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In recent summers, some natural lightning optical spectra and audible thunder signals were observed.
Twelve events on 15 August 2008 are selected as samples since some synchronizing information about
them are obtained, such as lightning optical spectra, surface E-ﬁeld changes, etc. By using digital ﬁlter
and Fourier transform, thunder frequency spectra in observation location have been calculated. Then the
two main propagation eﬀects, ﬁnite amplitude propagation and attenuation by air, are calculated. Upon
that we take the test thunder frequency spectra and work backward to recalculate the original frequency
spectra near generation location. Thunder frequency spectra and the frequency distribution varying with
distance are researched. According to the theories on plasma, the channel temperature and electron
density are further calculated by transition parameters of lines in lightning optical spectra. Pressure and
the average ionization degree of each discharge channel are obtained by using Saha equations, charge
conservation equations and particle conservation equations. Moreover, the relationship between the peak
frequency of each thunder and channel parameters of the lightning is studied.

1. Introduction
Thunder is the acoustic radiation associated with
lightning. It is divided into two categories (Few
1969): (1) audible: acoustic energy that can be
heard by humans, 2) infrasonic: acoustic energy
that is below the frequency that the human ear
can detect, generally a few tens of hertz. Audible thunder is a series of degenerated shock waves
produced by the gas dynamic expansion of various portions of the rapidly heated lightning channel, while infrasonic thunder is associated with the
sudden contraction of a relatively large volume
of thundercloud when lightning rapidly removes
the charge from that volume. In this paper, the
characteristic of audible thunder is analysed considering that it is related to lightning channel
parameters.

Spectrographic studies of lightning return
strokes show that this electrical discharge process
heats the channel gases to a temperature in the
range of 20,000∼32,000 K (Orville 1968; OuYang
et al 2006). The time-resolved spectra of return
strokes (Orville 1968) show the eﬀective temperature dropping from ∼30,000 to ∼10,000 K in a
period of 40 μs, and the pressure of the luminous
channel dropping to the atmospheric level in the
same time interval. The shock wave has propagated
over 0.1 m during this period.
According to Uman (2001) and Orville (1980),
Dufay, Israel and Fries were the ﬁrst to consider
the optical spectrum of lightning as a source of
quantitative information about the physical conditions in and around the lightning channel. Until
now, spectrum has played an important role in
the research of most of the lightning channel
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parameters. However, it is diﬃcult to obtain lightning spectrum because of the very high randomicity of natural lightning, resulting in inadequate
data on lightning spectra at present. Thunder signal is another approach towards studying lightning
when more thunder properties and the relations
between thunder and lightning channel parameters
are discovered.
The most comprehensive work on the measured
frequency spectrum of thunder has been done by
Holmes and Brook (1971). A variety of earlier published data has been reviewed by Uman (2001).
Recently, studies about infrasound from lightning
are mentioned in references of Assink et al (2008);
Pasko (2009) and Farges and Blanc (2010). In this
paper, audible thunder signals have been obtained
and analysed. Thunder signals can supply complementary information for the study of lightning
physics. It has proven to be a valuable source of
thunder data. For instance, the mean total acoustic
energy radiated by ﬂashes could be calculated if the
thunder peak frequency is obtained. In addition,
some channel parameters could be analysed from
thunder data when the optical spectrum of lightning could not be obtained, such as ﬂashes inside
the clouds.
2. Theory
2.1 Thunder propagation theory
Once generated, acoustic pulses from the lightning channel propagate for long distances through
the atmosphere. There are two main propagation
eﬀects: ﬁnite amplitude propagation and attenuation by air.
2.1.1 Finite amplitude propagation
As large amplitude acoustic waves propagate
through air, Otterman’s theory (1959) predicts
that the shape of the wave must evolve with time.
A single pulse will evolve to the shape of an N wave;
further propagation of the wave produces a lengthening of this N wave (Uman et al 1970). The result
for the wavelength of the positive pressure pulse at
the ground, Lg , is given by Few et al (1995).
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where L0 is the initial wavelength of the positive
pulse at a distance R0 from the source, γ is the
ratio of speciﬁc heats, and
δP0
Π0 =
P0

