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ABSTRACT

There are few reports on the near-field acoustic signals corresponding to lightning return strokes. One rocket-triggered lightning flash,
which contains 13 return strokes, initial continuous current (ICC) processes, and abundant M-components, was observed in the summer of
2018 and reported in this study. The complete near-field acoustic pressure signals initiated by the flash were recorded and analyzed. It is
found that the near-field acoustic pressure signals from each return stroke are composed of the first arrived N-shape shock waveform and
the subsequent low-frequency oscillating waveforms. The characteristic of the acoustic waveforms has been parametrically defined and
quantitatively analyzed, with a comprehensively acoustic-electrical correlation investigation. The acoustic pressure signals from intensive
ICC processes and M-component pulses with different discharge intensities are also discussed. It is found that the too-close time interval
between M-component and previous current pulses would affect the generation and measurement of the acoustic pressure waveforms from
the M-component, even though the discharge amplitude is competitive and the wavefront is fast. The same phenomenon has also been
observed in the acoustic signals from a return stroke with a too close interval from the previous pulse. The acoustic source localization with
great accuracy for lightning channel reconstruction was realized based on the measured acoustic signals. The reconstructed channel structure
agrees with that of the synchronously captured optical image. The study of the characteristics of acoustic signals from lightning discharge
contributes to the recognition of thunder signals, source localization for channel reconstruction, and understanding of the lightning
discharge process.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0110866

I. INTRODUCTION

Natural lightning is a strong instantaneous discharge process,
accompanied by the generation of multiple physical radiations
with sound, light, and electromagnetic waves. Thunder radiation is
the result of the propagation of shock waves caused by the rapid
expansion of air around lightning channels.1 Acoustic monitoring
is a widely used research method in scientific and industrial circles.
Quantitative observation of the lightning acoustic signal will
contribute to the study of thunder radiations, source localization
for discharge-channel reconstruction, and understanding of the
mechanisms of the lightning discharge process.

In the literature, single-station or multi-station outdoor acoustic
detections were carried out with microphone arrays containing
audible or infrasound frequency bands of thunder signals. Regarding

lightning flash as a whole event, the characteristics of thunder sound
in both the time-domain and frequency-domain,2–4 propagation in
atmospheric thunderstorm,5–8 and acoustic location9–12 were
reported. However, there are few reports on the characteristics of
lightning acoustic pressure signals corresponding to the return strokes
(RSs) in the lightning flash. The characteristic of near-field acoustic
pressure signals from lightning flashes has been not well observed
and addressed.

Considering the high efficiency of triggered-lightning flashes,13

both electrical and near-field acoustic observations of rocket-triggered
lightning flashes were carried out in Guangdong, China in the
summer of 2018.14–18 A rocket-triggered lightning flash, which con-
tains 13 return strokes, abundant ICC process, and M-component
pulses, was reported in this study. The complete near-field acoustic
pressure signals initiated from a lightning flash have been described.
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The near-field acoustic pressure signals corresponding to each return
stroke are found to be composed of the first arrived N-shape shock
waveform and the subsequent low-frequency acoustic waveforms.
Note that the phenomenon has not been found in the past acoustic
observations on both natural lightning2,19,20 and triggered lightning
flashes21,22 reported before.

In this study, the characteristic of the acoustic pressure
signals has been investigated with new parametric definitions and
a detailed correlation analysis of the acoustic-electrical parame-
ters. Meanwhile, the acoustic signals corresponding to intensive
ICC processes and M-component pulses are given and further
analyzed. The factor that affects the generation and measurement
of the acoustic waveforms initiated from the M-component is
also discussed. Based on the measured acoustic signals, the
acoustic radiation localization from the lightning return stroke
channel was realized. The reconstructed channel structure by the
localized acoustic sources was compared with the captured
optical image.

This paper is organized as follows: The following section is
the introduction of the experimental observation and the technique
of the acoustic localization algorithm. Section III is the analysis of
the observed results. The observed complete acoustic pressure
signals are first described. The first arrived acoustic N-shape shock
waveforms, the subsequent acoustic low-frequency oscillating
waveforms, and the acoustic pressure signals of the other discharge
processes, i.e., the ICC process and M-component are then investi-
gated. The localization results of acoustic radiations are further
reported. Finally, the discussion and the conclusion are respectively
presented in Secs. IV and V.

