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Abstract

In this study, we examined 364 space leaders in 18 negative natural cloud-to-ground lightning strokes
whose stepped leaders created new channels to ground. All strokes were captured on ultra-high-speed
video cameras operating at frame rates ranging from 400k to 783k frames per second. Additionally,
broadband electromagnetic field measurements were available for a subset of these strokes. The
median space leader inception-to-attachment-point length and retrograde propagation speed towards
the pre-existing leader channel were 8.2 m and 4.0 x 10° m/s, respectively. Space leader lengths were
longer and retrograde propagation speeds faster for return strokes with higher peak currents. This is
likely due to the relative proximity of space leader inception points to the pre-existing leader channel
(PELC), which makes the electric field produced by the PELC line charge density one of the primary
factors in determining space leader characteristics. Space leader characteristics were weakly related to
their inception altitude. We observed bursts of very high frequency (VHF) emissions preceding, by
around 0.5 — 1 ys, electric field leader-step pulses and the visible-frequency-range luminosity pulses
started during the step pulses. The median downward leader propagation speed for all 18 strokes was
4.3 x 10° m/s; leader propagation speeds were generally faster for return strokes with higher peak
currents. Also, leaders appeared to accelerate (on their way to ground) at altitudes lower than about
200 and 1000 m above ground level for strokes in the 10 — 60 and 84 — 228 kA peak current ranges,

respectively.
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1. Introduction

A space leader (Spcl) is a luminous plasma segment that forms in the high electric field region in
the vicinity (typically within a few tens of meters) of a negative lightning stepped leader. For SpcLs that
attach to the pre-existing leader channel (PELC), the attachment may occur either to the PELC tip leading
to its forward extension or to its lateral surface, which may lead to the formation of a new branch
(Khounate et al., 2021; Goldberg et al., 2024). Figure 1 shows an example of SpcL evolution from
inception to attachment in a negative cloud-to-ground (CG) first stroke. The majority of SpcLs attach to
the PELC tip or lateral surface, but some simply disappear without attaching. Detailed characterization
of SpcLs is essential for understanding the mechanism of stepping and propagation of negative leaders

in natural lightning.
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Figure 1. Evolution of an Spcl attaching to a PELC tip in a 60-kA negative CG first stroke occurring at a
distance of 5 km, observed in three consecutive ultra-high-speed (UHS) video camera frames. The
exposure time for each frame is 740 ns, followed by a deadtime of 540 ns. The resolution of each pixel is
2.8 m. (a) First frame in which SpclL is observed to form ahead of the PELC tip. (b) SpcL attaches to the
PELC resulting in the forward extension of the negative leader. (c) Luminosity burst immediately following
the SpcL-to-PELC attachment marking the completion of the step formation process. Note that, in order
to clearly show the SpcL evolution in this figure, the video camera frames were processed to reduce the
brightness of the ambient background; the relative luminosities of the SpcL and the PELC remained
unchanged.



Observations of space stems and SpcLs have been reported in the literature over the past
decade or so in triggered and natural CG lightning as summarized in Table 1. Note that the terms “space
stems” and “space leaders” are sometimes used interchangeably. Probably, space stems evolve into
SpcLs once the channel is visibly luminous, indicating significant thermalization. It remains to be seen if
space stems in natural lightning leaders would be sufficiently bright to be captured by a camera
operating in the visible frequency range. Biagi et al. (2009, 2010) reported high-speed video camera
observations of separated luminous segments in triggered lightning that they believed to be space stems
or SpclLs. They observed 1 —4 m long luminous segments forming 1 — 10 m ahead of the leader channels.
Hill et al. (2011) observed eight branches of a natural lightning stepped leader recorded at 300k frames
per second (fps), with average luminous segment lengths of 3.9 m, located about 2 m ahead of the PELC.
Petersen and Beasley (2013) reported high-speed video (10k fps) observations of a natural negative
lightning-stepped leader and a subsequent negative dart-stepped leader. They observed high-luminosity
segments with lengths ranging from 1 — 5 m which they interpreted as SpcLs. Similarly, Biagi et al. (2014)
observed eight luminous segments in a triggered negative stepped leader with high-speed video (108k
fps), with lengths ranging from 1 — 6 m, centered at distances between 3 and 8 m from the main
negative leader channel. Tran et al. (2014) observed an unusual natural lightning flash with two
branched negative strokes to ground with two simultaneous space stems observed during leader
descent prior to the first stroke, with step lengths estimated to be 14 — 15 m. Nag and Rakov (2016)
showed a conceptual diagram of SpcL formation and attachment to the PELC, and also predicted that
leader characteristics would be affected by the different enhanced and reduced electric field regions
(due to a lower positive charge region) between the main negative cloud charge region and ground. Qi
et al. (2016) reported synchronized electromagnetic field and high-speed video camera observations of
a natural negative stepped leader. They found nine field pulses which they attributed to leader steps,
and captured a total of 23 SpcLs or space stems with two-dimensional (2-D) lengths ranging from 1 —13
m, with an arithmetic mean (AM) of 5 m. Their distances from the PELC ranged from 1 — 8 m, with the
AM being 4 m. Jiang et al. (2017) reported the characteristics of SpcLs observed in two negative stepped
leaders with a video camera frame rate of 180k fps. For 96 leader steps, they found the step lengths to
range between 1.3 and 8.6 m, with a geometric mean (GM) of 4.4 m. Additionally, the distances from
the center of the SpclL to the PELC ranged from 2.1 — 6.9 m, with the GM being 3.6 m. Srivastava et al.
(2019) investigated 34 space stems observed in a negative stepped leader that attached to a 325-m tall
tower. The step lengths ranged from 1 —9 m, with an AM of 4.0 m. Qi et al. (2019) observed 12 SpcLs in

47 steps of a negative stepped leader with high-speed video cameras operating with frame rates of 20k



and 525k fps. They found the step leader lengths to vary between 2 and 5.9 m, with the AM being 3 m.
Finally, Khounate et al. (2021) measured the characteristics of SpcLs in three negative stepped leaders
using ultra-high-speed (UHS) video cameras with frame exposure times of 1.8, 1.0, and 0.74 us and
reported median 2-D SpcL lengths of 6.1, 16.6, and 17.6 m, respectively. They found that the median
SpclL lengths and inception-to-attachment-point distances were longer in higher peak-current return
strokes. They inferred that higher stepped-leader line-charge-density in strokes with higher return-

stroke peak currents influenced SpcL characteristics.

