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Abstract Previous observations show that some narrow bipolar events (NBEs) can initiate intracloud
discharges, but the role of NBE as lightning initiation is still unclear. During the summer of 2013, 827 NBEs
were detected with a 3-D LF lightning location system in Osaka, Japan. Out of 638 positive NBEs, 103 occurred
as the initial events of lightning flashes. These initiator-type NBEs, called “INBEs” in this paper, are always
followed by positive pulse trains whose locations show upward propagations probably from the main
negative charge region to the upper positive charge region. Most of INBEs develop into intracloud flashes.
Only two INBEs develop into positive ground flashes and five INBEs develop into negative ground flashes.
Pulse widths and peak amplitudes of electric field change waveforms of INBEs are almost the same as those
of normal NBEs. A major difference is that INBEs have much lower discharge heights. Most of INBEs are
lower than 10 km while normal NBEs are mainly higher than 10 km. Characteristics of positive pulse trains
following INBEs are closely related with discharge heights of INBEs. Higher INBEs are usually followed by
weaker, fewer, and less frequent positive pulses with slower upward propagations. As the height increases to
above 10 km, NBEs are usually no longer followed by such positive pulses.

1. Introduction

As a special type of intracloud discharge (IC), narrow bipolar events (NBEs) have been attracting wide
attentions in recent years. Characteristics of NBEs that distinguish them from regular ICs include narrow and
bipolar electric field change (E-change) waveforms [e.g., Smith et al., 1999], very intense VHF (very high
frequency) radiation [Le Vine, 1980; Smith et al., 1999; Jacobson, 2003], deficiency of optical radiation [Light
and Jacobson, 2002; Jacobson et al., 2013], large discharge height [Smith et al., 2004; Wu et al., 2012], and short
channel length [Nag and Rakov, 2010; Liu et al., 2012]. NBEs are found to be statistically correlated with
convective strength of thunderstorms [Jacobson and Heavner, 2005; Wiens et al., 2008]. Negative NBEs have
an especially strong correlation with the deepest convections [Wu et al., 2013]. These features make NBE a
useful proxy for convective activities.

NBEs are also called compact intracloud discharges because of short channel lengths [Nag et al., 2010; Liu
et al, 2012]. In this paper, we will use the name of NBE because only E-change data, in which NBEs are
characterized by narrow and bipolar pulses, are used for this study. Identification of NBEs will be further
discussed in next section.

NBEs have long been thought to be temporally isolated with other lightning discharges. Le Vine [1980] and
Willett et al. [1989] noticed that NBEs had no apparent association with any other lightning process. Smith
et al. [1999] concluded that NBEs produced in three thunderstorms were temporally isolated on a time scale
of several seconds. More recent studies, however, found that at least some of NBEs serve as the initial
processes of regular ICs. Rison et al. [1999] reported LMA (Lightning Mapping Array) observations of 13
positive NBEs that were all followed by ICs within 10 ms. Thomas et al. [2001] also reported some similar
results with LMA observation. Smith et al. [2002], based on thousands of NBEs recorded by Los Alamos Sferic
Array, stated that it was neither unusual nor common to see intracloud activities following NBEs. Nag et al.
[2010], based on wideband electric fields, narrowband VHF radiation signals and location information
reported by National Lightning Detection Network [Cummins et al.,, 1998], reported that 5 out of 157
positive NBEs preceded ICs by 5.3-67 ms and another three NBEs preceded cloud-to-ground flashes (CGs)
by 72-233 ms. Wu et al. [2011] made a statistical analysis on the temporal characteristics of NBE and found
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Figure 1. Simulation results of location accuracy of BOLT. Source height is 5 km. White points represent stations of BOLT.
Sites labeled 1 and 2 are used in section 3.2.

that 11.7% of positive NBEs preceded while only 1.6% followed other discharge processes within 10 ms.
The corresponding percentages for negative NBEs were 4.4% and 1.6%. These studies indicate that NBEs,
especially positive ones, can occur as the initial events of lightning flashes. However, it is still unclear what
kind of NBEs can initiate lightning discharges and under what conditions are such NBEs produced.

On the wideband E-change signal, lightning flashes typically start with a train of relatively large pulses lasting
for several milliseconds [e.g., Rakov, 2006]. These pulses are called preliminary breakdown pulses (PBPs) or
initial breakdown pulses. The initial polarities of PBPs are usually positive (physics sign convention) in ICs and
negative in negative CGs. Based on observation data in four regions with different latitudes, Marshall et al.
[2014] concluded that all negative CGs probably begin with PBPs. In another study, Marshall et al. [2013]
presented location results of PBPs of several ICs. They reported that no NBEs were observed at the beginning
of ICs. The current study, in contrast, will focus on NBEs that are the first events in lightning flashes.

