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Abstract The lightning channel morphology is closely related to developmental processes, which depends
on the charge structure. There is currently a lack of understanding of how lightning channel morphology reveals
developmental characteristics and charge structure. Based on the Lightning mapping array radiation source
localization data of six lightning flashes, we studied the lightning channel morphology characterization method
and obtained the spatial distribution of the fractal dimension (FD). We found that the fractal distribution had

a consistent spatial and temporal correspondence with the channel development characteristics. Compared

to regions with unidirectional extended channels, regions with more channel branches or direction change of
channel development have a larger FD and a higher power density, where horizontal channel development

is accelerated. These correspondence features reflect the inhomogeneous presence of pocket charge, which
provides a new method to use lightning morphology information to reveal the characteristics of charge level
distribution within thunderstorm clouds.

Plain Language Summary The charge distribution within the horizontal charge region may

have a more significant effect on the extension of the lightning channel. At present, it is still difficult to
directly observe the charge structure of thunderstorm clouds, especially the horizontal charge structure.

Also, the morphological study of the channel is not perfect due to the limitations of observation and data
acquisition. Therefore, there is currently a lack of understanding of how lightning channel morphology reveals
developmental characteristics and charge structure. In the paper, the relationship between the lightning channel
morphology, developmental characteristics, and charge structure was investigated for the first time based on
Lightning mapping array localization data, and the spatial distribution of the lightning fractal dimension (FD)
was obtained. It is found that, compared to regions with unidirectional extended channels, regions with more
channel branches or direction change of channel development have a larger FD and a higher power density,
where horizontal channel development is accelerated. These correspondence features reflect the inhomogeneous
presence of pocket charge, which provides a new method to use lightning morphology information to reveal the
characteristics of charge level distribution within thunderstorm clouds.

1. Introduction

The spatial distribution of charge plays a crucial role during lightning development (Tudin et al., 2017; Zheng
et al., 2019). A typical thunderstorm cloud has a three-layer charge structure: a positive charge region at the top,
a negative charge region in the middle and a small positive charge region at the bottom (Krehbiel, 1986; Williams
et al., 1985). At present, the vertical layered structure is mainly used in research to reveal the propagation behav-
ior of lightning (Krehbiel, 2003; Nag & Rakov, 2009; Qie, 2005). However, a growing body of research suggests
that the charge structure of thunderstorm clouds is more complex (Stolzenburg et al., 1998) and possibly mani-
fests itself as a staggering of more charge regions, and the horizontal extent of the charge regions can often be
much larger than the vertical extent (Coleman et al., 2003; Krehbiel et al., 1979; Lyons et al., 2020; MacGorman
et al., 1981; Winn et al., 1981). The nonuniformity of the charge distribution within the horizontal charge region
may have a more significant effect on the extension of the lightning channel.
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At present, channel development is generally simulated by assuming the charge distribution in the numerical
model, and the correctness of the assumption of the charge structure is proved by the development and trans-
port characteristics obtained by the simulation (Mansell et al., 2002; Niemeyer et al., 1984). For example, Tan
et al. (2014) proposed a horizontal larger charge region effect through two-dimensional simulations, which
suggests that the polarity and type of lightning discharge depend on the relative position and size of the charge
region near the initiation point. Xu et al. (2021) presented similar conclusions to Tan et al. (2014) by simulating
different horizontal charge distribution characteristics, which revealed the influence of the uniformity of the
horizontal charge distribution and relative position of high-density charge centers on the propagation trend of the
leader and type of lightning. Tudin et al. (2017) showed through simulations that the occurrence of different types
of lightning depended on the charge structure. However, numerical models are based on certain speculations and
assumptions, and the reality of the results must be tested by actual detection results.

