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Key Points:

+ Alow-frequency magnetic lightning mapping system (LFM-LMS) was developed during the SHAndong Triggered Lightning

Experiment, North China.

+ The location accuracy of LFM-LMS was estimated to be about 100-200 m horizontally and ~200 m vertically with the rocket triggered

lightning.

+ The LFM-LMS can reconstruct the 3D morphology of lightning, with well-defined propagation paths of negative leaders.
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Abstract: A low-frequency magnetic lightning mapping system (LFM-LMS) was built during the SHAndong Triggered Lightning
Experiment (SHATLE), based on continuous measurements of magnetic field radiation from lightning. The hardware and source-mapping
techniques used by the LFM-LMS were introduced; both Monte Carlo simulations and the observation of rocket-triggered lightning
examples were employed to examine the location accuracy and detection effectiveness of the LFM-LMS. We estimated that the system’s
location accuracy about 100—200 m horizontally and ~200 m vertically. A natural intra-cloud lightning flash and a rocket-triggered
lightning flash, both with intricate structures and discharging processes, were examined using the three-dimensional mapping results.
The progressing path of negative lightning leaders is usually well-defined, and its propagation speed is estimated to be (0.5-1.4) x 106
m/s. In summary, the LFM-LMS can reconstruct the three-dimensional morphology of lightning flashes; this technology provides a
efficient method for investigating the characteristics of lightning development, as well as the overall electrical strucuture of

thunderstorms.
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1. Introduction

Lightning mapping is an important and effective method to
obtain key morphological features of lightning flashes.
Researchers have developed many lightning location systems,
operating in various frequency bands, since different ranges of
electromagnetic wave frequencies correspond to different
discharging behaviors during lightning events (Rakov and Uman,
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2003). The very high-frequency (VHF) lightning mapping technique
was first used to image intra-cloud (IC) and cloud-to-ground (CG)
lightning flashes by computing differences in time-of-arrival (TOA)
associated with specific breakdown sources (Proctor, 1981; Proctor
et al, 1988). Subsequently, more lightning location systems
focused on the VHF range were developed to reconstruct the
lightning channel in two-dimensional (2D) space (Rhodes et al.,
1994; Shao XM et al., 1995; Shao and Krehbiel, 1996; Stock et al.,
2014) or three-dimensional (3D) space (Rison et al., 1999; Thomas
et al., 2004; Zhang GS et al.,, 2015; Hare et al., 2018; Liu B et al.,
2020; Yang QL et al., 2021).

More recently, lightning location systems in the very low-
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frequency and low frequency (VLF/LF) bands have been signifi-
cantly improved — from 2D locations of relatively intense
discharges (Cummins et al., 1998; Smith et al., 2004) to 3D struc-
tures of large-scale discharging processes, and even to detailed
morphology of a lightning flash. A VLF/LF lightning location
system is constructed by installing several sensors, on a baseline
in the range of 10—20 km, to record the lightning electric field (E-
field) change pulses at multiple locations (Bitzer et al., 2013;
Karunarathne et al,, 2013; Wang Y et al,, 2016; Shi DD et al,, 2017;
Wu T et al,, 2018; Fan XP et al.,, 2018; Chen ZF et al,, 2019; Yuan SF
et al., 2020; Ma ZL et al., 2021) or LF magnetic field signals (Lyu FC
et al., 2014, 2016). Specifically, Cummins et al. (1998) and Smith et
al. (2002) reported the 2D locations of strong lightning events
with LF E-field change sensors; such location results are conducive
to tracking the evolution of thunderstorms. However, 3D location
technique is required if more information about lightning
morphology is to be obtained, such as the lightning’s horizontal
and vertical scales, inception position, channel development, and
thunderstorm charge structures. Bitzer et al. (2013) used a VLF/LF
E-field change measurement system to obtain 3D positions of
radiation sources. Yoshida et al. (2014) performed 3D mapping in
Japan toimage structural details of lightning, including preliminary
breakdown (PB), negative leaders, CG strokes, and attempted
leaders. Wang Y et al. (2016) developed a VLF/LF 3D lightning
location network (BLNET) in the Beijing region. Later, Yuan SF et al.
(2020) used BLNET to reveal the origin of a multi-stroke positive
CG lightning with different termination points. Ma ZL et al. (2021)
reported their lightning location network with E-field change
measurement during the SHATLE experiment. Shi DD et al. (2017)
reported an LF E-field detection array (LFEDA) at the Lightning
Field Experiment Base in Guangzhou, and analyzed the develop-
ment of lightning through the mapping of discharge channels.
Later, Fan XP et al. (2018) and Chen ZF et al. (2019) improved the
performance of the LFEDA by pre-processing the LF E-field
change signals with different methods to optimize the location
algorithm, such as empirical mode decomposition and time rever-
sal. The lightning location systems mentioned above are all oper-
ated with E-field change signals.