In this study, we analyze the spatio-temporal evolution of 364 SpcLs occurring in 18 negative
stepped leaders in CG strokes that created new channels to ground; this is the largest data set of SpcLs
analyzed to date. The peak currents estimated by the U.S. National Lightning Detection Network (NLDN)
for the 18 strokes ranged from 10 — 228 kA. These strokes were observed using time-synchronized UHS
video camera and electromagnetic field measurements. We examine the impact of SpcL inception-

altitude above ground level (AGL) and return stroke peak current on Spcl characteristics.



Table 1. Return stoke-parameters and geometric properties of observed space stems/leaders in rocket-triggered and natural CG lightning
observed using high-speed video cameras in different studies.

Return stroke

Space stem/leader

Video camera

Stud Number of eak current i ‘interframe interval Observation Lightning type
y strokes P Number of space Length (m) Distance from distance (m) g g typ
(kA) stem/leader PELC (m) (us)
Biagi et al. . . . .
(2009) ? - 2 2,4 4 185, 20 440
Biagi et al "Rocket-
& ’ 5 - - 1-4 1-10 4.17 440 triggered
(2010) . .
lightning
Biagi et al.
(2014) 9 - 8 1-6 3-8 9.26 440
Hill et al.
(2011) 1 -10.6 16 3.9 (AM) 2.1 (AM) 3.33 1000
Petersen et al.
(2013) 1 -35 - 1-5 - 100 770
Tran et al.
(2014) 2 -30, -20 2 - 14-15 400 6100
Qi et al. (2016) 1 - 23 5 (AM) 4 (AM) 100, 20 350
Jiang et al. Natural
(2017) 2 - 31 - 3.8 (AM) 5.6 410-1030 lightning
Srivastava et
al. (2019) -19,-44.3 34 2.1 (AM) - 2.63 910
Qi et al. (2019) 2 -13, -28 12 3 (AM) <2.7 (AM) 1.9 490
Khounate et 43-14.4 6.2 —26.5 (AM),
al. (2021) 3 -17 —-228 93 (AM) 6.1 27 (median) 1.26-25 2700 - 7900
Present study 18* -10--228 364 10.5 (.AM)' 8.2 114 (A.M)’ 1.26-2.5 400 - 13800
(median) 9 (median)

*Includes SpcLs in three return strokes with peak currents of -17, -104, and -228 kA previously analyzed by Khounate et al. (2021).



2. Measurement Systems, Data, and Methods

We used data from two measurement stations in this study: the Industrial Area Tower (IAT) (Nag
et al., 2021, 2023a; Plaisir et al., 2023) at the Kennedy Space Center (KSC) and the Melbourne Lightning
Observatory (MLO) (Khounate et al., 2021; Nag et al., 2023b) located on the campus of Florida Institute
of Technology. Both measurement stations included electric field, electric field derivative (dE/dt),
magnetic field derivative (dB/dt), and VHF measurement systems. The electric field and dE/dt systems
had —3 dB bandwidths of 0.16 Hz — 12 MHz and near-DC — 13 MHz, respectively. The VHF system’s
passband gain was about 24 — 26 dB and the -3 dB and -6 dB bandwidths were 16 — 215 and 15.6 — 410
MHz, respectively. Data from all measurement systems, except the VHF, were transmitted from the
antenna and associated electronics via fiber optic links to digitizers operating at 100 MHz sampling rate.
For the VHF measurement system, low loss double-shielded coaxial cables were used to transmit the
data to a digitizer sampling at 1.25 GHz. At each measurement station, a UHS video camera recorded
lightning at frame rates ranging from 400k to 783k fps. Note that, the KSC IAT is instrumented with a
current measurement system installed at the top of the tower designed to measure the currents of
upward unconnected and connecting leaders as well as return strokes attaching to the tower (Nag et al.,
2021, 2023; Plaisir et al., 2023); however, we do not analyze any current waveform data in this study
which is focused on the downward stepped leaders of 18 strokes (8 and 10 strokes observed at the KSC
IAT and MLO, respectively). We used the NLDN-estimated peak currents for all strokes (including the
ones for which we had channel-base current measurements) for consistency; they ranged from -10 to -
228 kA. Differences in the measured and NLDN-estimated peak currents were small and will be the
subject of a later study. For three strokes (all at the MLO), we simultaneously recorded UHS video
camera, electric and/or magnetic field, and VHF measurements, and for 15 strokes (at the MLO and KSC
IAT) we acquired UHS video camera measurements only. For the three strokes with simultaneously
measured UHS video camera and electromagnetic field measurements, the field measurements were
triggered using the trigger-pulse generated by the image-based auto trigger of the UHS video camera
when it sensed light exceeding a pre-set threshold within its field of view. We time-aligned the different
measurement channels taking into account all cable delays for all systems as well as the speed-of-light
propagation delay between the lightning location (the NLDN-reported 2-D ground-strike-point locations

for the three strokes) and our sensors. All data were GPS time-stamped with an accuracy of 10 ns.

Table 2. Characteristics of strokes, derived from NLDN-reports and video camera parameters, observed at the
KSC IAT and MLO.




