a) illustrate the positions of the vertical sections shown in (b).

The higher SD grid was formed within a similar altitude range to the previous SD
grids, and was almost above the reflectivity core (Figure 7b), which was also the case in
the HD and SD grids seen in Figure 5b,c. This suggests that this SD grid may have been
formed under similar environmental conditions to those under which many previous SD
grids were formed. However, the lower SD grid, near the melting level, was located near
the upper boundary of the 30 dBZ contour, and was clearly on the side of the reflectivity
core rather than above it. This implies that there may have been some differences in the
formation of this lower SD grid.

The distributions of the VHF radiation sources of the three flashes initiated in the lower
SD grid in Figure 7 show that the channels of these flashes had different morphologies,
with different development directions (Figure 8). The differences between the initiation
times were about 43.68 and 40.137 s, respectively. These time differences are larger than
those displayed by the flashes initiated in the higher SD grid shown in Figure 6. The
reflectivity distributions in the vertical sections of these flashes show that the initiations
were all located near the upper boundary of the 30 dBZ contour. Moreover, the upper
boundaries of 30 dBZ in these vertical sections were near 5 km, which is lower than the
upper boundary of 40 dBZ in the vertical sections shown in Figure 6. This indicates
that an environment causing a high rate of flashes at lower altitudes should display a
weaker updraft.
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Figure 8. Similar to Figure 6, but for lightning flashes initiated in the SD grid of Figure 5a at a lower
level. The flashes in (a–c) were initiated at 19:02:00.927, 19:02:44.607, and 19:03:24.744 CST, respectively.

5. Discussion

Our analysis results indicate that HD grids, especially SD grids, tend to be formed
in a stable temperature range (−29.0 to −44.7 ◦C), and this range seems to be colder
than the main temperature range (0 to −30 ◦C) of non-inductive electrification [39,53–55].
Many previous observations found that the strong updraft present in the mixed phase
zone is important for the production of lightning [56–66]. Furthermore, the simulation
study indicated that the main electrification processes usually occur within regions with
a consistent, instead of necessarily a very strong, updraft [67]. Updraft in a region with
highly efficient non-inductive electrification will bring the charged hydrometeors into a
colder temperature range after they have been charged. Subsequently, it is easy for these
charged hydrometeors to be separated and form net charge layers more quickly in a colder
temperature range. As long as the updraft can be maintained, the strong electrification can
continuously produce and transport charges to these higher-net charge layers. Therefore,
the strong electric field between these charge layers is also maintained. This may eventually
lead to the intensive initiation of lightning in the colder temperature range shown here.
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Although most of the SD grids were located in the colder temperature range, one SD
grid was found in a warm range close to the melting level. This SD grid formed when the
LD and HD grid frequencies declined. What leads to the emergence of such a distinctive SD
grid? We make the following assumption. The reduction in LD and HD grid frequencies
may suggest that the updraft in the MCS was weakened at that time. On one hand, the
weakened updraft will impair the strength of non-inductive electrification. This results in a
much lower number of SD grids at that time. On the other hand, the weakened updraft
may also cause the center of the non-inductive electrification to enter a warmer temperature
range just above the melting level. This may reduce the altitude of the SD grid. Moreover,
because the updraft has been weakened, the horizontal motion of the ice particles, especially
the small ice particles, will increase during their electrification processes. This may lead
to an increase in the horizontal distance over which small charged ice particles separate
from large charged ice particles, forming a total net charge structure in this lower level.
This may result in a horizontal shift of the only SD grid in the lower level relative to the
reflectivity core.

Additionally, according to previous studies on non-inductive electrification, the fact of
this electrification process occurring in a warmer environment close to the melting level
will charge the ice particles with a polarity opposite to that obtained in colder environ-
ments [39,53–55]. This should be clearly observable through a comparison of the charge
structures initiating lightning flashes in the main altitude range of the SD grids with those
in the lower altitude range. However, the low detection efficiency of positive breakdowns
in our network prevents this work from being carried out. In the future, we will try to
verify this hypothesis with more detailed lightning channel detection data.

6. Conclusions

To investigate the characteristics of the regions in which lightning flashes are frequently
initiated, data from the first VHF radiation source detected with a 3D lightning location
system in Chongqing, China, were analyzed together with radar data. The focus of this
study is the formation environment of these regions in a storm. Through this study, we can
learn more about high-density regions of flash initiation during a storm.

Of the convective regions of 14 MCSs observed during the summers of 2014 and 2015,
5996 convective radar grids showed lightning initiation. Among these convective grids,
415 showed a flash initiation density greater than one flash grid−1 6 min−1, and were
classified as HD grids. This means that only in a very small proportion (about 6.9%) of the
grids with lightning initiation can flashes be initiated multiple times within a short period
(6 min here). Moreover, in only 49 of these HD grids, were the flash-initiation densities more
than two flashes grid−1 6 min−1 (SD grids). All this suggests that the conditions required
for frequent initiations of flashes are stringent. This results in very small proportions of HD
and SD grids.

The LD (with initiation density 1 flash grid−1 6 min−1) and HD grids, including SD
grids, showed similar trends in altitude distribution. These were mainly distributed in the
altitude range of 9 to 12 km (−21.9 to −44.7 ◦C). The distribution of reflectivity relative to
altitude for the HD and LD grids was also analyzed, although the number (172 grids) of
HD grids with radar observation data was limited. The results show that the distribution
of HD grids in terms of reflectivity relative to altitude is similar to that of LD grids. The
similar distribution of the HD and LD grids in terms of reflectivity and altitude implies that
the characteristics of the HD grids shown here may be real, although the characteristics
were obtained from a limited number of datasets. However, it seems that the HD grids
were mainly distributed within a higher altitude range (10–12 km; −29.0 to −44.7 ◦C) than
the main altitude distribution range of the LD grids (9–11 km; −21.9 to −36.4 ◦C). The
results mentioned above indicate that for most MCSs, lightning flashes occur frequently in
this stable range. Additionally, more HD (82.6%) grids were concentrated in the reflectivity
range of 20–40 dBZ than LD grids (75.1%).
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A further analysis was carried out on a storm, some of which was observed to pass
through our observation domain on 7 August 2015, and frequent lightning activity was
detected during this period. The results show that the frequency evolution of the HD grids
was also similar to that of the LD grids. Most of the HD and LD grids were concentrated
in the same altitude range, from 9 km to 13 km. Moreover, the higher the flash initiation
densities of the grids, the higher the percentage of these grids in this altitude range. The
proportions of the LD, HD, and SD grids in this altitude range reached ~58.6%, 85.3%, and
95.2%, respectively.

The altitude distribution ranges of the HD grids when the frequency increased are
wider than those measured when the frequency declined. The HD grids below 9 km mainly
appeared when the frequency was increasing. However, the SD grids mostly formed stably
in the altitude range of 9–12 km, except for one SD grid, located near 5 km in the last stage
when the LD and HD grid frequencies were very low. The analysis combined with the
radar data shows that the SD grids in the altitude range 9–12 km always formed just above
a reflectivity core. However, the only SD grid in the lower level was clearly on the side of a
reflectivity core. This may suggest that the charge layers forming the SD grids within the
9–12 km region will be different to those in the lower SD grid. A weaker updraft, which
causes weaker electrification, and the relatively larger impact of the horizontal flow on the
distribution of charged particles seem to play important roles in the formation of lower
SD grids.
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