Meanwhile, the 3D lightning mapping was also reported with LF
magnetic field measurement. Lyu FC et al. (2014, 2016) reported
studies of total lightning positioning that employed an LF near-
field interferometric-TOA 3D Lightning Mapping Array (LFI-LMA),
which made continuous measurement of the magnetic field using
orthogonal coils focused on the low frequency band. The
discharge position corresponding to the magnetic pulse was
determined by searching searching in a pre-built 3D grid according
to the time-of-arrival differences at different stations, found by a
cross-correlation algorithm. The LFI-LMA provided a clear view of
the dynamic development of lightning leaders; this technique can
also contribute to the study of initiation mechanisms of upward
positive flashes (Lyu FC et al., 2021).

The performance of lightning location systems in LF/VLF bands
has been improved dramatically over the years, significantly facili-
tating studies of the temporal evolution and spatial expansion of
lightning flashes, especially research of cloud-to-ground (CG)
lightning that produces transient luminous events (TLEs) in the
middle and upper atmosphere (e.g. Wang YP et al, 2019) or
causes whistlers and tweeks in the Earth-ionospheric waveguide
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(YiJetal, 2020).

In this paper, we report measurements performed during the
summer campaign of the SHAndong Triggered Lightning Experi-
ment (SHATLE) (Qie XS et al, 2010). A low-frequency lightning
location network operating with low-frequency magne-
tic field sensors was deployed in Binzhou City, Shandong
Province, to image the 3D morphology of lightning discharges. In
particular, we examined, with multi-disciplinary measurement, the
3D structure of one triggered bipolar lightning flash (which trans-
ferred both negative and positive charge from thundercloud to
the ground), and one natural intra-cloud lightning flash. Below we
examine the 3D imaging results and the charge transfer associated
with specific discharging processes, in conjunction with other
measurements during the flashes, such as the channel-base
current, surface E-field change.

2. Description of the Network

2.1 Layout and Instrumentation of LFM-LMS

Since the summer season of 2015, a low-frequency magnetic
lightning mapping system (LFM-LMS) has been developed in the
SHAndong Triggered Lightning Experiment (SHATLE) in Binzhou
City, Shandong Province (Qie XS et al., 2010). As shown in Figure 1,
LFM-LMS consisted originally of six low-frequency (LF) magnetic
field detectors; it was upgraded to seven stations in 2019, with a
baseline range of 10 to 18 km. JIUS station is about 1 km from the
rocket launch site (37.82°N, 118.11°E). All the other stations are
deployed within 10 km around the rocket launch site, The present
station deployment is as described by Ma ZL et al. (2021); however,
the 3D lightning mapping network introduced by Ma ZL et al.
(2021) was based on the measurement of the E-field change made
with plate antennae.