In this paper, we will report observations of 827 NBEs including 103 NBEs as the beginning of lightning flashes
with a three-dimensional (3-D) low-frequency (LF) lightning locating system during the summer of 2013.
Various characteristics of NBEs as initiation processes will be analyzed and compared with those of normal
NBEs. Characteristics of pulse trains following NBEs are closely related with NBE heights. Such relationship will
be investigated.

2. Experiment and Data

Lightning discharges are detected and located with a LF lightning locating system called BOLT (Broadband
Observation network for Lightning and Thunderstorms). It comprises 11 stations in Osaka region of Japan
since June of 2013. Stations of BOLT are shown as white points in Figure 1, covering an area of

about 90 x 90 km?,

Each station of BOLT is equipped with a fast antenna with a time constant of 200 us and frequency range of
500 Hz to 500 kHz. E-change signals produced by lightning discharges are digitized at 4 MS/s sampling rate
and in 16 bit resolution. Triggering time of each record is provided by a GPS receiver with a timing accuracy
of 50 ns.

The record length is set to 200 ms with a 100 ms pretrigger. The upgraded recording system can be triggered
continuously without any dead time. This allows detailed analysis of lightning discharges lasting a long time.
In section 3.1, we will show E-change waveforms and 3-D location results with durations longer than 200 ms.

A simulation similar to that employed by Bitzer et al. [2013] is performed to estimate location accuracy of
BOLT. A point discharge is assumed at each grid point with 0.01°x 0.01° spacing within the range of Figure 1.
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(a) NBE with relatively large pulse width (b) Pulse not selected as NBE
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Figure 2. Pulses with similar waveforms and pulse widths. (a) Selected as NBE. (b) Not selected as NBE.

A random error from a normal distribution with a mean of 0 us and a variance of 0.25 ps? is added to the
arrival time at every station, and 3-D location of the source is calculated with the error-included arrival time
and compared with the assumed location of the source. At each grid point, 1000 computations are
performed and the average result is used. Figure 1 shows simulation results with a source of 5 km altitude.

In this study, only NBEs located in the area with a height accuracy of better than 1 km and a horizontal accuracy
of better than 0.6 km are analyzed. Most of NBEs analyzed in this study are higher than 5 km, so they should
have height accuracies better than that indicated in Figure 1b [Bitzer et al., 2013; Karunarathne et al., 2013].

NBEs are identified by E-change waveforms. Two criteria based on pulse width and signal-to-noise ratio (SNR) to
automatically identify NBEs are widely used in previous studies [Smith et al,, 2002; Hamlin et al., 2007; Wu et al.,
2011]. For example, Hamlin et al. [2007] identified waveforms with pulse width of smaller than 10 us and SNR
value of larger than 200 as NBEs. These values can be different in different studies, but the principles are the
same, that is, pulse width should be small enough to ensure that the pulse is narrow, and SNR value should be
large enough to ensure that the pulse is temporally isolated. The current study, however, focuses on NBEs
initiating lightning flashes, which are inherently not isolated and thus have small SNR values. Therefore, we first
automatically identify possible NBEs with quite loose criteria: pulse width of smaller than 12 ps and SNR of
larger than 150. These criteria can effectively exclude return strokes and most of regular intracloud processes.
Then NBEs are manually selected from these automatically identified records. In this step, only pulses with an
abrupt change at the onset of the pulse are selected as NBEs. This feature is illustrated in Figure 2, which shows
two pulses with similar waveforms and pulse widths. The second one is not selected as a NBE because it
showed quite slow change at the rising portion. We believe such “abrupt change” feature is essential for NBEs.
Because this study deals with NBEs at the very beginning of lightning flashes, this feature can also ensure that
our selected NBEs are not pulses associated with normal initial breakdown processes.

NBEs produced from 4 July to 2 September of 2013 are analyzed. There are 638 positive NBEs and 189
negative NBEs. Among the positive NBEs, 103 occurred as the very first events of lightning flashes. No
negative NBEs were found to have such behavior. For clarity, positive NBEs initiating lightning flashes will be
indicated as “INBE” in the rest of this paper while normal positive NBEs will be indicated as “PNBE” and all
negative NBEs will be indicated as “NNBE”. So in this study, we have two types of “positive NBEs,” including
103 INBEs and 535 PNBEs. Differences among INBE, PNBE, and NNBE will be investigated in this paper.