II. METHODS

A . Layout of the experiment site

In the summer of 2018, an experiment of rocket-triggered light-
ning comprehensive observation had been established in Conghua,
Guangzhou Province, China. A rocket launcher that can lead the
triggered-lighting flash to terminate on both ground and 10 kV

distribution lines were built in the experiment field. Figure 1(a)
shows a map that presents the overall location of the observing
experiment and the distance from the optical observing site to the
experiment field. The optical observing site is equipped with a high-
speed camera to record the discharge channel of triggered lightning,
located at a distance of 1.6 km from the rocket launch point. The
optical camera is set up on the roof of a 5-story residential building,
so there is almost no obstruction in the line of sight. Figure 1(b)
shows the top-view photograph of the experiment field and presents
the locations of the acoustic array, as well as the rocket launcher. The
acoustic array was installed 130m away from the rocket launcher.
Note that most of the area in and around the field is flat, with only a
small number of trees.

B. Measuring equipment

The current signals from each flash were measured at the
lightning channel base by both coaxial shunt and Rogowski coil.
The signals are transmitted by an optical-electric conversion device
to ensure the quality of data. The signals would also be simultane-
ously distributed to the launch control room (LCR) as the trigger
condition for a multichannel oscilloscope. The LCR integrates the
function of multi-parameter observation for rocket-triggered light-
ning by acoustic, optical, and electromagnetic sensors installed in
the near field. The appearance of the LCR is shown in Fig. 1(c).
The red dots mark the orthogonally placed four microphone
sensors with a base length of 5 × 2 × 1.2 m, which were installed on
the top of the three metal poles. To minimize the effects of envi-
ronmental interference on acoustic observation, the acoustic
sensors were set up with metal thin rods at a position 5 m above
the ground. The sensor integrated a constant current power pream-
plifier with a frequency response of 10 Hz–20 kHz and a dynamic
range of more than 130 dB. A wind ball, outer shell, and thin film
were used to reduce the ambient wind noise and rainwater interfer-
ence. It has been found through an indoor test that the sensor’s
response waveform is hardly affected, with an attenuation of the
decibel response of within 3 dB.

FIG. 1. (a) Map of the location of the optical observing site (b) Top-view photograph of the experiment field for rocket-triggered lightning. (c) Diagram of the microphone
acoustic array.
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In the observation, the lightning acoustic signals recorded by
the sensors were transmitted by shielded cables to the digital acqui-
sition system installed in the LCR. The acquisition system is
equipped with a four-channel NI-DAQ card with a maximum sam-
pling rate of 102.5 kS/s. The system was triggered by an external
optical sensor, as shown in Fig. 1(c). The optical sensor responds
quickly to the changes in light intensity caused by rocket-triggered
lightning flash and then outputs transistor-transistor logic (TTL)
signals of 2 V.

C. Localization algorithm

For acoustic source localization, after the array acquisition of
original acoustic signals, the continuous time-domain signals will
be pre-processed and separated into segments. The time difference
arriving at the microphone array is calculated based on the cross-
correlation algorithm. The parameters, including incidence angles
Az, El, and the absolute distance r from the acoustic source to
the central microphone (Mic-B), are defined for the localization.

The diagram of the spatial geometric relation for a single acoustic
source with the observing microphone array is shown in Fig. 2(a).
The theoretic equations for localization based on the observed
arriving time delay are illustrated following.

