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Abstract Recent measurements of narrow bipolar lightning events (NBEs) by very high frequency (VHF)
radio interferometer have resolved the dynamic development of this special lightning process with
submicrosecond time resolution, and showed that the fast positive breakdown (FPB) process is responsible
for initiating at least some lightning flashes. In this study, with a newly built and deployed VHF
interferometer system, we analyzed 31 intracloud lightning flash initiation events during three
thunderstorms at short range from the interferometer. These events separate into two distinct classes that
can be identified based on the time scale and the occurrence contexts of the first detectable VHF emissions
from the flash. One class has features completely consistent with previously reported FPB events and is
associated with continuous VHF emissions of 10-20 ps duration. Downward motion of the FPB region
centroid merged continuously into the development of the subsequent upward negative leaders. But the
majority of the lightning flashes analyzed began with ultrashort, submicrosecond duration, isolated pulses of
VHF emission with no identifiable FPB signatures between these pulses and the leader development. These
short VHF pulses begin typically a few hundred microseconds before the upward leader developes and are
located at the same position where the leader eventually begins. We suggest that the FPB process is
responsible for initiating some but not all lightning flashes, and the extremely short pulse-like VHF
emissions play a role in initiating those flashes without any FPB process.

1. Introduction

The initiation of lightning, which is almost always hidden deep inside thunderclouds, has been proven to be
challenging to understand because of the difficulty of direct measurements. Since the identification of nar-
row bipolar events (NBEs) or compact intracloud discharges (CIDs; Smith et al., 1999), they have been a
strong research focus because of their intrinsic link to the initiation of some intracloud flashes (ICs; Rison
et al., 1999; Smith et al., 1999) and their unusual and strong radio low- and high-frequency radio emissions
(Le Vine, 1980; Smith et al., 1999; Willett et al., 1989). Recently, new insights into lightning initiation were
revealed by observations of NBEs using very high frequency (VHF) interferometers (Liu et al., 2012; Rison
et al., 2016). With an upgraded continuous VHF interferometer (Stock et al., 2014), the dynamic develop-
ment of a process called fast positive breakdown (FPB) was identified and was observed to be associated with
not only typical NBEs but also the initiation of some normal ICs and cloud-to-ground flashes (CGs; Rison
et al., 2016). Both a “weak version” and “strong version” of FPB, associated with weak and strong electric
field pulses were observed. The FPB process was suggested to be the initiation of many and perhaps most
lightning flashes (Rison et al., 2016) and thus supports the positive streamer lightning initiation mechanism
(Griffiths & Phelps, 1976; Phelps, 1974).

On the other hand, from electric field sensor observations of the initial electric field change of CG and IC
flashes at close range, Marshall et al. (2014) and Chapman et al. (2017) reported a type of initiation event that
they named as initial electric field change (IEC). These IEC events were observed at the very beginning of
both IC and CG flashes from the electric field change measurements, with a time scale of several hundred
microseconds to several milliseconds. However, no typical NBE was detected in their studies except for a
few cases of a weak NBE-like pulse (Chapman et al., 2017). Chapman et al. (2017) and Rison et al. (2016)
suggested that this was consistent with a “wide range of the strength of the fast positive breakdown.”
Chapman et al. (2017) further suggested that “IEC is a fundamental part of all or almost all lightning initia-
tions and that IEC is needed prior to the first initial breakdown pulse.” The findings by Marshall et al. (2014)
and Chapman et al. (2017) were recently expanded by Marshall et al. (2018), which was published while this
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study was in review, with measurements of electric field change and narrowband VHF (bandwidth of 186-
192 MHz, named as LogRF). Marshall et al. (2018) analyzed two intracloud and two cloud-to-ground light-
ning flashes and found that the IEC initiation was coincident with a short pulse in the LogRF data.

The pictures of lightning initiation painted by Rison et al. (2016) and Chapman et al. (2017) are not entirely
consistent. It is possible that the observed IECs might occur after weak FPBs, when there are no NBE-type
bipolar pulses observed (Chapman et al., 2017). However, details of the basic signature of the radio frequency
emissions associated with non-NBE lightning initiation is still unclear. Furthermore, it is known that typical
NBEs are present in only a small fraction of the total lightning flashes (e.g., the statistics summarized by Lii
et al., 2013; and references therein), so perhaps it is not the case that all lightning flashes initiate with a burst
of FPB. Accordingly, more investigation of the radio emissions associated with lightning initiation is needed,
especially for those flashes that started without typical NBEs and clear FPB, to better understand the basic
radio emission signature and the physical mechanism (or mechanisms) of lightning initiation.