Physics sign convention is used in this paper, thus positive NBE could correspond to the discharge between
lower negative charge and upper positive charge.

3. Results
3.1. INBEs and Processes Following Them

INBEs occur as the very first event of a lightning flash. They are followed by various discharge processes
lasting for at least tens of milliseconds. One common feature of INBEs is that they are all followed directly by
positive pulse trains. These positive pulse trains typically start within 10 ms of INBE and last for several to tens
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Figure 3. Electric field change waveforms of five typical INBEs and subsequent positive pulse trains. D is horizontal distance
from INBE to observation station. H is discharge height of the INBE. AD is horizontal distance from the INBE to the first
subsequent pulse. AH,, is height difference between the highest pulse within 10 ms after the INBE and the INBE. The inset
shows an expanded waveform of the INBE in the first panel.

of milliseconds. Figure 3 shows five examples of E-change waveforms of INBEs and subsequent positive
pulses within 10 ms. We can see that all the pulses following INBEs are of positive polarity, the same as INBE.
Waveforms of these pulses are quite different from that of INBE. One essential difference is that they lack the
“abrupt change” feature as illustrated in Figure 2.

Our LF lightning location system BOLT is capable of locating lightning discharges in three dimensions. Next
we will present 3-D location results of INBEs and their subsequent positive pulses. Two examples are shown in
Figure 4. Figure 4a shows a 5 ms record on 4 July 2013. The E-change waveform (bottom right panel) is similar
to examples in Figure 3. The flash started with an INBE at an altitude of 6.4 km (top right panel). Locations of
subsequent positive pulses showed clear upward propagation. The discharges progressed to the highest
altitude (9.1 km) at 3.7 ms. The average speed of upward propagation was 7.3 X 10° m/s. In the plan view
(left panel), it seems that the discharges first developed in one channel for about 3 ms and then it branched
into two directions. The scale of horizontal propagation is about 1.5 km.

As another example Figure 4b shows a 6 ms record on 1 September 2013. Its E-change waveform is also
similar to previous examples. This flash started with an INBE at an altitude of 6.2 km and propagated upward
for 5.3 ms to the highest altitude of 8.9 km. The average speed of upward propagation was 5.1 x 10° m/s. In
the plan view, the discharges seemed to progress in two opposite directions, and each direction of
progression later branched into two directions. However, the scale of horizontal propagation is quite small,
with the farthest location point only about 1 km from the INBE.

From these two examples, we can see one distinguishing feature of INBEs, that is, locations of positive pulses
following them always show clear upward propagations. For the cases shown in Figure 3, all their upward
propagation heights are estimated and are indicated by the values of AH,,. As seen from these values,
discharges following INBEs in Figure 3 propagated upward for 2.5 to 3.8 km.

After this “upward propagation” stage, pulses start to change polarity and their source heights usually decrease.
It seems that the discharges can develop into any type of lightning flashes and no common characteristics can
be identified. Most of INBEs ended in intracloud discharge processes. Only two INBEs developed into positive
CGs and five INBEs developed into negative CGs. Two positive CGs were both single-stroke flashes while five
negative CGs include one two-stroke flash and one four-stroke flash. Time differences and horizontal distances
between INBE and the first return stroke ranged from 110.5 to 1076.0 ms and from 0.9 to 13.7 km, respectively.
As an example, Figure 5 shows location results of a positive CG and a negative CG initiated by INBEs.

Figure 5a shows a positive CG initiated by an INBE on 4 July 2013. INBE was the very first event in this flash.
After about 257 ms, a positive return stroke occurred. Discharges within about 4 ms of the INBE showed
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Figure 4. (a and b) Two examples of 3-D locations of INBEs and subsequent positive pulses.

predominantly upward propagation similar to the cases in Figure 4. The average speed of upward
propagation was 9.5 x 10° m/s. After the upward propagation stage, source heights gradually decreased back
to the height of INBE. No clear discharge processes occurred during the following 150 ms. At about 210 ms,
some intracloud discharge processes started, but from the plan view, these processes started at about 10 km
away from the INBE and propagated further away with several branches. Stepped leaders and a positive
return stroke occurred following these intracloud processes at locations much closer to the INBE. It seems
that the return stroke was associated with the INBE and its subsequent upward propagation discharges.