gives the overpressure, δP0 , at ambient pressure
P0 .
Usually, the ﬁnite amplitude propagation causes
a doubling in the wavelength of the positive pulse
within the ﬁrst kilometer, but beyond this range,
the wavelength remains approximately constant
(Few et al 1995).
2.1.2 Attenuation by air
There are three processes on the molecular scale
that attenuate the signal by actual energy dissipation. Viscosity and heat conduction represent the
molecular diﬀusion of wave momentum and wave
internal energy from the condensation to the rarefaction parts of the wave. The so-called molecular attenuation results from the transfer of part of
the wave energy from the translational motion of
molecules to internal molecular vibration energy
of the O2 molecules during the condensation part of
the wave and back out during the rarefaction part
of the wave. The phase lag of the energy transfer
relative to the wave causes some of the energy to
be retrieved from the O2 and appear at an inappropriate phase; thus it goes into the heat rather than
the wave. These three processes can be treated theoretically within a common framework. The amplitude of a plane wave, δA, at a distance, x, from the
origin (x = 0) is given as follows:
δA = δA0 e−αx ,

(2)

where δA0 is the wave amplitude at the origin.
The coeﬃcient of attenuation, α, can be shown as
follows:
ω2 τ
.
(3)
α=
2c
In equation (3), ω is the wave angular frequency; c
is the speed of sound.
The experimental location is in the Qinghai
plateau, where lower humidity is common, h ≈
8 gm−3 . For air at 20◦ C and 1 atm, τ ≈ 6.5×10−9 s
is the e-folding time for the molecular process
being considered. Under a certain propagation distance and environmental condition, the absorption
coeﬃcient increases with frequency (Zhang et al
2010).
2.2 The calculation of channel parameters
relying on lightning spectrum
2.2.1 Lightning channel temperature
Lightning plasma temperature is usually measured
by spectroscopic methods. In order to calculate the
channel temperature, the following assumptions
must be made: (1) lightning channel is optically
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transparent; (2) lightning channel plasma contents
with local thermodynamic equilibrium (LTE).
Average temperatures are qualitatively analysed
from lightning spectra to be about 25,000 K. The
temperature estimation justiﬁes the use of the two
assumptions. Under these conditions, the intensity
of line can be given as follows.

(4)
I = hυgAN e−E/kT 4πZ,
where υ is the frequency of the line, g, A, Z and
E are the statistical weight, transition probability, partition function and upper excitation energy
of corresponding transition, respectively. T is the
temperature. Equation (4) can be changed into
ln (Iλ/gA) = −E/kT + b,

(5)

where λ is the wavelength of line in lightning optical spectrum and b is a constant. So, according
to the relative intensities of lines and transition
parameters obtained by multi-conﬁguration Dirac–
Fock (MCDF) method, temperature in lightning
discharge channel can be calculated by using the
multiple-line method (OuYang et al 2006).
2.2.2 Electron density
Based on LTE, the electron density in lightning
channel can be calculated by applying the Saha
equation.
   
Ia
gA
ne = 4.83 × 1015
·
Ii
λ i
 
λ
×
· T 3/2 10 −5040 (V +Ei −Ea ) /T , (6)
gA a
where ne is the electron density, Ia and Ii are the
line intensities of atom and ion. V is the ionization
energy.
2.2.3 Channel pressure
The channel pressure can be obtained by applying
Dalton’s law,
p=

ni −

ne +
i

1
24πλ3D

kT,

(7)

where λD is Debye length, and expressed as:
e2 1
λD =
ε0 k T

−1/2
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Debye length λD can be calculated from equation
(8). Solving λD , one can further obtain channel
pressure from equation (7).
2.2.4 Mean ionization degree
Since channel plasma is required for the LTE condition, charge distribution in diﬀerent ionization
degrees is due to particle collision. Radiation eﬀects
can often be ignored, thus the charge distribution
expression can be derived as follows.