Our goal here is to document all of the processes associated with the initiation of lightning flashes (IC flashes
in current study), including FPB, and to assess how frequently FPB and flash initiation occur simulta-
neously. A VHF broadband interferometer system (e.g., Kawasaki et al., 2000, Shao et al., 1996, 2018, ,
Stock et al., 2014, Sun et al., 2013) was built and deployed at Duke Forest (DF) near Duke University in
Durham, North Carolina (NC) in 2017 in order to image lightning leader development on microsecond time
scales. A brief introduction into the interferometer system and preliminary results on the understanding of
the initiation process of lightning have been presented in earlier conference papers (Cummer et al., 2018a,
2018b). Here we extended the preliminary analysis by thoroughly investigating a total of 31 IC flashes from
three different storms that initiated close to our system, which lets us to paint a more complete picture on the
initiation of lightning flashes. All of these flashes started with detectable VHF emissions. Two classes of
initiation were identified based primarily on the time scale of the VHF emissions. One class is unquestion-
ably the same as the recently reported FPB process (Rison et al., 2016) that produces continuous VHF emis-
sions on time scale of approximately 10-20 us. Some of these exhibited clear downward motion (Rison et al.,
2016) while others were too weak to be spatially resolved. The other class is characterized by isolated, short
VHF pulses of typical duration <0.5 us that occur typically several hundred microseconds before the main
upward leader development. These short and isolated VHF pulses are not weak and sometimes comparable
in amplitude to the overall VHF emission during the whole flash. Importantly, they are clearly distinguish-
able in time scale from FPB. These short and isolated VHF pulses may be the same as the so-called “first
pulse” reported by Markson and Ruhnke (1999), which were short and temporally isolated from the follow-
ing pulses, as well as the so called initiating events reported by Marshall et al. (2014), in the form of limited
bandwidth, VHF emissions of undetermined duration. Short VHF pulses measured with lower bandwidth
instrumentation were also observed at the beginning of four flashes reported by Marshall et al. (2018) and
may be the same as the broadband short VHF pulses we describe here. All these consistent and supportive
studies suggest that these short and isolated VHF pulses are also a typical class of lightning initiation. Our
measurements strongly indicate that FPB is responsible for some lightning initiation, but not all.
Assuming that streamers are the source of VHF emissions in both cases, these observations indicate that
either a short 10-20 ps burst of streamers in the form of FPB, or a 10-100 times longer duration sequence
of isolated streamers is needed in order to generate a fully developed, upward propagating negative leader.

2. VHF Broadband Interferometer System

During the thunderstorm season of 2017, a VHF broadband interferometer system consisting of three sen-
sors was built and deployed at the Duke Forest near Duke University in Durham, NC. Three sensors form
two perpendicular baselines of 52-m length, as illustrated in Figure la. Each sensor consists of a pair of
16-inch diameter aluminum plates, with the lower plate grounded, and connected to a 13-dB broadband pre-
amplifier and a 55-MHz anti-aliasing low-pass filter. Each sensor forms a vertical electric dipole providing a
signal proportional to the time derivative of the vertical electric field across a bandwidth of ~100 kHz to
55 MHz. Small time corrections of 1-2 ns between the three broadband signal channels were measured by
using a spark generator at a nearby location whose distance to the three sensors was measured with a laser
rangefinder to 1-cm precision. Figure 1a illustrates the basic setup of the sensors at Duke Forest, including
the three broadband sensors (CH-1, CH-2, and CH-3) of the interferometer.
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Figure 1. (a) The deployment of the electric field, LF magnetic field, and three broadband interferometer sensors at Duke
Forest. (b) An intracloud flash that occurred on 12 August 2017 at 04:46:07 UTC at 4.8-km range and mapped by the
broadband interferometer. The color of the dots from blue to red indicate the time of the flash from beginning to the end,
while the black cross at azimuth ~300° and elevation ~45° marks the initiation position of the flash. The geographic azi-
muth (0-360°) is marked by the numbers outside of the circle, while the three circles from outside to inside mark the
elevation angle of 0°, 30°, and 60°, with the center being the zenith at the interferometer site.