Figure 5b shows a negative CG initiated by an INBE on 1 September 2013. This flash first showed relatively
rapid upward propagation within about 16 ms with an average speed of 3.0 x 10° m/s. Before 100 ms, the
flash kept propagating upward to an altitude of 12.9 km. Different from the previous case, this flash did not
show downward propagation after the upward propagation stage. Instead, a new upward propagation
process was initiated at a location close to the INBE (horizontal distance was 1.6 km). It propagated upward
for about 25 ms and was followed by gradual downward propagation. Before about 400 ms, source heights
stayed within about 6 to 9 km. After 400 ms, source heights were generally lower than 5 km. The negative
return stroke occurred at 619.4 ms. However, no stepped leader signals could be identified before the return
stroke. From the plan view, it can be seen that processes before about 250 ms (blue points) showed several
clear branches. These processes corresponded to the initial two upward propagation stages and subsequent
downward-propagation stage. Processes after them did not show clear channels in the plan view.
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Figure 5. Examples of 3-D locations of (a) a positive CG and (b) a negative CG initiated by INBEs. INBEs are indicated as tri-
angles and return strokes are indicated as black circles. There is only one return stroke in both cases.

From these examples, it is clear that INBEs are followed by discharge processes propagating upward for
several kilometers, and these upward propagating processes produce positive pulse trains in E-change
records. It is speculated that INBEs are produced at the upper boundary of the main negative charge region,
and subsequent processes propagate upward to the upper positive charge region. INBE together with its
subsequent upward propagating process seems to serve as the initiation process in a lightning flash. This is
very similar to PBPs in ICs. Several recent studies reported source heights of PBPs in ICs located by networks
of wideband E-change sensors [Bitzer et al., 2013; Karunarathne et al., 2013; Marshall et al., 2013], which
showed very similar upward propagations. Marshall et al. [2013] stated that PBPs of ICs were directly related
with preliminary breakdown processes, which moved upward from the main negative charge to the upper
positive charge. It seems that INBEs with subsequent positive pulse trains have the same behavior as PBPs of
ICs. They may be a special type of PBPs with the first pulse produced by a NBE.

3.2. Comparison of INBEs and Normal NBEs

NBEs are generally thought to be temporally isolated. INBEs, however, have shown to be followed by positive
pulses. So one obvious difference between INBEs and regular NBEs is that INBEs are never temporally
isolated. However, why do some NBEs initiate lightning flashes (INBEs) while some do not (PNBEs and
NNBEs)? They should have some essential differences. In this section, we will explore possible differences
between INBEs and normal NBEs including PNBEs and NNBEs.

3.2.1. Pulse Width

First, pulse widths are compared for INBEs, PNBEs, and NNBEs. The pulse width is defined as the time from
10% peak amplitude at the rising part to zero crossing at the falling part. Here we only use NBEs at least 50 km
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Figure 6. Distributions of (a) pulse width and (b) estimated peak current of INBEs, PNBEs, and NNBEs.

away from site 1 or site 2 as indicated in Figure 1, because waveforms produced by close events include
static field component and may result in very different results of pulse width. For every NBE, if it is more than
50 km away from site 1, then waveform recorded at site 1 is used. If not, check whether it is more than 50 km
away from site 2. If it is, waveform recorded at site 2 is used, and if not, this NBE is not included for this
analysis. With this routine, all 103 INBEs, 474 of 535 PNBEs, and 164 of 189 NNBEs are selected for this analysis.
Distributions of pulse width are shown in Figure 6a.

Distributions of pulse width for INBEs, PNBEs, and NNBEs show certain differences. Distribution for NNBEs is
mainly from 2 to 6 us and shows largest percentage from 2 to 3 ps. Distribution for PNBEs shows relatively
large percentages from 2 to 5 us. Distribution for INBEs shows very small percentages below 4 ps, and most of
INBEs have pulse widths from 4 to 7 us. The average values of pulse width for INBEs, PNBEs, and NNBEs are
5.8 us, 4.5 us, and 4.6 ps, respectively. It seems that INBEs have slightly larger pulse widths. However, pulse
widths of three types of NBEs are distributed in almost the same range, from 2 to 10 ps, so the slight
difference of pulse width between INBEs and other NBEs is not essential; it is not possible to tell whether one
NBE is INBE or not from its pulse width.