The actual detection of the charge region within a thunderstorm cloud consists of two main approaches: electric
field sounding and radiation source-based inversion. The electric field sounding information can only obtain the
field intensity distribution along the balloon's ascending trajectory in a certain time range and cannot obtain the
instantaneous potential and charge spatial distribution in the cloud. It is still difficult to understand the interre-
lationship between the channel development of the discharge process and the charge spatial distribution in the
cloud. The radiation source-based inversion method of charge distribution is usually based on the understanding
of the lightning discharge process and radiation laws. However, considering the insufficient details of channel
development, only a typical layered structure in the discharge was given (Krehbiel, 1986). The radiation source
localization results, especially the channel morphology information, can characterize the channel extensions,
which are closely related to the charge structure; thus, they are expected to reflect more detailed charge structure
characteristics through channel morphology and development characteristics studies. Previous laboratory-based
experimental and numerical simulation studies have also shown the feasibility of this method. For example,
Williams et al. (1985) and Mansell et al. (2002) demonstrated experimentally and through simulations that elec-
trical discharges tended to propagate more into regions of higher charge density, where there was more abundant
branching and the abundant bifurcation could manifest itself in larger fractal dimensions. Tan et al. (2007) found
that the propagation of cloud-to-cloud flash was related to the distribution of charges in clouds through numerical
model simulations, and the leader propagated first to the high-density centers and potential extremes.

The morphological study of the channel is not perfect due to the limitations of observation and data acquisition.
In the past, although there were studies on the description of lightning using fractals based on measured data,
they mainly used the fractal dimension (FD) of waveforms to distinguish different lightning categories (Gou
etal., 2010) or fractal dimensions to describe the geometric characteristics of each lightning as a whole. However,
they did not describe the spatial distribution of fractals in a single lightning flash and failed to characterize the
developmental changes in channels by fractal dimensions (Safiudo et al., 1995; Tan et al., 2006). In this study,
we obtain lightning development channels from radiation source localization data, perform FD characterization
to investigate the relationship among the FD, channel morphology and power density, and explore the role of
lightning channel morphological characteristics on the indication of charge area.

2. Data and Methods
2.1. Data

This study focuses on the analysis of 3D location data from radiation sources of six lightning flashes during a thun-
derstorm in New Mexico, USA, on 5 August 2013. The location data were obtained from the Lightning mapping
array (LMA) observations at the Langmuir Laboratory of the New Mexico Institute of Mining and Technology
(NMT). The 3D location has a temporal resolution of 80 ps and a location accuracy of tens of meters within the
network of stations (Rison et al., 1999; Thomas et al., 2004). A strict standard of noise reduction is used (number
of stations >7; reduced chi-square <2) to ensure the reliability of the location data. Six flashes occurred on 5
August 2015, at 20:01:16, 20:02:56, 20:04:10, 20:05:13, 20:10:01 and 20:27:08 UTC (later referred to as flash
one , flash two, flash three, flash four, flash five and flash six, see Table S1 in Supporting Information S1 for
more details), and the occurrence location was concentrated in the range of 12 from east to west and 20 km from
north to south, with high positioning accuracy. The three-dimensional localization distribution is shown in Figure
S1 of Supporting Information S1. The main text focuses on flash two as an example to illustrate the findings of
this study and the distribution of flash two is shown in Figure 1a. The KABX radar in Albuquerque, New Mexico,
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Figure 1. (a) Horizontal projection of Flash two; (b) Flash two channel fit (0.50 x 0.50 km grid points). The radiation sources are colored by time.

located approximately 130 km east-northwest of the center of the LMA, provided the base data, and the lightning
flashes analyzed here are all about 125 km away from the radar and within the radar detection range.

