Insights into Lightning K-Leader Initiation and
Development from Three Dimensional Broadband
Interferometric Observations

Daniel P. Jensen "2, Xuan-Min Shao !, and Richard G. Sonnenfeld ?

1Los Alamos National Laboratory, Los Alamos, NM, USA
2New Mexico Institute of Mining and Technology, Socorro, NM, USA

Key Points:

« K-leader propagation generally exhibits an initial acceleration followed by a grad-
ual deceleration, and branch junctions affect their speed

 Effective charge at the K-leader tip increases during the initial acceleration phase
and stays constant throughout the deceleration phase

« A process which results in “twinkling” VHF sources in the positive leader region
leads to initiation of the next K-leader
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Abstract

We report detailed observations of K-leaders and the activity between them with

the three-dimensional Broadband Interferometeric Mapping and Polarization system (BIMAP-

3D) at Los Alamos National Laboratory. It is found that K-leaders have a general prop-
agation trend of initial acceleration and then gradual deceleration, and the correspond-
ing very high frequency (VHF) radiation power is exponentially correlated with the leader
speed. Based on the 3D development and simultaneous electric field change measurement,
some simple K-leaders can be modeled with time-evolving point charges at the propa-
gating leader tip and at the stationary origin. We found that the charge magnitude in-
creases during the initial acceleration stage and stays relatively constant for the rest of
the development. K-leaders are observed to interact with other branches and the branches
affect the leader’s propagation speed and may affect the charge transfer. After the oc-
currence of a K-leader, VHF emissions are physically quenched for several milliseconds.
VHF sources then reappear in an impulsive and scattered manner as “twinkling” and
these sources are found not unique to the so-called needles, but also occurs on the main
channel. These twinkling sources start near the apparent positive leader tip, and extend
back towards the direction of the flash origin at about 10% m/s, while the apparent pos-
itive tip continues to extend forward at about 10* m/s. The twinkling extending towards
the direction of flash origin appears to initiate the following K-leader, although it may

be interrupted by a K-leader along a different branch, or simply die out without more
K-leader activity.

Plain Language Summary

A K-leader is a discharge process that occurs at the later stage of a lightning flash.
It retraces the path established by earlier discharges and propagates at a high speed of
10%-107 m/s. Recently we developed a new system called BIMAP-3D that can map light-
ning radio sources in 3D at a spatial resolution of 10 meters and at a time resolution of
a fraction of a microsecond. We found that K-leaders commonly speed up from 10° to
107 m/s at the initial stage and then gradually slow down to a stop at their later stage,
with associated radio power positively correlated with the traveling speed. Other branches
in the lightning flash are found to affect the K-leader speed as it approaches and passes
the branch junctions due to charge redistribution caused by the earlier processes. Af-
ter the occurrence of a K-leader radio emissions are shut off for a few milliseconds due
to the increased conductivity of the leader. After that, scattered radio sources reappear
in an expanding region, both extending the branch and expanding back towards the start-
ing point of the lightning. These apparent twinkling radio sources lead to the start of
the next K-leader.

1 Introduction

A K-leader is a lightning discharge process that retraces previously ionized chan-
nels in a lightning flash, at speeds on the order of 107 m/s (Schonland et al., 1935; Loeb,
1966; Jordan et al., 1992; Shao et al., 1995; Shao & Krehbiel, 1996; Stock et al., 2014).
K-leaders begin on a channel in the positive breakdown region (typically with net neg-
ative cloud charge density) and propagate in the direction of the negative breakdown re-
gion (Shao et al., 1995; Stock et al., 2014; Jensen et al., 2021). They are occasionally ob-
served turning “backwards” and propagating back down a different branch in the pos-
itive breakdown direction (Stock et al., 2014; Shao et al., 2018, 2023). Recent high speed
video observations for occasional out-of-cloud K-leader processes showed that K-leaders
start near but not at the tips of the positive breakdown channels (Mazur, 2016; Ding et
al., 2022). Very high frequency (VHF) radio observations show a similar initiation lo-
cation (Hare et al., 2021; Jensen et al., 2021). K-leaders have been observed to commonly
slow down as they propagate (Jordan et al., 1992; Stock et al., 2014; Jensen et al., 2021;
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Hare et al., 2023), but sometimes to speed up for some fraction of their duration (Stock
et al., 2014; Jensen et al., 2021; Hare et al., 2023). The mechanisms behind the changes
of speed are not well understood, although Shao and Krehbiel (1996) reported that a K-
leader which had a burst of activity near its starting point apparently renewed and in-
tensified the breakdown activity at the negative end.

K-leaders are associated with an electric field change called a K-change (Kitagawa,
1957). Winn et al. (2011) compared New Mexico Tech’s Lightning Mapping Array (LMA)
observations with a ballon-borne electric field change measurement, and suggested that
the field change is related to a relatively higher charge concentration at the propagat-
ing leader tip. In this study the field change will be examined against the 3D K-leader
development to better understand the charge distribution along the channel while the
leader is propagating forward.

The process of K-leader initiation is even less well understood than the details of
K-leader development and dynamics. K-leaders are observed to start in the positive break-
down region, but unlike K-leaders themselves positive leaders are quiet at VHF and dif-
ficult to map (Shao et al., 1999; Edens et al., 2012; Pu et al., 2021). VHF observations
by Hare et al. (2019);(2021) in this region have been attributed primarily to other pro-
cesses such as needles around the channel rather than to the actual positive leader tips.
High speed video observations have provided insight into K-leader initiation and devel-
opment when it occurs outside of the cloud. All of these optical observations show ev-
idence of channel cutoff prior to K-leader initiation. That is, at the time when the K-
leader becomes visible the connecting channel structure is optically dark, suggesting the
channel is relatively cold and low in conductivity (Kong et al., 2008; M. M. F. Saba et
al., 2008; Warner et al., 2012; Saraiva et al., 2014; Mazur, 2016; Wang et al., 2019; Huang
et al., 2021; Jiang et al., 2022; Ding et al., 2022).