3.2.2. Peak Amplitude

In this section, peak amplitudes of E-changes produced by INBEs, PNBEs, and NNBEs are compared to
investigate whether the radiation power of three types of NBEs at LF band has any difference. The same data
set as the analysis of pulse width is used. All NBEs in the analysis are at least 50 km away from site 1 or site 2,
so peak amplitudes of E-changes can be normalized to 100 km using the simple 1/R relationship. However, E-
changes recorded at site 1 and site 2 may have different gains, so they cannot be compared directly. Here we
use the same method as in Wu et al. [2014] to convert the normalized E-change amplitudes to peak currents,
and peak currents estimated from site 1 and site 2 can be compared with each other. Wu et al. [2014]
compared normalized E-change amplitudes recorded at site 1 and peak currents reported by lightning
location system of Japan for hundreds of return strokes and found a linear relationship between normalized
E-change amplitudes and peak currents. The linear relationship can be written as

Ip = akp

where I, is the peak current in kiloampere, E, is the normalized E-change amplitude in digital unit, and a is
the coefficient of proportionality. For site 1, a=0.0113 [Wu et al.,, 2014]. The value of «a for site 2 can be
worked out in exactly the same way, and the value is 0.0147. With this relationship, normalized E-change
amplitudes recorded at site 1 and site 2 are all converted to peak currents, and peak currents of INBEs,
PNBEs, and NNBEs can be compared. Note that these peak currents are probably different from the
true current values of NBEs. The main purpose of the conversion is to make the records of site 1 and
site 2 comparable.

Distributions of estimated peak currents of INBEs, PNBEs, and NNBEs are shown in Figure 6b. Three types of
NBEs have very similar distributions with peak distributions around 20 kA. Average values are 33.1 kA, 32.3 kA,
and 34.4 kA, respectively, for INBEs, PNBEs, and NNBEs, also very similar with each other. Therefore, three
types of NBEs produce very similar E-field change magnitudes.
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The average heights for NNBEs, PNBEs, and INBEs are 15.9km, 13.4km, and 7.9 km, respectively. In
Figure 7, NNBEs are generally higher than PNBEs with some overlaps around 16 km. This result is similar
to previous studies. On the other hand, although INBEs and PNBEs are both positive polarity NBEs, most
INBEs are lower than PNBEs. It seems that 10 km altitude is an appropriate dividing altitude between
INBEs and PNBEs. For INBEs, 97 of 103 (94.2%) are lower than 10 km while for PNBEs, 523 of 535 (97.8%)
are higher than 10 km. Therefore, positive NBEs higher than 10 km are probably PNBEs while those lower
than 10 km are probably INBEs. In other words, NBEs lower than 10 km are probably followed by positive
pulse trains.

From the above results we can see that pulse widths of INBEs and PNBEs are in the same range, and E-change
magnitudes produced by them are almost the same, so from the E-change pulse waveform, it is not possible
to tell whether it is produced by an INBE or a PNBE. However, they can be simply differentiated with their
discharge heights: NBEs lower than 10 km are probably INBEs, followed by positive pulse trains with upward
propagations. This result is consistent with LMA observations of an INBE between 8 and 9 km altitude [Rison
et al., 1999] and another one between 6 and 7 km altitude [Thomas et al., 2001].

3.3. Characteristics of Discharge Processes Following INBEs

Section 3.1 demonstrated that INBEs are followed by positive pulses whose locations show clear upward
propagations, and section 3.2 demonstrated that discharge heights of INBEs are mostly lower than 10 km
while regular positive NBEs are mostly higher than 10 km. Interestingly, these two conclusions have certain
connections with each other. It is found that characteristics of positive pulses following INBEs are closely
related with discharge heights of INBEs, which will be analyzed in this section.

3.3.1. Positive Pulse Trains After INBEs

Figure 8 shows scatterplots of some properties of positive pulse trains following INBEs versus source heights
of INBEs. Pulses in a pulse train include all pulses after an INBE until a pulse with clear negative initial
polarity occurs.

Figures 8a—8c are about amplitudes of pulses in each train with (a) the amplitude of the first pulse, (b) the
amplitude of the largest pulse, and (c) the average amplitude of all pulses in a pulse train relative to the
amplitude of the corresponding INBE. As seen in these figures, all the three amplitude ratios decrease
with increasing height of INBE. They indicate that as the height of INBE increases, pulses following it
become weaker.