First, we establish the plane coordinate system A-B-C formed
by the connecting lines A-to-B and B-to-C between the micro-
phones, as shown in Fig. 2(a). For acoustic source localization, the
angles between the incident vector OB

�!
and the coordinate axis, i.e.,

ϴ1 and ϴ2, need to be adopted. The geometric relationship
between each angle and the defined lines in Fig. 2(a) could be rep-
resented by the equations as follows:

cos(θ1) ¼ BObc/r,
cos(θ2) ¼ BOab/r,
cos(El) ¼ BO�/r,
cos(Az) ¼ BObc/BO�,
tan(Az) ¼ O�Obc/BObc ¼ BOab/BObc:

8>>>><
>>>>:

(1)

FIG. 2. Diagram of (a) the geometric relationship between sound source direction and acoustic array. (b) The geometric relationship related to ϴi.
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Combining the 1st, 2nd, and the 5th equation in (1), the cal-
culation of Az and El can be described as follows:

Az ¼ tan�1(cos(θ2)/cos(θ1)),
El ¼ cos�1(cos(θ1)/cos(Az)):

�
(2)

Then, assuming the acoustic radiation that propagates to the
microphone array as a plane wave, because of the small size of the
microphone array, the geometric relationship related to ϴ1 and ϴ2

is shown in Fig. 2(b). Thus, the ϴi could be calculated as below,

cos(θi) ¼ ΔDi/Li, (3)

where ΔDi is the travel difference between the acoustic wave arriv-
ing at the A/C and arriving at B. ΔDi corresponds to the time delay
of arriving at different microphones, which matches the

relationship below,

Δtij r ¼ ti r � t j r ,

ΔDi ¼ Δtij r � v,
(4)

where Δti_r and Δtj_r, respectively, represent the arrival time to a
particular microphone i and j. Δtij_r represents the difference in the
time arriving the microphones i and j. v is the velocity of an acous-
tic wave propagating in an atmospheric environment and adopted
as 347 m/s at a temperature of 25 °C. The least-square method is
adopted to find the correct Δtij_r which is closest to the actual Δtij
of the signal segment of acoustic pressure waves to find the correct
incident angle by Eqs. (2)–(4). After the incidence angles, i.e., Az_r
and El_r were calculated, the corresponding direction of the acous-
tic source could be obtained. Combined with the arrival time
ΔtB_r, the spatial position of acoustic radiation could be obtained

FIG. 3. Synchronous observed: (a) current signals. (b) A complete acoustic pressure signals recorded for the triggered lighting flash, with the partial acoustic pressure
signals presented with the same time scale as that of the (a) current signal.
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as S (r, El_r, Az_r), with the radial distance calculated below,

r ¼ tB r � v: (5)

III. RESULTS

A. Observed complete acoustic pressure signals

On July 26, 2018, a rocket-triggered negative lightning flash
which includes 13 return strokes (RSs), rich initial continuing
current (ICC) pulses, and M-components occurred and was suc-
cessfully observed at 14:11:16 pm. Figure 3 illustrates the synchro-
nous current signal and the acoustic pressure signals recorded for
the flash. In Fig. 3(a), different colors are used to highlight the
current pulse corresponding to each return stroke process. The
peak current (Imax) of the RSs ranges from 6.54 to 32.88 kA, with a
mean value of 18.98 kA.

Shown in the lower part of Fig. 3(b) is the complete acoustic
pressure signals recorded for the triggered lighting flash. It is found
that the main pressure signals initiated by different lightning dis-
charge processes appear as a distinct cluster of high-amplitude
pulses. Note that the bottom of the lightning channel is a nearly
vertical channel guided by steel wire combustion. The thunder radi-
ations initiated from this part could be easily distinguished without
the superposition of other acoustic sources. Therefore, the time-
delay relationship of the acoustic–electric pulses can be easily
matched with each other, including the acoustic waveforms corre-
sponding to the ICC process, RS process, reflection, and farther
acoustic source. The partial acoustic pressure signals presented with
the same time frame as that of the current signals in Fig. 3(a) are
also presented, as shown in the upper part of Fig. 3(b). It could be
found in Fig. 3(b) that the recorded first arrived acoustic pressure
waveform of each discharge process always has a higher amplitude
than the acoustic signals around, and it can match the relative
time-delay relationship to that of the current pulses. Note that the
synchronously triggered acoustic acquisition system can only
record the acoustic pressure signals after a propagation time delay
due to the observing distance of 130 m from the lightning channel.
Thus, the timescale of the recorded acoustic signals has an obvious
time delay, compared to the timescale of the current signals.