2.2. Calculation of Fractal Dimension

Fractal is a natural framework to describe chaos and complex structures (Barnsley & Jacquin, 1988) and has
been successfully applied to geometrically describe electrical discharges (Femia et al., 1993). The geometry of
lightning is fractal (Riousset et al., 2007; Vecchi et al., 1994), and the use of fractal dimensions enables a quanti-
tative description of the morphology of lightning channels, such as the direct extension, steering, and bifurcation
behavior of lightning channels. In this paper, the FD is used to characterize the channel morphology, and the
box-counting method is used to calculate the FD (see Maragos and Sun (1993) for details) as follows:

log N
FD = 1im°g—l(£)
=0 log;

where ¢ is the side length of the box, and N is the number of boxes covered. In the specific calculation process,
the radiation source is first approximated to fit to obtain a stable FD. The method is similar to Zhang et al. (2014),
where the analysis space is divided into a grid of 0.50 X 0.50 km, and the arithmetic average of all radiation source
positions within each grid point is taken as the average position of the radiation source within this grid point.
Then, the channels are fitted by interpolation between the radiation sources obtained in the previous step accord-
ing to the lightning channel connection method (Li et al., 2021). The shape of the fitted channels is shown in
Figure 1b. When the number of interpolations is 11, it is approximately the same as the original data (Figure 1a),
the FD tends to be stable, and the number of radiation sources is close to the number before fitting. Finally, the
FD of each grid point is calculated to obtain the FD distribution of the area to be analyzed.

2.3. Estimation Method and Fitting of the Leader Velocity

The leader velocity was calculated in a similar manner to Jensen et al. (2021). The radiation sources of the leader
channel were selected, and the velocity of the leader propagation was estimated using the sliding average method
(see Text S1 in Supporting Information S1 for more details). A velocity estimate was obtained at each sliding
window, and the curve of velocity variation with time can be obtained after sliding through the window. Figure
S2 in Supporting Information S1 shows the results of fitting a section of leader radiation sources in Flash two
with different sliding steps (10 sources, 40 sources, 70 sources) and the calculated velocities. When taking a slid-
ing step of 40 radiation sources, the fitted channel can match the radiation source morphology, and the velocity
changes are more continuous.
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Figure 2. (a) Channel morphology superimposed on the fractal dimension (FD), and (b) channel morphology superimposed on the power density distribution. The
black line represents the fitted channel; the grayscale plot represents the FD distribution; the blue box indicates the inflection point location; the red box indicates the
bifurcation location; the yellow box indicates the channel one-way extension region.

3. Result
3.1. Channel Morphology and Fractal Characteristics

The effects of the channel curvature and number of branches on the FD in the ideal case are first explored. In
contrast to a previous study of the fractal characteristics of each lightning event as a whole (Allen et al., 2011;
Tsonis, 1991), Figures S3a—S3d in Supporting Information S1 show the change in FD for simulated channels
with different degrees of curvature within a 0.5 X 0.5 km grid point. With the increase in inflection points, the
FD also increases. Figure S3e—S3h in Supporting Information S1 shows the change in FD with a given number
of branches within a 0.5 X 0.5 km grid. The FD increases with the increase in number of branches. From the
above ideal simulation, the size of the FD truly reflects the tortuosity of the lightning channel and the number of
branches.

Figure 2a shows the channel FD distribution of the observed lightning Flash two. The yellow boxes
((NVE) = (5.5-6.5, 3-3.5) km and (N,E) = (8.5-9, 5.5-6.5) km) are the regions of direct lightning extension
with fractal dimensions of 0.5026 and 0.4344, respectively, and a mean value of 0.4685. Near the blue boxes
((NVE) = 10-11.5, 1.5-2.5) km and (N,E) = (6.5-7.5, 1.5-2) km) are the regions where the channel propagation
direction changes (inflection points, which are also another manifestation of branching) with fractal dimensions
of 0.8426 and 0.6812, respectively, and an average of 0.7619. Near the red boxes ((N,E) = 8-8.5, 4.5-5) km and
(NLE) = (7-7.5, 6.5-7) km) are the regions of channel branching with fractal dimensions of 0.8834 and 0.9560,
respectively, with an average of 0.9197. The magnitude of the FD directly characterizes the morphology of the
lightning channel: the largest FD is where the channel bifurcates, and the smallest FD is in the region of unidi-
rectional development. In contrast, the FD values obtained in previous studies are for the whole lightning, for
example, 4/3 for Tsonis (1991) based on lightning photographs and 5/3 for the whole lightning obtained by Allen
et al. (2011) based on LMA, which give fractal characteristics that describe the lightning as a whole and cannot
describe the lightning details. We use the spatial distribution of fractal dimensions to characterize the develop-
mental morphology of the channel in the following study.
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3.2. Lightning Channel Morphology and Power Density Distribution