As noted by Jensen et al. (2021), there is a disagreement within the lightning com-
munity about the proper terminology for the K-leader phenomenon. In Kitagawa (1957)
where the term K-change was coined, the step-like field change was attributed to both
recoil streamers and dart leaders. The leader associated with a K-change was later called
a K streamer/leader (Shao et al., 1995; Stock et al., 2014). All the three terms (dart leader,
K-leader, recoil streamer /leader) and minor variations on them continue to be used to-
day in the community (Winn et al., 2011; Stock et al., 2014; Akita et al., 2010; Hare et
al., 2021) despite their generally recognized equivalence (Kitagawa, 1957; Shao et al., 1995;
Mazur, 2002; Stock et al., 2014; Mazur, 2016). In this paper we will exclusively use the
term “K-leader” to refer to this phenomenon.

2 The BIMAP-3D System

We have recently introduced the Broadband Interferometric Mapping And Polarza-
tion in 3D (BIMAP-3D) system at Los Alamos National Laboratory (LANL). BIMAP-
3D consists of two stations separated by 11.5 km. Each station consists of 4 dual-polarization
VHF antennas (20-80 MHz), which are combined to provide 2D source location and po-
larization measurements. Results from the two stations are combined to give 3D loca-
tion and polarization measurements. In this paper we will focus on the 3D location re-
sults. In a favorable scenario when a lightning flash occurs at high altitude between the
two stations K-leader channels can be mapped with a resolution of 10 m or better in the
three coordinate directions (easting, northing, and altitude) (Shao et al., 2023). Each
BIMAP-3D station also has a fast electric field change sensor, or fast antenna.

3 Flash Overview

The K-leaders presented in this paper occurred in a hybrid intra-cloud/cloud-to-
ground (IC/CG) bolt-from-the-blue flash, and the flash’s overall structure and develop-
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Figure 1. Overview of the presented flash, showing altitude (relative to sea level) vs time (a),
northing vs easting (b), altitude vs easting (c), and altitude vs northing (d). The inferred posi-
tive and negative charge regions are outlined in white and black respectively. The origin (zero)
of the Easting/Northing coordinate system is defined as the position of the center antenna of
the BIMAP1 station, while a white dot marks the flash origin point in panels b, ¢, and d. The

K-leaders in the later part of the flash are boxed in panel a, and a region in panel b is marked

with a dashed outline for closer inspection later.
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ment were reported earlier by Shao et al. (2023), as shown in Figure 1. The flash begins
as a typical IC, with the negative stepped leader growing upward into an inferred pos-
itive charge region. After about 20 ms scattered sources are observed to descend into the
inferred negative charge region around 8 km altitude (Figure 1a). Beginning at 50 ms,
one of the negative leader branches grows from the origin to the southwest and eventu-
ally reaches the ground at about 180 ms, at a horizontal distance of 5.5 km from the flash
origin. As the return stroke travels back up, it produces VHF sources at the tips of many
earlier channels and branches, indicating that it attempts to neutralize previously de-
posited charge along these channels and branches. In addition, some new, fast-propagating,
and positive breakdown branches were produced by the return strokes, e.g., the lime green
branches in the region of 1 and 2 km easting and -6.5 and -8 km northing in Figure 1,
similar to that reported in Shao et al. (1995).

The data gap between 190 ms and 205 ms is due to a lack of trigger in our instru-
mentation, suggesting any activity during this period was relatively quiet in VHF. Af-
ter 200 ms nearly continuous activity extends the positive discharge region to the north-
east while descending from 7.5 km to 6.5 km altitude. This gradual descent is period-
ically interrupted by 13 K-leaders which each rapidly retrace part of the existing chan-
nel structure. Most of the observed K-leaders occurred high above the ground in the cloud
as normal intra-cloud K-leaders. The last K-leader in the data record propagated near
to the ground along the initial leader channel but stopped at 2 km above the ground.
In this paper, we will investigate the K-leader and the inter-K leader activities, marked
with a box in Figure la.

4 K-leader VHF Power and Propagation Speed
4.1 Overview of All Major K-leaders

Since we have not thoroughly calibrated our VHF antennas and the specific BIMAP
receivers we will not present VHF power in an absolute scale in this study. Instead, a
relative measure of signal to noise ratio (SNR) will be used (Shao et al., 2020). In this
case the “noise” level is determined by the lowest received power level among all the an-
alyzed K leaders. SNR for each located source is referenced to this noise level, and is ad-
justed by the distance from the source to the antennas. Since the results presented only
concern trends of increasing and decreasing VHF power the lack of absolute calibration
should not affect the validity of our conclusions.

To estimate K-leader propagation speed, a linear fit of the source position vs. time
was taken in the three coordinate directions (x,y,z) respectively, giving a velocity vec-
tor (V,Vy,V.). The leader propagation speed is computed from the corresponding ve-
locity vector. The linear fits were calculated in time windows of +20 us centered on each
source. In order to exclude errors in the velocity calculation caused by sources from mul-
tiple simultaneous branches, we restricted sources to be within 500 m of each centered
source.Under conservative estimates, the one sigma uncertainty in the speed calculations
is 10° m/s, at least an order of magnitude lower than all of the measured K-leader speeds,
and is sufficiently low for this study. Appendix A provides full detail on how the speed
uncertainty was calculated.