The acoustic pressure signals of each return stroke under the
100 ms time window, as well as the corresponding frequency-
domain power spectra obtained by S-domain transformation,23 are
shown in Fig. 4. The arrival time delay of near-field acoustic waves
is approximately equal to the linear propagation time from the
rocket launch to the acoustic measuring array. The first subgraph
shows the signal section before the first obvious pressure waveform,
which is considered to be the background noise before the thunder
arrives. The absolute amplitude is extremely low, with a ratio of the
amplitude to the obvious pulse that first arrives in the echo process
of less than 1%. Therefore, the obtained acoustic signals of the
thunder radiations have a high signal-to-noise ratio.

Seeing the partial time-domain waveforms in Fig. 4, it is
found that the obvious shock waveform (blue marker) is the first
one to be measured and initiated from a single return stroke
process, which is similar to the results reported.21,22 Note that the
shape of the first arrived acoustic shock waveform from the RS

process is a bit like the shape of the letter “N,” thus it is called the
“N-shape waveform” in this study. Furthermore, it is observed that
subsequently following the acoustic N-shape waveform is the wave-
form that lasts tens of milliseconds, while its amplitude and fre-
quency are much lower (marked by red, called the “low-frequency
band” in this study). The amplitude and frequency of the acoustic
low-frequency band gradually attenuate after several cycles until a
weak amplitude without obvious characteristic changes (green
mark, labeled as “weak band” in this study). It is also found that if
the time interval between the return strokes is short, the weak band
will not appear and the first arrived acoustic N-shape waveform
corresponding to the next return stroke is always directly superim-
posed on the previous low-frequency band.

The S-domain transform spectra in Fig. 4 corresponding to
the observed acoustic waveforms reflect the frequency components
and relative intensity of acoustic signals in each discharge process.
The normalized intensity, based on the maximum value of the
acoustic signals, is represented by the color map. The peak fre-
quency of the first arrived N-shape waveforms is between 200 and
400 Hz, and the main frequency range (normalized intensity
greater than 0.2) is between 200 and 800 Hz. The frequency com-
ponents of the low-frequency band and the small N-shape wave-
forms superimposed on it are also reflected on the spectrum. The
low-frequency component is found to be tens of hertz, and the fre-
quency of the superimposed small N-wave is roughly similar to
that of the first arrived N-shape waveforms.

B. The first arrived acoustic N-shape waveform of RS
process

Shown in Fig. 5(a) is the first arrived N-shape waveform initiated
from a single RS, which begins with overpressure and depression and
is then followed by a significant overpressure and depression (some-
times, the amplitude of the second overpressure or depression is not
obvious enough, and the amplitude is close to zero). The typical
shape is similar to that of the simulated lightning-current discharge in
the laboratory.24 The definition of the characteristic parameters is
illustrated in Fig. 5(a), including amplitude parameters P1max, P1min,
P2max, P2min, and time parameters T1min, Ti, Td, and Tr. After the
waveform is separated, the acoustic energy/unit volume Evol (J/m

3)
could be defined and calculated21 below,

Evol ¼
Ð
P(t)2

ρoc2o
, (6)

where P0 and c0 represent atmospheric pressure density and sound
velocity, respectively. The integral range is determined by the delimita-
tion of the first arrived N-shape waveform. Note that P0 and c0 are
adopted as constant during the process of the lightning flash.

Based on the nine defined characteristic parameters for acoustic
N-shape waveforms of RSs, the fitting analysis of acoustic-electrical
parameters of the N-shape waveforms vs RS current was carried out
to comprehensively investigate the acoustic-electrical correlation.
The scatter diagram, fitting curve, coefficient of determination R2,
and corresponding 95% confidence interval of the characteristic
parameters are shown in Figs. 5(b)–5(i).
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FIG. 4. Acoustic pressure waveforms of each RS under 100ms time scale and the corresponding frequency-domain power spectra obtained by S-domain
transformation.
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The fitting of the amplitude and energy parameters were
marked in red as shown in Figs. 5(b)–5(f ). It is found that the
peaks of the first N-shape waveform, i.e., P1max, P1min, P2max,
increase linearly with the amplitude of the RS current Imax. A good
linear relationship could be also found between the energy density
Evol vs the specific energy of the RS, the latter of which is calculated
by the integral of the current value, i.e.,

Ð
i(t)2dt. The higher fitting

degree can be reflected according to the 95% confidence interval
and the coefficient of determination R2. Considering that the

specific energy of the RS is derived from the square integral of the
transient value of the current, the power function model is adopted
when fitting with acoustic P1max, which also has a high degree of
fitting, as shown in Fig. 5(c).