We define the power density as the sum of the power of all Very High Frequency (VHF) radiation sources in a
unit area, which is used to represent the comprehensive effect of the number and power of the radiation sources
and reflects the discharge energy per unit area. We analyze the relationship between lightning channel morphol-
ogy and power density for the same region as the channel morphology and FD in Section 3.1. Figure 2b shows
the superposition of the fitted lightning channel morphology and VHF power density. The power density of the
VHF radiation sources is 89.92 and 7.91, with an average of 48.92 W/km? near the yellow box in the figure, where
the lightning extends in one direction. Near the blue box is the inflection point of the channel, and the power
densities of the VHF source are 1,141.79 and 566.41 with an average of 854.10 W/km?; Near the red box are the
branching areas with VHF source power densities of 7,341.09 and 3,120.04 and an average of 5,230.57 W/km?.
Combined with the FD characteristics of the corresponding regions in Section 3.1, the unidirectional extension of
the channel has the smallest power density and the smallest corresponding FD, while the branch has the largest
power density and the largest corresponding FD.

3.3. Channel Morphology and Leader Velocity

We selected the leaders that continuously developed within the height of 9-11 km in the time period of
20:02:57.10-20:02:56.17 (Figure 3a) and analyzed the relationship between the leader propagation velocity and
the channel morphology. As shown in Figure 3, the leader propagates towards region A at a velocity of approxi-
mately 0.5 X 10° m/s, and the velocity increases to more than 2 X 10° m/s at region A, which is 4 times the starting
velocity. As seen in Figures 3b, 3e and 3f, region A is the region of channel bifurcation, where it has large FD and
power density (1.0920 and 1,872.03 W/km?, respectively). Then, the leader continues to propagate towards the
northwest direction without obvious bifurcation and big direction change, the FD and power density are small,
and the velocity is approximately 0.5 X 103 m/s. Near region B, the leader velocity increases to 3 times the usual
velocity, approximately 1.5 X 105 m/s. After that, the velocity decreases and subsequently rapidly increases in the
process of propagation to region C, and the velocity is approximately 1.25 X 10° m/s at the region C, which is 2.5
times the usual. In Figures 3e and 3f, regions B and C are in the channel inflection point and development direc-
tion change region, respectively, with large fractal dimensions and power densities of 1.0371 and 796.254 W/km?
for region B and 1.1004 and 1,132.82 W/km? for region C. The FD and power density of region C are 1.1004 and
1,132.82 W/km?, respectively. The average FD and power density of the one-way development area of the chan-
nel between A and B are 0.7584 and 597.3674 W/km?>. This analysis shows that the leader transport accelerates
in regions with large fractal dimensions and large power densities.