Each station contains a set of LF magnetic sensors with two
orthogonal coils and an amplifier, a computer with data acquisition
module, and a GPS receiver for synchronization (with time accuracy
better than 25 ns). All sensors have the same bandwidth (30-500
kHz) and gain (0.4 V/nT). The magnetic signal detected by sensor
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Figure 1. Layout of the low-frequency (LF) magnetic lightning
location array during the SHAndong Triggered Lightning Experiment
(SHATLE) in Binzhou City, Shandong Province.
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is transmitted by the coaxial cable to the acquisition system and is
recorded continuously at the sampling rate of 1 MSa/s (1 million
sampling points per second). All the station are synchronized by
GPS receiver of the same model.

2.2 Location Algorithm of LFM-LMS

The LFM-LMS is designed to image the detailed 3D structure of
lightning flashes that are hidden deep inside a thundercloud. The
mapping process of the LFM-LMS has two main parts: one is the
determination of the time difference of arrival of signal at different
stations, which tests for a possible common LF-signal source; the
second part is the positioning procedure. The following two-step
parsing was applied to search the continuously recorded signals
for discharging events of interest.

(1) Step 1: Cross-correlation was used in a 350 ps sliding window
to find the average time lags (named the 15t time lags) of the
signals in the window; this is the same as the method described
by Lyu FC et al. (2014, 2016). Then, the signals from paired stations
are shifted according to the 15t time lags.

(2) Step 2: The pulse-peak finding method (for waveforms with a
discernible isolated pulses) and the cross-correlation method (for
waveforms with continuous changes) were further applied to
compute the 2" time lags, based on the characteristics of the
signal waveform in the shifted window. The final TDOAs were
determined from the time lags derived from both the 15t and 2nd
rounds of processing.

Sliding to the next time window by a short step (typically 200 ps),
the steps above are applied to determine the time lags of the
pulses in the shifted window, and these steps are repeated until
all signals are processed. Note that the length of the time window
should be longer, by at least a factor of 2, than the maximum time
difference between each pair of stations, but not so long that
there are too many pulses. The choices of a 350 us window length
and a sliding step of 200 ps are found to be effective.

In the source positioning procedure, three-level nested grids are
applied to search step by step for the optimal position of the
lightning source. The ideal time difference of each grid is calculated
and stored in a database. The resolution of the primary gird is set
to 1.0 km within space grid volumes of 30 km x 30 km x 18 km;
the optimal position is selected by the criterion of chi-square < 10
(see Equation (1), 2 is used to show the goodness of the fitting
between the ideal time difference and TDOAs). The resolution of

the secondary grid is set to 0.3 km in the range of 1.5 km x 1.5 km X
1.5 km of space, and the optimal position is selected by the criterion
of chi-square < 1. The resolution of the tertiary grid is set to 30 m
in the range of 450 m x 450 m x 450 m of space, and here again
the optimal position is selected by the minimum chi-square
among the tertiary grid units. In this work, chi-square is calculated
by the following equation:

> (AT - At,)

== (N=1,2-

(N=1)2 N=1) )

where, AT, is the time difference from the database, At is the
time difference from measurements (TDOAs), N is the number of
sensors, and t is the typical time accuracy, which is determined
from the distribution of the residual value of time differen-
ces between database and the calculations (TDOAs) (r ~

(AT,»—Atp,)z). Based on the analysis, nearly 80% of all points
corresponds to T < 0.5 ms (with spatial accuracy of 150 m). Thus,
the time accuracy of 0.5 ms is assumed in our system, and only the
points with chi-square less than 1 reliable sources (Lyu FC et al,,
2014; Yoshida et al., 2014). This method was referred to the work
by Lyu FC et al,, (2014) and Yoshida et al. (2014). A detailed flow
chart of the lightning mapping process is shown in Figure 2.