The variation of the three acoustic time parameters with
the amplitude of the current was marked in blue as shown in
Figs. 5(g)–5(i). It is found that although the time parameters of
acoustic waveforms reflect a positive correlation trend with current
amplitude Imax, the variation degree of parameters is relatively

FIG. 5. (a) The first arrival N-shape waveform initiated from an RS and the definition of acoustic parameters. (b)–(i) The scatter diagram, fitting curve, and 95% confidence
interval of the acoustic parameters vs electrical parameters of the RS current pulse.
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small, while the linear fitting dispersion is large, as shown in
Figs. 5(g)–5(i).

Overall, seven of the nine acoustic parameters defined in the
study are related to the increase in electrical parameters. The other
two acoustic parameters, P2min and T1min, are not found to have a
significant correlation with electrical parameters in statistics. The
probable reason is that the statistical P2min fluctuates mainly near-
zero value, while T1min fluctuates slightly above and below the
mean value. Neither of them reflects the distribution law following
the variation of the electrical parameters.

C. The acoustic low-frequency bands of the RS process

Following the first arrived acoustic N-shape waveform is a
low-frequency band with a relatively low amplitude, low frequency,
and attenuation oscillation. It is shown in Fig. 4 that the N-shape
waveform tends to transition to the low-frequency band at the end
of the second peak. Unlike the smooth first arrived N-shape wave-
forms, the low-frequency bands are superimposed with various
small and distorted pressure waveforms, which is similar to the
phenomenon observed in the natural thunder signals.2,19,20 These
small-amplitude pressure waveforms are regarded to originate from
the farther part of the return-stroke channel.

To reveal the waveform characteristics, the amplitude normali-
zation and waveform superposition of the low-frequency bands
from various RS processes were carried out, as shown in Fig. 6(a).
The cyan part is the superposed low-frequency band and the blue

part is the first N-shape waveform corresponding to an RS. It is
found that the relative amplitude characteristics of the positive and
negative peaks of each low-frequency cycle wave are similar. That is
to say, low-frequency bands of each RS process change according
to similar periodic laws, although the duration is different.

Note that for some weak RS processes with a too close time
interval from the pre-sequence RS pulse, e.g., RS6 and RS11 shown
in Fig. 4, the acoustic N-shape waveforms are directly superimposed
on the low-frequency band from the previous RS process. In this
case, there is no low-frequency band of their own. It is also noted
that the duration of corresponding low-frequency bands is different,
due to the randomness of the time delay between various RSs, as
well as the superposition effects. The longest low-frequency band is
found to be about 100ms. Those low-frequency bands that end early
due to too close intervals may be far less than 100ms in length.

According to the typical characteristics of the low-frequency
band, the peak amplitude and relative time of the three cycles are
marked and counted. The six labeled parameters are shown in
Fig. 6(a), and the parameters of the recorded low-frequency band
corresponding to all the RS processes were extracted. The variation
relationship between the amplitude of each acoustic peak and the
corresponding relative time delay was shown as scatter points in
Fig. 6(b). Different color points reflect the samples of different
parameters. It is found that the amplitude of each parameter satis-
fies the law of exponential decay well with the relative time.
Furthermore, Figs. 6(c) and 6(d), respectively, show the correlation
fitting between the maximum amplitude of the low-frequency band

FIG. 6. (a) The amplitude-normalization and superposition of the acoustic low-frequency bands, with characteristic parameters defined. (b) The amplitude of the low-
frequency band’s each peak vs relative time delay. (c) The first peak’s amplitude of the low-frequency band P1Lmax vs the amplitude of RS current Imax. (d) The first peak’s
amplitude of the low-frequency band P1Lmax vs specific energy of the RS current.
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and the peak current or specific energy during the return stroke
process. A good correlation has been found in the fitting.