NLDN-reports Video camera characteristics

Return Frame Altitud
Locatio Numbe Numbe stroke Distanc Frame Dea . Pixel erange
r of r of Interfram size, H .
n peak eto e interval exposur d XV resolutio AGL of
strokes  SpcLs current stroke (1s) e time time (pixels n field of
magnitud (km) H (us) (us) )p (m/pixel)  view
e (kA) (m)
1 1 1 1 1 1 1 1
0.52
KSCIAT 8 170 13-97 0.4~ 1.26- 0.74 - 64 x 0.78-3.62 41-646
1.8* 1.28 128
0.54
I I I ) 1 ) 1 1 1 1 1
64 x
MLO 10 194 10-228 11~ 1.26-2.5 0.74= 2‘52 128, 0.91-7.71 18-1399
13.7* ) ) 1.80 128 x ) ’
0.70 64

1
*The distance to stroke from camera for the five strokes that attached to the KSC IAT was 752 m and for the

stroke that attached to a tower within the field of view of the video camera at the MLO was 1.9 km. These
distances were used for determining the pixel resolution. The NLDN-reported distances are provided here for
completeness.

A total of 364 SpcLs were identified during the stepped leaders of 18 negative CG strokes that
created new channels to ground. The number of return strokes and SpcLs, as well as the NLDN-reported
characteristics and video camera parameter ranges for observations at the KSC IAT and MLO are shown
in Table 2. Five of the eight strokes observed (occurring within the field of view of the video camera) at
the KSC IAT measurement station attached to the tower. Only one of the 10 strokes recorded at the
MLO attached to a nearby tower within the camera’s field of view. For the six strokes that attached to
the two towers, we used the location of the towers as the ground-strike-point location; for the other 12
strokes we used the NLDN-reported ground-strike-point locations. One of the strokes that attached to
the KSC IAT (stroke 080823 _21) was a second stroke whose downward leader deviated from the first-
stroke (stroke 080823_36) leader channel and progressed in a stepwise fashion to attach to a new
upward connecting leader initiated from the KSC IAT; we included in our dataset the 24 SpcLs associated
with the downward leader stepping of this second stroke. For all strokes, we calculated the 2-D
distances from our UHS cameras to the ground-strike-point locations which were either the locations of
the towers (KSC IAT or the one near the MLO) or NLDN-reported stroke locations. Then for each stroke,
we used this distance, along with the respective UHS video cameras’ parameters (lens focal length and
pixel size), to calculate the pixel resolution on the 2-D plane of the camera’s field of view. The vertical
field of view of our UHS video cameras varied with frame rate and distance to stroke; the maximum and
minimum altitudes AGL were 1399 and 18 m, respectively. The UHS video cameras’ pixel resolution,

calculated from the return-stroke location and UHS video camera parameters, ranged from 0.78 — 7.71



m/pixel. The pixel resolution error for each stroke was calculated by finding the maximum distance from
the camera that the return stroke could have occurred (within the camera’s field of view), given the
NLDN-reported 50% error ellipse axes lengths and orientation/angle. For the 12 strokes that didn’t
attach to towers, the pixel resolution error ranged from 0.11 — 0.40 m/pixel, with the median error
being 0.11 m/pixel. For the six strokes that attached to towers in our cameras’ fields of view, the pixel
resolution error is zero because the exact ground strike point location is known. Note that all lightning
channel-lengths estimated from our video camera records in this study were 2-D and may be

underestimates of their 3-D lengths by up to 30% (Gao et al., 2014; Idone et al., 1984).

We used the same methodology for identifying SpcLs as Khounate et al. (2021) who considered
a luminous segment to be an SpclL if it was first observed to be visually separated in a video camera
frame by one or more pixels from the PELC. The distance between each SpclL and its PELC-
tip/attachment point was measured between the mid-point of the SpcL (camera pixel or group of pixels
illuminated by the SpcL) and the PELC-tip/attachment point. Additionally, we did not distinguish
between space “stems” and space “leaders” as once the channel is visibly luminous, indicating
significant thermalization, it should probably be referred to as a “leader”. We do not know if space
stems in natural lightning leaders would be sufficiently bright to be captured by a camera operating in

the visible frequency range.

3. Analysis and Results

3.1 Video camera-derived characteristics of space leaders

We found the 2-D positions of SpcL inception-points with respect to the PELC for all 364
observed SpcLs in the 18 strokes in our dataset. Figure 2a shows the inception point of each Spcl that
later attached to the tip (red dot) or the lateral surface (green dot) of the PELC or remained unattached
(blue dot). The black line in the figure indicates the reference-line along which the PELC associated with
each observed SpclL was aligned, with its tip located at the center of the polar plot. The 2-D position of
each Spcl on the plane of the plot was then determined by measuring the length of the line joining the
inception point of the SpclL and the PELC tip (i.e., the inception point to PELC tip distance) as well as the
angle between this line and the PELC-reference-line. As an example, the 2-D distance and angle between
PELC and Spcl are shown in the video camera frame in Figure 2c. From Figure 2a, we see that 272 of 273

(99.6%) SpclLs that attached to the PELC tip formed in the region below or ahead of the PELC tip (i.e.,



below the 90 — 270° line; the SpcL was closer to ground than the PELC tip). Only one such SpcL formed
above the PELC tip (i.e., above the 90 — 270° line; the PELC tip was closer to ground than the SpcL). On
the other hand, most (32 of 53 or 60.4%) of the SpcLs that attached to the PELC lateral surface formed
above the leader tip. Also, the majority (28 of 38 or 73.7%) of SpcLs that remained unattached

originated below the PELC tip. The statistics of the SpcL inception-point to PELC-tip distance for all 364
SpcLs in the 18 negative strokes are shown in the table in Figure 2b. The median distances to the PELC-
tip of SpcLs that attached to the tip (N = 273) and lateral surface (N = 53) were 8.1 and 11.2 m,

respectively, and that for SpcLs that remained unattached (N = 38) was 12.9 m.

