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Abstract

This study describes results from video observations of five intracloud flashes located <20 km from the camera and recorded
with 6.1 ps exposure time and 6.66 ps frame intervals. Video data are supported with electric field change (E-change) and
VHF measurements, with emphasis on the flash initiating event (IE) and initial breakdown (IB) stage. In four of the five
flashes, the IE is accompanied by weak luminosity, <5% above background, lasting for 300-500 us. Two of these four IEs
were positive Narrow Bipolar Events (NBEs) with VHF powers of 43 and 990 W; these are the first (known) data showing
visible light detected with a positive NBE. Two other IEs with weak luminosity had powers of 0.5 and 1 W, and the IE with
no detected luminosity had a VHF power of 3 W. A typical IB cluster consists of several narrow pulses and one classic pulse
in E-change data (along with many VHF pulses), and each example flash has 2—-10 IB clusters in the first 5-50 ms. The
luminosity of IB clusters was substantially greater than IE luminosity, ranging from 10 to 40% above background in four
examples, while for one flash with 10 IB clusters, the luminosity range was 35-360% above background (average 190%).
Luminosity durations of IB clusters were 520—1750 ps with average 1210 ps. For both IEs and IB clusters, increases in the
detected luminosity were closely timed with substantial VHF emissions and decreased when VHF emissions weakened.

1 Introduction

The primary emphasis of this study is the visible light
observed during the initiating event (IE) and initial break-
down (IB) stage of typical intracloud (IC) lightning flashes.
As known from studies through the past several decades,
the IB stage of a flash includes bipolar and unipolar pulses,
typically seen in electric field change (E-change) data, that
are called IB pulses or IBPs herein. IB pulses can be classed
into two types: classic IBPs have longer durations (10-50 s
or longer) and larger amplitudes than narrow 1BPs (e.g.,
Nag et al. 2009; Marshall et al. 2019; Shi et al. 2019). For
the purposes of this paper, we use the term IC flash to mean
a typical IC flash, that is, one which initiates in negative
electric field and in which the negative (end of the) initial
leader propagates mainly upward.
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It is of intrinsic interest to understand how IC flashes
begin, as well as to compare them to the initiation of
cloud-to-ground (CG) flashes. There are fundamental
reasons why the initiation process might occur differently
in the two flash types, including that IC flashes typically
initiate at higher altitudes and in a vertical electric field
(E) that has negative polarity, opposite that of CG flash
initiations (e.g., Coleman et al. 2003). Perhaps the most
significant difference between the early stages of light-
ning flash development was noted by Kitagawa and Brook
(1960), who found that the interval between successive
classic IB pulses had a mean value of 680 ps for IC flashes
versus a mean of only 80 us for CG flashes. Weidman
and Krider (1979) found a similar disparity by flash type,
with mean intervals of 780 us (IC) versus 130 us (CG).
More recent IC flash studies have shown that the typically
long intervals between classic IB pulses result in the ini-
tial IC development occurring in “bursts” with each burst
having several narrow IB pulses and one or two classic
IB pulses (e.g., Marshall et al. 2013) and producing sig-
nificant observable light (e.g., Stolzenburg et al. 2013).
Marshall et al. (2013) describe the E-change signature at
the beginning of typical IC flashes as “The IBPs primarily
occur in short (<750 ps) bursts of two to five pulses...with
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successive bursts separated by 1-5 ms.” Herein we adopt
the terminology of Shi et al. (2019) and call a single burst
containing one or more narrow IB pulses and one or more
classic IB pulses an “IB cluster.” In typical IC flashes,
successive IB clusters occur at successively higher alti-
tudes (Marshall et al. 2013, 2019; Shi et al. 2019). Recent
work by Scholten et al. (2021) shows imaging data for two
inverted-polarity IC flashes. (Unlike typical IC flashes,
inverted polarity IC flashes are those in which the initia-
tion and IB stage are like that of a normal negative CG
flash in that they initiate in a positive electric field and the
negative leader initially propagates downward.)

The IE of most IC flashes is a low power (< 1 W), short-
duration (<1 ps) VHF pulse that often does not have a coin-
cident E-change pulse (e.g., Marshall et al. 2014, 2019; Lyu
et al. 2019). Alternatively, the IE of some IC flashes is a
positive Narrow Bipolar Event or NBE (e.g., Rison et al.
1999, 2016; Wu et al. 2014). An NBE is a particular class
of discharge first described by Le Vine (1980) and Willett
et al. (1989) as an isolated in-cloud process that produces a
large-amplitude, bipolar E-change pulse with a typical dura-
tion of 20—40 ps and a coincident, powerful pulse in the HF
and VHF radio bands. (Note that NBEs are also referred to
as compact intracloud discharges (CIDs) in some literature,
e.g., Nag et al. (2010) and Leal et al. (2019).)

Although IC flashes are common, optical data with time-
correlated E-change observations for their initiation are rela-
tively rare. Most prior studies using high-speed video data
have focused on the IB stage of CG flashes (e.g., Stolzen-
burg et al. 2013, 2014; Campos and Saba 2013). High-speed
video data of four hybrid IC-negative CG flashes with IC-
type IB clusters were described in Stolzenburg et al. (2016),
which focused on eight very large-amplitude IB pulses. For
those IB pulses the video intensity “increased sharply for
80-220 ps” after the E-change peak with total visible dura-
tions of 300-800 ps. Using an avalanche photodiode with a
response time of 10 ns, Wilkes et al. (2016) examined the
full-sky luminosity of classic IB pulses during 30 CG and 37
IC flashes. This fast response time revealed small but distinct
differences between CG-type and IC-type classic IB pulses,
including a much longer delay between the beginning of
E-change IB pulse and the onset of the corresponding lumi-
nosity (mean values of 8 us versus 34 ps for CG vs IC) and
slower luminosity rise times for classic IB pulses (mean val-
ues of 25 us versus 59 us for CG vs IC) (Wilkes et al. 2016).
In what seems to be the only study of luminosity mention-
ing the flash IE, Stolzenburg et al. (2020) detected “a weak
bipolar pulse 60 ps prior to the first initial breakdown (IB)
pulse” which was accompanied by evidence of weak lumi-
nosity in one CG flash. Other studies of luminosity during
the IB stage of CG and IC flashes apparently either did not
recognize or did not detect the IE, and none comment on
observing luminosity with the IE. Clearly, more optical data
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are needed to study IC flash initiation and to better describe
the differences seen between IC and CG initiations.

For this study, we obtained ultrahigh-speed video,
E-change, and VHF data during the IE and IB stage in IC
flashes. To the best of our knowledge, no prior study has
investigated the luminosity of IEs in IC flashes. The camera
applied in this work has better light sensitivity than the high-
speed video cameras previously used for our lightning stud-
ies, which is important since IC flash initiations are likely
deep inside the cloud relative to the ground-based camera.
This paper describes results for the first several milliseconds
of five IC flashes. One main finding is that the IE of the
five IC flashes did not have strong luminosity: no visible
luminosity was detected for one IE and very weak visible
luminosity was coincident with four IEs. Two IEs were posi-
tive NBEs, and three IEs were weak events. Another main
finding is that the duration of the strong visible luminosity
associated with each IB cluster is closely associated with the
VHEF radiation emitted during the IB cluster; the luminos-
ity and VHF radiation usually begin (on average) ~300 us
before the classic IB pulse peak and continues (on average)
for ~ 1000 ps after the classic IB pulse peak.

2 Data sources

The array of electromagnetic instruments used for this study
was similar to that described in Marshall et al. (2019). Elec-
tric field change (E-change) data were obtained with flat-
plate fast antenna (FA) sensors of the sort used by Kitagawa
and Brook (1960), Weidman and Krider (1979), and others
since. Our FA sensors had decay time constant of 10 ms and
bandwidth of 16 Hz-2.6 MHz. The VHF data were acquired
using a LogRF sensor measuring power in the 186—192 MHz
band on a logarithmic scale. The time derivative of the elec-
tric field was measured with a dE/dt sensor having band-
width 0-2.5 MHz; integration over short time periods of
the dE/dt data (e.g., Jerauld et al. 2008) can yield a better
depiction of small E-change pulses than seen in the FA data.
Electromagnetic data from the three sensors were obtained
at seven stations within 45 km of Oxford, MS, USA. (Fig-
ures including station locations are shown later.) Approxi-
mate terrain altitude in the region is 110—160 m MSL. Data
were recorded in triggered mode for 400 ms, digitized at
10 MegaSamples/s, whenever a pulse with amplitude above
a threshold was detected by the FA at the site. Locations for
individual events were determined using the time-of-arrival
‘Position By Fast Antenna’ technique (Karunarathne et al.
2013), and also using the same technique with multi-station
integrated dE/dt data, as described in Bandara et al. (2019).
The latter locations are identified in figure legends as /dE/dt.
For some of the IC flashes presented herein, there were insuf-
ficient triggered data to derive PBFA locations because there
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was not a large-amplitude E-change pulse detected at some
stations during the flash. Available LIghtning NETwork
(LINET) data were used for these flashes when detected;
LINET (e.g., Betz et al. 2004, 2008) is a system of magnetic
field change sensors at VLF/LF (5-200 kHz) that locates and
discriminates between in-cloud and ground events. Using the
methods described in Bandara et al. (2019), the VHF powers
of individual events were determined using the Friis equa-
tion, and the E-change amplitude of individual events was
range normalized to 100 km (and labeled as E ). Figures
showing time series data are labeled with the flash time in
(decimal) seconds past 00 UT, except in two plots where the
time is in ms past a beginning time.