D. Acoustic waveforms of initial continuous current
pulses

Figures 7(a) and 7(b) show the recorded initial continuous
current (ICC) pulses in the flash and the corresponding acoustic
pressure signals, respectively. This process of acoustic pressure
signals is the first to arrive at the acoustic sensor and is not affected
by the superposition of other sound sources. In addition to recording
the acoustic pressure signals with the largest amplitude correspond-
ing to ICC pulses, relatively low amplitude and continuous pressure
waveforms were also recorded after the first arrival of N-shape wave-
forms. This part of the acoustic pressure signals may come from the
current pulses superimposed on the continuous ICC process, accord-
ing to the time-delay characteristics. Note that the typical character-
istics of ICC pulses in the flash are not obvious to distinguish
independently one by one. Thus, there is no good relationship
between acoustic N-wave and irregular ICC pulses in terms of both
amplitude and time-delay correspondence. After all, the wavefront,
duration, and amplitude of the lightning current pulse affect whether
the acoustic waveforms can be observed or not.

Note that since the study mainly reported a single lightning
flash with limited observed cases of ICC pulses, the typical acoustic
features of the ICC discharge process would be further explored in
future work.

E. Acoustic waveforms of M-components

In the observed flash, abundant M-component processes after
the RS pulses were also recorded, totaling about 19 times. Some
typical current waveforms with dense M-components are shown

in Figs. 8(a) and 8(b), i.e., after RS6 and RS9 processes. The
M-component lightning current pulses are shown and marked by dif-
ferent colors. Note that the current pulse characteristics are similar to
the observations in other rocket-triggered lightning flashes.25

The corresponding acoustic pressure signals are plotted on the
same time scale as shown in Figs. 8(c) and 8(d). It is found that the
one-to-one corresponding acoustic N-shape waveforms from the
M-components are difficult to measure. According to the work
of,22 the main conditions for each discharge process to create
acoustic radiations are related to the wavefront and amplitude of
the discharge pulse. Thus, the probable reason is that the observed
M-components usually rise slowly with a measured wavefront
longer than 300 μs and have low measured amplitude of less than
1 kA. On the other hand, however, for the M-component pulses at
965, 974, and 1321 ms respectively, their rising time is fast, with a
range of 17.9–29.3 μs. Note that their amplitudes are also compara-
ble to the previous RS current pulses, with a value of 1.58, 2.51,
and 2.82 kA, respectively. While the corresponding independent
acoustic pressure pulse signal was still not measured.

To explain this, it is regarded in this study that the time inter-
val between the three M-components and the previous RS pulses is
too close, with all values of less than 10 ms. Considering the mech-
anism of acoustic-radiation excitation, the lightning ionization
channel has not completely dissipated after the thermal expansion
of the return channel. In this case, even if there are strong
M-components that continue to maintain the channel discharge,
the secondary plasma channel would not expand dramatically and
initiate a shock wave to form the mechanical sound wave.

The phenomena consistent with the above explanations can also
be observed in RS2 and RS3 processes, which also have an extremely
small interval, with a value of less than 3ms. The current waveforms
of RS2 and RS3 are shown in Fig. 8(e). Their corresponding acoustic

FIG. 7. (a) Current waveforms of ICC pulses. (b) Corresponding acoustic pressure waveforms.
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waveforms are respectively shown in Fig. 8(g). It is found in Fig. 8(g)
that RS3 does not have an obvious independent acoustic N-shape
waveform. If the time interval from the previous current pulse is
farther, e.g., the RS5 current pulses after the RS4 pulse, as shown in
Fig. 8(f) and their acoustic waveforms shown in Fig. 8(h), an inde-
pendent acoustic N-shape waveform corresponding to the RS5 could
be easily found. Therefore, the comparison of the acoustic response
of RS3 and RS5 pulses further proves the significant influence of the
time interval on acoustic radiation response.

To summarize, the too-close time interval between M-component
and previous current pulses significantly affects the generation and

measurement of M-component acoustic pressure waveforms, even
though the current amplitude is comparable to that of return stroke
and the wavefront is fast. The same phenomenon occurs in the acoustic
signals from two return stroke pulses with too close intervals.

