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Abstract: Different discharge processes of triggered lightning can radiate electromagnetic signals
with different frequency bands. During the triggered-lightning experiment conducted at the Field
Experiment Base on Lightning Sciences of China Meteorological Administration (CMA-FEBLS),
three magnetic field (B-field) antennas with different frequency responses were deployed at about
80 m from the rocket-launching site. By using the synchronous observations, the quantitative
relationship between the close-range B-field measurement and the channel-base current at different
stages of triggered lightning were established in the investigation. The initial continuous current
(ICC) waveform can be reconstructed by numerically integrating the B-field signals measured with
the dB/dt antenna. However, the slow variations of ICC cannot be retrieved by the B-field signals
measured with the LF-MF antenna because the antenna bandwidth cannot cover a frequency below
500 Hz. The B-field signals of the return stroke measured with the low-sensitivity antenna can be
simulated by the MTLL return-stroke model, and the B-field signal shows a fairly good consistency
with the return-stroke current. The analyses suggest that the current waveform of the natural return
stroke that occurred within 1.5 km can be retrieved, or at least its peak value can be estimated by
using the B-field measurements.

Keywords: rocket-triggered lightning; frequency-divided B-field antenna; initial continuous current;
return stroke

1. Introduction

As one of the most important physical parameters of lightning, the lightning current is
essential for the research of lightning physics, lightning damaging effects, and its protective
techniques [1-4]. However, it is difficult to obtain the current waveforms of natural
lightning flashes for the random characteristics of lightning discharge. By providing a
relatively fixed discharge path, rocket-triggered lightning can create good opportunities for
the measurements of lightning-current waveform [5-7]. Specifically, the coaxial shunt or
Pearson coil with different settings of measuring range can be installed at the base of the
discharge path to conduct the direct or indirect measurements of a lightning current. The
triggered-lightning flash consists of several stages with different discharge characteristics.
A rocket tailing a grounded metal wire is launched towards the thundercloud at a velocity
of 100~200 m/s [8-10]; when the potential gradient around the wire tip is sufficiently
strong, the attempted breakdown into ambient air will occur, exhibiting some transient
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current pulses or called “precursors” [11] in the current measurements. As the height of
the rocket increases, the attempted breakdown can transform into the sustained upward
leaders with the typical current amplitude of about tens to more than 100 A [12,13], and
then, the initial continuous current (ICC) appears, indicating the onset of a continuous
charge transfer from thundercloud to ground [14]. The ICC is the main process of charge
transfer in triggered lightning, after that, often accompanied by subsequent return strokes.

All the sub-processes of triggered lightning can be divided into two categories, includ-
ing the impulsive discharge lasting several to dozens of microseconds and the continuous
discharge lasting tens to hundreds of milliseconds. In addition to the measurements of
channel-base current, another important advantage for triggering lightning is the ability to
perform close-range electromagnetic field observations. Lightning electromagnetic signals
are closely related to the lightning current, and hence, the frequency-spectrum distribution
for different categories of discharge processes varies greatly. Moreover, the quantitative
relationship between the close-range electromagnetic field and the channel-base current
is affected by the bandwidth of the electromagnetic antenna. In terms of component com-
position, the electric field (E-field) contains an electrostatic component associated with an
electric charge, the induction component associated with the current and the radiation
component associated with the change of the current with time [15]. The magnetic field (B-
field) contains only the induction component and the radiation component. Therefore, it is
easier to establish the quantitative relationship between the magnetic field and the channel-
base current. During the SHAndong Triggering Lightning Experiment (SHATLE) [16,17],
Fan et al. [18,19] measured the B-field pulses associated with the sustained upward leaders
by using a low-frequency (LF) magnetic antenna at 78 m from the rocket-launching site
and found the correlation between the B-field pulse and the channel-base current by a
transmission-line (TL) model. However, the B-field signals radiated by ICC have no corre-
lation with the associated current in terms of waveform, since the frequency band of ICC
is mainly in the dB/df portion of the antenna. Based on that, Lu et al. [20] reconstructed
the ICC waveform by numerically integrating the B-field signals measured with the LF
magnetic antenna during the SHATLE campaign, but the validity of this method should be
verified further. As for the return stroke, the correlation between the channel-base current
and its close-range B-field radiation has not been analyzed, since the sensitivity of the
B-field antenna used before was too large to acquire unsaturated waveforms. In order to
analyze the relationship between the current and B-field radiations of all sub-processes
of triggered lightning, it is necessary to conduct close-range B-field observations with
multi-gains and different frequency bands.