In addition to the above instrumentation, three video
cameras were operated during the experiment from sev-
enth floor windows of a building on the University of Mis-
sissippi campus. The data presented herein were acquired
with a Vision Research Phantom™ v2512 ultrahigh-speed
video camera. According to the camera manufacturer’s
datasheet (see www.phantomhighspeed.com), this cam-
era has light sensitivity (ISO) of 32,000 Daylight and
100,000 Tungsten. Its spectral response is > 0.02A/W
across wavelengths from 350 to 1060 nm, with peak
response at 670 nm. Importantly, this camera has average
response of ~0.06 A/W between 350 and 400 nm. (Spec-
tral response is the ratio of photocurrent output to radiant
energy input on the sensor at the range of wavelengths.
The lower limit of the manufacturer’s available spectral
response measurement is 330 nm.) The high light sensi-
tivity of this camera is critically important to the study

() base scan PPI, 2019-06-20 0452:58 UT
10 g . ; 14

of IC flash initiation, since these initiations are typically
higher and deeper inside the cloud than the CG flash ini-
tiations studied previously (e.g., Stolzenburg et al. 2013,
2014, 2020). For the data presented herein, the camera was
operated at 150,126 frames/s, or 6.66 us frame interval,
and image exposure of 6.1 ps. Frame resolution used was
256 x 352 pixels, and the camera was fitted with a 14-mm
focal length lens. Because the intensity enhancements are
diffuse within the images in the examples, they are diffi-
cult to see in reproduction. Hence, we present cumulative
intensity, determined by summing all the pixel intensity
values (14-bit, saturated intensity is 16384) in each image
then dividing by the total number of pixels (90,112). Since
the field of view of the camera is large (as given below,
about 8—9 km across by 10-12 km above ground at the
ranges to these flashes), the image frame includes light
scattered from the obscured sources by cloud and precipi-
tation particles within the frame. Wilkes et al. (2016) dis-
cuss the effect of optical scattering on light signal received
from diffuse sources, and Stolzenburg et al. (2016) have
estimated the delay in light arrival caused by scattering
in similar video data (where the scattering angle is < 10°)
may be up to 3 ps. The effect of scattered light for distinct
point sources and linear features can be a slight delay in
timing between when the brightest pixels reach maximum
and when the cumulative intensity in the frame reaches
its maximum; from a close comparison of observed dis-
tinct light sources (e.g., bright channels), we estimate
this timing delay of the cumulative intensity is less than
20 ps, or about three frames, for later parts of the flashes

(b) west-to-east cross-section (at y = -10 km)

East (km)

Fig. 1 Radar reflectivity for Example 1, IC flash at 0450:20 UT on
20 June 2019. Grid origin is located at the ‘EE’ sensor site in Oxford,
MS. Radar data are from KNQA in Memphis, TN, approximately
115 km distant. a Plan view of low-level scan, with locations of cam-
era site (red circle), camera field-of-view (dashed), and approximate

15 20
Distance (km) from (-25.7, -10.0) km (east)

0 10 20 30 40 50 60
dBZ

flash beginning (black circle). Labeled black stars are electromagnetic
sensor sites, and blackline indicates cross-section location. b Radar
cross-section through storm, near location of IC flash beginning, with
approximate initiation location indicated by black circle
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studied herein. For diffuse events, like all the events dis-
cussed in this study, scattered light is part of the luminos-
ity signal and hence may slightly extend the duration of
weakly enhanced luminosity (by 20 ps or less) but does
not otherwise influence the relationship between luminos-
ity and the electromagnetic data. Importantly, the onset
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of the luminosity increase is not delayed significantly by
scattering.

For the purposes of analysis, intensity enhancements
are defined herein as periods when the cumulative inten-
sity reaches at least 3% above background, averaged
through three frames (20 ps), over a period of at least
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«Fig.2 Beginning of IC flash Example 1 at 0450:20 UT on 20 June
2019, approximately 16.0 km distance (17.9 km slant range) from
camera. a First 10 ms of E-change (FA, chl) and VHF (logRF, ch2)
data. Green arrow marks the IE of the flash, red and black arrows
indicate beginning of large oscillations and last (trailing) IBP of the
first IB cluster, and purple arrow marks the classic IBP of the second
IB cluster. Red and blue rectangles along the time axis indicate peri-
ods covered by lower figure parts. b Cumulative intensity from video
data for the first 4 ms, including the same four arrows from Fig. 3a).
Although noisy, slight increases in intensity (peaks are 5% and 11%
above average background, indicated by horizontal line) are detected
indicating light associated with the IE and first IB cluster; durations
above background are 180 ps and 520 ps, and time of increase to
light peak with IBP is 140 ps. (Noise spikes of unknown origin occur
every 23rd frame, 153 ps interval.) Noisy frames are removed from
the 3-frame lagged average values, purple curve. ¢ FA and logRF
data for 1200 ps of the IE and first IB cluster. VHF pulse duration
and power are given for the IE and dashed green horizontal indicates
departure of E-change data from background (IEC). In the IB cluster,
FA data resemble the ‘Type 11’ CID waveform with ~140 ps dura-
tion of E-change oscillations. The E-change and VHF peaks are coin-
cident, near the start of rising light intensity; these peaks follow the
onset of oscillations by about 100 ps and precede the trailing pulse by
133 ps. The light intensity peak is nearly coincident with the trailing

12 frames (80 ps). Enhancement durations are considered
to start when the cumulative intensity departs from the
background and end (approximately) when values return
to near background. Because there is recurring ‘speckle’
noise in some of the cumulative intensity data, we have
determined a 3-frame ‘lagged average’ (average of frame
and the two previous frames, for 20 ps effective exposure
time) in which the noisy frames have been removed before
averaging (i.e., averages are over two frames around noise
spikes). These lagged average curves are included for peri-
ods with weak enhancements.

Data collection occurred from late May to early July,
2019. The data presented herein were acquired on two
nights, June 20 and 22 (UT), when short convective lines
were near the camera site. Reflectivity data from the clos-
est NWS radar (KNQA, Memphis, TN, approximately
115 km from the camera site) are used to describe the
general storm location and precipitation structure.

3 Observations

We present five examples for which ultrahigh-speed video
data exist during the beginning of IC flashes. These are
some of our best cases in terms of completeness and qual-
ity of the video data showing luminosity detected with
IEs and IB clusters. We investigate IE luminosity in all
five examples. In Examples 1-4, we also focus on the pos-
sible positive NBEs that occur first or very early in these
flashes. In Examples 3-5, we examine the light signatures
detected with IB clusters. Additional cases in the dataset

are undergoing analysis, and a more complete statistical
study of luminosity during IC flash initiation is planned
for a later paper.

3.1 Example 1

The first IC flash we consider occurred at 0450:20 UT on
20 June 2019. Figure 1 shows radar reflectivity data for the
time. This flash was approximately 16 km horizontal dis-
tance southwest of the camera; the imaged area at this dis-
tance is 8.2 km across by 10.3 km above ground. Using the
estimated slant range of 17.9 km to the approximate initia-
tion location (at 8 km altitude) yields imaged area of 9.2 km
across and 11.6 km above ground. Locations of pulses for
Example 1 could not be determined due to insufficient trig-
gered sensors, and LINET did not detect any events with this
flash. We estimate the general area of visible activity based
on the storm location, camera angle, and surrounding flashes
located with PBFA or LINET. The overall duration of this
flash in E-change data was about 480 ms.

Electromagnetic and video light intensity data from the
beginning of this IC flash are displayed in Fig. 2. Figure 2a
shows the first 10 ms of E-change (FA, chl) and VHF
(logRF, ch2) data for Example 1. The initiating event (IE) of
the flash occurred at 0450:20.804975 UT or 17,420.804975 s
from midnight (marked by vertical, dashed, green arrow in
Fig. 2). The weak IE was a VHF pulse with a duration of
0.4 ps and an estimated power of 0.5 W (Fig. 2¢). (Although
the pulse identified as the IE is small, it was detected at two
separate sites, 43 km apart, hence we would not interpret it
as local noise. Also, by definition, we have interpreted the IE
as the first detected pulse in Example 1; we cannot be sure
there was not an earlier, undetected VHF signal that may
have been the real IE of the flash.) There was no coincident
E-change pulse with the VHF pulse of the IE, but starting
at the time of the IE, the E-change data begin monotoni-
cally increasing (Fig. 2¢); this increase is known as an Initial
E-Change or IEC (e.g., Marshall et al. 2014; Chapman et al.
2017). The IEC is caused by a weak current flow, and the
beginning of the IEC is an independent indication of the
time of the IE. The cumulative light intensity time series
(Fig. 2b) shows that the video data begin quite dark and
noisy, with values averaging about 830 units. (The noise
in the cumulative intensity data is noticeable only in very
low light situations and is mainly due to the sharp upward
spikes that occur every 23rd video frame or every 153 ps, as
marked in Fig. 2b.) Starting about 60 ps after the IE (green
arrow), the cumulative intensity (Fig. 2b) increases to about
5% above background in ~ 100 ps, then decreases for total
duration of about 180 pus. However, given the fluctuations
in this low light observation, it is not certain that the IE
caused the 5% increase. In other words, this IE is coincident
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«Fig.3 Beginning of IC flash Example 2 at 0443:50 UT on 22 June
2019, at 15.0 km distance (17.2 km slant range) from camera. a First
10 ms of E-change (FA, blue curve) and VHF (logRF, red curve)
data; colored circles, inset, are located pulse altitudes (see Fig. 4).
Green curve (above) is cumulative intensity data. Green arrow indi-
cates the initiating event (IE). The first IB cluster (starting at red
arrow) has two located narrow IBPs, and a classic IBP or an NBE
(black arrow is FA peak time); the intensity peak during the first IB
cluster is marked with blue arrow. Purple arrow marks the classic IBP
of the next IB cluster. Black horizontal bars indicate times of inten-
sity above average background. b Cumulative intensity (per frame
and 3-frame lagged average, cleaned) for first 4 ms, with arrows from
a. A distinct increase in intensity (peak 37% above background) indi-
cates light emission began with the IBP/NBE; intensity rises above
background for 0.81 ms, beginning just before the FA peak. Slightly
increased intensities (3—5%) are visible after the IE only as increased
average background. ¢ 500 ps of E-change and VHF data for the first
IB cluster, with arrows as in a. The main bipolar pulse is a classic
IBP or ‘Type D’ positive NBE, with VHF peak (black dotted verti-
cal) slightly preceding (by 3.2 ps) the E-change peak and both peaks
occurring near the start of the rise in intensity. Event location was
14.4 km distance from this sensor and at 8.9 km altitude