(a)
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Figure 2. (a) Polar plot showing locations of SpcLs relative to the PELC tip at the time of their inception on
a 2-D plane. The black vertical line indicates the reference-line along which the PELC associated with each
observed SpclL was aligned, with its tip located at the center of the plot. The radii of the gray circles
indicate distances of 20, 40, and 60 m from the PELC tip. The 90 — 270° line, shown by the horizontal
dashed line, separates the regions below and above the PELC-tip. The SpcLs are color-coded based on



their attachment location on the PELC. (b) Table showing the statistics for the SpcL inception-point
distances from the PELC tip, including sample size (N), AM, standard deviation (SD), standard error (SE) of
the mean, median, GM, minimum (Min), and maximum (Max). (c) A video camera frame showing, as an
example, the 2-D distance and angle between a PELC and an SpcL. The pixel resolution for this frame was
0.78 m/pixel.

In Figure 3a, we show the histogram of the maximum SpcL length, which is defined as the
distance between its inception point to its attachment point on the PELC, color coded by attachment
location on the PELC. The associated statistics are shown in the table in Figure 3b. Note that the lengths
of the 38 SpcLs that did not attach to the PELC are not included in this analysis. Additionally, we do not
observe (perhaps due to the limited spatio-temporal resolution of our video camera records) any clear
indication of bidirectional leader development for our SpcLs during their evolution prior to their
attachment to the PELC (see Section 4 for further discussion). Therefore, we define the maximum SpcL
length to be equal to the distance between its inception point to its attachment point on the PELC. The
AM, median, and GM of the maximum SpcL length for 273 tip-attachment versus 53 lateral-surface-
attachment SpclLs were comparable, with the median length for 326 SpcLs in 18 strokes being 8.2 m.
Note that our measurements of SpcL inception-to-attachment-point lengths were affected by the pixel
resolution of our UHS video camera records which ranged from 0.78 — 7.71 m/pixel. For video camera
records with longer length/pixel, we expect that shorter SpcL inception-to-attachment-point lengths
were not measurable, so, the average lengths shown in Figure 3b should be treated as underestimates.
Note that the pixel associated with the inception point of an SpcL remains illuminated throughout the
progression of the SpcL from inception point to PELC-attachment; this makes it clear that the frame

dead time does not have a large impact on our measurements of SpcL length.

Next, we found the time it took an SpclL to attach to the PELC after forming by calculating the
time difference between the first video camera frame in which we observed the SpcL and the first frame
in which we saw it attached to the PELC. Figure 4a shows a histogram of these times for 326 SpcLs, color
coded by attachment location on the PELC. For both, the 273 SpcLs that attached to the PELC tip and the
53 SpcLs that attached to the PELC lateral surface, the median time was 2.5 ps. The AM (+ SE) for the
two types of SpcLs were 2.8 (+ 0.1) and 3.6 (+ 0.4) us, respectively. Note that, our measurement of the
Spcl time-to-attachment was limited by our camera interframe intervals (exposure time plus dead time
in Table 2) which ranged from 1.26 — 2.5 us. The median time-to-attachment of 2.5 us as well as the
other averages shown in Figure 4b should, therefore, be treated as overestimates. Also, the discrete

nature of the interframe intervals of 1.26 and 2.5 s resulted in no values falling in the 4.0 — 5.0 us and



9.0 — 10 ps bins in Figure 4a. For 282 SpcLs that were captured with a frame rate of 1.26 or 1.28 ps, the

AM and median time-to-attachment were 2.8 and 2.5 ps, respectively.
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Figure 3. (a) Histogram of SpcL inception-to-attachment-point lengths for SpcLs that attached to their
PELC, grouped by tip attachment (blue) and lateral surface attachment (orange). (b) Table showing the
statistics for the SpclL inception-to-attachment-point lengths.
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Figure 4. (a) Histogram of time-to-attachment for SpcLs that attached to their PELC, grouped by tip
attachment (blue) and lateral surface attachment (orange). (b) Table showing the statistics for the SpcL
time-to-attachment. Note that our frame durations of 1.26, 1.28, 1.7, and 2.5 ps resulted in no durations



being reported between 4 and 5 us. This is apparent in the histogram where there are no times reported
for the 4 — 5 ps bin.

For SpcLs that attached to the PELC, we also examined the SpcL retrograde propagation speed,
i.e., its propagation speed toward the PELC obtained by dividing the maximum SpcL length (see Figure 3)
by the SpcL formation to PELC attachment time (see Figure 4). Figure 5a shows a histogram of SpcL
propagation speeds color coded by attachment location on the PELC. Overall, the median propagation
speed for the 326 SpcLs in 18 strokes was 4.0 x 10® m/s (see Figure 5b). For SpcLs that attached to the
PELC tip (N = 273) versus the lateral surface (N = 53), the median retrograde propagation speeds were
4.1 x 10° and 3.0 x 10° m/s, respectively. Since, on average, the SpcL lengths are underestimated and
times-to-attachment overestimated, we expect the average retrograde propagation speeds shown in

Figure 5b to be underestimated.
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Figure 5. (a) Histogram of SpcL propagation speeds color coded by attachment type. The blue and orange

color coding represents SpcLs that attached to the PELC tip and lateral surface, respectively. (b) Table
showing the statistics for SpcL propagation speeds.

3.2 Impact of altitude and return stroke peak current on space leader characteristics

We first examined the impact of the return stroke peak current on SpcL characteristics. Figure 6

shows SpcL inception-to-attachment-point lengths binned by four different return stroke peak current



ranges: 10 — 17 kA (blue), 18 — 30 kA (orange), 36 — 60 kA (yellow), and 84 — 228 kA (purple). These
ranges included 5, 6, 3, and 4 strokes, respectively, and 90, 58, 60, and 118 SpcLs, respectively. The
median inception-to-attachment-point lengths were 6.1, 5.5, 8.2, and 16.6 m, respectively. We see that
strokes with higher peak currents generally had longer SpclL inception-to-attachment-point lengths than

strokes with lower peak currents.
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Figure 6. (a) Histogram and (b) statistics of SpcL inception-to-attachment-point lengths grouped by
different return stroke peak current ranges.
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Figure 7. (a) Histogram and (b) statistics of SpclL retrograde propagation speeds grouped by different
return stroke peak current ranges.