Figure 8d shows the time difference between the first pulse in a pulse train and INBE. As the height of INBE
increases, the time difference gets larger, indicating that it takes longer time for pulse trains of higher INBEs to
start. Figure 8e shows the duration of the pulse train. As the height of INBE increases, pulse train duration
also gets larger. However, as Figure 8f shows, as the height of INBE increases, pulse number in a train gets
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Figure 8. Scatterplots of some properties of the positive pulse trains following INBEs versus discharge heights of INBEs. (a) Ratio of amplitude of the first pulse in the
train to that of INBE. (b) Ratio of the amplitude of the largest pulse in the train to that of INBE. (c) Ratio of average amplitude of all pulses in the train to INBE amplitude.
(d) Time difference between the first pulse in the train and INBE. (e) Duration of the pulse train. (f) Number of pulses in the pulse train.

smaller. These results indicate that as the height of INBE increases, its subsequent pulse train includes fewer
pulses, but the time differences between pulses get larger and the duration of the pulse train gets longer.

The above results indicate that as the height of INBE increases, pulses following it become weaker and less
frequent. It seems that certain conditions at higher altitudes make pulses following INBEs more difficult
to occur.

From Figure 8 we can also see some other characteristics. The amplitude of the first pulse in a train is always
smaller, most of the time much smaller, than that of INBE (Figure 8a). This is very different from PBPs, in which
the first pulse is usually much smaller than other pulses (see examples in Gomes et al. [1998] and Ushio et al.
[1998]). However, the amplitude of the largest pulse in a train can be larger than that of INBE (Figure 8b). The
case with the largest ratio in this study is shown in Figure 9a. In this case, the amplitude of the largest pulse
(saturated) in the pulse train is about 14 times of that of the INBE.

The time difference between INBE and the first pulse in a train is at least 0.3 ms and can be as large as 10 ms
(Figure 8d). So if the recording length is set to be too small (for example, several milliseconds), INBEs can be
misidentified as normal positive NBEs.

3.3.2. Characteristics of Upward Propagations

As demonstrated in section 3.1, locations of positive pulses following INBEs show clear upward propagations.
Characteristics of upward propagations are also related with heights of INBEs. Figure 10 is a rough illustration
of upward propagations of all INBEs shown in four height ranges. Each line in the figure represents one
INBE with its subsequent pulse train. The left end of each line represents time and height of INBE and the right
end represents time and height of the highest pulse in its subsequent pulse train, so the slope of each line can
be seen as the overall speed of upward propagation. A clear trend is that lines of lower INBEs show steeper
slopes, indicating lower INBEs are followed by more rapid upward propagations.

In order to analyze this feature in detail, Figure 11 shows scatterplots of some properties of the upward
propagation versus INBE height. Figures 11a and 11b show upward propagation height and duration, from
which the average speed can be calculated and is shown in Figure 11c. Height and duration of upward
propagation are height difference and time difference, respectively, between INBE and the positive pulse of
largest height in each pulse train, the same as those in Figure 10. From Figure 11, we can see that upward
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Figure 9. (a and b) Two special cases of INBEs. Red points indicate heights of corresponding pulses.

propagation height shows a decreasing tendency with increasing INBE height, and upward propagation
duration generally increases with increasing INBE height. As a result, upward propagation speed decreases
with increasing INBE height.

The speed values shown in Figure 11 are average values in vertical direction. The actual speed values should
be larger because the propagations also have horizontal components as shown in Figures 4 and 5.

Speed values in this study are generally larger than estimations of initial leader speeds in previous studies. For
example, Shao and Krehbiel [1996] reported that preliminary breakdown propagated upward at a speed of 1.5
to 3x 10° m/s observed by a 2-D interferometer. Behnke et al. [2005] reported initial leaders in ICs starting at a
median speed of about 1.6 x 10° m/s with LMA observation. In our study, speeds of upward propagations
following INBEs have an average value of 3.3 x 10° m/s and a median value of 2.9 x 10°> m/s. Lower INBEs are
usually followed by rapid upward propagations with speeds generally larger than those reported in previous
studies. Four INBEs shown in Figures 4 and 5 are between 6 and 7 km high and are followed by upward
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Figure 10. An illustration of upward propagations of discharges following INBEs. Each line represents one INBE with its subsequent pulses. Left end of each line repre-
sents INBE, and right end represents the pulse with the highest location. INBEs in different height ranges are in different panels. Line colors are randomly assigned.
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Figure 11. (a) Height, (b) duration, and (c) speed of upward propagation versus source height of INBE.

propagations with speeds of 7.3, 5.1, 9.5, and 3.0 x 10° m/s, respectively. On the other hand, higher INBEs,
especially those higher than 9 km, are mostly followed by relatively slow upward propagations with speeds
generally lower than 2.0 x 10° m/s. As an extreme example, Figure 9b shows an INBE followed by upward
propagation with the longest duration. The discharge propagated upward for 3.4 km within 42.3 ms. The
average speed was only 0.80 x 10° m/s. It is also interesting to note that positive pulses following the INBE in
Figure 9b were extremely small compared with the INBE, as already demonstrated in Figures 8a-8c.