with either no visible luminosity or only a weak luminosity
increase of <5% above background.

In the first 130 ps after the weak IE there are many small
VHF pulses (powers < 1 W, durations <2 ps); some of the VHF
pulses have coincident E-change pulses (narrow IB pulses) with
E ooxm amplitudes <0.1 V/m; this development is similar to
that of an IC flash initiation studied by Marshall et al. (2019,
see their Fig. 4b). Small pulses continue intermittently for an
additional ~548 ps (to 17,420.805653 s, marked with vertical
red arrow in Fig. 2), after which oscillations detected by both
sensors become abruptly larger for 60 ps. The series of much
larger oscillations leads up to the largest pulse in both E-change
and VHF data at 17,420.805711 s. This bipolar E-change pulse
may be the first classic IB pulse of the flash; it has an estimated
VHF power of 12 W and an E| ., amplitude of 0.84 V/m.
About 133 ps after the largest E-change pulse, at the end of a
series of small VHF pulses and quiet E-change data, there is
a trailing pulse of 20 ps duration detected in both sensors at
17,420.805845 (black arrow in Fig. 2). The first IB cluster of
this flash is mainly comprised of the IB pulses between the red
and black arrows in Fig. 2; Fig. 2a shows that there is an elec-
trostatic E-change (an upward step) during the time between the
red and black arrows that must be associated with significant
charge motion.

The E-change waveform of the largest IB pulse, expanded
in Fig. 2c, also fits the character described by Leal et al.
(2019) as a ‘Type 11’ CID, having ~ 100 ps of preced-
ing oscillations and total duration of ~ 140 ps (marked in
Fig. 2c). The last, bipolar part of this event also fits char-
acteristics of a positive NBE, particularly in the fact that
the relatively strong VHF emission peak is coincident with
the large E-change peak, as documented for positive NBEs
by Bandara et al. (2020). Thus this bipolar pulse may be a
positive NBE rather than a classic IB pulse. The bipolar

pulse’s estimated VHF power of 12 W (10.9 dBW) is in good
agreement with the powers of NBEs initiating ten IC flashes
found by Rison et al. (2016, their Fig. 5), which included six
positive NBEs with powers of 1-15 W. However, as seen
in subsequent examples herein, a classic IB pulse can also
have a power of 12 W, so without further information, we
cannot decide if this largest bipolar E-change pulse is a clas-
sic IBP or a positive NBE. We note that Rison et al. (2016)
showed one example similar to our Example 1: an IC flash
began with a positive NBE (their NBE2) and was followed
by another positive NBE in the first IB cluster, though in
their case the second NBE was not the largest bipolar pulse
in the IB cluster nor was it preceded by the large-amplitude
E-change oscillations characteristic of a Type 11 CID. Over-
all, the beginning of this IC flash is more complicated than
any previously reported.

After the IE, no clear indication of luminosity can be
gleaned from the cumulative intensity data during the
period of initial small oscillations in the E-change and
VHF data (between green and red arrows in Fig. 2a, b).
However, there is a clear increase in intensity detected with
the largest VHF pulses. The intensity rise becomes obvious
within 70 ps after the red arrow; the luminosity increase is
essentially coincident with the series of largest E-change
and VHF peaks. The cumulative intensity peak (~930, 11%
above background) occurs about 140 ps (21 frames) later, at
approximately the time of the trailing E-change pulse and
the ending spike of substantial VHF emission. The decay
in the cumulative intensity is much slower than its rise,
occurring while the VHF activity also slowly returns to the
background level. The duration of the luminosity enhance-
ment associated with the first IB cluster is about 520 ps
(marked in Fig. 2b).

In Example 1, the classic IB pulse of the second IB clus-
ter occurred 1.63 ms after the largest E-change pulse of the
first IB cluster. The time of this IB pulse is indicated (purple
arrow) in Fig. 2. A weak increase in video-detected intensity
associated with the IB pulse is visible in Fig. 2b. Based on
the much stronger light observed with IB pulses in other IC
flashes (shown below), it seems likely that this IB pulse was
either above the video frame or mostly obscured from the
camera view by intervening clouds.

Later during Example 1 flash, there was weak luminos-
ity detected with four large IBPs in the first 13.5 ms. This
brief IB stage was followed by a quiet period of about
178.1 ms duration, after which the flash re-started and
there were then 12 intermittent periods of diffuse light
detected through 50 ms, each associated with a brief series
of IB pulses. Within the camera field of view, beginning
62.7 ms after the second start of the flash (and 254.3 ms
after the IE), IC leader propagation and IC strokes were
visible at intervals in the video data over a period lasting
more than 203.5 ms.
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3.2 Example 2

The second example of luminosity data during the begin-
ning of an IC flash is shown in Fig. 3. This flash occurred at
0443:50 UT on 22 June 2019 and lasted more than 720 m:s.
It began 15.0 km southeast of the camera site, near the north-
ern edge of a small multicell storm which rapidly devel-
oped out of an outflow boundary (from an earlier mesoscale
storm complex much farther north). The imaged area of the
camera at this distance is 7.7 km across by 10.3 km above
ground; at the slant range (17.2 km) to the initiating event,
the imaged area is 8.8 km X 11.8 km. Early pulse locations
overlaid on radar reflectivity data in Fig. 4 indicate flash
initiation was at mid-level in 35 dBZ echo and ascended
into about 15 dBZ. The camera view to the flash initiation
was through about 4 km of weak echo depth. Radar echo
top of the storm was about 14 km altitude. In the electro-
magnetic data the first detected event (the IE) was located
at 8.6 km altitude. Based on its range-normalized E-change
amplitude (0.3 V/m), E-change duration (4 ps), and LogRF
power (3 W), this event can be characterized as a weak IE,
similar to the two IC flash IEs described in Marshall et al.
(2019) (although therein the IEs were weaker, with VHF
powers of 0.09 W and 0.54 W, and each lacked a coincident
E-change pulse). The cumulative light intensity time series
(Fig. 3a, b) derived from the full-frame video data shows at
most a possible very slight increase starting at the time of the
IE. However, this possible increase, essentially a slight rise
in background level by 3-5%, is so weak that it is difficult to
distinguish above the noise level in the cumulative intensity,
and we, therefore, conclude that no significant luminosity
was detected with this IE.

The first IB cluster in Example 2 occurs 1.237 ms after
the IE. As in Example 1, the main bipolar E-change pulse
may be a classic IBP or it may be a positive NBE. This bipo-
lar pulse is much larger than the IE in E-change and LogRF
amplitude and is located within 200 m of the IE (Fig. 4d).
The E-change E |, amplitude (4.3 V/m) and LogRF power
(76 W) are the largest of any activity in the IB stage of this
flash. This event, expanded in Fig. 3c, can be characterized
as a classic IB pulse with subpulses on the leading positive
peak of the bipolar waveform (e.g., Weidman and Krider
1979) or it can be characterized as a positive NBE of Type
D (Karunarathne et al. 2015; Bandara et al. 2020) wave-
form, having zero-to-peak risetime of 7.7 ps and duration
of 33.1 ps in the E-change data. There are smaller ampli-
tude VHF pulses (some with coincident E-change pulses)
during the 78 ps before the classic IB or NBE; such pulses
are rarely seen before an NBE. The E-change pulse marked
with the red arrow in Fig. 3a is quite similar, except with
less negative overshoot in the E-change signature, to the
IE of this flash. In the classic IB or NBE, the VHF peak
nearly coincides with the sub-pulse on the rising side of
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the bipolar waveform that precedes the main E-change peak
by 3.2 ps. We note that if this event is characterized as a
classic IB pulse, then it has a larger E,, amplitude and
shorter duration than all but two of 40 largest IB pulses in IC
flashes studied by Smith et al. (2018). Interpreting this event
as the first classic IB pulse yields an Initial E-change (IEC)
duration of 1.23 ms, similar to that found for IC flashes in
previous studies (Marshall et al. 2014, 2019; Chapman et al.
2017).