The simultaneous broadband signals from these three sensors and one GPS IRIG signal were digitized by a
14-bit four-channel data acquisition card (AlazarTech ATS9440) at a sampling rate of 125
megasamples/second (MS/s). The data acquisition initiates on an amplitude threshold trigger, with a pretrig-
ger of at least 200 ms to record the preceding weaker processes before the trigger time. This data acquisition
card has an on-board memory of 2 GB and is capable of saving 2-s data for each of the four channels for each
trigger, which is long enough to fully capture most lightning flashes. The GPS time is decoded from the
simultaneously recorded IRIG time signal. Additional data were provided by a low-frequency (LF) magnetic
field sensor (with a proportional (dB/dt) frequency response from ~1 to ~100 kHz and flat frequency
response (B) from ~100 to ~300 kHz; Lu et al., 2013) and an electric field change meter (~20 Hz to
400 kHz, time constant of 10 ms) deployed close to the interferometer, as illustrated in Figure 1a. Both were
digitized at a sampling rate of 1 MS/s. Note that there is an absolute time uncertainty of several tens of nano-
seconds when comparing the VHF interferometer system with the other data acquisition systems synchro-
nized by a different GPS receiver.

Before interferometrically processing the VHF signals, a digital high-pass filter was applied to the raw data to
limit the signal frequency band to 20-55 MHz. Then for an entire flash, a short time duration sliding window
signal cross correlation (using the method described by Stock et al., 2014) was applied to obtain the time dif-
ferences between signals from each two sensors. In our study, generally, a 1.5-us (192 samples) signal proces-
sing window with a sliding step of 0.5 us (64 samples) was used, and a normalized cross-correlation threshold
of 0.4 is employed to ensure that the measured time difference corresponds to a real lightning signal instead
of noise. Given the bandwidth (35 MHz), typical signal-to-noise ratio (SNR; 10 dB) and processing window
width (1.5 us) of our measurements, the best possible time resolution is approximately 0.2 ns (Stock et al.,
2014), and our processing approach goes slightly below that by design. Subsample time resolution of
0.01 ns is obtained by upsampling by a factor of 4 in the time domain and by polynomial fitting to the
cross-correlation peak (Stock et al., 2014). After obtaining the time differences from the two perpendicular
baselines (AT;, and AT;3), the source arrival azimuth (Az) and elevation (EI) is found by the following equa-
tions (Stock et al., 2014):

2 2
Az = tan™! ATyp/dy, El = cos™! (C ATIZ) + (C ATB)
d12 d13

Although our system operates at a bit narrower band comparing to the system by Stock et al. (2014),
owing to the longer baseline of 52 m, the lower bound of theoretical angular uncertainty (Stock et al.,
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2014) in this study is estimated to be around 0.1° at the source elevation of 45° for signals with SNR of
10 dB. This was checked by computing the standard derivation of the mapped sources position
comparing to the mean position of a dart leader (which we presume to be a line-like source) at
elevation between 45° and 53°. The standard derivation (elevation and azimuth angular uncertainty)
was estimated to be 0.17° and 0.26°, respectively, which is consistent with the lower bound theoretical
angular uncertainty in this study.

As an example of the performance of the system, Figure 1b shows one IC flash mapped by the VHF interfe-
rometer, with the initial breakdown events located by National Lightning Detection Network (NLDN) at 4.8-
km horizontal range from the system. The horizontal distance of this flash from the interferometer was esti-
mated from the location of an initial breakdown event reported by NLDN. This is a flash that started with a
well-mapped burst of FPB (Rison et al., 2016) and is analyzed in the following section. A total of more than
57,000 VHF sources were identified for this 410-ms duration flash, which is fairly typical for broadband con-
tinuous VHF interferometer measurements (Shao et al., 2018; Stock et al., 2014). Both the well-mapped FPB
at the initiation of this flash (as illustrated in the follow section) and the clear leader branches demonstrate
the good performance of the VHF interferometer used in this study.

3. Measurements and Results

During the thunderstorm season of 2017, there were three storms that produced NLDN-reported IC flashes
within 10 km of our system, on 8 July, 12 August, and 24 October. Among all the NLDN-reported flashes
recorded during these three close storms, 26 flashes occurred with initial lightning events within 10 km hor-
izontally from the interferometer site. Note that the precise lightning initiation event does not have to be
located by NLDN for us to accurately determine its distance, as any NLDN-located lightning event within
the first several millisecond of the flash provides a reasonably accurate location of the horizontal position
of the flash initiation.

Additionally, in examining the VHF data during these three storms, there also were five other flashes that
clearly initiated with very high amplitude, burst-like VHF emissions and simultaneous strong narrow bipo-
lar LF signals time scales of 10-20 ps. These data suggest that they were conventional NBEs, and due to the
high amplitude the VHF data are also high quality despite the slightly longer horizontal range (15-20 km)
and lower source elevation (~20°). These additional five events are included here for a more comprehensive
study of FPB and the VHF emission of lightning initiation events. The resulting data set is a total of 31 IC
lightning initiation events, including 26 events within 10 km and another 5 known NBE-FPB events at
15-20 km from the interferometer.