In the summer of 2022, three B-field antennas with different frequency responses
were deployed at about 80 m from the rocket-launching site of the Field Experiment Base
on Lightning Sciences, China Meteorological Administration (CMA-FEBLS), which was
formerly known as Guangdong Comprehensive Observation Experiment on Lightning
Discharge (GCOELD) [21,22]. According to the main frequency ranges and amplitudes
of these curves, the three-frequency-divided B-field antennas are named LF-MF antenna,
dB/dt antenna, and low-sensitivity antenna, respectively. The LF-MF antenna can be
used to measure the broadband B-field signals radiated by upward leaders. The dB/dt
antenna aims at the B-field signals of long continuous discharge [20]. The low-sensitivity
antenna can obtain the unsaturated B-field signals caused by return strokes. Based on
the measurements of the three B-field antennas, the quantitative relationship between the
close-range B-field signals and the channel-base current at different stages of triggered
lightning is analyzed in this paper. Under certain conditions, the correlation established
during the triggered lightning can be used to retrieve the current waveform of natural
lightning, or at least estimate the current peak value.
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2. Measurements and Data

The triggered-lightning experiment of CMA-FEBLS was conducted in Guangdong
Province starting in 2006, and the detailed arrangements of the experiment were described
by Zheng et al. [21] and Zhang et al. [22]. The experimental data analyzed in this paper,
mainly including the frequency-divided B-fields and channel-base current, were obtained
at 07:59:48 UTC on 7 July 2022 of the CMA-FEBLS campaign. Figure 1 shows the schematic
diagram for the measurements of these experimental data. In particular, the channel-
base current was measured by a 1-m() coaxial shunt with the bandwidth of 0-3.2 MHz,
which was installed at the bottom of the discharge path; three B-field antennas with dif-
ferent frequency responses were deployed at about 80 m from the rocket-launching site
(at 23.64°N, 113.60°E). The output from the shunt was fed into two HBM HV6600 trans-
mission systems, and the measurable current ranges were separately set to £50 kA and
+2 kA. Then the signals from the transmission systems were sent via a 100 m fiber-optic
cable to the control room for recording. The B-field signals were transmitted through a 10 m
coaxial cable to the control room, and the conducting shield of coaxial cable was grounded
at both ends. Both channel-base current and magnetic signals were sampled at 10 MHz
with 12-bit amplitude resolution by using a Yokogawa DL850 digitizing oscilloscope in the
control room.
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Figure 1. Schematic diagram for the measurements of frequency-divided B-fields and channel-base
current for the triggered lightning at 07:59:48 UTC on 7 July 2022.

Frequency responses of the frequency-divided B-field antennas mentioned above are
shown in Figure 2. According to the main frequency ranges and amplitudes obtained from
the calibration curves, the three frequency-divided B-field antennas are named LF-MF
antenna (blue line), dB/dt antenna (red line) and low-sensitivity antenna (green line),
respectively. The LF-MF antenna with the 3-dB bandwidth set to 20 kHz to 1.2 MHz was
used to measure the B-field radiation generated by the upward positive leader (UPL)
of triggered lightning at CMA-FEBLS since 2020. The dB/dt antenna is designed to
obtain lower frequency signals in lightning discharge, and hence, it is the dB/dt portion
(from 40 Hz to 8.5 kHz), but not the 3-dB portion (from 8.5 kHz to 52 kHz), that is used
as the main operating band of the antenna in the experiment. The bandwidth of dB/d¢
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portion ranges from super low frequency (SLF) to very low frequency (VLF). As for the
low-sensitivity antenna, its designed antenna gain (0.000044 V/nT) is three to four orders of
magnitude smaller than the other two antennas (0.06 V/nT for dB/dt antenna and 0.1 V/nT
for LF-MF antenna), in order to obtain the unsaturated B-field signals of return strokes.
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Figure 2. Frequency responses of the frequency-divided B-field antennas used in the triggered-
lightning experiment of CMA-FEBLS.