As shown (expanded) in Fig. 3b, the cumulative inten-
sity detected within the video frame distinctly increases
(from values of ~800 to peak of 1100, up to 37% above
background) at the time of this very large event, whether
it is an NBE or IBP. The obvious increase begins at the
time of the E-change peak (black up-arrow in Fig. 3) and
rises to the intensity peak (blue down-arrow, Fig. 3) through
about 200 ps (30 frames). In this case, the luminosity peak
coincides approximately in time with the end of significant
VHF activity (at about 50.82338-50.82343 s in Fig. 3c). The
decrease to near background values of intensity takes about
610 ps after the peak, during a quiet period in E-change and
only weak VHF activity (Fig. 3c), for total enhanced lumi-
nosity duration of 0.81 ms.

In the next 1.2 ms, four brief VHF and narrow IB pulses
are detected and located nearby (light green circles in Fig. 4,
50.824-8252 s), within 200 m horizontally and slightly
higher in altitude than the IE and NBE. The first of these
has a relatively large VHF power of 7 W. The last of these
narrow pulses is accompanied by a slight intensity increase
detected by the camera (Fig. 3a), with a duration of about
320 ps. The earlier three of these narrow pulses may emit
enough detected light to keep the intensity values above
background between 50.824 and 50.825 s (Fig. 3a), but
there is not an obvious intensity increase with each pulse.
Just after 50.827 s, the second IB cluster (purple arrow in
Fig. 3a) occurs with a clearly detected intensity increase,
which begins rising near in time to the classic IB pulse
peak. This enhanced intensity rises to a peak value (~900)
in 0.22 ms, and the enhancement lasts about 0.82 ms. The
VHF power with this IBP peaks at 10 W. After this IBP,
three more brief VHF and narrow IB pulses are detected
and located, between 50.828 and 50.830 s (red circles in
Figs. 3a and 4); the first of these is accompanied by a slight
intensity increase which apparently lasts through the time
of the second pulse. The last of these small pulses is closest
to the camera but does not cause an appreciable increase in
the cumulative intensity.

For 140 ms after the time shown in Fig. 4, the Example
2 IC flash continued developing to the south and east, at
8.0-10.5 km altitude; most this activity was not visible in the
camera data (due partly to the location in greater reflectivity
and partly to the location above the image). At 50.968 s a
long period of intermittent visible activity developed 1.5 km
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Fig.4 Radar reflectivity and pulse locations for Example 2, IC flash
at 0443:50 UT on 22 June 2019. a Plan view of low-level PPI scan,
with locations of pulses for the first 10 ms of the flash overlaid. (First
pulse is magenta, others are cyan.) Black stars are electromagnetic
sensor sites, red star is camera location (with field-of-view indicated
by dashed lines), and black lines indicate cross-section locations. b

Radar cross-section along line of sight of the camera toward the start
of IC flash. ¢ Radar cross-section perpendicular to b and approxi-
mately aligned with video camera image. d Plan view of first 10 ms
of pulse locations, color-coded by time, for the expanded area of initi-
ation. e Time series of normalized E-change (FA), VHF (logRF), and
pulse altitudes (color-coded as in d) for first 10 ms of flash
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«Fig.5 Similar to Fig. 3 except showing beginning of Example 3 IC
flash at 0445:05 UT on 22 June 2019, approximately 17 km slant
range from camera. a First 10 ms of E-change (FA) and VHF (logRF)
data, with cumulative intensity data at top. Green arrow indicates
beginning of the initiating event (IE), a positive NBE, and black
arrow 140 ps later is the end time of strong VHF emissions associ-
ated with the IE. Gray vertical line indicates the approximate end of
VHF activity above background level. Purple arrow marks the clas-
sic IBP of the first IB cluster (IBP1); other IB clusters are labeled.
Red and blue rectangles indicate times in lower figure parts. The
asterisk (*) denotes a spike detected only at the EE sensor, assumed
due to either noise or a distant event. b Cumulative intensity data
for 4 ms. A slight increase in intensity (average 3%, peak 7% above
background) from background average (dashed horizontal) is detected
during the IE (NBE), and larger intensity increases accompany the
two IB clusters. Durations are given for first two IB clusters’ inten-
sity enhancements (time above background, peaks are 55% and 45%
above background). ¢ FA and logRF data for the first 500 ps, which
show the IE was a positive ‘hump-type’ NBE. Dotted horizontal line
within the logRF data indicates the approximate background (upper
level of noise)

to the north, nearer to the edge of the storm. A topic for
another study is the leader propagation that is visible in the
video data by 51.0286 s; that activity resulted in several
extensive IC strokes starting 150 ms later, with visibly bright
luminosity through durations in excess of 1.5 ms. The final
IC stroke of the flash occurred at 0443:51.537 UT.

3.3 Example 3

Data for the beginning of our third example, an IC flash at
0445:05 UT on 22 June 2019, are shown in Fig. 5. Loca-
tions for this flash were not available from PBFA because
only three sites had triggered data. However, the cam-
era orientation did not change after the previous flashes,
including Example 2, 75 s earlier. Thus, we can estimate
this flash initiation location from its relative placement on
the video frame. Figure 6 shows the approximate location,
at 14.6 km distance from the camera, or 16.8 km slant
range (using estimated altitude of 8.6 km, from Example
2). This estimate fits well with the first LINET location
for the flash, coincident with an IB pulse (IBP-a, shown
in Fig. 5) that was 8.2 ms after the IE but much higher, at
12.2 km altitude. Corresponding imaged area at 16.8 km
slant range is 8.6 km X 11.5 km; at the slant range to
the known LINET location, the imaged area is 10.0 km
across X 13.4 km top altitude. The radar reflectivity data in
Fig. 6 indicate this IC flash initiation was beside the storm
core, with echo tops in the vicinity at 12—14 km altitude.

The cumulative intensity data in Fig. 5a for the first
10 ms of Example 3 show seven intervals of increased
luminosity detected by the video camera. The first of these
increases corresponds in time with the IE, while the next
six increases are coincident with the six labelled IB clus-
ters, as detected by the VHF and E-change sensors.

The first light increase is weak, with a maximum about
5-7% above background intensity values (Fig. 5b), and
it is coincident with the IE, which in this flash was a
low-power, positive NBE (Fig. 5c¢). The E-change data
for this NBE do not resemble any of the common types
described by Karunarathne et al. (2015) or Leal et al.
(2019). The relatively small E-change amplitude and
lack of significant overshoot peak of this positive NBE
are similar in shape to the “more monopolar” NBEs of
both polarities studied by Rison et al. (2016) and to the
opposite polarity, ‘hump-type’ negative NBEs studied by
Bandara et al. (2019). Using the estimated slant range to
the IE (16.3 km), the NBE has a VHF power of 43 W, an
E-change E |y, =0.30 V/m, and an E-change duration of
12 us. About 50 ps after the NBE, a narrow bipolar IBP
occurs with a VHF power of 1 W, E;5,,, =0.72 V/m, and
an E-change duration of 5 ps. Although the NBE power
of 43 W is relatively weak for NBEs, this IE can be con-
sidered as a strong IE compared to IEs of two IC flashes
described by Marshall et al. (2019) with VHF powers
<1lW.

To our knowledge, these are the first published data
showing visible light detected with a positive NBE initiat-
ing an IC flash. For the IE the video intensity values begin
to increase close to the time of the initial VHF emissions
(green arrow, Fig. 5), and the peak in intensity occurs about
at the time when the VHF emission drops to smaller values
(black arrow, Fig. 5). In the intervening 140 ps of appreci-
able VHF emission, when the average detected light in the
camera frame is increasing, the VHF and E-change pulse
peaks of the NBE occur. The duration of the ‘shoulder’ in
VHF emissions after the VHF peak, and the interval between
VHF peak and light intensity peak, are both about 126 ps.
A period of VHF activity that is above background level
extends for about 95 ps, yielding a total VHF duration of
about 235 ps. This duration of VHF emission matches rea-
sonably well with the duration of weakly enhanced luminos-
ity, about 300 ps, for the IE (NBE).

After the IE and for the remaining 8.5 ms of the record
that is included in Fig. 5, each subsequent luminosity
increase is coincident with an IB cluster. A longer portion
of the IB stage of the Example 3 flash is shown in Fig. 7.
This 50 ms period includes the IE and 10 large increases in
light intensity that are associated with 10 IB clusters. Data
for the periods surrounding nine of these IB clusters are
expanded in Figs. 8, 9 and 10.