Figure 2a shows an overview of the speed and power vs time for all the “major”
K-leaders, which traveled more than 1 km in length. K-leaders shorter than 1 km are
not included since their spatial development is difficult to accurately characterize. As
illustrated in Figure 2a, each K-leader starts and ends at a lower speed, and reaches a
higher speed somewhere in the middle of its propagation. A similar speed trend was re-
ported by Jensen et al. (2021), although two of the leaders in that study apparently started
near their maximum speed.



162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

. [E |

'€ 20 A

& * |
S .
= 10 T '
2 I

(]

3 I | i & h
wn | | | ﬁ
0 1 T T T T T T ‘ T

210 220 230 240 250 260 270

s [0

©

= 40 4

()

=

o

o

_g 20 A

S

o I

& ! I

0 1 T : T T T T T i
210 220 230 240 250 260 270
Time (ms)

Figure 2. Plot of speed vs time (a) and VHF power vs time (b) for all of the major K-leaders
from the analyzed flash. The third K-leader is marked with an asterisk to be looked at closer.

Figure 2b shows relative VHF power vs time for these K-leaders. The same gen-
eral trend as that of the propagation speed is observed. They commonly start and end
with lower power levels and reach a higher power level in the middle of their develop-
ment, apparently correlated with the speed of K-leader propagation. In a few cases the
VHF power stayed high while the propagation speed has dropped down toward the end
of the propagation, as seen for the K-leaders at 250 ms (lime green) and 280 ms (brick
red). These few cases apparently correspond to a transition from a normal K-leader to
stepped leader breakdown.

4.2 Detailed Analysis of a Well Defined K-leader

We now examine the third major K-leader (marked by asterisk in Figure 2) for de-
tailed analysis. This K-leader propagates along a single branch and has a relatively sim-
ple speed behavior. Figure 3a shows the path of this K-leader extending about 2.5 km,
with points colored by VHF power. The background channel structure (black) in this
plot consists of all of the sources that occurred after the return stroke and up to the time
of this K-leader. Figure 3b shows the speed vs. time of the K-leader, again colored by
VHF power. This simple K-leader clearly shows a strong initial acceleration from 4 x
10° m/s to its maximum speed of 12x10° m/s in the first 150 us. It then gradually de-
celerates to 2x10% m/s over the remaining 450 us, until the K-leader sources cease al-
together. Figure 3b shows a strong correlation between the leader’s speed and power,
with the source power starting low, increasing to near its maximum at 150 us, and then
dropping back down to the lowest power level toward the end of the K-leader. The rel-
ative power level for this K-leader changed from 0 to about 30 dB across its development.

Figure 4a shows the relative VHF power vs propagation speed for this simple K-
leader. The apparent linear relation between the propagation speed and the logarithmic
power indicates an exponential relationship between the two parameters. These results
are similar to those recently reported by Hare et al. (2023). Figure 4b is similar to Fig-
ure 4a but for all the major K-leaders in the flash (Figure 2). At low speed there seems
to be a wide range of VHF source powers. However, much of this apparent scatter is due
to the K-leader to stepped-leader transitions noted at 250 ms and 280 ms. The corre-



—6.5 EI 30
=7.01 25
- o
— =~ ©
E ~
§ —7.5 b 20 0;)
<
£ 8.0 = e
£ -8 = 15 ¢
2 g ©
-8.5 1 ” 10 &
—9.01 e Channel Structure 5
- Selected K leader .
=9.5 1, ; ; : : : : : : ; ‘ 0
1.5 20 25 30 35 40 45 0 200 400 600
Easting (km) Time (us)

Figure 3. Plot of the path of K-leader 3 with the background channel structure in Northing
vs Easting (a), and the speed of K-leader 3 vs time (b). The K-leader sources in both panels are
colored by relative VHF power. The flash origin is marked O.

K Leader 3 All K Leaders

Relative Power (dB)
Relative Power (dB)

2 4 6 8 10 12 0 5 10 15 20 25
Speed (10°6 m/s) Speed (1076 m/s)

Figure 4. Plot of relative power vs speed for K-leader 3 (a), and and for all of the major K-
leaders, colored by time (b)



191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

25 -
.0 [b] ,
b‘
7
20
—8 4

E o Egs
< £ / Y .
£ =] i ([,
£ -10- 1 co J W !f
o [} s
E 2 10 ! ¥

—11 @ 1 i i 4"

i 1™
| T 2] i ""’b
~12 4 s ) I ? ’
D i ‘l -
-13 Channel Structure ‘1 J3 '“_‘
Selected K leader L4
. . : : . . : . 01 : . : . ‘ . ;
-2 -1 0 1 2 3 4 5 0 200 400 600 800 1000 1200 1400
Easting (km) Time (us)
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in Easting vs Northing (a), and the speed of the K-leader vs time (b), with the K-leader points
colored by speed. The channel structure in panel (a) consists of all of the sources after the return
stroke. The junctions J1, J2, and J3, are marked in both panels. J2 is also at the flash origin,
marked O.

lation between VHF power and speed is still readily apparent at higher speeds for all 13
K-leaders.

4.3 Effect of Branch Junctions on K-leader Speed

In the previous example we examined a K-leader propagating along a single branch,
Figure 5 on the other hand shows the 4th major K-leader, which passes two branch junc-
tions, or intersections. We now examine whether branch junctions affect the K-leader
propagation speed. The background channel structure (black) in Figure 5a includes all
the VHF sources after the return stroke, but the upper branch (marked J3) has been trun-
cated to avoid the false appearance of junctions. This truncated branch is at higher al-
titude than the other branches but overlays them in easting and northing (Figures lc
and 1d). The K-leader path in Figure 5a and the points in Figure 5b are colored by speed.