4. Discussions
4.1. Lightning Initiation by INBEs and by PBPs

INBEs with subsequent pulse trains are very similar to PBPs of positive initial polarity. Both of them typically
occur before ICs. Positive PBPs are also reported to develop into negative CG, forming a “hybrid flash” [Bitzer
et al., 2013], which is also similar to the case shown in Figure 5b. Positive PBPs are inferred to be related to
initial leaders propagating upward and establish a conducting channel between the main negative and
upper positive charge regions [Marshall et al., 2013], and INBEs with subsequent positive pulses also appear
to be related to such initial leaders (section 3.1).

An apparent difference, however, is that the first pulse in PBPs does not have any discernable special features
(examples can be seen in Karunarathne et al. [2013], Marshall et al. [2013] and references therein). It is usually
relatively small and closely followed by subsequent pulses. On the contrary, INBE is usually much larger than
subsequent positive pulses (Figures 8a-8c) and there is some quiet time between INBE and the onset of
positive pulses (Figure 8d).

Speed of upward propagation may be another difference. Upward propagations following INBEs are
somehow faster than those observed for preliminary breakdowns (section 3.3.2). However, observations of
preliminary breakdowns with reliable location information are still very limited so detailed comparison of
propagation speed is so far not possible.

If we assume positive PBPs have the same behavior as INBEs with subsequent positive pulses, there are some
interesting questions to consider. First, characteristics of positive pulses following INBEs change with
discharge heights of INBEs (section 3.3). Do characteristics of PBPs change with the discharge heights of the
first pulses of PBPs? Second, most of INBEs are lower than 10 km and NBEs higher than 10 km are usually not
followed by positive pulse trains. Are PBPs also only able to start at an altitude generally lower than 10 km?
These questions may be essential for understanding lightning initiation mechanisms. We will investigate
these questions in our future studies by analyzing 3-D location results of large number of PBPs.

4.2, Relationship Between Different Types of NBEs

INBEs, PNBEs, and NNBEs occur in different altitude ranges as shown in Figure 7. An expected result is that
they correspond to different thunderstorms or different stages in a thunderstorm. Table 1 lists number of
different types of NBEs in each thunderstorm during the summer of 2013. Three thunderstorms producing
significant number of INBEs produced no NNBE while thunderstorms producing NNBEs produced at most
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Table 1. Number of Different Types of NBEs in Each Thunderstorm?

Date 0704 0722 0727 0730 0731 0805 0807 0808 0823 0823 0901
INBE 16 0 10 0 1 1 1 0 0 0 49
PNBE 0 13 1 52 55 41 25 26 67 190 6
NNBE 0 4 0 1 26 49 0 14 25 62 0

aOnly thunderstorms producing at least 10 NBEs of any type are included.

one INBE. NNBEs are considered to be produced in extremely vigorous thunderstorms [Wu et al., 2013]. Thus,
it seems likely that INBEs are only produced in relatively weak convections.

Table 1 also shows that thunderstorms producing primarily PNBEs usually produced few INBEs. However, two
storm days (27 July and 1 September) did not exactly fit this statement. These two cases are shown
in Figure 12.

Figure 12a shows time evolution of discharge heights of INBEs and PNBEs in the thunderstorm on 27 July.
PNBEs were mainly produced at the later stage of the thunderstorm, and during the period of PNBE
productions, no INBEs were produced. It seems PNBEs and INBEs were produced in different stages of
the thunderstorm.

Figure 12b shows the case on 1 September. In this case, PNBEs were produced along with INBEs. During the
period when PNBEs were produced, INBE rate and discharge heights were highest during the thunderstorm.
This short period probably corresponds to the mature stage with relatively strong convection compared with
other periods during this thunderstorm.

It is interesting to note that PNBEs in these two cases are relatively low, mainly around 10 km. From Figure 7
we can see discharge heights of PNBEs are mainly from 12 to 16 km. In fact, these high PNBEs were produced
in thunderstorms without INBEs as listed in Table 1. Thunderstorms producing INBEs, on the other hand,
either produced no PNBEs or a few relatively low PNBEs.