Figure 7 shows the Spcl retrograde propagation speeds grouped by the same return stroke peak
current ranges used in Figure 6. The median SpcL propagation speeds for the four peak current ranges
(in order of increasing current) were 2.5 x 10°, 2.7 x 10%, 4.5 x 10%, and 6.7 x 10® m/s. SpcLs in strokes
with higher peak currents appeared to propagate faster from their inception locations to the PELC than

SpcLs in strokes with lower peak currents.

To determine the dependence of the SpcL inception-to-attachment-point length (Ls;) on both
the inception altitude (h) and return stroke peak current (/), we plotted a surface described by a power-

law relationship between the three parameters given by:
Lg, =ax*IP «h¢ (D

where a, b, and ¢ are constants determined for the best fitted surface. A power law relationship was
chosen to account for any non-linearities (geometric increase, decrease, or compression) in the
relationships between parameters, and separate constants for peak current and height (b and c,
respectively) were used so that the impact of high and low peak currents and altitudes could be
examined independently. Figure 8a shows the surface fit for all 326 SpcLs that attached to the PELC. The
coefficient of determination (R?) was 0.68. We also examined the relationship between the SpcL lengths
separately versus return stroke peak currents and inception altitudes (by settingc=0and b =0,
respectively, in Equation 1), as shown in Figures 8b and 8c, respectively. The parameters used in
Equation (1) to plot each power-law fit are shown in the table in Figure 8e. The R? value was higher
(0.68), and the sum of squared errors (SSE) was lower (4141) for SpcL length versus return stroke peak
current (Figure 8b) compared to those (0.20 and 10428, respectively) for SpclL length versus inception
altitude (Figure 8c). This indicated a stronger dependence of SpcL length on the return stroke peak
current than on inception altitude. Figure 8d shows the AM (blue hollow circles) + SE (blue lines) and
median (red dots) SpcL lengths versus return stroke peak current for our 18 strokes; a significant
increase in AM/median Spcl length for strokes with peak currents higher than about 45 kA can be

observed in the plot. Similarly, we used the following equation
S, = axIP xhe (2)

to determine the dependence of the SpcL propagation speed (Ss.) on the inception altitude and return

stroke peak current. The resulting power-law fit surface is shown in Figure 9a; the R? value was 0.51. The



R? values associated with SpcL propagation speed versus current and Spcl propagation speed versus
altitude were 0.52 (Figure 9b) and 0.44 (Figure 9c), respectively. This indicated a slightly stronger
dependence of SpcL propagation speed on return stroke peak current than on altitude, but both
parameters are relevant. Figure 9d shows the AM (blue circle) + SE (blue lines) and median (red dot)
SpcL lengths versus return stroke peak current for our 18 strokes; the AM/median SpcL propagation

speed increased somewhat for strokes with peak current higher than about 60 kA.
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Figure 8. Dependence of the Spcl inception-to-attachment-point length on return stroke peak current (/)
and the inception altitude (h) for 326 SpcLs in our dataset examined using the power-law relationship
shown in Equation 1. (a) Surface fit describing SpcL inception-to-attachment-point length as a function of
SpcL inception altitude and return stroke peak current. (b) Scatter plot of SpcL inception-to-attachment-
point length and return stroke peak current. (c) Scatter plot of SpcL inception-to-attachment-point length
and inception altitude. (d) Scatter plot showing the AM (blue hollow circles) and median (red dots) SpcL
inception-to-attachment-point length versus the return stroke peak current for 18 strokes. The blue lines
(error bars) centered on the blue circles indicate the range of SEs of the respective AMs. Note that, in (d),
the horizontal axis (peak current) is non-linear. (e) Values of the constants in Equation 1 used to obtain
the best fits shown in (a), (b), and (c) as well as the parameters (coefficient of determination or R?, sum of
squared errors or SSE and sample size or N) of the best fits.
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Figure 9. Same as Figure 8 plots but for SpcL retrograde propagation speed versus inception altitude and
return stroke peak current. (a) Surface fit describing SpcL speed as a function of SpcL inception altitude
and return stroke peak current. (b) Scatter plot of SpcL speed and return stroke peak current. (c) Scatter
plot of SpcL speed and inception altitude. (d) Scatter plot showing the AM (blue hollow circles) and median
(red dots) SpcL speed versus the return stroke peak current for 18 strokes. The blue lines (error bars)
centered on the blue circles indicate the range of SEs of the respective AMs. Note that, in (d), the
horizontal axis (peak current) is non-linear. (e) Values of the constants in Equation 2 used to obtain the
best fits shown in (a), (b), and (c) as well as the parameters (coefficient of determination or R?, sum of
squared errors or SSE and sample size or N) of the best fits.