3. Analyses and Results
3.1. Frequency Spectrum for Triggered-Lightning Discharge Processes with Different Temporal
Scales and Correspondence with the Bandwidth of B-Field Antenna

As mentioned above, all the sub-processes of triggered lightning can be divided into
two categories, i.e., the impulsive discharge and the continuous discharge. The impulsive
discharge, such as upward leaders and return strokes, usually lasts several to dozens of
microseconds, but with different discharge intensities. The continuous discharge, like ICC
and the continuous current after return strokes, can last tens to hundreds of milliseconds.
The frequency-spectrum distribution of B-field signals radiated by different categories
of discharge processes varies greatly. Taking the typical waveforms of the two types of
discharge processes for an example, Figure 3 shows the frequency spectrums of ICC and
one return stroke obtained at 07:59:48 UTC on 7 July 2022 of the CMA-FEBLS campaign.
For the sake of understanding the measurements, the bandwidth ranges of the three B-field
antennas used in the experiment are marked by vertical dashed lines with different colors
in Figure 3.

It can be seen that the resolution of frequency-spectrum analysis for ICC is much
higher than the return stroke, since ICC lasts longer than the return stroke, and more
sampling points of ICC can be used for fast Fourier-transform analysis. In particular,
the lowest frequency point for the return stroke is even above 600 Hz, but actually, the
frequency components below 600 Hz are included. Note that the flat parts beginning
approximately at 10 kHz for ICC and at 1 MHZz for the return stroke separately are from
the background noise. The initial frequency of the noise level for the return stroke is much
higher than for ICC, indicating that the return stroke contains many more components
with higher frequency than ICC. As shown in Figure 3, the dB/dt antenna used in our
experiment covers the main frequency spectrum of ICC, and only the signals with a very
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narrow spectrum below 40 Hz are filtered. For the low-sensitivity antenna designed for the
return stroke, its upper frequency limit approaches the noise level, but its lower frequency
limit cannot cover the lower frequency components of the signal. Hence, the B-field signals
measured by the low-sensitivity antenna can be equivalent to passing through a high-pass
filter with an upper cutoff frequency of 4 kHz.
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Figure 3. Frequency spectrums of ICC and one return stroke obtained at 07:59:48 UTC on 7 July
2022 of the CMA-FEBLS campaign and the bandwidth ranges of the three B-field antennas used in
the experiment.

3.2. Correlation between dB/dt Measurements and Initial Continuous Current

According to Lu et al. [20], the ICC waveform along the lightning path can be
reconstructed by numerically integrating the dB/dt magnetic signal recorded at close
range, i.e., t

dB
I(t) = B(t —dt’ 1
0 =p0) [ 5 0

t'=ty

where B(t) is the conversion coefficient at time ¢, and % is the dB/dt magnetic signal
recorded at a certain time. This method is developed on the basis of three factors: first of
all, the discharge frequency is mainly in the dB/dt portion of the antenna; secondly, the as-
sociated B-field signal is dominated by the induction component so that it is approximately
proportional to the current along the lightning channel; thirdly, the conversion coefficient
can be treated as a constant, which does not vary considerably with time. However, the
validity of this method has not been verified since its first implementation in 2018, let alone
examined in the triggered lightning experiment at different sites.