3.4. Channel Morphology and Charge Structure

The analysis in 3.1-3.3 shows that the FD can reflect the characteristics of channel morphology (number and
tortuosity of branches), power density of radiation sources, and channel development velocity. The FD is larger
and the power density is higher at the rich branches (change of development direction), and the leader transmis-
sion is accelerated in the region with a large FD. Theoretically, the changing laws of these morphologies and
discharge characteristics are related to the charge structure. We believe that in the layered charge region of thun-
derstorm clouds, there is a certain inhomogeneity in the distribution of charges, there are certain pocket charges,
which enhance the local electric potential, and the surrounding electric field is relatively strong. Strong electric
fields will lead to more breakdown discharges, which results in more and stronger radiation sources and a greater
discharge power density. The leader development is also faster under a strong electric field. According to the
relationship between channel morphology and power density and leader velocity derived from the analysis in this
paper, the region with the pocket charge is likely the region where the channel branches and turns. We speculate
from the analyzed cases in this paper, the horizontal distribution of charges is not uniform, and the charge density
is greater in regions with large fractal dimensions. Similar to our conjecture, previous laboratory experiments and
simulations have suggested that the discharge tends to propagate more into the region of higher charge density,
where there is more abundant branching, and the discharge propagation velocity increases with increasing charge
density (Mansell et al., 2002; Williams et al., 1985). Furthermore, Scholten et al. (2021) found the case of leader
acceleration, and they proposed that the sudden increase in leader velocity might be attracted by a strong electric
field region called pocket charge. Stock et al. (2017) found that the increase in leader velocity was also accom-
panied by a sudden increase in VHF power when a fast positive breakdown event occurred, which generally
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Figure 3. (a) Time-height plot of flash one; (b) planar projection of flash one; (c) local magnification of the colored part of Figure (a); (d) leader velocity variation
with time; (e) fractal dimension (FD) of the VHF radiation source superimposed on the 0.25 X 0.25 km fitted channel; (f) VHF radiation source superimposed on the
power density distribution. The gray dots indicate the distribution of the whole flash, the colored dots indicate the analyzed region, and the grayscale plots indicate the

FD distribution and power density distribution.
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Figure 4. (a) VHF radiation source of flash two superimposed on the reflectivity Plan Position Indicator (PPI) of KABX radar with 4° elevation angle; (b) VHF
radiation source of flash 6 superimposed on the reflectivity PPI of KABX radar with 1.3° elevation angle. The shading is the radar equivalent reflectivity factor, and the
black dots represent the VHF radiation sources. (c) Conceptual model of thunderstorm cloud charge structure and lightning channel morphology. The red + and blue

- represent the positive and negative charge regions, respectively; the dense symbols (+ and —) represent the regions of high charge density, that is, pocket charge; the
black dots indicate the Lightning mapping array radiation sources.

occurs in the region of strong electric fields. Cooke et al. (1982) measured the effect of the charge density on the
propagation velocity in the laboratory using polymethylmethacrylate, and they showed that the velocity sharply
increased with increasing space charge density.

We also verified the other five cases (see Table S2 in Supporting Information S1 for detailed data and analysis)
and statistically analyzed the FD, power density, and leader velocity characteristics of the directly extended
region and the bifurcation or transmission direction change region. All cases showed the inhomogeneity of the
FD distribution, power density and leader velocity in the discharge region. Since our analysis is mainly aimed
at horizontal transport within the charge layer, these inhomogeneous distributions can be used to qualitatively
describe the inhomogeneous distribution of horizontal charge in thunderstorm clouds. Based on the results of
this paper, a conceptual model of charge structure and lightning channel morphology in thunderstorm cloud is
given. As shown in Figure 4c, the red + and blue — represent the positive and negative charge layers in a typical
thunderstorm, respectively; the dense symbols (+ and —) indicate the regions of high charge density, that is,
pocket charge; the black dots represent the VHF radiation sources. The location of lightning bifurcation and
turning is precisely the region with high radiation source density, high charge density and high discharge power
density, which exhibits a large FD in morphological characteristics. The above morphological features describe
the inhomogeneity of the horizontal charge structure, which leads to different velocities (Mazur & Rust, 1983)
and various channel morphologies during the leader development. In addition, lightning channel morphology
and radar reflectivity also have a certain corresponding relationship. Take flash two and flash six as examples, as
shown in Figures 4a and 4b, at the altitude of the horizontal development of the lightning channel analyzed in this
paper, there is a large radar reflectivity in the channel turning and bifurcation regions, which to a certain extent
also indicates that the particle number concentration and charge density are large here.