For every flash in this study, the flash initiation event was identified to be the first detectable VHF emis-
sion with amplitude at least twice the background noise level, defined as the standard deviation of the
VHF emissions during the period without any lightning signals. Based on the initiating VHF, we find
that the 31 IC flashes in this data set naturally divide into two populations based on the time scale of
the VHF emissions. The initial VHF emissions in one group were a 10-20 us continuous VHF burst that
is essentially identical with the recently identified FPBs (Rison et al., 2016), as we show below. This
group includes the 5 NBE-associated events and 3 of the 26 flashes within 10 km of the sensor. Not
surprisingly, four of the five NBEs also exhibitied clear fast downward motion of the VHF emissions
and dynamics identical to the recently reported FPBs (Rison et al., 2016), with the other one not
well resolved.

But the initial VHF emissions in the second group, which includes 23 of the 26 flashes (88%) that initiated
within 10 km of our interferometer, contain only very short duration VHF pulses with a typical time scale
of 0.5 us or shorter. These lightning initiation events do not contain any apparent FPB signature.
Although it is possible that there is a very weak FPB signature below the noise floor, these events are still
fundamentally different from the FPB-initiated flashes in that there are several to several tens of very short
VHF pulses that begin tens to hundreds of microseconds prior to the leader initiation. No such short pulses
are seen in the eight FPB-initiated IC flashes analyzed here. This indicates that in some cases fast positive
breakdown is the process that initiates a lightning flash, but in many and perhaps most cases it is not. In
the sections below we show detailed examples of both groups.
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Figure 2. The very high frequency (VHF) emission, low-frequency (LF) magnetic field signal and the interferometer mapped source elevation of intracloud (IC)
flashes initiated by an NBE pulse. (a) The overall view development of the IC leader, including the VHF radio emission, LF radio emission, and the VHF

source elevation from interferometer in the first 1.5 ms of the IC leader. (b) A zoom-in plot of the time window marked by the dashed lines in (a). The color from
blue to red indicates the VHF emission amplitude from weak to strong, with the red color scaled to the strongest source in the showing window. Note that the colors
of the VHF sources in the zoom-in figure are rescaled.

3.1. IC Leaders Initiated by Typical Narrow Bipolar Events

As mentioned above, our database contains five typical NBEs (Smith et al., 1999) measured at a range of 15-
20 km from the interferometer, four of which exhibit dynamics that are well resolved by the VHF interferom-
eter. Figure 2 shows one example. Similar to what was reported by Rison et al. (2016), this NBE process is
composed of strong continuous VHF emission and a bipolar-like LF pulse, both with time scales of approxi-
mately 15 us (note that in the far field, the NBE process may produce a tripolar pulse with a dB/dt sensor).
The motion of the VHF emission centroid was clearly resolved, showing fast downward motion followed by
ascending development that continuously transitions to an upward negative leader. This NBE was located by
NLDN at 15.7 km from the interferometer, and thus we estimate from the elevation angle change a spatial
length of the FPB of 280 m, and a propagation speed of the downward positive breakdown estimated to
be 2.8 X 10" m/s.

Another three well-resolved NBEs, which were located by NLDN at horizontal distances of 16.8, 18.7, and
19.7 km from the interferometer, share the same basic features as the one shown in Figure 2. The spatial
lengths and the propagation speeds of the fast downward positive breakdown were estimated to be 265,
524, and 584 m; and 5.3 X 107, 4.0 X 107, and 4.3 x 10’ m/s, respectively. All four well-mapped NBEs were
associated with strong continuous burst VHF emission bursts of approximately 15-us duration and fast
downward motion that was followed by upward leader development. All five NBEs in this study (including
the one that did not exhibit clear VHF source motion) showed a consistent picture on the time scale and
amplitude of the VHF and LF emissions, and overall, these observations and measurements confirm the
details of fast positive breakdown, including its association with lightning flash initiation, reported by
Rison et al. (2016).