3.3 Correlated optical and electromagnetic field emissions from space leaders

In Figure 10 we show the time-correlated broadband electric field, dE/dt, VHF, and video camera
data for three SpclLs shown on a 35-ps time-window in one of our stepped leaders (stroke 071823_60).
The NLDN reported return stroke peak current for this stroke was -60 kA. Figure 10b shows the
measured dE/dt waveform (left vertical axis, blue line) along with the mean gray level calculated from
the entire field-of-view of the video camera frames (right vertical axis, orange line), Figure 10c shows
the electric field obtained by integrating the dE/dt, Figure 10d shows the VHF emissions, and Figure 10e
shows the time-frequency spectrogram of the VHF emissions in the 125 — 300 MHz range. Three distinct
dE/dt pulses are labeled as (1), (2), and (3) (above Figure 10b) corresponding to the three optically
observed SpclLs; three consecutive video camera frames for each of the three SpcLs are shown in Figure
10a. Each frame has an exposure time of 740 ns followed by a deadtime of 540 ns. For each SpcL, the
first frames (left-most column) show the SpcL forming ahead of the leader channel, and the next two
frames show the Spcl's progression toward and attachment to the leader channel followed by channel
rebrightening. The vertical black dashed lines in Figures 10b-e indicate the peak times of the electric
field signatures of what are traditionally called leader step pulses. We observe that the peaks in the
electric field pulses precede the mean gray level luminosity peaks and correspond to the time when the
SpcLs appear to attach to the PELC, after which the luminosity pulses start to rise toward their peak.
Note that at least a portion of the delay of the optical pulse peaks relative to the electric field pulse
peaks could be due to the slower sampling rate (video camera interframe interval) of the mean gray
level waveform. The luminosity peaks are associated with channel heating associated with current
“propagating” back along the PELC after the SpcL attached to the PELC. Also, we observe from Figures
10d and 10e that there is a burst of VHF emissions near the start of each dE/dt step pulse. See Section 4
for further discussion. The observations for stroke 071823 60 described above are representative of

those for all three of our strokes with simultaneously recorded dE/dt, VHF, and UHS video.
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Figure 10. Time-correlated dE/dt, electric field, and VHF measurements along with UHS video camera
frames corresponding to three SpcLs labelled (1), (2), and (3) that attached to the PELC for a -60 kA first
stroke (stroke 071823 _60). (a) Three consecutive UHS video camera frames each for SpcLs labelled (1),
(2), and (3). The field of view (range of 2-D spatial locations) shown in all nine frames are identical. Plots
of (b) dE/dt (blue line, left vertical axis) and video camera frame mean gray level (orange line, right vertical
axis), (c) electric field, and (d) predominantly VHF (16 — 215 MHz) signatures shown on a 35 ps time scale.



(e) The time-frequency spectrogram of the VHF signature shown in (d) for the 125 — 300 MHz range. The
vertical black dashed lines in (b) — (e) indicate the peak-times of the leader-step electric field pulses.

3.4 Downward leader propagation speeds

We calculated the downward leader propagation speeds for all 18 strokes from our UHS video
camera records. The tip of the downward-leader branch that eventually attached to ground was first
identified and the progression of the tip was tracked in all video camera frames between when it
entered and exited our camera’s field of view. However, for two of our strokes (091924_10 and
091924 15), the downward-leader branch that eventually attached to ground was outside the camera’s
field of view. For these two strokes, the tip of the downward-leader branch that occurred within the
camera’s field of view and progressed closest to ground at the time of the return stroke was tracked. For
all strokes, the leader propagation speed was calculated as the ratio of the tip-progression distance and
the time interval between frames in which the downward-leader tip was observed to advance by more
than one pixel. Figure 11 shows a histogram and table of associated statistics for 340 measurements of
the downward leader propagation speed for the 18 strokes, categorized into four different peak current
ranges (same ranges as those in Figures 6a and 7a). The median downward leader propagation speeds
for the 10 — 17 kA, 18 —30 kA, 36 — 60 kA, and 84 — 228 kA peak current ranges were 2.8 x 10°, 4.0 x 10°,
5.2 x 10% and 8.1 x 10° m/s, respectively. The median downward leader propagation speed increased
with increasing return stroke peak current; for all strokes combined it was 4.3 x 10° m/s. In Figure 12, we
show the median downward leader propagation speed versus median altitude for strokes in the 10 — 17
kA, 18 — 30 kA, 36 — 60 kA, and 84 — 228 kA peak current ranges indicated by blue, orange, yellow, and
purple lines, respectively. In order to obtain the median line plots, first, the propagation speeds and the
corresponding altitudes for the 18 strokes were sorted by descending altitude. Then, the sorted data
were binned into eight groups each containing nearly equal number of data points and the median
altitude and speeds were computed for each bin. Additionally, in Figure 12, we indicate the AM (+ SE)
and median speeds using hollow circles (along with whiskers) and solid dots, respectively, for all 14
strokes in the 10 — 60 kA range plotted versus the median altitudes. For the strokes in the 10 — 60 kA
range, we see that below about 200 m AGL, the leader propagation speed increases. For the 84 — 228 kA
peak current range (purple line), our observations did not include any downward leaders propagating
below about 200 m AGL. For strokes in this higher peak current range the downward leader propagation

speed started to generally increase at a higher altitude, below around 1000 m AGL.
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Figure 11. (a) Histogram of downward leader propagation speeds calculated from UHS video camera
frames for all 18 strokes. (b) Statistics associated with downward leader propagation speed histogram.
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Figure 12. Median downward leader propagation speed versus median altitude for strokes in the 10 — 17
kA, 18 — 30 kA, 36 — 60 kA, and 84 — 228 kA peak current ranges indicated by blue, orange, yellow, and
purple lines, respectively. Also shown are the AM (+ SE) and median speeds using hollow circles (along
with whiskers) and solid dots, respectively, for all strokes in the 10 — 60 kA range plotted versus the median
altitudes. Note that, the AMs and SEs are different than those that appear in Figure 11b because the data
here is binned by decreasing median altitude instead of by peak current range.



4. Discussion

We did not observe any clear indication of significant bidirectional propagation in our SpcLs
prior to their attachment to the PELC; only the positively charged ends of the SpcLs (the ends closer to
the PELC-tip) were observed to propagate toward the negatively charged PELC-tip while the negatively
charged SpcL ends (far ends of the SpclLs relative to the PELC-tip) remained more-or-less in the same
location. Note that, in Figures 1 and 10a, we observe that once the SpcLs have attached to the PELC,
additional pixels below the inception point of the SpcLs have been illuminated. This could be due to
saturation of the nearby pixels associated with leader channels due to the luminosity pulses propagating
back along the channels once the SpcLs attach to the PELC. Of course, our ability to detect and track
SpcL propagation was limited by our UHS camera pixel resolution and interframe interval (as discussed
in Section 3.1). Also, note that for SpcLs that did not attach to their PELC, the inception-to-attachment-
point length, time-to-attachment, and retrograde propagation speed, were not measurable as they did

not have an attachment point on the PELC (either to its tip or lateral surface).