This K-leader starts with a rapid initial acceleration from 1.5x10% m/s up to 9x
10% m/s, and then reaches a speed plateau around 100 us. This occurs as the K-leader
approaches the first junction (J1). After passing J1 the K-leader rapidly accelerates again
up to 20 x 10° m/s. The K-leader then decelerates to 10 x 10% m/s as it approaches
the second junction at the flash origin (J2/0) around 320 ms. After passing J2 the K-
leader accelerates to 15 x 10% m/s at 385 ms, before decelerating to 6 x 105 m/s as it
approaches the third junction (J3) at 410 ms. The K-leader then rapidly reaches its max-
imum speed of 25 x 10° m/s at 430 ms, before gradually decelerating to 2 x 10° m/s
at 1300 ps.

The pattern observed is that when the K-leader approaches a branch junction it
decelerates, and after it passes a junction it accelerates. Similar behavior has been ob-
served for many other K-leaders in this flash, figures for these K-leaders are included in
the supplementary material (Jensen et al., 2023). These common propagation behaviors
are an interesting observation and can be explained as the following. When the branches
are inactive prior to the K-leader the channels are apparently poorly conductive. Due
to previous discharge activity more negative charge is expected be deposited along the
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channels towards the direction of the flash origin, or toward the branch junction points.
When the active K-leader approaches the junction the electric field at the leader tip will
be decreased by the previously deposited negative charge from the other branch, and this
will slow down the active K-leader. Once the K-leader passes the junction the deposited
charge along the inactive channel will on the other hand increase the field at the leader
tip, leading to re-acceleration of the K-leader. Additionally, when the K-leader passes
the junction it is possible that the other inactive channel becomes more conductive, and
this will further enhance the field at the passing K-leader tip and help to speed up the
propagation.

This interpretation of the deceleration when a K-leader approaches a junction is
further supported by observations of many shorter K-leaders in this flash. These K-leader
can be seen in Animation 2 in the supplementary material (Jensen et al., 2023). As re-
ported previously in 2D interferometer observations (Shao & Krehbiel, 1996) and more
recently in 3D observations (Shao et al., 2023), shorter K-leaders often stopped at a branch
junction, indicating that sufficient negative charge was deposited near or at the junction
points to reduce the electric field below the breakdown threshold at the leader tip.

5 K-leader Electric Field Change

Two fast antennas are deployed with the BIMAP-3D system, one at each station.
The two fast antennas have different effective gains due to the deployment setup. A rel-
ative calibration was achieved between the two fast antennas by comparing the magni-
tude of field changes for distant flashes (around 50 km from each station). Based on this
comparison the fast antenna at BIMAP2 is more sensitive than that at BIMAP1 by a
factor of 2, with an estimated uncertainty of 10%.

The amplifiers in the fast antennas also had different time constants (0.2 ms and
1 ms), and the recorded field changes were “de-drooped” accordingly (Sonnenfeld et al.,
2006; Fodisch et al., 2016). The field change for each K-leader was de-drooped separately
and the average field for a time period of 100 us before each K-leader was set to zero.
The fast antenna signals were lowpassed at 50 kHz to focus on the electrostatic field com-
ponent.

Using the recorded field changes from both stations, we modeled the electric field
as being produced by a point charge at the leader tip. An opposite point charge was placed
at the origin of the K-leader for charge conservation. This charge arrangement is approx-
imately consistent with the charge distribution expected for an equipotential K-leader
channel (Kasemir, 1960; Mazur & Ruhnke, 1998). The ground is assumed to behave like
an infinite conducting plane. Then for a sensor located at a point (X,Y, Z), where Z is
the ground altitude at the station, the vertical electric field due to the two point charges
at a given time is given by

_—2Q ( n—2 B 20— 2 )
dreg \ (1 = X)?2+ (1 —Y)?+ (21— 2)*  (z0— X)?+ (yo — Y)? + (20 — Z)? O

where (z1,y1, 21) stands for the K-leader tip, (xq,yo, 20) stands for the K-leader
origin, and Q is the charge at the two points.

The magnitude of the charge QQ in Equation 1 at a given time was estimated us-
ing a weighted least-squared fit between the two recorded field changes, accounting for
the speed-of-light time delay between the leader tip and the respective fast antennas. The
weighting was based on the total change of the field for the entire K-leader recorded by
each fast antenna to avoid over-fitting to the closer antenna.
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Figure 6. Plot of electric field change at BIMAP1 vs time (a), showing both the measured
field change (red) and modeled field change (turqoise). Electric field change at BIMAP2 vs time
(b), showing both the measured field change (blue) and modeled field change (turqoise). Modeled

charge magnitude vs time (c), and speed vs time (d), colored by power.

Figure 6 shows the modeled field at each station compared to the measured field
(panels a and b), along with the variation in the modeled charge over time (panel ¢). The
velocity and power over time are also included in the bottom panel (d) for comparison.
As shown in Figure 6, the point charge model is a good first order fit to the measured
field changes at both stations for the selected K-leader. The modeled charge increases
initially and then stays relatively constant for the rest of the K-leader duration. It is also
observed that the increase in charge is generally correlated with the initial propagation
acceleration and VHF power increase at the beginning of the K-leader.