F. Acoustic radiations localization for channel
reconstruction

Based on the measured acoustic waveforms, the spatial locali-
zation of the acoustic radiation sources from the flash for channel
reconstruction was realized. Figure 9(a) is an optical image of one

FIG. 8. (a)–(d) Current pulses of RSs with dense M-components and corresponding acoustic pressure waveforms. (e)–(h) The current pulses of RSs with different intervals
and their corresponding acoustic pressure waveforms.
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of the return stroke channels recorded at the optical observing site
1.6 km away from the rocket launcher. Note that all the return
stroke processes have nearly the same discharge plasma channel.
Thus, the optical image of each return stroke seems the same and
only one of them has been presented in Fig. 9. According to the
spatial geometry relationship and the camera lens’ parameters, the
estimated total height of the channel in the visual field is 1271 m.
The natural development bending channel in the upper part of the
straight steel wire is 945 m.

The flow chart of the three-dimensional localization was
shown in Fig. 9(b). The analyzed characteristics of acoustic wave-
form initiated by triggered lightning reported above guided the
acoustic waveform segmentation. After the segmentation, the calcu-
lation of the accurate time difference and the incident angle of a
single acoustic segment could then be implemented. The segment
length and step length of the acoustic signals are adopted as 0.1
and 0.02 s in this study, respectively. The results of the three-
dimensional localization below the height of 1800 m are shown in
Fig. 9(c). It is illustrated that the acoustic radiation sources are
mainly distributed along the channel of return strokes. The geo-
metric structure of the reconstructed return-stroke channel is
highly consistent with the synchronous optical image. The light-
ning channel below 400 m is distributed in a straight direction
while the channel above bends over a wide range until the height
reaches about 1150 m, continuing to develop upwards in a relatively
vertical state.

IV. DISCUSSION

In the past, Uman et al. studied the characteristics of acoustic
pressure signals in lightning discharge channels through the labora-
tory long gap discharge26 and compared the observation with the

theoretic shock-wave propagation attenuation law. Compared with
his results, the measured amplitude in this study is relatively
smaller due to the propagation effect of thunder radiations in air
medium under a thunderstorm environment. While the amplitude
measured in our study is like the acoustic observation of rocket-
triggered lightning flash at 70 m in France21 and acoustic results at
95 meters away from triggered flash in ICLRT, 2015.22 Note that
neither the indoor experiment nor the rocket-triggered lightning
experiment reported before has described and analyzed the detailed
complete time-domain acoustic pressure signals initiated by a com-
plete lightning discharge process.

The first arrived acoustic N-shape waveform can be judged to
originate from the bottom of the straight channel. Thus, the
overlap effect of synchronous arrival of different acoustic radiations
from the top curved channel is eliminated. The tortuosity of the
channel above the straight channel is incalculable, while each small
segment of the tortuous channel can be regarded as an indepen-
dent source of acoustic radiation.27–30 The corresponding N-shape
waves show a low amplitude and serious overlap, which can be
observed after the first arrived N-shape acoustic waveform.

The characteristics of the low-frequency band, behind the first
arrived N-shape waveform, have been observed and investigated as
a new phenomenon that hasn’t been concerned in the literature.
The reports on the infrasound waveforms or low-frequency compo-
nents in the audible band of lightning have been reflected in the
past. Holmes et al.31 observed and counted natural lightning
flashes and found that the peak frequency of thunder in some light-
ning cases is the low-frequency components. Farge and Blanc
reported the results of lightning infrasound observations, and the
locations of infrasound sources are determined using a 3-D locali-
zation.32 Chum et al. observed infrasound pulses and electrostatic
field changes initiated by lightning to discuss the generation of

FIG. 9. (a) The image of the optical channel labeled with the estimated height. (b) Flow chart of the algorithm of acoustic radiation localization. (c) Results of the acoustic
localization for triggered lightning.
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infrasound sources.33 However, the low-frequency band following
the acoustic N-shape waveforms observed in this study has not
been found in the research above. Our study has revealed that the
transition phase, oscillation pattern, and duration of the low-
frequency band have fairly typical consistency characteristics in dif-
ferent return stroke processes. While the amplitude of the low-
frequency oscillation wave has a great linear correlation with the
amplitude of the RS current.