4. Conclusion and Discussion

Based on LMA localization data of six flashes during a thunderstorm in New Mexico on 5 August 2013, the
relationship of the channel morphology, developmental characteristics, and charge structure was investigated
for the first time based on the measured data, and the spatial distribution of the lightning FD was obtained. The
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characterization method of channel morphology was studied, the FD was used to describe the fine morphology of
the lightning, and the relationship between the FD distribution, power density, and leader development velocity
was obtained. The findings obtained are as follows:

1. The FD, channel morphology and radiation characteristics are closely related. The region with more branches
and development direction change has a larger FD, while the one-way extension region of the channel has a
smaller FD. The region with a large FD corresponds to the region of large power density, and the region with
a small FD corresponds to the area of small power density.

2. There is a correlation between the channel morphology characterized by the FD and the velocity of leader
development. As the leader develops in the horizontal charge region, it accelerates in the region of larger FD
and power density, reaching 2.5—4 times the starting velocity in the shown case. The leader at regions of small
FD and power density propagates at a smaller velocity.

3. Regions with larger fractal dimensions, power densities and channel development velocities may correspond
to local strong electric field regions, which also reveal regions with high charge densities. There is likely a
pocket charge at the position of morphological bifurcation and turning, which provides a new method to use
lightning morphological information to reveal the horizontal charge structure of thunderstorm clouds.

At present, it is difficult to directly observe the charge structure of thunderstorm clouds, especially the horizontal
charge structure. Holmes et al. (1980) and Mazur and Rust (1983) demonstrated the possibility of using radar
to monitor the plasma progress of lightning discharges, which provides a valuable means of studying space
charge density, but the low temporal resolution of radar can greatly reduce the measurement accuracy. Petersen
et al. (2008) and Kostinskiy et al. (2015) speculated that although there were local strong electric fields, they
were too local to be easily observed. Mareev and Dementyeva (2017) proposed that charge pockets might be
caused by local turbulence. Scholten et al. (2021) speculated the existence of pocket charge regions by observing
changes in the leader velocity. Although they strongly indicate the existence of strong electric field regions for the
first time, the regions are large and cannot be linked to the intuitive characteristics of lightning morphology. In
contrast, based on radiation source localization data of LM A with thunderstorm nonmissing detection capability,
our method provides a more general method to reveal the charge structure through channel morphology distribu-
tion, extend the application of LMA radiation source localization information and provide new ideas for a deeper
understanding of charge structures in the future.

At the height of the horizontal development of lightning, the regions of channel steering and bifurcation corre-
spond to a relatively large radar reflectivity, but the regions of large reflectivity are not necessarily the locations
of lightning channel steering and bifurcation. To some extent, the lightning channel morphology in this paper
reflects a transient thunderstorm charge structure, which often changes rapidly due to turbulence. However, the
low time resolution (6 min) of the weather radar used in this paper makes it difficult to accurately respond to these
transients and rapid changes. We will combine with phased-array radars with a higher temporal resolution for a
more in-depth comprehensive analysis.

This study only focuses on the two-dimensional morphology of the horizontal charge region, and the charge
distribution revealed by the channel morphology in the vertical direction is not considered. In the future, the
relationship between the three-dimensional channel morphology and the charge structure can be investigated
to reveal the spatial charge density distribution of the entire thunderstorm cloud. In addition, the charge struc-
tures revealed by numerical simulations and laboratory experiments are consistent with our results, but these
results must be verified by actual in situ sounding data, and it is currently difficult to observe the inhomogene-
ous distribution of charges in the horizontal direction. The conventional electric field sounders are carried by a
sounding balloon, the detection paths are difficult to determine, and the horizontal motion of the sounders in the
layered charge region is greatly constrained due to the updraft. This problem may be avoided in the future by
using aircraft to carry electric field sounding through clouds to obtain the electric field distribution in the layered
charge region and verify the charge structure that we have revealed.
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