It is important to note that this level of fit was only achieved for two of the K-leaders
from this flash. Figure 6 shows the fit for the simple K-leader propagating along a sin-
gle branch (Figure 3). Similar results were observed for the first K-leader in Figure 2,
which travels along the same branch. The other K-leaders all pass multiple branch junc-
tions (Figure 5), and cannot be fit with the simple two point charge model. In these cases
the K-leader may redistribute charge along multiple branches as it passes a junction.

6 VHF Sources Between K-leaders

Figure 7 shows the activity that occurs in the positive discharge region after the
return stroke. Figure 7a is a Northing vs. Easting plot of the three main branches, which
have been grouped into three separate data sets so that they can be analyzed individ-
ually. The region containing these branches is marked out with a dashed border in Fig-
ure 1. The region of Figure 7 has been chosen to include essentially all sources in the pos-
itive breakdown region, while excluding the K-leaders themselves as much as possible.
The full development of this region can be seen in Animation 2 in the supplementary ma-
terial (Jensen et al., 2023).

Figure 7 panels b, ¢, and d show the distance from the sources to the flash origin
vs time for the west (red), center (green), and east (blue) branches respectively. The time
at which a K-leader is launched on a particular channel is marked with a black vertical

—10—



288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

Es
c . A
© o )
'g 4 | § ol %T-.‘I{:.:»_,_' e West Branch
23 M ', v, e Center Branch
7 ! e EastBranch
[a})] Fl K Leader Marker
0 10 20 30 40 50 60 70 80
€ RS BT
251 "’::N~‘;}l‘:' a0
-6.01 £ P ‘.,
244 X LhE
541 gy W ‘gg
o ! o N
=31
= -65 s
E a5,
o
2
= 7.0
s 79 =
= § 54
£
5 4 4
5] 24
234
k]
! o5
-8.01 2
25 3.0 3.5 4.0 4.5 5.0 5.5 0 10 20 30 40 50 60 70 80
Easting (km) Time (ms)

Figure 7. Northing vs. Easting plot of three manually separated branches of the positive
leader (a), with plots of the distance from the flash origin vs. time for the west (b), center (c),
and east (d) branches. Black vertical lines on the distance vs. time plots indicate that a K-leader

began on that branch at that time.

line. Time zero in these plots is about 20 ms after the return stroke (at 182 ms in Fig-
ure la). In most cases K-leader sources are shown as a nearly vertical cluster that co-

incides with the black vertical markers. In some cases, the K-leader initiates just out-

side of the analyzed region and thus the sources do not appear in Figure 7.

Figure 7 shows two interesting insights into K-leader initiation and development.
First, in every case the launch of a K-leader (black lines) is followed by an RF quiet pe-
riod (typically 1-2 ms but sometimes exceeding 10 ms). The VHF suppression occurs specif-
ically on the branch that launched the K-leader. Other branches may continue to emit
VHF, or may also be suppressed. For example, the VHF suppression on the center chan-
nel (green, Figure 7c) at 10 ms does not occur on the other two branches (blue and red).
On the other hand, the K-leader at 22 ms on the center branch (green, panel ¢) does seem
to also suppress the east branch (blue, panel d). Hare et al. (2021) reported similar VHF
suppression and referred to it as the K-leader “quenching” the activity on the channel.

Secondly, there appear to be three different types of processes that proceed at three
different characteristic speeds. Examples of the three processes are labeled with arrows
as K, L, and M in Figure 7d. The best understood, and fastest, of these are the K-leaders
themselves, labeled K, typically initiating at speeds on the order of 106 m/s. The inter-
mediate speed process, labeled L, is suggested by the downward sloped bottom of each
group of sources, and seems to extend at speeds on the order of 10° m/s. The slowest
process is then the gentle upward source extension, labeled M, at speeds on the order
of 10* m/s. These three processes will be discussed further in Section 7.3.

7 Discussion
7.1 On Needles and “Twinkling”

We note that there are some small side-branches on the channels in Figure 7a, two
examples on the center channel have been circled and labeled N. These small branches
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Figure 8. Two examples of twinkling behavior between K-leaders. The top panels show the
location of twinkling sources and the background channel structure in Northing vs. Easting (a)
and twinkling in Northing vs. time (b) for the period between 6 ms and 16 ms, while the bottom
panels show Northing vs. Easting (c), and Northing vs. time for the period between 57 ms and
63 ms. This activity is on the east branch of Figure 7, and the zero reference for time is the same

as Figure 7d. The twinkling sources are colored by time.

are the recently identified needles (Hare et al., 2019; Pu & Cummer, 2019; Hare et al.,
2021). M. M. Saba et al. (2020) showed high speed video evidence that needles form as
failed branching attempts on the positive leader. Their explanation is especially convinc-
ing because it explains why needles are typically inclined in the forward direction of the
positive leader. In this study essentially all the protrusions from the channels are at 45°
or less with the main channel (Figure 7a). This is opposite to what would be expected
if needles were formed originally by the negative end of a cut-off channel as proposed by
Hare et al. (2019).