We calculated the percent increase in the AM downward leader propagation speeds for the two
lowest altitude points in Figure 12 relative to the preceding higher altitude points for strokes in the 10 —
60 kA peak current range; the AM downward leader speed increased by 14% between the median
altitude ranges of 183 and 155 m and by 52% between the median altitude ranges of 155 and 102 m.
The leader acceleration is apparent at higher altitudes for strokes in our highest peak current range (84
— 228 kA); for strokes in this range, the AM (not shown in Figure 12) downward leader speed increased
by 107% between the median altitude ranges of 1006 and 255 m. These findings are in agreement with
modeled and observed increases in downward leader propagation speed a few hundred meters above
ground assumed or reported in previous studies (Nag and Rakov, 2016; Cooray and Arevalo, 2017; Cruz
et al., 2025). Cruz et al. (2025) analyzed 2-D speeds of 107 stepped leaders observed using high-speed
video cameras in Utah and reported that for 91% of their stepped leaders the average propagation
speed increased as they approached ground and that the average increase in speed was 69% at altitudes
below 500 m AGL. Their observations of stepped leader acceleration close to ground in Utah

(Southwestern United States) are generally consistent with ours in Florida (Southeasten United States).

On average, Spcl retrograde propagation speed and downward leader speed were faster for
higher peak current strokes (see Figures 7 and 11, respectively). The median downward leader
propagation speed (4.3 x 10° m/s) was about an order of magnitude slower than the median SpcL

retrograde propagation speed of 4.0 x 10° m/s which is consistent with SpcL and leader-step formation



occuring at a signifantly faster rate in different branches of the downward leader resulting in the slower

overall downward extension of the leader channel.

The Spcl inception-to-attachment-point length and retrograde propagation speed did not
appear to be dependent upon the SpcL inception altitude. We found a weak correlation (R? = 0.20)
between the SpclL length and inception altitude for SpcLs in all 18 strokes combined. On the other hand,
a moderate correlation (R? = 0.68) was found between the length and the return stroke peak current.
Also, the SpcL propagation speed appeared to be somewhat better correlated to the return stroke peak
current (R? = 0.52) than the SpcL inception altitude (R? = 0.44). In order to further investigate the
dependence of SpclL length and propagation speed on inception altitude, we repeated the analyses in
Figures 8c and 9c, respectively, for each individual stroke. For SpcL length versus inception altitude, the
R2 values were less than 0.5 for all but two strokes for which they were 0.87 (N =5) and 0.7 (N = 21). For
SpcL propagation speed versus inception altitude, the maximum R? value was 0.31. So, for individual
strokes, the overwhelming majority had weak correlations between the SpcL inception altitudes and
their lengths/propagation speeds. The number of SpcLs observed and the altitude range of observations
for each stroke were likely too small to effectively model the relationships between SpcL inception
altitude and length/propagation speed. Additionally, we performed a random effects meta-analysis for
individual strokes in our dataset for the same power-law relationships shown in Equations 1 and 2. The
results of this analysis reinforced our findings that the SpcL length and propagation speed depend more
on the return stroke peak current than the SpcL inception altitude. In addition, we found that the
“random-effects” term in the analysis was significant, which could imply that stroke-to-stroke
heterogeneity in factors such as unmeasured environmental conditions (see below) significantly
influenced SpcL length and propagation speed. The return stroke peak current is correlated with the
leader line charge density (Khounate et al., 2021; Kodali et al., 2005). Therefore, our findings indicate
that SpcL characteristics are likely more influenced by the enhanced electric field in the immediate
vicinity (within 10 meters or so) of the PELC than the ambient “background” electric field between the
cloud and ground. We believe that the relationship between SpclL characteristics and their inception
altitude to be more complicated due to the ambient electric field being dependent upon a variety of
factors such as the specific thunderstorm, the lifecycle of the storm, the space charge environment
closer to the ground, and the presence or absence of convection-driven charge movement. Note that we
expect the surface fits in Figures 8a and 9a will become more robust as more data are recorded,

especially for SpcLs at higher altitudes and for strokes with peak currents greater than 120 kA or so.



The VHF emissions associated with leader steps were observed to occur about 0.5 — 1 us prior to
the start of the predominantly low frequency (LF)-high frequency (HF) dE/dt leader step pulse (see
Figure 10c-e). The VHF emissions are likely associated with the breakdown of virgin air and streamer
formation occurring between the SpcL and the PELC, leading to the SpcL propagating toward the PELC
prior to their attachment. The LF-HF dE/dt pulse is associated with current flow along longer (probably
many tens of meters) sections of the PELC once the Spcl attaches to the PELC during the formation of a
new leader step. The inception of the optical luminosity pulse, due to the heating associated with this
current, occurs during the zero-crossing of the dE/dt pulse (i.e., the peak of the electric field pulse, see
Figure 10b). The luminosity pulse then peaks within a few microseconds after its inception as the PELC
continues to brighten due to continued current flow and channel heating. Thus, the luminosity pulse
peak lags the radio frequency emissions, particularly the VHF emissions, which are likely associated with
breakdown of air, streamer formation, followed by SpcL-PELC attachment. It remains to be seen if
sources of the VHF emissions are predominantly located at the tip of the negatively charged PELC, the
positive end of the SpcL, or both. Finally, as stated in Section 3.3, at least a portion of the delay of the
optical pulse peaks relative to the LF-HF electric field pulse peaks could be due to the slower sampling

rate (video camera interframe interval) of the mean gray level waveform.