3.2. Three Flash Initiation Events With Weaker Continuous VHF Emissions

Of the 26 flashes that initiated within 10 km of the interferometer and not selected for any feature other than
range, only three flashes were initiated with a continuous burst of VHF emissions. The details of these three
events are shown in Figure 3. The initial breakdown pulses of these three flashes were located by NLDN at
4.8-, 5.1-, and 6.2-km range from the interferometer and we assume this horizontal range. All three began
with continuous VHF emissions of 10- to 20-ps duration, although the VHF amplitude varied significantly,
and there is no evidence of any submicrosecond duration short VHF pulses prior to the continuous emis-
sions. Events 1 and 2 were clearly resolved by the interferometer and show downward source motion fol-
lowed by ascending development. For event 1, it is interesting to note that the downward source motion
appears to stop briefly 2 ps after the initiation and then begin again. We conjecture that these dynamics
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Figure 3. Radio emissions and very high frequency (VHF) interferometer mapping of three intracloud (IC) initial leaders that begin with weak fast positive
breakdown. All the signs and scales of the color have the same meaning with that in Figure 2. (a) The initial IC leader on 12 August 2017 at 04:46:07 UTC. (al) A
zoom-in plot of the time window marked by the dashed lines in (a). The signs and plots in (b) and (b1) have the same meaning as (a) and (al) for the initial leader of
IC flash on 8 July 2017 at 20:58:09 UTC. Panels (c) and (c1) show the initial IC leader of a flash on 12 August 2017 at 04:54:26 UTC. Note that the colors of the
VHF sources in the zoom-in figure are rescaled.

may reflect inhomogeneity in the background electric field that leads to a slowing and reinitiation of the
wave of downward fast positive breakdown.

From the locations of events 1 and 2 estimated with NLDN data, the vertical lengths of the FPB regions were
estimated to be 191 and 146 m, respectively, with an overall downward propagation speed of 3.5 x 107 and
1.4 x 10’ m/s. All these features, including both the time scale, space scale, downward propagation, and fast
speed of the VHF emissions agree well with both the NBE-type and weaker type of FPBs reported by Rison
et al. (2016), as well as the NBEs in this study shown in the previous section. Note that, the clear LF pulse of
event 1 and the weak pulse-like LF emission of event 2 provide additional evidence that these are strong
(event 1) and weak (event 2) FPB events.

Figure 3c shows a third initiation event that contained weak but distinguishable VHF emissions of approxi-
mately 10 us duration, and a very weak LF signal. The VHF interferometer mapping does not resolve well
any spatial development of the VHF source because of the relative weak VHF emission. However, the
VHF sources in Figure 3cl1 still show some downward movement in the first 10 s followed by the ascending
development, as in the other two events shown. We consider this event to also be FPB, although near the
lower limit of detectability given the sensitivity of our system.

These were the only 3 out of 26 flashes initiated within 10 km of the interferometer that were started with
continuous and downward moving VHF emissions and immediately followed by upward leader develop-
ment. Both the VHF and LF emissions of these three events spanned a factor of roughly 20 in amplitude,
further demonstrating the wide range of the radiation strength of the FPB process (Rison et al., 2016).
Collectively, the data for these three events and the five separate NBEs reported here are in excellent agree-
ment with the first description of fast positive breakdown reported by Rison et al. (2016), and together these
events solidify a clear and consistent picture of the observable features of FPBs. The key feature is continuous
burst of noise-like VHF radiation of 10-20 us duration that is often resolvable with an emission centroid that
moves downward at a speed >10” m/s. Although FPBs occur with a wide range of VHF amplitudes, and
resolving its time development is important for being able to definitively identify FPBs, it may be that a
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Figure 4. The very high frequency (VHF) emission, low-frequency (LF) magnetic field signal and the interferometer mapped source elevation of two example intra-
cloud (IC) flashes that do not appear to initiate with fast positive breakdown events. Panels (a) and (b) show the first several milliseconds of the initial leaders.
Panels (al) and (b1) show the radio emission and the source location within 1 us before and 2 ps after the first VHF pulse above the noise threshold. The horizontal
dashed lines marked the background noise level. Panels (a2) and (b2) show the radio emissions and source location during the 300 and 200 us windows marked
by the magenta dashed lines in (a) and (b), which bound the VHF emissions at the beginning of continuous upward leader motion. Note that there is a short
pulse just after 927 ps of the initiation pulse which share basically the same feature with those VHF pulses in (a2), but it was not included in (a2). All the signs and
scales of the color have the same meaning with that in Figure 2. Note that the colors of the VHF sources in the zoom-in figure are rescaled.

10-20 us continuous burst as the first detectable VHF emission from a lightning flash is sufficient as an
identifying signature of fast positive breakdown.