Considering the causes of the formation of the low-frequency
band, it is guessed that it may be related to the response of the
measurement system itself. Meanwhile, to further analyze the for-
mation mechanism of this part of the waveform, more observed
data in subsequent work may be needed. On the other hand, this
section of the waveform has a longer arrival time delay and has
many weak-amplitude acoustic pressure waveforms superimposed
on it, coming from higher channels, i.e., more distant sources of
acoustic radiation. The analysis of the typical time-domain wave-
form features that appeared in this observation contributes to the
segmentation, feature identification, and feature extraction of
acoustic pressure waveforms in acoustic radiation localization tech-
niques for channel reconstruction.

Abundant M-components discharge and corresponding
acoustic pressure signals were also investigated in this study.
According to Dayeh et al.,22 the one-to-one correspondence of
time-domain acoustic signals of M-component waveforms has not
been shown clearly, since only one M-component with a fast wave-
front produced corresponding recorded acoustic waveforms in their
observation. Note that they agreed that the conditions required for
each discharge process to create acoustic radiations are related to
the characteristics of discharge pulse, e.g., wavefront, amplitude,
and transfer charge. In this study, it is further found that there are
no corresponding acoustic signals for the M-component with a
much short time interval from the previous RS pulse, even if the
wavefront is fast enough and the current amplitude is comparable
to the RS pulse. Therefore, we recommends that another factor
should be considered, i.e., the time interval of the discharge pulse
and the previous one. If the time interval is too close, even if the
discharge is intense, it may not cause the secondary plasma
channel to expand sharply, since the ionization channel has not
completely dissipated after the thermal expansion of the return
channel. Then an obvious acoustic radiation source would not be
excited and observed. The possible explanation has also been sup-
ported by the observed RS3 process, which has a too short time
delay with the previous RS pulse and has no obvious acoustic pres-
sure signals.

V. CONCLUSION

In this study, we report the characteristics of near-field acous-
tic pressure signals initiated from a rocket-triggered lightning flash
with 13 return strokes, abundant initial continuous current pulsed,
and M-components. Analyzing the complete near-field acoustic
pressure signals, the near-field acoustic pressure signals from each
return stroke are found to be composed of the first arrived N-shape
waveform and the subsequent low-frequency acoustic waveforms.

The characteristic of the N-shape acoustic waveforms initiated
from RS pulses was parametrically defined and quantitatively

analyzed, with a comprehensively acoustic-electrical correlation inves-
tigation. It is found that the acoustic parameters related to amplitude
intensity, such as P1max, P1min, P2max, and Evol, and the time parame-
ters, such as Tr, Td, and T1min, have an obvious linear relationship
with the electrical parameter Imax of the current pulse. Meanwhile,
P1max and Evol have shown a linear relationship with the integral of
RS current pulse. A similar correlation has also been found in the
peak value of the low-frequency acoustic waveform vs Imax.

The low-frequency oscillating acoustic waveforms behind the
first-arrived acoustic N-shape waveforms are observed as a new
phenomenon. The transition phase, oscillation pattern, and dura-
tion of the low-frequency oscillating waveforms are found to have
fairly typical consistency characteristics in different return-stroke
processes. While the amplitude of the oscillating waveforms has a
great linear correlation with the amplitude of the RS current.

The acoustic characteristics of the ICC pulses have also been
measured and discussed. Due to the complexity of ICC current
pulses observed in this flash, the one-to-one correspondence of
acoustic and electrical pulses is not as clear as in the other dis-
charge processes. Furthermore, abundant M-components and their
acoustic pressure signals have been investigated. It is found that the
too-close time interval between M-component and previous
current pulses significantly affects the generation and response of
the acoustic pressure signals from this process, even though the
current amplitude is comparable to that of the return stroke pulse
and the wavefront is fast. The same phenomenon has also been
observed in the acoustic signals from a return stroke pulse with a
too close interval from the previous pulse.

Based on the acoustic array measurement, the acoustic source
localization with great accuracy for lightning channel reconstruc-
tion was realized. The reconstructed channel structure agrees with
the synchronously-captured optical image. Further research on the
technique of acoustic radiation localization will be carried out.
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