The general character of this IB stage can be described
based on Figs. 8, 9 and 10 and the quantitative parameters
listed in Table 1. In each IB cluster, the enhanced lumi-
nosity increase is marked with a horizontal black line with
diamonds at each end; the beginning of the increase occurs
within 0—120 ps after the start of appreciable and continu-
ous VHF emission (marked with a red vertical arrow). The
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onset of significant continuous VHF emission in each event
is 90-520 ps before the main positive E-change peak of the
largest classic IBP in the IB cluster (marked with purple
dashed arrow). (Note that the classic IBP of the IB clus-
ter labeled IBP-bb has the smallest E-change amplitude
and the shortest duration (11 ps) in all the clusters, which
may be related to its relatively weak luminosity.) In IBP-d
(Fig. 10b), there is also intermittent VHF in three short
bursts during the 800 ps preceding the main pulse. Eight
of the ten IB clusters exhibit 1-5 narrow IB pulses (smaller
E-change pulses) during the period of large VHF emis-
sions that precedes the largest classic IB pulse. The larg-
est E-change peak is first in IBP4 (Fig. 8b), while IBP-bb
(Fig. 9b) has only one large E-change pulse. In half the clus-
ters (IBP2, IBPS, IBP-bb, IBP-b, and IBP-d) the largest VHF
peak and largest E-change peak coincide, to within 1 ps.
In the other five clusters, the VHF peak occurs 80-150 ps
before (IBP4, IBP1) or 5-60 ps after (IBP-a, IBP-c, IBP3)
the largest E-change peak. The duration of significant VHF
activity with each cluster is about 700-900 ps, except in
IBP-d where it is only about 250 ps. As seen in Figs. 8, 9
and 10, the strongest VHF activity in each IBP event has
approximately the same duration as the luminosity increase.

In addition to being close in time to the onset of VHF
emission, the time of the beginning of detected luminosity
increase is typically accompanied by a noticeable E-change
pulse; IBP-a and IBP-d are the exceptions to this. A steeper
rise of enhanced luminosity, i.e., an inflection point on the
cumulative intensity increase, occurs in four IB clusters
(IBP-a, IBP-b, IBP-c, IBP-d) at the time of a large classic
IB pulse that is also coincident with the peak of VHF emis-
sion. Luminosity detected with other IB clusters manifests
as a steady rise to the peak intensity, and in those cases,
the largest E-change pulse is not coincident with the larg-
est VHF emission. In nearly all IB clusters, the intensity
peak is reached (i.e., intensity increase stops) near the time
when the large VHF emissions cease; IBP-bb (Fig. 9b) is an
exception to this, as the intensity peak in this relatively weak
event is reached about 160 ps later. The time of the intensity
peak in all these IB clusters is also usually coincident with
when the E-change data stop oscillating, particularly in the
later IB clusters (IBP-b, IBP-c, IBP-d) which have a longer
duration of E-change variations. These later IB clusters also
have a series of rapid, small E-change oscillations leading
up to each IBP, which we discuss later with regard to the
mechanism of Kostinskiy et al. (2020).

All 10 of the IB clusters shown for Example 3 (Figs. 7, 8,
9, 10) have appreciable VHF emission during the decrease
of light intensity. Hence, it seems the period after the peak
intensity is not only fading, scattered light detected by the
camera,; rather, there is apparently weak light emission dur-
ing these extended times of VHF activity. A slower fall-off
of intensity and longer duration of intensity enhancement is
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observed in IB clusters with more VHF continuing after the
intensity peak (e.g., IBP-a vs. IBP-b, and IBP-c vs. IBP-d).
Related to this, it is generally the case for this flash that the
earlier IB clusters (IBP1 to IBP5) have cumulative intensity
increases that are more symmetric about their peak (nearly
equal rise and fall) compared to later IB clusters (IBP-a to
IBP-d), which show a rise to peak cumulative intensities in
less time than they return to near background intensities.
Later IB clusters also have slower intensity decreases than
the early IB clusters and generally longer overall luminosity
durations, along with more continuing VHF activity after the
E-change variation of the IBP in the FA data. The average
duration of enhanced luminosity in these 10 IB clusters is
1.26 ms (Table 1).

Throughout the first 50 ms of this IC flash, very brief
bursts of VHF (with or without a narrow IB pulse) occur
which show little or no concurrent light intensity increase
(e.g., between IBP1 and IBP2, between IBP3 and IBP4,
between IBP-bb and IBP-b), at least in the cumulative val-
ues. However, these brief bursts of VHF emission may be
having a weak effect on luminosity which is detected as a
slightly higher background cumulative intensity throughout
these periods. Since the events are within the cloud, we do
not know but can expect these brief bursts may be producing
light in very small areas.

Two of the IB clusters in this flash deserve additional
mention. First, we note that the classic IB pulse in IBP2
(Fig. 7b) also has the character of a positive NBE, with
Type A waveform per Karunarathne et al. (2015). This pos-
sible NBE has a duration of 16 ps, and it exhibits a larger
E-change amplitude and stronger VHF peak power than the
IE of this flash. Based on the estimated range to the event,
the VHF source power of IBP2 is about 55 W and E |y, 15
1.5 V/m. The VHF power would make this a relatively weak
NBE or a strong classic IB pulse, while the E; ., ampli-
tude is relatively small for either type of event. As described
above, the character of the luminosity detected during IBP2
is similar to the other IB clusters in this series. Notably, how-
ever, the luminosity increase does not appear to change its
slope at the time of the possible NBE, and the peak intensity
is weaker than most of the events (ranked eighth of ten). Sec-
ond, we mention that IB cluster IBP-a (Fig. 7d) is the first
event of this flash located by LINET, at 12.2 km altitude,
with 4.8 kA estimated peak current. IBP-a has a large classic
IB pulse at EE (and is within its reversal distance of 17 km).
Its altitude, much higher than that estimated for the IE, sug-
gests this flash may have behaved similarly to Example 2 by
jumping upward in altitude by about 3.5 km within the first
9 ms its IB stage. In terms of the peak cumulative intensity
value, IBP-a is the brightest IB cluster during the first 50 ms,
although neither its VHF peak power (12 W) nor its E|ypxm
amplitude (1.9 V/m) are especially large in comparison to
the surrounding events in time.
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(a) base scan PPI, 2019-06-22 0446:25 UT

(b) west-to-east cross-section
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Fig.6 Radar reflectivity for Example 3, IC flash at 0445:05 UT on 22
June 2019. a Plan view of low-level scan, including locations of cam-
era site (red dot), camera field-of-view (dashed cone), approximate
flash beginning (black circle), and first LINET source (white circle)
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Fig.7 Beginning and IB stage of IC lightning flash Example 3 at
0445:05 UT (17,105 s past 00 UT) on 22 June 2019, approximately
17 km slant range from camera. Presentation is as in Fig. 5 except
showing first 50 ms of cumulative intensity, E-change (chl, FA) and
VHF (ch2, logRF) data. Green arrow indicates initiating event (IE), a

positive NBE. Purple arrows are the largest classic IBP in each of the
ten labeled IB clusters. Exposure time per video frame is 6.1 ps. (Off-
set of time axes is in the axes, only; data curves are vertically time-
aligned, and camera data are approximately adjusted to light arrival
at EE site.)
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«Fig.8 a Expanded data for IB clusters IBP1 and IBP2, as labeled
in Fig. 7. IBP2 has estimated VHF source power of 55 W, and the
simple bipolar E-change waveform is either a classic IBP or a Type
A positive NBE. b Expanded IB clusters IBP3 and IBP4, as labeled
in Fig. 7. The duration of enhanced luminosity for each IB cluster is
indicated on the cumulative intensity plot and on the time axis (hori-
zontal bar), and the dotted vertical bar indicates the time of peak
intensity during each IB light burst. Purple arrows indicate time of
each peak in E-change data. Red arrows indicate onset of large VHF
emission of each cluster

Later data not shown for this flash indicate the IB stage
continued for another 100 ms, with weaker luminosity
detected intermittently (until 0445:06.1160 UT). After this
stage, distinct channel was intermittently visible out the top
of the cloud, starting at 0445:06.131314 UT. Flash activity
was very visible at intervals for 265.65 ms (through about
0445:06.396963). The second LINET-detected event in this
flash was 242.3 ms after the first (IBP-a), at 11.0 km alti-
tude, coincident with an IC stroke (at 0445:06.216515 UT)
seen well by the camera. The later IC leader activity and IC
strokes in this flash are subjects of a separate study.

3.4 Example 4

The fourth case of luminosity data during the beginning
of an IC flash is shown in Fig. 11. This flash occurred at
0451:34 UT on 22 June 2019, about 6.5 and 7.8 min later
and on the opposite (leading) side of the same storm as
Examples 2 and 3. Radar data and pulse locations for the
first 10 ms are shown in Fig. 12. The IE in this case is a sim-
ple ‘Type A’ NBE (Karunarathne et al. 2015). It was located
at 7.85 km altitude and 18.2 km distance from the EE sensor
site. The VHF power estimate is 990 W (29.9 dBW), within
range of values (0.18-88.4 kW) given by Bandara et al.
(2020) for positive NBEs that initiated IC flashes in this
same geographical region. The range-normalized E-change
amplitude, E|ygm. 18 3.7 V/m, which is large compared to
the average for 3 Type A NBEs (2.0 V/m) found by Bandara
et al. (2020) and large compared to the average of the largest
classic IB pulse in 40 IC flashes (1.49 V/m) found by Smith
et al. (2018). After the IE, the locations for the IB pulses and
other small events (Fig. 12) show that the flash propagated
upward to 10.8 km altitude within the first 10 ms.
Cumulative intensity data (Fig. 11a, b) are noisy but indi-
cate a possible weak enhancement for about 350 ps after the
IE with average intensity rising to <5% above background
values. The radar and source position data in Fig. 12 show
the events were slightly lower and much deeper within the
cloud, relative to the camera, compared to Examples 2 and 3
(Figs. 4 and 6). In this case, any light emitted during the ear-
liest pulses would travel through at least 10 km of >30 dBZ
reflectivity to get to the camera site. This difference in visi-
bility conditions may explain the weaker luminosity detected

by the camera during this stronger event. The cloud condi-
tions near the initiation may also play a role in the emission
and detectability of light: in Example 4 the nearby echo top
had fallen to ~ 12 km altitude (Fig. 12b), compared to 9 min
earlier (Fig. 4c) when the area had 20-30 dBZ echo to at
least 13 km altitude.