Figure 4 shows the time-resolved current and B-field waveforms recorded for the
triggered lightning at 07:59:48 UTC on 7 July 2022 of the CMA-FEBLS campaign. The
current waveform (Figure 4a) is obtained by the shunt with a transmission range of +-2 kA,
and thus, the return strokes and M-components after ICC are heavily saturated. The B-field
waveforms shown in Figure 4b,c are acquired by the LF-MF antenna and dB/dt antenna. As
analyzed above, the frequency of ICC is mainly in the dB/d¢t portion of these two antennas,
which makes the B-field waveform associated with the ICC have no similarity to the ICC
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waveform. In addition, Figure 5 shows the discharge-channel image of this triggered
lightning, which is captured at about 1.9 km away from the rocket-launching site with a
frame rate of 15 fps. Hence, it cannot provide the details of the lightning development,
but only the general shape of the lightning channel. From the channel along the trace
of steel wire that is approximately perpendicular to the ground, it can be estimated that
the triggered lightning is initiated at about 370 m above ground level. Note that, for the
B-field radiation received at close range, the signal is closely related to the lower part of the
lightning channel, i.e., the B-field signal makes little change in the increase of the lightning
channel, as long as the lightning-initiation height is high enough. This is the key factor to
ensure that the conversion coefficient can be treated as a constant.
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Figure 4. (a) Small-range current measured by the shunt, B-field waveforms obtained by (b) LF-MF
antenna and (c) dB/dt antenna for the triggered lightning at 07:59:48 UTC on 7 July 2022 of the
CMA-FEBLS campaign.

With the method described above, the B-field signals recorded by the dB/df antenna
at 80 m range are numerically integrated to reconstruct the current waveform along the
lightning channel (red waveform in Figure 6) and are compared with the channel-base
current as measured by the shunt (black waveform in Figure 6). As the most complex part
of the ICC waveform, the reconstruction results of the initial current variation (ICV) can
verify the effectiveness of this method. Therefore, the inset in Figure 6 shows the zoomed
view of the ICV for the convenience of comparison. In general, it can be seen that the
current waveform retrieved from the measurements of the dB/dt antenna shows fairly
good consistency with the channel-base current recorded with the shunt. However, for the
part of the ICC frequency that is close to DC, the inversion result appears a slight deviation
(i.e., after 49.55 s as shown in Figure 6), which is due to the signal loss of the frequency
below 40 Hz. The conversion coefficient in the case (0.002 A/nT) is consistent with that
in the SHATLE campaign, even though the tortuosity of the channel above the trace of
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steel wire differs a great deal in different triggered lightning flashes. The result confirms
that the conversion coefficient is dominated by the distance between the dB/dt antenna
and the rocket-launching site in the experiment, and the shape of lightning channel above
the vertical grounded portion has little effect on it in the range of the triggered-lightning
initiation height. Note that the noise level for the retrieved waveforms is much lower
than that of the shunt measurement since the B-field measurement noise with random
distribution is cancelled mutually during the numerical integration.

Lightning Channel —

e

__Lightning Channel
(Partially Obscured by Clouds)

Figure 5. Discharge-channel image captured at about 1.9 km away from the rocket-launching site for
the triggered lightning at 07:59:48 UTC on 7 July 2022 of the CMA-FEBLS campaign.

3.3. The B-Field Radiation of the Return Stroke at Close Range

Figure 7 presents the channel-base current obtained by the shunt with the transmission
range of £50 kA (Figure 7a) and the B-field waveforms acquired by the low-sensitivity
antenna (Figure 7b). Both the current and B-field waveforms associated with the return
strokes and M-components are well recorded without or with little saturation, but the
waveforms associated with ICC are unrecognizable in the measurements.

The transmission line (TL) model has been widely used to calculate the electromagnetic
fields radiated by the lightning-return stroke. In this model, the return-stroke current
propagates along the lightning channel with constant speed and without any distortion.
The TL model can be modified by allowing the current amplitude to decrease with height
while maintaining its original shape. In this paper, we assume that the return-stroke current
amplitude decays in a linear way along the lightning channel (i.e., MTLL model) [23]. The
schematic diagram for the electromagnetic radiation and transmission of the return stroke
is shown in Figure 8, where H is the height of the return-stroke channel, / is the distance
between the B-field antenna and the return-stroke channel, v is the speed of the return
stroke, and c is the speed of the electromagnetic wave in the air. The values of these physical
parameters are as follows: the measured length of / is 80 m, cis 3 x 10® m/s, and Hand v
are assumed to be 8 km and 2 x 10% m/s, respectively. Since the observation distance of
the B-field antenna is only 80 m in our experiment, the propagation effect over the finitely
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conducting ground is not considered. Under this assumption, the expression for the B-field
signal caused by the return stroke is as follows [24,25]:

H : / !/ . !/ : !/ /
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Figure 6. Comparison between the shunt measurement of ICC (black waveform) and the current
waveforms reconstructed from the dB/dt antenna (red waveform) for the triggered lightning at
07:59:48 UTC on 7 July 2022 of the CMA-FEBLS campaign.
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Figure 7. (a) Large-range current measured by the shunt and (b) B-field waveforms obtained by
low-sensitivity antenna for the triggered lightning at 07:59:48 UTC on 7 July 2022 of the CMA-
FEBLS campaign.
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The two terms on the right-hand side of Equation (2) are named as the induction
component and the radiation component.