Regarding the VHF “flickering”, Stock et al. (2014) reported that positive lead-
ers flickered in a somewhat random way, and Hare et al. (2019) reported that most of
these flickering, or “twinkling”, sources are associated with needles. While the claim in
Hare et al. (2019) appears to be true for the flash they analyzed, it is not clear that it
is true in general. Hare et al. (2019) (their Figure 2) still shows a few twinkling sources
that occur along the main channel but not clearly on needles, and the same is true for
Hare et al. (2021) (their Figures 20 and 21). Pu and Cummer (2019) also showed many
twinkling sources that are arguably on the main positive channel rather than on any nee-
dle (their Figure 2).
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330 Our results in this study are shown in Figure 8, for two time intervals (top and bot-

331 tom) between K-leaders. The left-hand panels (a and c¢) show the channel structure and
3% location of the twinkling sources in northing vs. easting, where the background chan-

333 nel structure consists of all VHF sources in that region throughout the flash. The right-
334 hand panels (b and d) show the twinkling sources in northing vs. time. In the bottom
335 half of Figure 8a the twinkling sources seem to appear preferentially on the needles. The
336 rest of the twinkling sources in Figure 8 panels a and ¢ seem to appear equally on nee-
337 dles and the main channel. The occurrence frequency of twinkles in Figure 8 panels b

338 and d also appears to be the same between sources on needles and on the channel.

339 Thus while there may be some conditions under which needles become the preferred
340 location for twinkling VHF, it seems that in general twinkling is associated with both

3n the needles and the main body of the positive channel. Although needles have been con-

342 sidered a unique discharge process (Hare et al., 2019; Pu & Cummer, 2019), the needles

343 as a structure are first created by the VHF silent positive leader tip, as reported by M. M. Saba
344 et al. (2020). The needles are therefore just a small branch of the pre-conditioned chan-

35 nel structure, and are otherwise not special. Thus any proposed physical mechanism for

346 VHF twinkling should not be specific to needles. We consider all of the sources in Fig-

7 ure 7 and Figure 8 to be VHF twinkling, except those associated with K-leaders.

348 As an interesting observation, Figure 8b indicates that the twinkling rate is higher
349 closer to the positive tip (further north in this case), and the distance between twinkling
350 sources also seems to be smaller towards the tip. The fact that the same behaviors are
351 more clear in Figure 8b than Figure 8d may be due to the fact that the majority of the
352 twinkling sources appear within just 2.5 ms in the bottom case, vs 10 ms in the top case.

353 Pu and Cummer (2019) also reported that the spatial and temporal density of twinkles
354 was highest near the forward tip. Hare et al. (2021) claims they did not observe this in

355 general, although their Figure 22 seems to show somewhat similar behavior.

356 A shown earlier in Figure 7, the downward slope of the southern edge of the twin-
357 kling region, and the gentle average upward slope of the northern edge, are both appar-
358 ent in Figure 8 panels b and d.

359 7.2 Quenching vs Masking

360 With LMA observations of a triggered upward positive leader, Edens et al. (2012)
361 reported that temporal gaps in the positive leader sources seemed to correspond to si-
362 multaneous lower altitude negative breakdown. They attributed this to the masking of
363 higher power negative sources over the weaker positive sources. Although this masking
364 could play a role in suppressing VHF sources on the positive leader, the K-leader in this
365 study that occurs around 10 ms (green, Figure 7¢) does not interrupt the twinkling on
366 the other two branches (red and blue). There are multiple examples in this flash where
367 a K-leader occurs with simultaneous ongoing VHF twinkling on the other branches. For
368 instance, this occurs for the K-leaders at 2 ms and 17 ms on the red branch, at 36 ms
369 on the green branch, and at 38 m on the blue branch.

370 We can thus infer that the quenching of VHF sources is a real effect, presumably
3n caused by a change in the physical state of the channel during and after a K-leader. The
32 fact that after quenching the twinkling sources seem to re-start near the positive tip be-
373 fore extending back towards the origin also points to a physical change in the channel
374 conditions.

375 High speed video observations show K-leaders significantly increasing the channel

376 luminosity (Kong et al., 2008; M. M. F. Saba et al., 2008; Warner et al., 2012; Mazur,
377 2016; Wang et al., 2019; Huang et al., 2021; Jiang et al., 2022; Ding et al., 2022), indi-
378 cating increased temperature and conductivity along the channel at the time. Since this
379 is coincident with the suppression of VHF twinkling in this study, we can infer that the
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increased conductivity is the reason for the VHF quenching. In the cases where a K-leader
quenches multiple channels, there must be a conductive connection between those branches.
For instance, during the K-leader at 22 ms on the green branch (Figure 7c¢) the twinkling
along the blue branch (panel d) is also suppressed. Such an inter-connection is consis-

tent with our discussion of K-leaders displacing charge along multiple branches in Sec-

tion 5.

The duration of VHF quenching should therefore be related to the decay time for
a conductive K-leader channel to become non-conductive. Shao et al. (2012) predicted
that the decay time for a dart leader channel depends on the altitude of the channel, 7 =
0.17¢#/23 (ms), where z is in km. At 6 km where the K-leaders started in this study, the
decay time would be 2.3 ms. This is surprisingly close to the typical quenching duration
observed in Figure 7.

If quenching is caused by the increased conductivity of the K-leader channel, the
masking observed by Edens et al. (2012) may have been caused by the same effect. Their
observations are generally consistent with the upward positive leader branches produc-
ing downward K-leaders, and in some cases these K-leaders may have quenched all the
positive leader branches. On the other hand the LMA is probably more susceptible to
masking because of its longer integration windows compared to systems like BIMAP-
3D (10 ps-100 ps compared to ~0.5 us).

7.3 Three Characteristic Speeds in the Positive Breakdown Region

Among the three characteristic speeds in Figure 7, the fastest is the K-leader it-
self at 10 m/s (labeled K), which consists of negative breakdown and is clearly visual-
ized by BIMAP-3D. The slowest process at 10* m/s (labeled M) is associated with the
extension of the positive leaders. Since we generally do not see the positive leader tip
itself in VHF it is not surprising that this extension seems to continue whether VHF is
observed or not. This is most obvious in Figure 7b where very few VHF sources were
detected after 45 ms but the upward slope is still apparent. Even though the observed
VHF sources are probably not at the positive leader tips, it is reasonable to assume that
the true positive leader tip is at a roughly fixed distance ahead. In Figure 7, the aver-
age extension speed of all three branches is the same, 2 x 10* m/s. It is interesting to
note that the occurrence of K-leaders does not appear to have any significant effect on
this extension speed.