The early IB pulses, beginning about 3.2 ms after the
IE, were successively higher in the cloud. The series of IB
pulses comprising the first two IB clusters show obvious
but small intensity increases of 6—12% above background
values. These two IB clusters included in Fig. 11a have char-
acter similar to those detailed for Example 3 (Figs. 8, 9, 10).
In particular, the largest classic IB pulse and VHF emission
peak in each occur during the rise in cumulative intensity,
and the peak cumulative intensity occurs as the largest VHF
emissions cease. Weaker VHF emission continues and a few
smaller amplitude IB pulses occur through the time of the
fall-off in cumulative intensity in both IB clusters shown
in Fig. 11a. Total durations of the enhanced intensity are
1.44 and 1.65 ms with these IB clusters. Prior to the first
of these IB clusters, there is a series of narrow IB pulses in
the E-change and LogRF data which are accompanied by
weak luminosity, lasting about 800 ps and similar to the light
detected during the IE.

After the first 10 ms of this flash, there was very little
luminosity detected for the next ~ 108 ms, at which time
flash activity (not shown) re-started near the same location
as the IE. For the next 127 ms, events in this IC flash had dif-
fuse luminosity detected at intervals, and then leaders, chan-
nels, and IC strokes became clearly visible intermittently
through and out the top of the cloud for another 232 ms.
The flash activity ended at 0451:34.834 UT, about 477 ms
after the IE.

3.5 Example5

The last flash we consider, Example 5, occurred at 0452:27
UT in same storm as Examples 2, 3 and 4. Relative to Exam-
ple 4, this IE was 53 s later than and 6.7 km west-southwest
(x=4.8 km, y=—17.7 km, marked in Fig. 12a). As shown
in Fig. 13, altitude of initiation was 7.69 km, and the early
IB pulses indicate the flash ascended to 11 km within the
first 10 ms. As with Example 4, location data for Example
5 indicate this IE is relatively obscured, on the far side of
the convective cell relative to the camera site, at 20.4 km
slant range.

We include this example primarily because the cumula-
tive intensity during the IE, a weak event, responds similarly
to that during the IE of Example 4, a NBE. Figure 13 shows
the time series of E-change, VHF, and intensity data for
Example 5. The IE is a weak VHF pulse (at 17,547.37083 s)
with a power of 1 W and a duration of 1.8 ps; there is no
accompanying E-change pulse. Cumulative intensity is ~3%
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above background levels beginning about 50 ps after the
weak IE pulse and continuing for about 520 ps. After the IE
there are five small narrow IB pulses before the first classic
IBP; two of these had coincident weak VHF pulses. The
first three narrow IBPs are within the duration of enhanced
intensity that had started after the IE, and these IBPs may
have also increased the light intensity.

The three IB clusters in the first 10 ms of Example 5
(Fig. 13a) are similar to the IB stage observations in the
other flashes presented herein. The first IB cluster has
two classic IB pulses; the first of these has a complicated
E-change waveform (E| g, of 3.0 V/m) with substantial
VHF emission (peak value of 4.4 W) for at least 200 ps,
and enhanced intensity detected by the camera for about
1.12 ms duration (Fig. 13b. The intensity increase begins
about at the time of the E-change and VHF peaks, and the
intensity maximum occurs about 400 ps later. The other two
IB clusters shown (Fig. 13a) have longer overall durations,
and each includes two classic IB pulses. In these, the larg-
est E-change and VHF peaks occur during the steep rise
in cumulative intensity. Maximum intensity, 14-38% above
background, occurs close to when the substantial VHF emis-
sions cease. Durations of enhanced intensity are 1.20 and
1.67 ms. The last classic IB pulse in this 10 ms is located
near 10.2 km altitude. However, this flash remained largely
obscured by the intervening dense cloud echo relative to the
camera. Activity throughout the next 288 ms was intermit-
tently bright but diffuse in the video data.

3.6 Summary of observations

In Example 1 (Fig. 2) the weak IE may have caused a slight
light intensity increase of 5% above background intensity,
but there is uncertainty that the observed slight increase was
caused by the IE. The first IB cluster had a large amplitude
E-change pulse that was either a classic IBP or a Type 11
CID (NBE); this E-change pulse was coincident with a mod-
est rise of video-detected light intensity (11% above back-
ground). The video intensity peak occurs about 140 ps (21
frames) after the largest E-change and VHF peaks, near the
time of the last IBP in the cluster. The overall duration of
the enhanced cumulative intensity with the first IB cluster
is about 520 ps. Much weaker luminosity was detected with
several subsequent IB clusters (through the first 13.5 ms of
the IB stage), interpreted as above the camera frame or more
heavily obscured in cloud.

The weak IE in Example 2 (Fig. 3) has a small amplitude
and is not coincident with significantly detected luminosity
above the noisy background intensity. The first IB cluster
occurred 1.23 ms after the IE and included a strong VHF
pulse associated with an E-change waveform that could be
either a classic IBP or a Type D NBE. The first IB cluster
is accompanied by clearly detected luminosity. The obvious
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cumulative intensity increase begins near the time of the
E-change and VHF peaks, and its duration (above back-
ground intensity) is about 811 ps (122 frames) similar to
the duration of VHF emissions. One other large-amplitude
IBP and three of the seven narrow IBPs in the first 10 ms of
this flash are also accompanied by luminosity increases that
are relatively weak in the detected cumulative intensity data.

Example 3 data (Figs. 5, 6, 7, 8, 9, 10) include evi-
dence of a slight but obvious increase in luminosity associ-
ated with the IE. This first event, a weak NBE, is the first
known case of light detected coincident with a positive
NBE that is an IE. A narrow IBP occurs 50 us after the
NBE and substantial VHF emissions occur for 126 us after
the main VHF peak of the NBE. The cumulative intensity
in the video frame increases starting near the onset time
of the NBE’s VHF emissions, it rises weakly through the
times of the VHF and E-change peaks, and the intensity
peak coincides with the end of VHF emissions associated
with the NBE. The duration of large VHF emissions and
increasing luminosity is about 140 ps, and the entire dura-
tion of enhanced luminosity with some VHF activity is
about 300 ps. After the IE, through the first 50 ms of the
IB stage, there is appreciable light detected with all the IB
clusters; cumulative intensity in the video frame has an
average duration of 1.26 ms for ten complicated IB clus-
ters. The IB clusters, each comprised of one to five pulses
in <750 ps, show the onset of the intensity increase occurs
near or just after the E-change and VHF data begin to vary;
the largest pulses in the E-change and VHF data occur
during the intensity increase. Appreciable VHF activity
continues for a few hundred microseconds as the cumula-
tive intensity values return to background level in each
IB cluster. We note that the luminosity of the IB clusters
lasted longer than the luminosity durations of 300—800 ps
found for individual IC-type IB pulses studied by Stolzen-
burg et al. (2016) with a less sensitive high-speed video
camera. These are also longer than the luminosity duration
(full width at half maximum) average of 176 ps found by
Wilkes et al. (2016) for individual IC IB pulses using an
all-sky photodiode system. This flash was the most visible
of those presented and later was observed to extend out
the cloud top.

In Example 4 (Fig. 11), the large amplitude, strong IE
is a Type A NBE and is coincident with only very weak
detected light intensity (< 5% above background). Radar
and pulse location data indicate this event may be more
obscured than the IEs and NBEs in flash Examples 1-3,
and this fact may explain the weaker light observed. A
series of narrow IBPs before the first IB cluster has weak
coincident light. Obvious increases in cumulative intensity
are observed with the two IB clusters in the first 10 ms,
with increases beginning just before the largest E-change
and VHF peaks and lasting above background for about
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Fig.9 a Data for IB cluster IBP-a, as labeled in Fig. 7, expanded.
The main peak of this cluster was located by LINET at (x=—3.4,
y=—14.6, z=12.2) km, within the reversal distance of the EE sensor.
b IBP-bb and IBP-b, as labeled in Fig. 7, expanded. The duration of
enhanced luminosity for each IB cluster is indicated on the cumula-

tive intensity plot and on the time axis (horizontal bar), and the dotted
vertical bar indicates the time of peak intensity during each IB light
burst. Purple arrows are peak times in E-change data. Red arrows
indicate onset of large VHF emission of each cluster

@ Springer



M. Stolzenburg et al.

@ Springer

[ ‘ — 1
w00 - (@) IBP-c (3 ms) 7
0445:05.993 - 05.996 s
3500 [ .
> f ]
G 3000 - =
c + 4
g F ]
c t ]
e ]
E L 1
S [ ]
E o0 . -
(SR ! 1
[ i ]
[ i ]
1500 [~ i 7
[ ' ]
100 g gt : L 175ms___, WWWWWMWMWE
u.r H T i T T T T
fe———— —_— :ch
: 535 us v E%;Eh%?ﬁfg’kn ]
0.56 | i 335 s 4
v
0.42 -
3
E

o

Y

®
T

Voltage (V)

wm I

I
17105.994

L
17105.9945
Time (s)

I
17105.995 17105.9955 17105.996

3500

3000

2500

2000

Cumulative Intensity

1500

1000

IBP-d (3 ms)
0445:06.0015 - 06.0045 s

T

0.7 [~

0.56 —

T T T T
—EE2:chl (FA)
——EE2: ch2 (logRF)

L Ly,

17106.002

o L
17106.0015

17106.0025

17106.003
Time (s)

1 L 1 n L
17106.0035 17106.004 17106.0045



Ultra-high speed video observations of intracloud lightning flash initiation

«Fig. 10 a IB cluster IBP-c, as labeled in Fig. 7, expanded. b IB clus-
ter IBP-d, as labeled in Fig. 7, expanded. The duration of enhanced
luminosity for each IB cluster is indicated on the cumulative intensity
plot and on the time axis (horizontal bar), and the dotted vertical bar
indicates the time of peak intensity during each IB light burst. Purple
arrows indicate time of each peak in E-change data. Red arrows indi-
cate onset of large VHF emission within 1 ms before, and immedi-
ately before, the main IBP peak in each cluster

1.55 ms and ending about the time that the enhanced VHF
activity of each cluster ends.