— Return Stroke Channel =

@ B-sensor
| |
| [ |

Figure 8. Schematic diagram for the electromagnetic radiation and transmission of return stroke.

In order to establish a quantitative relationship between the B-field measurement
and the channel-base current during the stage of return stroke, the measured current
should be put into the return-stroke model mentioned above for calculation. Note that
the measured current is simulated by using the sum of two Heidler’s functions [26,27]
for the convenience of the differential and integral operations. To eliminate the potential
influence of the antenna range on the measurements, a return-stroke pulse with a smaller
amplitude shown in Figure 7a (marked by the red arrow) is chosen for simulation. The
function expression and corresponding parameter values for this return-stroke pulse are
as follows: ; ;

S Gl e ) o
M1+ ()" M1+ (£)"

m 1

i(t)

in which, Iy; =5.08 kA, 711 = 0.25 us, T2 =2.5 us, n1 =2, [pp =3 kA, 151 = 2.1 us, Ty =42 us,
np, =2 and

—( O2y 1
m=e (le)(nlm)”l

1 = e—(%)(ﬂ%)%

The black waveform shown in Figure 9a presents the zoomed view of the return-
stroke current pulse measured by shunt, and the red waveform is the simulation of this
current pulse by using the function expression with the parameter values mentioned
above; it can be seen that the simulation is in good agreement with the measurement.
Furthermore, Figure 9b compares the measured B-field pulse (black waveform) radiated by
the return stoke at 80 m range and the simulated B-field pulse (red waveform) at the same
distance. The simulated B-field pulse is calculated by putting the simulated current pulse
into the MTLL return-stroke model, and its constitutions, i.e., the induction component
(blue-dashed waveform) and radiation component (green-dashed waveform), are given
separately. The comparison exhibits that for the falling edge of the B-field pulse, the
simulated B-field pulse shows fairly good consistency with the measured one, but the two
waveforms present a large deviation for the rising edge. Considering that the frequency
below 4 kHz of B-field signals obtained by the low-sensitivity antenna is filtered during the
measurement, we digitally filter the simulated B-field pulse over the same frequency band,
and the filtered waveform (purple waveform) is also presented in Figure 9b. It can be seen
that the simulated B-field pulse after filtering is very consistent with the measured one,
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indicating that the high-pass filtering mainly affects the rising edge of the waveform. Based
on the above analysis, a quantitative relationship has been established between the channel-
base current and the measured B-field pulse of the return stroke. As illustrated in Figure 9b,
the induction component is found to dominate the total magnetic field at this observation
range, and it is reasonable to infer that the channel-base current and the associated B-field
waveform exhibit consistency. Figure 9c presents a comparison between the two waveforms
that have been normalized, which validates the aforementioned speculation. The result
demonstrates the effectiveness of utilizing B-field measurement for retrieving the return
stroke current, particularly in the range where the induction component dominates the
total magnetic field.
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Figure 9. (a) Comparison between the measured (in black) and simulated (in red) current pulse
of return stroke; (b) Comparison between the measured B-field pulse (in black), simulated B-field
pulse (in red) and filtered simulated B-field pulse (in purple) of the return stroke, and also the
induction component (in blue) and radiation component (in green) of the simulated B-field pulse;
(c) Comparison between the measured current pulse (in black) and simulated B-field pulse (in red) of
the return stroke that have been normalized.
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4. Discussion

For natural lightning, it is difficult to obtain the current waveform for its random
characteristics of lightning discharge. However, triggered lightning can reproduce the
discharge process of natural lightning, especially for the continuous current and return
strokes. Based on that, it is feasible to retrieve the natural lightning-current waveform or at
least estimate its peak value by using the B-field antennas mentioned above, as long as the
natural lightning occurs within a certain range.