3.3. Flash Initiation Events With Short Pulse-Like VHF Emissions

The remaining 23 flashes that initiated within 10 km of the interferometer (from 1.7 to 10 km) began with
VHF emissions that are quantitatively different from the continuous burst of VHF emissions shown in
Figures 2 and 3. Figure 4 shows two examples of these initial upward leaders with initial breakdown events
located by NLDN at 5.9 and 5.2 km from the interferometer. For both, the first VHF signal above the back-
ground noise (marked by events 4 and 5) were very short VHF pulses, with a time scale of less than 0.5 us, as
shown in the Figure 4al and 4b1. In addition, at this ~5-km range, no LF emissions were detected above the
background noise level by the high gain LF sensor that was originally designed to measure distant (hundreds
to thousands of kilometers) lightning signals (Lu et al., 2013). This sequence of events is clearly different
from the fast positive breakdown events shown in sections 3.1 and 3.2, even though the peak amplitude of
their VHF emissions are comparable.

It is important to emphasize that, as illustrated in Figure 4, these isolated VHF pulses were located by the
interferometer at the same points where the continuous upward leaders eventually begin several hundred
microseconds later. These short VHF pulses are thus almost certainly connected to the lightning flashes
in question. Their very short duration makes them clearly distinct from fast positive breakdown, and, impor-
tantly, there are no visible FPB VHF signatures that occur between these initial pulses and the eventual
development of an upward leader. For the 23 IC upward leaders initiated by short VHF pulses, the short
pulse duration varies from 0.12 to 1.44 us, with mean/median values of 0.57/0.34 us. The delay between these
VHF pulses and the subsequent continuous leader development ranged from 140 us to 1.55 ms, with
mean/median values of 556/499 us. One IC flash reported by Marshall et al. (2018) with measurements of
electric field change and narrowband VHF also showed a clear gap during the initial E field change (IEC
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in short) between the first short VHF pulse and the following initial breakdown pulse. For one case in this
study, the time gap between the initiation pulse and the following leader was not easy to identify clearly.

It is common for there to be at least several short VHF pulses that occur after the first one and before the
initiation of continuous upward leader motion. In a few cases there are as many as several tens of these short
pulses spread across the several hundred microsecond time window before the upward leader emerges. As
can be seen from the VHF radio emissions in Figure 4, there is some variability in how the short pulses tran-
sition into an upward leader. Sometimes it appears through an increasing rate of nonoverlapping short VHF
pulses as in Figure 4a2, and sometimes it appears to be an abrupt transition to quasi-continuous VHF emis-
sions as in Figure 4b2. However, we again emphasize that there remains no sign of any 10-20 ps continuous
burst of VHF emissions, which would be a signature of FPB, at any point after the initial short VHF pulse.

4. Two Distinct Types of Lightning Initiation Events

The eight events containing fast positive breakdown analyzed in this study show a consistent picture of the
spatial and temporal development of the LF and VHF emissions produced in association with FPBs, regard-
less of the relatively wide amplitude range of the process. As such, this portion of our measurement database
is in essentially perfect agreement with the FPB measurements reported by Rison et al. (2016).

However, as illustrated in Figure 4, the first detectable signals from the lightning initiation region for the
majority of the lightning initiation events in our database are short (typically <0.5 us) and isolated VHF
pulses. And, in all of these cases, there is no signal that matches the spatiotemporal signature of FPB
between the flash initiation and the beginning of the continuous upward leader development. This indicates
that fast positive breakdown, as presently understood, does not occur during the initiation of many lightning
flashes. Of the 26 flashes selected only by distance that we analyzed, fully, 23 of these (88%) did not have any
evidence of fast positive breakdown.

These two classes of lightning initiation are distinguishable in several ways. The first difference, as repeat-
edly noted above, is the difference of the time scale of the initial VHF emissions. FPB-type VHF emissions
have a clear time scale of approximately 10-20 us duration, as shown in Figures 2 and 3 and by Rison et al.
(2016). In other cases, only short and isolated VHF pulses of typically 0.5 s duration (mean/median value of
0.57/0.34 us) occur at flash onset, and no FPB-like signal is detectable in the time window between these
short pulses and the onset of continuous upward leader development. Also note that all four initiation events
in Marshall et al. (2018) measured by LogRF sensor had durations less than 2 us. This is somewhat slower
than the VHF pulses in this study.