For intracloud lightning negative leader propagation, Edens et al. (2014) measured a step length
for a negative cloud-to-air leader from a color photograph as 200 m. Using a low-frequency lightning
locating system, Wu et al. (2015) observed preliminary breakdown processes occurring in 662 intracloud
lightning flashes. They found initial leader step lengths ranging from 40 to 140 m with an average step
length and leader speed of 113 m and 4 x 10° m/s, respectively. Hare et al. (2020) used the Low
Frequency Array (LOFAR) to observe an intracloud lightning discharge initiated at an altitude of 4 km
with negative leaders spanning distances of 5 km. They found that each leader step emitted multiple
short-duration (< 10 ps) bursts of radiation in their VHF observation band of 30 — 80 MHz and reported
the median horizontal distance between VHF bursts to be 8.5 m. Pu and Cummer (2024) analyzed the
initial development of intracloud lightning flashes using a 30 — 250 MHz broadband VHF interferometer.
They observed structures at the corona fan edges which they suspected to be space stems. During
intracloud lightning initial breakdown pulses and stepping, they observed discrete strong VHF pulses for
over 50 ps scattered across a 100 — 200 m long linear structure. While our video camera measured
downward CG leader median speed of 4.3 x 10° m/s is similar to that reported by Wu et al. (2015) for
intracloud lightning, generally speaking, the step lengths (SpcL inception-to-attachment point lengths)

observed by us in the visible frequency range for CG lightning are shorter than most stepping-associated



features observed in VHF for intracloud lightning. More observations and analyses are needed to
understand the exact relationship between leader-step VHF emissions and the features of video-camera
observed SpcLs as well as how stepping-associated emissions may differ for intracloud versus CG

lightning leaders.

The retrograde propagation of the SpcL toward the negatively charged PELC is presumably
occurring via breakdown of air at its positively charged end. Interestingly, the fastest optically-observed
SpcL propagation speed in our dataset was 2.55 x 10’ m/s, which is comparable to the speed (on the
order of 10’ m/s) of propagation of VHF sources reported for the so-called fast positive breakdown in
cloud lightning (e.g., Rison et al., 2016; Lyu et al., 2019; Pu and Cummer, 2004; Shao et al., 2025).
However, the vast majority of the SpcL propagation speeds in our dataset are on the order of 10° m/s
(median = 4.0 x 10® m/s). We note that, Jensen and Shao (2025) used the 3-Dimensional Broadband
Interferometric Mapping and Polarization system (BIMAP) to report fast positive breakdown VHF-source
speeds in the roughly 1-20 x 10® m/s range in about 100 flashes, with the vast majority of the speeds
being in the <10” m/s range (the median value was likely around 5 x 10® m/s). These speeds are also
consistent with that obtained from the VHF observations of Sterpka et al. (2021) who interpreted the
first in-cloud VHF sources in a flash reported by LOFAR as positive streamer activity propagating at a
speed of 4.8 x 10° m/s. Jensen and Shao (2025) concluded that fast positive breakdown speeds on the
order of >10” m/s should perhaps be considered as being at the extreme end of the speed distribution,
which also agrees with our optically observed Spcl speed distribution. So, at least from the perspective
of speed, our optical observations of the propagation of the positive end of SpcLs are similar to those for
fast positive breakdown VHF-source propagation. The fast positive breakdown in cloud lightning
reported in the scientific literature (see above) occur at higher altitudes (in-cloud) over lengths of about
a hundred to several hundred meters and have durations of a few to few hundred microseconds,
whereas our SpcLs in CG lightning negative stepped leaders have been observed closer to ground (below
1500 m AGL) and propagate over a few to few tens of meters during about 1 — 10 ps. Nonetheless, these

Spcls seem to be another example of preferential positive breakdown followed by leader propagation.

5. Summary

We measured the characteristics of 364 SpcLs (326 of which attached to a PELC) in 18 negative

CG strokes recorded using UHS video cameras at our MLO and KSC IAT measurement stations. The



median SpcL inception-to-attachment-point length and retrograde propagation speed were 8.2 m and
4.0 x 10° m/s, respectively. SpcL characteristics appear to be primarily dependent upon return-stroke
peak current and weakly dependent upon the inception altitude. This is likely due to the relative
proximity of the SpcL inception point to the PELC, which makes the electric field produced by the PELC
line charge density one of the primary factors in determining SpcL characteristics. We observed that VHF
emissions preceded the predominantly LF-HF dE/dt (or electric field) step pulse by around 0.5 -1 ps and
the visible-frequency-range luminosity pulses started during the dE/dt step pulses. The VHF emissions
are likely associated with the breakdown of virgin air and streamer formation occurring between the
SpcL and the PELC, leading to the SpcL propagating toward the PELC prior to their attachment. The LF-HF
dE/dt pulse is associated with current flow along longer (probably many tens of meters) sections of the
PELC once the SpcL attaches to the PELC during the formation of a new leader step. The optical
luminosity pulse occurs due to the heating associated with this current. The median downward negative
leader propagation speed for all strokes was 4.3 x 10° m/s, approximately one order of magnitude
slower than the median SpclL retrograde propagation speed. Similar to Spcl retrograde propagation
speeds, downward leader propagation speeds were generally faster for return strokes with higher peak
currents. Also, on average, downward leader speeds increased as they progressed below a few hundred
meters AGL. For strokes in the 10 — 60 kA peak current range, the AM downward leader speed increased
by 14% between the median altitude ranges of 183 and 155 m and by 52% between the median altitude
ranges of 155 and 102 m. For strokes in the 84 — 228 kA peak current range, the AM downward leader

speed increased by 107% between the median altitude ranges of 1006 and 255 m.
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Highlights:

e Space-leader lengths and speeds increased with increasing return-stroke peak currents.
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e Space-leader inception altitudes did not significantly impact their lengths.

e VHF emissions preceded electric field leader-step pulses.