The intermediate speed process at 10° m/s (Figure 7d, labeled L) is difficult to in-
terpret. A more detailed view of this development is shown in Figure 8 panels b and d.
This speed is associated with the extension of the VHF twinkling region towards the di-
rection of the flash origin, but not related to any well defined channel propagation. Al-
though this extension leads to the start of the next K-leader, with our current observa-
tions we do not understand the physical mechanism for this process. Nevertheless this
process is clearly associated with K-leader initiation because the downward development
in Figure 7 panels ¢ and d generally continues until either a K-leader is initiated or the
process is interrupted by a K-leader from another channel.

Optical observations by other researchers show that the channel is dark before a
K-leader initiates (Kong et al., 2008; Mazur, 2016; Wang et al., 2019; Huang et al., 2021;
Jiang et al., 2022; Ding et al., 2022). In Section 7.2 we argued that VHF twinkling was
suppressed on a conductive channel. Taking these together it suggest that the process
that causes VHF twinkling and that initiates K-leaders should occur on cold/low con-
ductivity channels.

Hare et al. (2021) and (Pu & Cummer, 2019) both reported on the forward exten-
sion of the twinkling region along a channel with similar distance vs time plots to our
Figure 7 (Their Figures 22 and 4 respectively). (Pu & Cummer, 2019) estimated a 2D
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average speed of 1x10% m/s for this forward progression, Hare et al. (2021) reports 5x
10* m/s for their case, both are higher than our estimated speed of 2x10* m/s. In ad-
dition, they did not observe the intermediate speed process progressing towards the di-
rection of the flash origin, nor did they report any K-leaders during this interval. In our
study the progression towards the flash origin seems to be a feature of twinkling specif-
ically at the stage when K-leaders are being actively produced.

7.4 Positive Leaders May Generally be Dark/Cold

In Figure 7 and Figure 8 we observed scattered VHF twinkling sources in the pos-
itive discharge region, and in Section 7.3 we argued that this takes place on a dark chan-
nel. Similar VHF twinkling on the positive leader is observed in the early part of the flash,
starting 20 ms into the flash (Figure la, around 8 km). The similarity in the source scat-
tering and slow extension (10 m/s) between these two stages of the flash suggests that
the positive leader may also be cold in the early part of the flash. Hot positive leaders
have been observed in high speed video in other studies, but the reported leader speed
is typically one to two orders of magnitude higher (10% m/s-106 m/s) (M. M. F. Saba
et al., 2008; Campos et al., 2014; Kong et al., 2015), suggesting the reported optical pos-
itive leaders develop under different circumstances as compared to the in-cloud devel-
opment as presented in this paper. Some studies have reported optical observations of
dim or dark positive leaders extending on the order of 10* m/s (Kong et al., 2008; Wang
et al., 2019; Jiang et al., 2022).

7.5 The Life Cycle of a K-leader

Based on the observations presented in this paper, the life-cycle in the simplest case
is as follows: Following a period of VHF twinkling, a K-leader is initiated. The K-leader
then accelerates with increasing charge at both tips, and then the K-leader gradually de-
celerates to a stop with a relatively constant charge at the tips. After a few milliseconds
of VHF quiet period, the twinkling process starts again and that will lead to the initi-
ation of the next K-leader. We have already discussed the processes leading to the ini-
tiation of a K-leader in Section 7.3. We now discuss the physical mechanisms that drive
the rest of the K-leader development.

Let us first attempt to explain the initial acceleration of the K-leader. The speed
of the K-leader should primarily depend on the electric field strength at the negative leader
tip, and the state of conditioning of the channel to be retraced by the K-leader. Since
the K-leader channel becomes hot once it is started, as observed optically (Kong et al.,
2008; M. M. F. Saba et al., 2008; Warner et al., 2012; Mazur, 2016; Ding et al., 2022),
the active leader section can be treated as conductive and approximately equipotential.
For an equipotential channel in a uniform electric field the field strength as well as the
charge concentration at the tip would increase linearly with channel length (Kasemir,
1960; Mazur & Ruhnke, 1998). In this case it is not difficult to understand the leader
acceleration as it propagates forward.

However, at the late lightning stage during the K-leaders phase the electric field
around the lightning structures cannot be assumed uniform. Earlier discharges prior to
the K-leaders have redistributed the charges along the channel structures, and the elec-
tric field at any position would be a superposition of the general background field and
the disturbed field due to the lightning itself. Nevertheless, at the far extremes of the
positive breakdown region where the K-leaders are initiated, the local field is likely dom-
inated by the nearby negative charge concentration in the cloud and is less affected by
the main lightning structure. In a small spatial scale in this region, the field can be as-
sumed unform and directed toward the negative charge in the cloud. Under such con-
siderations, the acceleration along a short section of the leader propagation can be un-
derstood.
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On the other hand, as the K-leader propagates away from the negative cloud charge
region and toward the main channel structure the lightning-induced charge redistribu-
tion acts as an increasingly more dominant factor. Since previous discharge processes
effectively transported negative charge toward the region near and beyond the origin of
the flash, the field strength at the active leader tip will be continuously reduced as it prop-
agates toward this region. Under these conditions, the K-leader is expected to slow down
after its initial acceleration. This also explains why most K-leaders stop at the origin of
the flash and sometimes at branch junctions, especially for simple IC flashes (e.g., Shao
and Krehbiel, 1996; Shao et al., 2023). The other factor that helps to slow down the leader
propagation is the energy dissipation due to the re-ionization of the pre-established but
cold channel, as discussed in Jensen et al. (2021). However, based on the common de-
velopment behavior of the K-leaders it appears that the local field plays a dominant role
on its initial acceleration and later deceleration. It is interesting to note that the esti-
mated tip charge stays constant during the K-leader deceleration period, further study
will be needed to understand this behavior.