The waveforms recorded at five or more stations could be used to
satisfy the location requirements. However, when the number of
stations involved in the time lag calculation is more than 5, time
errors in the data may increase the risk of deviation in the posi-
tioning calculation procedure. In order to avoid such errors while
making full use of the best signal information, when an event is
recorded at more than five stations (N > 5), we process TDOA data
from all possible combinations of five stations. Thus, the number
of combination results R, will be expressed as follows:

Ry.=Chi+Cuq+1 (N=86,7,8). )

Then, for all combinations of stations, the location results {Lc}, are
found by computing the minimum y?2 on arrival times between
the pre-calculated time difference in the database and the location
results of each combination of TDOAs, which can be expressed as
the formula:

Le=lxix v z ], . (3)

Finally, the source location L; will be determined by the following
expression:

L=[x v z}=
{LC},-| min(?) = |: Xi| min(?) Yi| min(y?) Z-| min(;?) ] N=5,6,
mean (sum (X) — max (X) — min (X)) | __, 4)
mean ({Lc}ls,.—o) =| mean (sum(¥) - max (¥) - min(Y))|, _, N7,
mean (sum (Z) - max (Z) - min(2)) [z __,

where R,. denotes the number of combinations, X, Y, Z are the
coordinates of the location points, and j is the sequence number
of the lightning event.

3. Performance Evaluation of LFM-LMS

3.1 Validation with the Monte Carlo Method
A popular way to evaluate the performance of systems such as

our lightning location system is based on simulation with the
Monte Carlo method (Koshak et al., 2004; Ma ZL et al., 2021). We
have used such a method, as follows. A region centered on the
position of the JIUS station (the centroid of the mapping array) is
chosen to extend out +30 km and —30 km in two orthogonal
directions; it is then partitioned into 3,761 pieces 1 km x 1 km sub-
regions, each of which can be tested for an event’s location. Tests
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Figure 2. Flow chart of the lightning mapping process.

are performed 200 times for each grid, and each grid’s final error is
computed by averaging the 200 test results.

In detail, the simulation is performed in four steps: (1) expected
arrival times between each sub-region (Xoiginai  Yoriginal  Zoriginal )
and each station are generated theoretically; (2) added to these
expected arrival times is a range of timing error (noise) that
follows a Gaussian distribution with a mean of 0 ps and a root-
mean-square (RMS) error of 0.1 ps; the result is a range of possible
TDOAEs, given the specified timing-noise; (3) the sub-region posi-
tion for a given event is retrieved (Xietrieved  Yretrieved  Zretrieved ) DY

searching the database mentioned in Section 2.2; (4) the location
error for each grid is computed between the known position and
the retrieved position. (Note: in Step 1, the effects on signal prop-
agation of the Earth’s curvature and atmospheric disturbance on
signal propagation are ignored when we determine the arrival
time.) In Step 4, the error is defined by the following formulas:

for the horizontal error:

EXY = \/(Xretrieved - Xoriginal)z + (Yretrieved - Yoriginal)2/ (5)

for the vertical error:
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E, = |Zretrieved - Zoriginall . (6)

We replicated the operations at heights of 5 km, 10 km, and 15 km,
adding to each error noise with 0 mean and RMS of 0.1, 0.2, and
0.3 ps, respectively. The simulation results are that both the hori-
zontal and vertical errors are, on average, less than 200 m within

the area (20 km x 20 km) covered by this lightning location
system when the minimum time error is set to 100 ns (Figure 3
and Figure 4). As the time error is allowed to increase, the location
errors are significantly enlarged, as expected, but for a given time
error, the distribution of the error does not change dramatically
by the change in location attitude (5, 10, and 15 km). Thus, we can
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Figure 3. Planar position horizontal deviation distribution of LFM-LMS at different heights (5 km, 10 km, 15 km) with different time errors (100 ns,
200 ns, 300 ns) based on the Monte Carlo method. Black solid circles represent the geographic locations of the stations. X denotes the direction

from West to East; Y denotes the direction from South to North.
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conclude that location accuracy is sensitive to the time difference
but insensitive to event height. Compared to the findings of Ma
ZL et al.(2021), our simulation was within a smaller range divided
into smaller grids by considering different time errors; in addition,
there are some differences between our location accuracy distri-
bution and theirs, because we considered 7 stations (station XIAW
is excluded from our analysis) whereas Ma ZL et al.(2021) simulated
8 stations.