Example 5 (Fig. 13) is much like Example 4, except
that its IE is a weak event, not an NBE, although it is also
observed with very weak detected light (cumulative inten-
sity <5% above background). The first three IB clusters
show significant light detected for similar durations, aver-
aging about 1.33 ms, with similar timing relative to the
E-change and VHF data as found in the IC flash examples
presented herein.

4 Discussion

Kostinskiy et al. (2020) proposed a mechanism (called the
KMS Mechanism hereinafter) to explain lightning initiation
including the IE and the IB stage. Because it is new and
relevant, we briefly examine whether the KMS Mechanism
fits with the observations discussed above.

4.1 KMS mechanism and IEs

First we consider IEs and how they should be detected
(or not) by our three main sensors: video camera (light

intensity), LogRF sensor (VHF power), and E-change
pulse(s) (E gokm)- IEs in the KMS Mechanism are
caused by a large number of almost simultaneous, posi-
tive streamer flashes, each with a length of ~1 m. (As
background, we note that positive streamer flashes are
composed of a large number of positive streamers, of
the sort studied in laboratory spark experiments over
many years and reviewed in Kostinskiy et al. (2020).)
Strong IEs have many more positive streamer flashes
than weak IEs. Note that the five example IC flashes
studied were chosen partly because they have luminosity
detected with IB clusters, thus we can expect that light
emitted during their nearby IE should also be detectable
in the same video data.

A single positive streamer flash emits weak visible light,
as shown in Figs. 3 and 4 of Kostinskiy et al. (2015b).
Thus, bright visible light is not expected for IEs, but weak
visible light might be detected because there are many
positive streamer flashes. The IEs in Examples 1, 3, 4 and
5 had weak light (<5% above background) detected, while
Example 2 had no light detected with its IE. Note that “no
light detected” could be the result if weak light was emit-
ted and obscured from the camera by dense clouds. Thus,
the IE intensity findings are consistent with the KMS
Mechanism.

Both weak and strong IEs should be detected with our
VHF sensor because each positive streamer flash (with a
length of ~ 1 m) radiates strongly in our VHF band (centered
on wavelengths of 1.6 m). Examples 1, 2 and 5 had weak IEs
with VHF powers of 0.5, 3, and 1 W. Examples 3 and 4 had
strong IEs (both NBEs) with many positive streamer flashes

Table 1 Cumulative intensity, LogRF (VHF), and FA (E-change) parameters for Example 3 IC flash

IB cluster Luminosity = Luminosity VHF onset to VHF onset to largest Number of FA pulses VHF peak to FA pulse
duration (ms) time to peak luminosity onset ~ E-change peak (ps)  total (before largest) largest FA peak  during VHF
(ms) (ps) (ps) peak?
IBP1 1.07 0.48 20 345 7(5) 150 Yes
IBP2 1.08 0.54 30 425 3(2) 0 Yes
NBE
IBP3 1.36 0.47 70 290 3() -60 Yes
IBP4 1.18 0.33 80 165 2 (0) 80 No
IBPS 0.85 0.40 80 180 1(0) 0 Yes
IBP-a 1.72 0.52 0 260 2(1) -5 Yes
LINET
IBP-bb 0.95 0.60 120 110 1(0) 0 Yes
IBP-b 1.65 0.70 0 520 2(1) 0 Yes
IBP-c 1.75 0.42 0 335 4(2) -10 Yes
IBP-d 0.98 0.20 0 90 1(0) 0 Yes
Avg. 1.26 0.47 40 272 15.5
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«Fig. 11 Beginning of Example 4, IC flash at 0451:34 UT on 22
June 2019, 18.1 km distance (19.2 km slant range) from camera. a
First 10 ms of E-change (FA) and VHF (logRF) data, with cumula-
tive intensity at top. Green arrow indicates beginning of the initiat-
ing event (IE), a positive NBE, and black arrow 110 ps later indicates
the end of strong VHF emissions associated with the IE. Blue arrows
mark times of the largest classic IBP in the earliest two large IB clus-
ters. Durations of IB intensity enhancements are given, and vertical
lines are times of peak intensity. Red and blue rectangles indicate
times in lower figure parts. b Expanded view of first 4 ms of cumu-
lative intensity; frame area at 18.1 km distance is 9.3 km across by
12.0 km above ground. Intensities average 3% above background for
~1200 ps (dashed horizontal line) before, during, and after the IE. ¢
FA and logRF data for the first 500 ps, showing the IE was a Type A
Narrow Bipolar Event. Event altitude is 7.85 km, range-normalized
peak E-change amplitude is 3.7 V/m, coincident with the peak VHF
emission which has estimated source power of 990 W. Dotted hori-
zontal through logRF data indicates approximate (upper) background
level

and VHF powers of 43 W and 990 W. Thus the IE VHF
power findings are consistent with the KMS Mechanism.

An individual positive streamer flash is not likely to be
observable in the E-change data, since our E-change sen-
sors detect charge motions with lengths > 120 m. How-
ever, Kostinskiy et al. (2020) hypothesized that a strong
IE (such as an NBE) will have many nearly simultaneous
positive streamer flashes distributed through a volume
with a characteristic scale of 500 m. Hence, the superposi-
tion of the positive streamer currents can appear to have
a length > 100 m, thereby making a strong IE detectable
by an E-change sensor, while a weak IE would not be
detected. The IEs in Examples 1 and 5 had no accompanying
E-change pulses; the IEs in Examples 2 and 3 (a weak NBE)
both had E-change pulses with E| . ,, amplitudes of 0.3 V/m
and Example 4 (a fairly strong NBE) had an accompanying
E-change pulse with E |, of 3.7 V/m. These data seem
consistent with the KMS Mechanism.

4.2 KMS mechanism and visible light intensity of IB
clusters

The KMS Mechanism postulates that IB pulses develop from
the positive streamer flashes (produced by the IE) in three
distinct stages.

First, many of the positive streamer flashes transition to
UPFs (Unusual Plasma Formations), which are hot con-
ducting channels with lengths of 1-30 cm. Because of their
short lengths, it is doubtful that these transitions are seen by
our sensors. Note that UPFs were first observed by Kostin-
skiy et al. (2015a), who found that UPFs “can occur in the
absence of spark leaders and appear to be manifestations
of collective processes building, essentially from scratch,
a complex hierarchical network of interacting channels at
different stages of development (some of which are hot and

live for milliseconds).” Although the processes causing the
development of UPFs were not determined, the existence of
UPFs was demonstrated in multiple experiments.

Second, UPFs merge into bigger and bigger three-dimen-
sional (3-D) UPF networks. It is important to realize that
many positive streamer flashes are joined into each 3-D UPF
network. As these networks get to meter scales, our VHF
sensors will begin to detect the mergers. We expect that
when two UPF networks merge, one with a length scale of
~100 m and one with a much shorter length, the merger will
be seen with the E-change sensor as a narrow IBP; these are
called “preparatory mergers” in the KMS Mechanism. Thus
we expect to see many small VHF pulses as the flash ini-
tiation develops and to occasionally see narrow IBPs when
larger UPF networks are involved. The merging of many
hundreds or thousands of UPFs into UPF networks and of
small UPF networks into larger UPF networks provides the
copious VHF pulses detected before the first classic IBP.
Concerning visible light production, because the UPFs are
hot channels, they provide the increasing visible light seen
in the 200-500 ps just prior to the first classic IBP.

Third, when two UPF networks with length scales
of 100 m merge, the first classic IBP occurs and will
be easily seen with the E-change sensor, both because
of its length and because of the kA currents that are
known to flow in classic IBPs. On the visual side, the
kA current of the classic IBP will make a strong burst
of light. In the KMS mechanism, each subsequent clas-
sic IBP is caused by another large UPF network joining
the networks that merged to make the earlier classic
IBPs. Thus the fact that there is visible light detected
with each classic IB pulse is consistent with the KMS
mechanism.