8 Summary

The results in this paper can be briefly summarized as follows:

1. K-leader propagation speed generally exhibits an initial acceleration followed by
a gradual deceleration
2. K-leader VHF power is exponentially correlated with speed
3. Branch junctions affect K-leader speed, and may affect charge redistribution
4. In simple cases the K-change can be modeled as equal and opposite charges at the
K-leader origin and propagating negative tip
5. The charge magnitude at the K-leader tip increases initially, then stays relatively
constant
6. The initial acceleration and charge buildup of K-leaders can be explained by the
equipotential model
7. The gradual deceleration of K-leaders may be due to charge deposited along the
channel by earlier lightning processes
8. VHF twinkling is not unique to needles, it also occurs on the main channel
9. We have confirmed that K-leaders quench VHF twinkling
10. VHF quenching is a real physical effect, not an observational artifact
11. After quenching the VHF twinkling region extends forward in the positive break-
down direction at 10* m/s, and back towards the origin at 10° m/s
12. K-leaders are initiated by the extending twinkling process on a relatively cold chan-
nel
13. Slow positive leaders (10* m/s) may generally be dark/cold while they exhibit VHF
twinkling

Appendix A Speed Uncertainty Analysis

We can relate the speed uncertainty to the position uncertainty by expressing the
speed (V) as the difference in time and location of two points

2 2 2
T1 — T2 Y1 — Y2 21 — 22
V= Al
\/<t1—t2) +<t1—t2) +<t1—t2) (A1)
The uncertainty, expressed as a standard deviation will be of the form

- TE () (5o
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where the sums for ¢ and j are over each variable, x1, 2, y1, ¥y2, 21, 22, t1, and ts.

The partial derivatives of V' can be summarized as

ov l 1 — T2 V:z:

o1 V(i —1)? VAL (A3)
aV 1 1 — T2 VI

Oz V(i —t2)?2 VAt (A4)
oV :_l(Il*$2)2+(y1*y2)2+(2’1*22)2 __Vv (A5)
otV (t, — t2)3 At

81 _ 1 (21— 22)” + (Y1 — ¥2)* + (21 — 20)° _ v (A6)
oty V (b1 —t2)3 At

where At = ¢, — 12, V, = #5772, and the equations are symmetric for x, y, and z.

Computing Equation A2 from the partial derivatives, and assuming the uncertain-
ties are the same for both points (i.e. 0, = 04,, etc.), we can see that most of the terms
will cancel out since half of the partial derivatives are negative and half are positive. Thus
we are left with only the squared terms

Vg: 2 Vv 2 ‘/Z 2 1% 2
() o () ot () (5] o

If we make a conservative error estimate so that we can assume o, =0y =0, =
coy, where c is the speed of light, then we can combine terms to get

o} =

1 V2
2 _ 2
V= [At? + CZAtQ} (A8)
Recognizing that ‘c/—; << 1 for any reasonable lightning activity we can drop the sec-

ond term (associated with ;) and are left with

Os
= —— A9
VA (A9)
If we further assume that we have N points and are taking an average of all of the
possible finite differences (2 N(IN — 1) combinations) rather than a single finite differ-
ence then we can apply the central limit theorem and get

2 Oy

N(N —1) [Af]

(A10)

UV:

where o7 is the standard deviation of the average speed, and At is the average time
difference between points.

While this averaging method is not identical to the linear fit method used for re-
sults presented in Figures 2-5, it is tractable to an analytic solution. The linear fit method
was also evaluated via a Monte Carlo simulation.

Parameters for the uncertainty estimation and the resulting uncertainties were de-
termined as follows: Shao et al. (2023) showed that in an ideal case the random loca-
tion uncertainty of BIMAP-3D can be better than 10 m in all directions (x, y, and z).
For the purpose of estimating the speed uncertainty we will use a more conservative es-
timate of 30 m location uncertainty in all directions for the K-leaders analyzed. If we
further assume that in a typical 30 us window we have about 30 sources (an underes-
timate), and the average time difference between sources is about 1/4 the window size,
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then from Equation A10 we get an estimated speed uncertainty of 2x10% m/s. A Monte
Carlo simulation was also conducted by repeatedly adding random offsets in each direc-
tion (Easting, Northing, and altitude) to each source location and then recalculating the
speeds as compared to the non-offset values. For offsets that were normally distributed
with a standard deviation of 30 m this method also yielded a one sigma uncertainty of
2 x 10° m/s.

Larger speed uncertainties can be caused when sources are coming from multiple
branches at the same time, especially when the branches are close to each other so they
are hard to separate in the data, but these errors are typically obvious as brief extreme
fluctuations in the measured speed and can be excluded from the analysis.

Appendix B Open Research

All data used for this paper are placed at https://doi.org/10.5281/zenodo.7800026
(Jensen et al., 2023), along with some supplementary animations and figures. All data
files are in text format with headers that describe each data column. A PDF is included
which describes the included files, and gives examples of the headers and column format.
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