3.2 LFM-LMS Performance Evaluation with Rocket-
Triggered Lightning

During the rocket-triggered lightning experiment, multi-station
sensors at varied ranges captured the synchronized magnetic
waveforms of the upward leader pulses corresponding to the
initial discharges during the initial stage of rocket-triggered light-
ning (as shown in Figure 5a); these discharges occurred at an alti-
tude of roughly 200—400 m above the triggering site. The intensity
of the initial magnetic field pulses recorded by sensors is normal-
ized based on the amplitude of the corresponding pulse provided
by the sensor at the main observation site (1.04 km from the
rocket triggering site), and the relative intensity of the magnetic
field pulses at various distances is calculated (as shown in Figure
5b). When fitted with inverse proportional function, the magnetic
field intensity is shown to decline with distance, with a coefficient
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as high as 0.99.

The initial discharge position could be located using LFM-LMS.
Meanwhile, other devices, such as high-speed video (HSV) and
low-light-level cameras, could also give the appropriate discharge
height over the triggering site. Therefore, the location accuracy of
our mapping network could be determined by comparing the
initial discharge position as located by LFM-LMS to the discharge
height above the triggering site known from the HSV and low-
light-level camera record. Upward leaders from ten triggered
lightning cases were examined here, and a total of 100 pulses
were extracted to be positioned by LFM-LMS. Specifically, the
mean horizontal error is estimated to be 154 m by comparing the
projection of the positioning points on the ground (the gray dots
shown in the subplot in Figure 5¢) to the triggering site position.
The vertical error is estimated to be 205 m by the difference
between the altitude of positioning points and the onset height
of the upward leader from HSV observation (the purple line and
the red line in the subplot in Figure 5d). Overall, such a positioning
accuracy seems not very desirable as a positioning means to
achieve a fine depiction of the 3D morphology of lightning. For
the initial upward leader of the lightning initiation discharge
process, the radiation source occurs at a lower height, so that the
signal is easily disturbed by highly convex objects on the ground
in its propagation path, resulting in a slight deviation in the arrival
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Figure 5. (a) Synchronous magnetic field signals from multiple stations during the upward leader pulse of a triggered lightning case.

(b) Dependence on the amplitude of magnetic field and the distance from the source. (c) shows the horizontal error distribution and (d) shows
the vertical error distribution of LFM-LMS. The gray dots shown in the subplot in (c) are the locations of initial leader pulses from several rocket
triggered lightning cases. The purple line and the red line in the sub plot in (d) denote the located height of the points and the onset height of

the initial upward leader, respectively.
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time at the station. Theoretical simulations and analysis suggest
that the accuracy of the positioning results is very sensitive to the
accuracy of the pulse arrival time difference. Therefore, the esti-
mated positioning error at a lower height should be relatively
large, and the actual positioning error of the process within the
cloud should be smaller than this estimate.

4. Applications of LFM-LMS
In this section, we examine the 3D mapping results of LFM-LMS
during SHATLE to demonstrate the applications of this technique

] (a) Current and charge transfer

to study the in-cloud morphology involved in several lightning
flashes of particular interests.

4.1 Mapping Results of a Bipolar Rocket-Triggered
Lightning Flash

The bipolar lightning flash was triggered at 15:47:36 UTC on 14

August 2015. The channel-base current is measured directly by a

0.5 mQ shunt with a bandwidth of 0—3.2 MHz, and the associated

charge transfer is calculated (as shown in Figure 6a). Figure 5b

shows the magnetic field signals measured at 970 m. The 3D
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Figure 6. Charge transfer and the 3D location result of the triggered bipolar lightning. The red diamonds indicate the stations of LFM_LMS. The
purple cross indicates the first located source. The colors from blue to red indicate the time variation from the beginning to the end.
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structure of this bipolar rocket-triggered flash is shown in
Figure 6.