This result indicates a gradual transition from INBE to PNBE as discharge height increases. Such a gradual
transition can also be seen in Figures 8 and 11. NBEs with low discharge heights are followed by positive pulse
trains, and these NBEs are INBEs. Properties of positive pulse trains following INBEs are closely related with
heights of INBEs. As the height of INBE increases, pulses following it become smaller and less frequent, and
they last longer time and propagate upward with slower speed. As the height of NBE increases to above
10 km, it usually becomes normal NBE without pulses following it.

This transition is roughly illustrated in Figure 13. The general picture seems to be that as height of NBE
increases, subsequent positive pulses become more difficult to occur, and when the height of NBE is higher
than 10 km, almost no pulses can occur and the NBE changes from INBE to PNBE. Around 10 km, there is a
transition stage, in which both INBEs and PNBEs are possible to occur. The thunderstorm case in Figure 12b
illustrates this point. Away from 10 km, either INBEs or PNBEs can occur.
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Figure 12. Time evolutions of discharge heights of INBEs and PNBEs in two thunderstorms.
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As evident in Figure 4, the positive pulses following INBEs are produced by upward propagating negative
leaders. We speculate that at higher altitudes, the electric field required to sustain continuous propagations
of these leaders is relatively weak. When the leader propagates upward, it may encounter fewer and smaller
positive charges and thus produce fewer and weaker E-change pulses. This may explain why higher INBEs are
generally followed by fewer, weaker, and less frequent positive pulses.

One further question concerning INBEs and PNBEs is whether they are produced at the same region in
thunderclouds. Both of them are produced between the main negative and upper positive charge regions. As
described previously in this paper, INBEs are inferred to be produced at the upper edge of the main

negative charge region. The thunderstorm case in Figure 12b shows that a few relatively low PNBEs were
produced in the same period and similar altitudes as some relatively high INBEs. These PNBEs appeared to be
the same as INBEs, produced at the upper edge of the main negative charge region. However, it seems that the
majority of PNBEs, mostly higher than 12 km and up to 16 km, are produced close to the lower edge of the
upper positive charge region, because it is almost impossible for the main negative charge region to be lifted to
this altitude. It is also possible that some relatively low PNBEs are actually INBEs. They are also followed by
upward propagating negative leaders, but these leaders produce too weak E-change signals to be detected.

Detailed studies on thunderstorms producing different types of NBEs are needed to further explore their
relationships. These studies will also be valuable for inferring thunderstorm characteristics from NBE types.

5. Conclusions

A total of 827 NBEs were observed during the summer of 2013. These NBEs were classified into 103 INBEs, 535
PNBEs, and 189 NNBEs. This paper investigated various characteristics of INBEs, which were the initial events
of lightning flashes. All of INBEs are of positive polarity, the same as PNBEs.

INBEs are always followed by positive pulse trains, locations of which show predominantly upward

propagations. It is speculated that INBEs are produced at the upper edge of the main negative charge region
and are followed by negative leaders propagating upward to the upper positive charge layer. Most of INBEs
developed into ICs. Only two INBEs developed into positive CGs and five INBEs developed into negative CGs.

Pulse widths and peak amplitudes of E-change fields produced by INBEs are very similar to those produced
by PNBEs and NNBEs. However, discharge heights of three types of NBEs show very different distributions.

Most of INBEs are below 10 km while most of PNBEs are above 10 km. NNBEs are generally higher than INBEs
and PNBEs.

An interesting and somehow mysterious result is that characteristics of positive pulses following INBEs are

closely related with heights of INBEs. As the height of an INBE increases, positive pulses following it become
weaker, fewer, and less frequent. It appears that at higher altitudes, these positive pulses are more difficult

to occur.

Upward propagation speeds are also related with INBE heights. Higher INBEs are generally followed by slower
upward propagations. Speeds of upward propagations following INBEs higher than 9 km are mainly around
1% 10° m/s while those of INBEs lower than 9 km are mainly in the range of 2 to 8 x 10° m/s.

It seems that as discharge height increases, NBEs gradually change from INBEs to PNBEs. Such a transition is
currently not fully understood. Different types of NBEs are apparently associated with thunderstorms with
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different convective strength. More detailed analysis on properties of thunderstorms producing different
types of NBEs will be carried out.
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