The second difference is the occurrence context of the VHF emissions. In the cases with the ultrashort VHF
pulses, there is essentially always a significant time delay window in which VHF emissions are either absent
or more isolated short pulses until the continuous upward leader development begins. This time delay win-
dow is typically several hundred microseconds (mean/median value of 556/499 us). In contrast, for the eight
cases of FPB-initiated lightning shown here, the FPB-type VHF emissions merge continuously into emis-
sions from an upward propagating leader in a time window of several tens of microseconds, with no time
window of weak or no VHF activity. The third difference is the lack of detectable LF emission associated
with these ultrashort VHF pulse initiation events, even though the VHF emission amplitudes associated
with them and some NBE-type events are comparable. This is not surprising given their extremely short
duration. Collectively, these three differences suggest that the pulse-like initiation events and the FPBs
may represent two distinct types of lightning flash initiation.

If we organize the characteristics of the lightning initiation VHF emissions based on time scale and range-
normalized amplitude, the difference is perhaps even clearer. Figure 5 shows the normalized peak amplitude
of the VHF emission and the time duration of the initiation events (the time duration of the VHF emission
above the background noise level) for all of the 31 initiation events. As marked by the dashed line ellipses in
Figure 5, the initiation events in this study can be generally separated into three groups, but with two
main types.

Groups Al and A2 together contain the events with clear fast positive breakdown across a wide range of
amplitude. Six of these eight events (excluding the weakest one and one NBE that that had poorly resolved
spatial development) share the same spatial and temporal development features, namely 10- to 20-us
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Figure 5. The range-normalized amplitude and time duration of the initial
VHF emissions color coded with horizontal range to the sensors. The plot
includes the 26 IC flash initiation events that occurred within 10 km of the
interferometer, and an additional five NBEs that occurred 15-20 km from
the interferometer. Three ellipses indicate the apparent separable groups of
initial events. Group A1l includes the six clear and strong fast positive
breakdown events, with the five NBEs from 15-20 km and one event at

4.8 km. Group A2 denotes two fast positive breakdown events that had
resolvable downward-upward motion and the expected ~10-us duration
VHF emissions, but with a range-normalized amplitude 10 to 100 times
smaller than for the NBE events. Group B denotes the second type of event
in which the lightning initates with an ultrashort VHF pulse. These short
pulses are comparable in amplitude to the VHF emissions from the weaker
fast positive breakdown. Importantly, there are no cases with VHF emis-
sions of intermediate time scales. NBE = narrow bipolar event.

duration and clear down-then-up source VHF emission centroid motion.
The main difference among these is the amplitude of the VHF emissions.
The five known NBEs (section 3.1) and event 1 (section 3.2) produced both
strong VHF and LF emissions and are grouped as “strong” FPBs in Group
Al. Events 2 and 3 comprise Group A2, which produced VHF and LF
emissions but 10 to 100 times weaker than the typical NBEs. However,
both the strong and weak versions contain clear 10- to 20-us bursts of
noisy VHF emissions, as noted by Rison et al. (2016).

The VHF emissions during other 23 initiation events in Group B, all
within 10 km from the interferometer, are significantly different. They
have much shorter VHF duration emission with a typical time scale of less
than 0.5 ps, with mean/median values of 0.57/0.34 ps. As shown in
Figure 5, the range-normalized amplitude of these short VHF pulses
was not as strong as those typical strong version FPBs but is comparable
to the weaker FPB events. The difference in time scale alone appears to
be enough to separate these two classes of events, and it is remarkable that
there are few events for which the VHF emission time scale falls between
roughly 1 and 10 ps.

5. VHF Initiation Events, Electric Field Changes
and Implications

Figure 6 illustrates examples of these two types of VHF initiation events
with the development of LF emissions and the associated electric field
(E field) change. An FPB-initiating leader occurred at 5.1 km was shown
in Figure 6a. The peak VHF emission of this FPB was about one order
smaller than that of the typical NBE-type FPB. A bipolar-like LF pulse
having basically the same time scale with FPB was observed simulta-
neously with the FPB. A rapid E field change was observed following this
FPB with a duration of 0.23 ms before the next clear breakdown pulse,
which we interpret as an initial part of the fully formed upward propagat-
ing negative leader. Continuous VHF emissions were measured following

the FPB event and during the subsequent leader-associated E field change, suggesting the existence of con-
tinuous active streamer processes during this period, and thus also the possible development of initial lea-
ders. Note that for one NBE-associated FPB example reported by Rison et al. (2016), they indicated that
the negative leader had not yet formed in that case, even though the VHF activity following the FPB has
extended above the initiation position by several degrees of elevation. We suggest that the occurrence of
an FPB initiation event is thus sufficient to create a propagating negative leader in 10-20 ps.