The established quantitative relationship between the close-range B-field measurement
and the channel-base current in the paper is based on the condition that the inductive field
dominates the total magnetic field. Therefore, it is necessary to present the variation of the
B-field components in the total field proportion with the observed distance. Figure 10 shows
the variation curves of the correlation coefficients between the B-field components and
the total field of the return stroke with distance. It is found that the correlation coefficient
between the induction component and the total field of the return stroke is still above 0.7
when the observed distance is 1.5 km. Considering that the return stroke contains many
more components with higher frequency than the continuous current (as shown in Figure 3),
it is reasonable to determine that the magnetic fields generated by lightning discharge
within 1.5 km are dominated by induction-field components, regardless of the impulsive
discharge or the continuous discharge. Hence, for natural lightning occurring within
1.5 km, the B-field measurements obtained by the dB/dt antenna and the low-sensitivity
antenna can be used to establish the quantitative relationship with the lightning current.

—&— Correlation between Induction Component and Total B-field

Correlation between Radiation Component and Total B-field
L 1 1

500 1000 1500 2000
Distance (m)

Figure 10. Variation curves of the correlation coefficients between the B-field components and the
total field with distance.

For the inversion of ICC in Figure 6, its conversion coefficient 5(f) is determined
by comparing the measured waveform with the inversion waveform. Even though the
tortuosity of the channel above the trace of steel wire differs greatly in different triggered-
lightning flashes, the conversion coefficient in Figure 6 is consistent with that in the SHATLE
campaign, where the dB/dt antenna is deployed at similar distance from the rocket-
launching site. The result confirms that the conversion coefficient is dominated by the
distance between the dB/df antenna and the rocket-launching site in the experiment. By
deploying the dB/dt antenna at different places during the triggered-lightning experiment,
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Current (A)

the conversion coefficients at different distances can be determined via comparing the
measured waveform with the inversion waveform. Then a curve of conversion-coefficient
variation with distance can be fitted. Based on the curve, the waveform of the natural
return stroke that occurred within 1.5 km can be retrieved.

As shown in Figure 2, the upper limit of LF-MF antenna’s dB/dt portion is about
20 kHz, much higher than that of the dB/dt antenna (8.5 kHz). Theoretically, the LE-MF
antenna should also be useful for the inversion of the ICC waveform since the measurement
contains more B-field signal with higher frequency. With the similar method described in
Section 3.2, the B-field signals recorded by the LE-MF antenna at 80 m range are numerically
integrated to reconstruct the ICC waveform (blue waveform in Figure 11) and are compared
with the inversion waveform by using the dB/dt antenna (red waveform in Figure 11). The
inset in Figure 11 shows the zoomed view of the ICV for the convenience of comparison.
Not as expected, it shows significant differences for the current waveforms retrieved from
the measurements of the two antennas. For the retrieved waveform from the LF-MF
antenna, the fluctuations with lower frequency of ICC cannot be retrieved, but only the
millisecond-scale variations. This is because the dB/dt portion of the LF-MF antenna
bandwidth cannot cover the frequency below 500 Hz. In addition, some microsecond-scale
variations are presented in the retrieved waveform, which are caused by the numerical
integration of the signals within the 3-dB bandwidth of the LF-MF antenna. Since the
B-field measurement noise with random distribution is cancelled mutually during the
numerical integration, the noise levels for the two retrieved waveforms are very low. Based
on the above analysis, we can learn that in order to optimize the retrieved waveform of
ICC, the 3-dB portion of the dB/dt antenna should be as narrow as possible in the antenna
design to reduce the influence of interference signals, and the lower cutoff frequency of the
dB/dt portion should be closer to DC to ensure that more effective signals are involved in
the numerical integration.