Finally, it is important to consider the strong VHF emis-
sions that occur for a few hundred microseconds after each
classic IBP; Marshall et al. (2019) noted these VHF emis-
sions, marked them with question marks in their Fig. 6, and
wondered about their source. Based on the KMS Mecha-
nism, we suggest that the large current surge of the classic
IBP will emit substantial VHF pulses after the E-change
peak of a classic IBP as the IBP current passes through the
many twists and turns of the merging 3-D UPF networks.
The KMS Mechanism estimated the lengths of conducting
channels in 3-D UPF networks and found 300-3000 m for
weaker classic IBPs and 1700-17,000 m for larger amplitude
classic IBPs (Kostinskiy et al. 2020). As a rough estimate
of the duration of the VHF pulses emitted just after the IBP
E-change peak, let the total length of the merging UPF net-
works be 3000 m and assume a discharge speed of 107 m/s,
then the duration would be 300 ps. This time is in reasonable
agreement with the duration of VHF emissions observed
after classic IBPs (Figs. 7, 8, 9, 10). In particular, in Exam-
ple 3, the KMS Mechanism would attribute the strong VHF
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Fig. 12 Radar reflectivity and pulse locations for Example 4, IC flash
at 0451:34 UT on 22 June 2019. Radar data are ~9 min and ~4.5 min
after those in Figs. 4 and 6; storm motion is ~35 km/h eastward. a
Plan view of low-level PPI scan, with locations of pulses for the first
10 ms of the flash overlaid. (First pulse, the NBE, is magenta, others
are cyan dots.) Black stars are sensor sites, red star is camera loca-
tion, and black lines indicate cross-section locations. Box enclosing
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[5] is location of early pulses of flash Example 5. b Radar cross-sec-
tion along the line of sight of the camera toward the start of IC flash.
¢ Radar cross-section perpendicular to b and approximately along
video camera image. d Plan view of first 10 ms of pulse locations,
color-coded by time, for expanded area of initiation. e Time series of
normalized E-change (FA), VHF (logRF), and pulse altitudes (color-
coded as in d) for the first 10 ms of flash
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pulses—starting just after the E-change peak of each classic
IBP and ending with the vertical dot/dash line that marks the
peak in visible luminosity associated with each IB cluster—
to the current traveling through the merged UPF networks.

5 Conclusions

In this study, we examine high-speed video data, with
6.1 ps exposure per frame and 6.66 ps frame interval, from
the initiating event (IE) through several of the following
initial breakdown (IB) pulses of five typical IC lightning
flashes at 16—19 km range. The flashes chosen are good
cases in which to investigate IE luminosity because there
is luminosity detected with the subsequent nearby IB
clusters. Analyses are based on cumulative light intensity
data (350-1060 nm wavelength range) across entire video
frames, along with time-correlated E-change (fast antenna)
and VHF (log RF) data for the first 10-50 ms. Pulse loca-
tions and relevant radar reflectivity data for the storms pro-
vide context information.

Four of the five IC flashes studied have very slight
amount of light (<5% above background cumulative inten-
sity) detected at the time of the IE; the weak IE of Example
2 had no detected luminosity increase. One of the luminous
IEs was a ‘hump-type’ positive NBE (Example 3) and one
was a strong Type A NBE (Example 4); the other two weakly
luminous IEs were weak events in E-change and VHF data.
Based on these observations of only a little or no visible
luminosity coincident with IEs, we conclude that the IEs
of all these flashes did not have a bright, hot, conducting
channel. This finding is in agreement with Kostinskiy et al.
(2020) in which the IE is a rapid series of positive streamer
flashes. In these IC flashes, the timing of the onset, peak, and
fall-off of weak luminosity relative to the electromagnetic
data are qualitatively similar in the four IEs with detected
light. Overall durations of the IE luminosity enhance-
ments, although very weak, are 180-600 ps with an average
of 450 ps. Based on these analyses, we conclude that IEs
of IC flashes are probably always slightly luminous pro-
cesses, producing light that is sometimes detectable in the
350-1060 pm wavelength range even with short exposure
times and even when viewed through cloud. The very weak
luminosity we observed during the IE of IC flashes may also
help better understand ‘fast positive breakdown’ of the type
that has been observed with broadband interferometers (e.g.
Rison et al. 2016). However, to us, such a connection faces a
basic difficulty for our data: fast positive breakdown implies
that the IE is an NBE (that is, the NBE is caused by fast posi-
tive breakdown), but only two of our five IC flashes initiated
with an NBE. The recent work by Scholten et al. (2021)
using other detailed lightning mapping systems, along with
more recent studies using broadband interferometry, may be

better poised to place these results within the context of fast
positive breakdown.

Among the five IC flash examples, light was detected
coincident with as many as five positive NBEs or possible
NBEs:

1. aType 11 CID that occurred after the weak IE (in Exam-
ple 1) had a weak, but clear, light intensity increase of
~9%; this event may instead have been a classic IBP of
an IB cluster.

2. aType D NBE that occurred 1.23 ms after a weak IE (in
Example 2) had a light intensity increase lasting for about
0.81 ms that peaked about 30% above background and
appears similar to IB clusters occurring after it; this event
may instead have been a classic IBP of an IB cluster.

3. apositive ‘hump-type’ NBE that is the IE (Example 3),
with peak intensity about 5-7% above background and
intensity above background for 300 ps.

4. aType A NBE (IBP2, Example 3) that is 2.35 ms after
the IE and appears much like other IB clusters that
surround it in time, with intensity increase for about
1.08 ms duration and peak about 45% above background
value; this event may instead have been a classic IBP of
an IB cluster.

5. apositive Type A NBE that is the IE (Example 4), with
peak intensity < 5% above background.

To our knowledge, these are the first published data show-
ing visible light detected with any positive NBEs, including
two that initiate IC flashes.

As has been found in earlier studies (e.g., Wilkes et al.
2016; Stolzenburg et al. 2016), significant light is also
detected with IC-type IB pulses in the flashes studied here.
Data for 18 IB clusters (with the E-change data of each
cluster lasting <750 us and typically consisting of sev-
eral narrow IB pulses leading up to one or two classic IB
pulses), show clear increases in luminosity. The intensity
increase begins near or just after the E-change and VHF data
of each IB cluster begin to vary, with the largest pulses in
the E-change and VHF data occurring during the intensity
increase. This latter sequence is in agreement with the find-
ings of Stolzenburg et al. (2016) for individual IC-type IB
pulses in E-change and luminosity data. The typical IB clus-
ter shows increasing cumulative intensity for 400-800 ps,
with peak close to the time when largest VHF emissions
cease, then a slower intensity fall-off for 500-1000 ps; dur-
ing the time of decreasing intensity there is usually also
appreciable, but weaker, VHF activity. After the light of
the IB cluster decays to background, usually no light is
detected until the next IB cluster begins. However, some
short duration, fast, and relatively small amplitude pulses
in the VHF and E-change data during these same IB stages
do have corresponding increases in luminosity detected by
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«Fig. 13 Beginning of Example 5, IC flash at 0452:27 UT on 22 June
2019, 18.1 km from camera, in same storm as shown in Figs. 4, 6,
and 12. a First 10 ms of E-change (FA) and VHF (logRF) data, with
cumulative intensity data at top. Green arrow indicates the initiating
event (IE), not detected in E-change data nor located with dE/dt data.
Purple arrows mark the times of the largest classic IBP in the earliest
three IB clusters. Durations of IBP intensity enhancements are given,
and vertical lines are times of peak intensity. In the overlay, circles
are pulse altitudes, color-coded by time, with an altitude scale inside
left axis. b Expanded view of first 4 ms (red rectangle in a). Inten-
sity values average ~3% above background (dotted horizontal line) for
~500 ps after the IE; peak intensity is 7% above background. With
the first IB cluster (IBP1), intensity enhancement begins near the time
of FA peak of classic IBP and rises during the next 500 ps of largest
VHF emissions; peak intensity is 13% above background. IBP1 loca-
tion is <500 m horizontal distance from the IE and ~600 m higher, at
altitude 8.3 km. Dashed green arrows indicate a relatively weak VHF
event detected 90 ps before the IE but only at this sensor; it is inter-
preted as local noise but may have been the flash IE

the camera. Durations of the cumulative intensity increase
with IB clusters in these IC flashes are 0.52—-1.75 ms and
average 1.21 ms.

Two other features of this dataset are worth noting.
Firstly, we compared the data from the five IC flashes to
the KMS mechanism for lightning initiation (Kostinskiy
et al. 2020). The KMS mechanism predictions for visible
light, E-change pulses, and VHF pulses during the IE and
IB clusters were in reasonable agreement with the IC flash
data presented herein. Secondly, four of the IC flashes ana-
lyzed herein occurred in the same storm system within
9 min and 15 km of each other. This night-time storm had
developed with weak forcing along a long-lived and weak-
ening outflow boundary, and maximum radar echo tops
were only about 14 km. These four IC flashes exhibited
similar sequences of rapid upward development, ascending
by 3.0-3.5 km in altitude, early in the IB stage, after the
first few IB clusters and within 8 ms after the IE occurred
near 8 km altitude. This sequence of rapid upward devel-
opment may be common for typical IC flashes, even in
storms with weakly organized, relatively shallow, mid-
latitude convection (as studied herein).

This study is the first comparison of lightning initiation
that includes VHF, E-change, and high-speed video data for
natural flashes. To us, the most intriguing result of these
comparisons is that the character of VHF activity appears
closely tied to luminosity during IC IB stages. This associa-
tion occurs to such an extent that we hypothesize that any
events which yield VHF emissions for tens of microseconds
or longer are likely also emitting detectable light. Tests of
this hypothesis certainly require further study.
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