An example of the connection of short and isolated VHF pulse initiation events with a slow E field change is
shown in Figure 6b. A clear short duration (0.2 us) VHF event was the first detectable signature of the flash.
No detectable LF emissions can be identified, however, a weak and slow E field change started after the short
VHF initiation event. This electric field change is approximately 100 times slower than the leader-associated
field change in Figure 6a, and lasts for 1.55 ms before an initial breakdown pulse and establishment of the
propagating leader. We indicate this slow E field change is the same process named as initial E change (or
IEC in short) reported by Marshall et al. (2018). Note that a few additional short duration VHF pulses are
detected during the slow E field change period and preceding to the following continuous-like leader devel-
opment, and there may well be additional VHF pulses below the noise threshold. This suggests the possible
existence of intermittent streamer initiation that leads to a slow E field change, in contrast to the apparent
explosive streamer initiation in FPB.

Marshall et al. (2014) and Chapman et al. (2017) investigated the electric field change measurements during
the initial breakdown stage of both IC and CG flashes, and reported a slow E field change (which they named
as initial E change, IEC) associated with the initiation of normal flashes. These findings were recently
expanded by Marshall et al. (2018) with measurements of electric field change and narrowband VHF
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Figure 6. Two examples of electric field change associated with the very high frequency (VHF) initiation events. The VHF emission (gray), low-frequency (LF)
magnetic field emission (black), electric field change waveform (blue), and the VHF source elevation (colored dots starting with red) of the initial breakdown
process from two flashes occurred at close range are illustrated. Panel (a) show an IC initial leaders started with a relatively weaker fast positive breakdown (FPB)
event. Panel (b) shows IC initial leader started with the newly identified short duration VHF event. The two magenta dashed lines in panel (b) marked the back-
ground noise variation of the slow E field change.

(bandwidth of 186-192 MHz). Marshall et al. (2018) analyzed two intracloud and two cloud-to-ground
lightning flashes and found that the IEC initiation was coincident with a short pulse in the LogRF data.
Our measurements, with broader bandwidth VHF, more instruments, and many more events, confirm
and broaden these findings. We suggest that the IECs reported by Marshall et al. (2014) and Chapman
et al. (2017) are the same slow electric field changes that we observe following the short and isolated VHF
pulses that initiate the majority of the observed lightning flashes.

6. Conclusions

In this study, we report lightning measurements from a new imaging VHF radio interferometer. After con-
firming the good imaging performance of the interferometer on complete lightning flashes, we analyzed in
detail the VHF radio emissions from the initiation of 31 IC flashes. Of these flashes, 26 were selected for
initiation within 10 km of the sensor, and five were selected as known NBEs that initiated from 15- to 20-
km range. Two different types of VHF initiation events were distinguished.

One type exhibited clear FPB, in the form of a continuous burst of VHF emissions with time scale of 8-22 ps.
The flashes started with downward motion of the VHF emission centroid with a propagation speed of
1.4-6 x 10" m/s and merged continuously over several tens of microseconds into upward negative leader
development. The features of FPB observed in this study are the same as those reported by Rison et al.
(2016), namely a 10- to 20-us time scale, fast propagation speed, several hundred meters of spatial extent,
and a wide range of VHF and LF emission amplitude.

However, the other total of 23 IC lightning initiation events (88% of the 26 selected only through distance
from the interferometer) exhibited only several to several tens of short VHF pulses with time scale of typi-
cally less than 0.5 us (mean/median value of 0.57/0.34 us), which usually began several hundred microse-
conds before the upward leader fully develops. Results from Marshall et al. (2018) based on less
comprehensive measurements of lightning initiation from two IC flashes and two CG flashes are totally con-
sistent with the findings in this study. No spatial development of these short pulse-like VHF emission can be
resolved in this study, but all were located at the position where the following continuous upward leaders
started. Furthermore, for these flashes that initiated with short VHF pulses, there is no evidence of any
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FPB process before (or after) the upward leader development begins. All considered, our measurements
confirm that some lightning flashes initiate through fast positive breakdown (Rison et al., 2016), but
others (and the strong majority in our dataset) do not.

The simultaneous electric field measurements during these two distinct lightning initiation scenarios shed
further light on the underlying processes. Assuming that streamers are the source of VHF emissions in both
cases, these observations indicate that either a short 10- to 20-us burst of streamers, in the form of fast posi-
tive breakdown, or a 10-100 times longer duration sequence of isolated streamers, in association with a slow
electric field change, is needed in order to generate a fully developed, upward propagating negative leader.
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