The bipolar lightning was triggered by an upward positive leader
(UPL), and by responding to each pulse of the upward positive
leader, negative charge was transferred intermittently to the
ground. As the UPL propagates upward into the thundercloud,
the amplitude of the channel-base current increases until the wire
is melted. The negative current lasted about 222 ms and about
19.95 Coulomb (C) negative charge was transferred to the ground.
The sources of the lightning discharge were mainly located at
about 2—4 km height above the triggering site. Subsequently, the
polarity of the current reversed to positive immediately, which
means an equivalent positive charge was transferred to the
ground. Totally, about 8.64 C of charge transfer was lowered to
the ground within 73.6 ms. Correspondingly, the negative leaders
were identified to be more convergent in the south—west area of
the thundercloud and the main channel extends about 7.5 km
away at an altitude of 3—4 km with the an estimated propagation
speed of 6.67 x 10% m/s. Li FQ et al. (2021) reported their mapping
results, based on VHF interferometer measurements, that the
negative leader channel propagates with elevation varying from
60 degrees to 10 degrees at the azimuth range of 150 degrees to
220 degrees. After that, the channel-base current decayed to zero
until a negative pulse with an amplitude of about 500 A appeared
and the current polarity changed from positive back to negative
again. The continuous current transferred about 3.09 C of negative
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charge within 182.9 ms, followed by two negative dart-leader
strokes with peak currents of 9.23 kA and 5.87 kA, respectively.
The location results show that the charge transfer during this
stage is mainly from the northeast area. Also, the LFM-LMS facili-
tates researches on the link between the thundercloud and the
lightning morphology. Li FQ et al. (2021) have superimposed the
LFM-LMS location points in the plane view on the radar echoes,
which shows that the positive charge transfer process occurred in
the transition zone between the convective region and the strati-
form region, with radar reflectivity ranging between about 30 and
40 dBZ, and the negative charge transfer for continuous current
and strokes is from the cloud area with weak echo reflectivity.

4.2 Mapping Results of a Natural Intra-cloud Lightning
Flash
A natural intra-cloud lightning flash, which occurred at 22:38:
16.22 UTC on July 13, 2019, was imaged by LFM-LMS, and the
three-dimensional locations are shown in Figure 7. The waveform
of the magnetic field at JIUS station and E-field change at LIYA
station are shown in Figure 7a along with the temporal variation
of the discharge altitude. The S-band weather radar located in
Binzhou, about 55 km away from the SHATLE, provided the reflec-
tivity profile of the thunderstorm, which is in the mature phase.
The reflectivity at 22:36 UTC (about 2 minutes before the lightning
onset) overlapped with the lightning radiation sources, as shown
in Figure 8.
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Figure 8. Composite radar reflectivity overlapped with the lightning radiation sources (upper panel a) and the range height indicator along the
black dotted line AB (lower panel b). The black arrow indicates the moving direction of the thunderstorm.

From the location results, it can be found that the lightning starts
from the top of the thundercloud by a downward preliminary
leader at a height of 9.6 km above the ground level, which moves
down to the southwest at a vertical speed of 1.44 x 10 m/s and
then wraps back to the northeast horizontally at an altitude of
about 7.4 km (as shown in Figure 7 and Figure S1). Subsequently,
the leader continued to develop downward at a vertical speed of
5.03 x 10° m/s, a speed consistent with previous studies by VHF
mapping system (Proctor, 1981; Shao XM and Krehbiel, 1996) and
by high speed video (Fan XP et al., 2018), from an altitude of 6.8 to
3.7 km, and extend the lightning channels in the south area at
about 3-5 km with reflectivity > 35 dBZ but < 45 dBZ (Figure 8).
The scattered sources indicate that the lightning channels are
more branching and complicated in this area. Notably, the propa-
gation speed and the convergent radiation sources implied the
preliminary downward leader with negative polarity (Qie XS et al.,
2019). In addition, the E-field change (black solid line in Figure 7a)
on the ground recorded at LIYA station (the distance is over 15 km
far from the lightning occurrence position) also indicated the
negative leader propagation at this stage because there was a
declining change in the E-field waveform when the leader went
far away from LIYA station.