50

-50

-100

-150

W —— Retrieved from dB/dt Sensor
. Zoom in | —— Retrieved from LF-MF Sensor

-200 Zpom in

49.25

49.3 49.35 494 4945 49,5 49,55 49.6
Seconds after 0859 UTC 07 July 2022
Figure 11. Comparison between the current waveforms reconstructed from the dB/dt antenna

(red waveform) and the LE-MF antenna (blue waveform) for the triggered lightning at 07:59:48 UTC
on 7 July 2022 of the CMA-FEBLS campaign.
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The analysis in Section 3.3 demonstrates that the measured B-field pulse shows good
consistency with the return-stroke current pulse, especially for the falling edge. Hence, the
peak value of the return-stroke current could be estimated via the B-field measurement
after the proportionality coefficient is determined. Figure 12 presents the proportionality
coefficients between the B-field peak and the current peak for the 13 return strokes shown
in Figure 7. The average proportionality coefficient is about 0.45 kA /nT, and the deviation
ratio of each coefficient is also shown in Figure 12. It is found that the proportional
relationship between the B-field peak and the current peak is very close, except for the 5th
return stroke, for which the deviation ratio exceeds 10%. This is because the 5th return
stroke caused the strongest discharge during this triggered lightning, and its associated
B-field signal was saturated to some extent, making the measured peak value lower than the
actual result. The proportionality coefficient can be also treated as a constant for the return
stroke that occurred at a fixed distance. Therefore, by fitting a curve of the proportionality-
coefficient variation with distance, the return-stroke current waveform of natural lightning
that occurred within 1.5 km can be retrieved, or at least its peak value can be estimated.

+0.2% /X

+12.9%

+6.4%

+4.8%

-3.9% -3.7%
-6.8%

1 2 3 4 5 6 7 8 9 10 11 12 13

Number of Return Strokes

Figure 12. Proportionality coefficients between the B-field peak and the current peak for the 13 return
stokes of the triggered lightning at 07:59:48 UTC on 7 July 2022 of the CMA-FEBLS campaign.

5. Summary

In order to establish a quantitative relationship between the close-range B-field sig-
nals and the channel-base current at different stages of triggered lightning, three B-field
antennas with different frequency responses were deployed at about 80 m from the rocket
launching site of the CMA-FEBLS in the summer of 2022. The three frequency-divided
B-field antennas are named LF-MF antenna, dB/dt antenna and low-sensitivity antenna,
respectively, according to the main frequency ranges and amplitudes obtained from the
calibration curves. In this paper, the ICC waveform of the triggered lightning is recon-
structed by numerically integrating the B-field signals measured with the dB/dt antenna,
and the retrieved waveform shows fairly good agreement with the channel-base current
recorded with the shunt. Even though the tortuosity of the channel above the trace of steel
wire differs a great deal in different triggered-lightning flashes, the conversion coefficient
is consistent with that in the SHATLE campaign, which proves the effectiveness of the
method. For the current waveform retrieved from the measurements of the LF-MF antenna,
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the fluctuations with a lower frequency of ICC cannot be retrieved, but only the millisecond-
scale variations because the dB/dt portion of the LF-MF antenna bandwidth cannot cover
the frequency below 500 Hz. In addition, some microsecond-scale variations are presented
in the retrieved waveform, which is caused by the numerical integration of the signals
within the 3-dB bandwidth of the LE-MF antenna. After the influence of the antenna
bandwidth in the calculation is considered, the B-field signals of return stroke measured
with the low-sensitivity antenna can be well simulated by putting the return-stroke current
pulse into the MTLL model. It is found that the induction component dominates the total
magnetic field when the observed distance is less than 1.5 km, and hence the return-stroke
current and the associated B-field waveform exhibit consistency within the range. Based
on that, for the natural return stroke that occurred within 1.5 km, its current waveform can
be retrieved or at least its peak value can be estimated by using the B-field measurements.
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GCOELD Guangdong Comprehensive Observation Experiment on Lightning Discharge
SHATLE SHAndong Triggering Lightning Experiment

B-field magnetic field

E-field electric field

UPL upward positive leader

1CC initial continuous current

MF medium frequency (300 kHz-3 MHz)

LF low frequency (30 kHz-300 kHz)

VLF very low frequency (3 kHz-30 kHz)

SLF super low frequency (30 Hz-300 Hz)

TL transmission line

MTLL modified transmission line model with linear current decay with height
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