Approximately 72.6 ms after the preliminary leader initiation,
sources of the discharges were located to expand from south to
north along the existing channels and continue to the northern
part of the cloud at an altitude of 4—6 km. The E-field change at
LIYA station indicates the propagation of the positive leader
during this stage (a decreasing change corresponding to the near-
ing propagation leader). After that, the mapping results pointed
out that the discharge continued in the north part and the channel
elongated from west to east in the main layer with reflectivity > 35
dBZ at the height of ~4 km. According to the E-field change at
LIYA station, the lightning channels are dominated by the negative
leader. During the next 0.13 s, the scattered location sources in
the north area show that the in-cloud discharges are in an extensive
range. Thereafter, a dart negative leader propagated with an esti-
mated speed of 1.68 x 10% m/s along the previously built channel
in the south area, indicating a charge transfer between two differ-
ent charge regions.

5. Conclusions

The LFM-LMS with a baseline of about 8—12 km has been devel-
oped during the SHAndong Triggered Lightning Experiment
(SHATLE) since the summer campaign in 2016. The lightning
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mapping system consists of 7 low-frequency magnetic field
sensors, which received the magnetic radiations from lightning
discharging processes at frequencies of 3 dB bandwidth in the
range of 30—-500 kHz and recorded the magnetic signal continu-
ously and synchronously. Based on TDOA and a multi-grid nesting
searching algorithm, magnetic signal pulses of lightning
discharge are positioned with acceptable deviations. The Monte
Carlo simulation results show that the accuracy within the location
system is less than 200 m, and the location accuracy is more sensi-
tive to the time difference than the altitude variation. The mean
horizontal error is estimated to be 154 m, and the vertical error is
estimated to be 205 m when referring to the initial upward leader
in rocket-triggered lightning.

Further, the in-cloud channels of lightning are imaged, which
proved the three-dimensional mapping capacity of LFM-LMS. The
3D morphology of a bipolar rocket-triggered lightning flash was
constructed, and the beyond-visual-range discharge process and
associated charge transfer are discussed. The 3D morphology of
an unusual in-cloud lightning case was mapped by LFM-LMS. The
propagation of the initial downward negative leader with a speed
range of 0.5 to 1.4 x 10° m/s was depicted in this case, and the
subsequent discharge in clouds is located during the entire active
stage. The mapping results show that the continuous propagation
path developed by the negative leader could be detected more
distinctively than that of positive leaders. Meanwhile, the
discharge position and the polarity of the in-cloud leaders in the
propagation stage contribute to the determination of the polarity
of the charge region, and further facilitate the study of the charge
structure of the thundercloud.

Conclusively, the LFM-LMS in North China could reconstruct the in-

(c) View to north
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cloud 3D morphology of the lightning and give more detailed
information about lightning discharges, such as the onset altitude,
the leader propagation speed, and even the development spatio-
temporal scales. Meanwhile, this lightning mapping method facili-
tated the research on the special links between the discharge
behaviors and the convection intensity of the thundercloud.
Furthermore, another two LFM-LMS systems are also built in the
TAIHU lake area (Jiangsu province) and Guangzhou Tower
(Guangdong province), respectively. The three lightning location
systems in China will play important roles in the research of the
lightning activity in the plains of northern China, the lake’s under-
lying surface, and urban buildings.
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S1. Mapping results of the natural lightning in four stages
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