 3/2
ni+1 ne
= 2 2πme kT h2
ni
zi+1 −Ii /kT −ΔIi /kT
×
e
e
,
(9)
zi
where ni and ni+1 are i-level-ion density and i+
1-level-ion density, Zi and Zi+1 are called ilevel-ion partition function and i+1-level-ion partition function. The quantity ΔIi is the correct
value of the ionization energy by applying Debye
Hüchel’s theory. Taking the initial values of ΔIi ,
and Ii , the methods of iterative algorithm are
repeatedly adopted, until the relative correct particle densities are obtained. By solving the above and
applying Dalton’s law, the mean ionization degrees
can be obtained.
3. Observation and analysis
In recent summers, natural lightning was observed
and some good experimental data was obtained,
which was about lightning spectrum and audible
thunder. The experiment apparatus consists of a
high-speed-scanning-digital camcorder with grating and a microphone. A transmission grating of
600 mm is placed in front of the object lens.
The observed optical spectra have a dispersion of
1.3 nm in the ﬁrst order of spectrum.
For the data selected to analyse in this paper,
the observation location is in Qinghai plateau, of
37◦ 03 47 N, 101◦ 34 57 E, and the date is 15
August 2008. The altitude of the observation place
is 2820 m. The atmospheric pressure is 75730 Pa,
relative humidity is about 70%, and the environment temperature is approximately 20◦ C. The
duration of thunderstorm is about 30 minutes.
Total rainfall is 43 mm. Twelve cases, with good
thunder acoustic signal and resolvable lightning
optical spectrum, are analysed in this paper.

i=e

Once channel temperature T and electron density ne are calculated, respectively from equations
(5) and (6), the ion densities of NI, NΠ, OI and
OΠ can be derived with charge conservation equations and particle conservation equations, then the

3.1 The characteristic of audible thunder frequency
3.1.1 Corrected thunder signal
The acoustic signal is collected and recorded with
a microphone. The recorded signal is a time series,
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Figure 1. Acoustic signal of the 12 studied thunders, processed by the modern signal processing technique.

interfusing too much environment noise to analyses directly the corresponding performance without
pre-processing. Fortunately, the problem can be
overcome by employing the modern signal processing technique. Thus, by means of the time domain
pre-processing technique such as digital ﬁlter, we
obtain the time series of thunder signal, which
is shown in ﬁgure 1. The 12 thunders shown in
ﬁgure 1 are sorted following the lightning distance.
The thunder name is its relative lightning occurrence time. The propagation distances are from 2
to 7 km. There are usually composed of 3 to 7 claps
per ﬂash, and the time interval between claps is
typically 1–3 s, where the clap is a sudden loud
sound lasting for about 0.2–2 s.
Based on video data obtained by high-speedscanning-digital camcorder, it can been seen that,
among the 12 events, there are seven cloud-toground lightnings, and the channel geometries
are cylindrical, i.e., 19:21:41, 19:23:30, 19:24:03,
19:24:16, 19:27:42, 19:28:43, and 19:31:12. The
rest are cloud-to-cloud lightnings. These cloud-toground lightning channels are nearly straight and
vertical. None but 19:21:41 is a simplex return
stroke lightning and the thunder has only one clap.
A clap is usually followed by a loud sound which
changes in frequency and amplitude and becomes
an irregular sound with moderate amplitude, and
ﬁnally a relatively weak sound of long duration and
relative low frequency prior to the next loud clap.

3.1.2 Thunder frequency spectrum
The frequency spectra, at the observation site
(ﬁgure 2a), are calculated from the thunder signals
(ﬁgure 1) by using numerical discrete-time Fourier
transform procedure. Furthermore, the spectra
(ﬁgure 2b) are calculated at their generation place
(the lightning channel) taking into account the
two main propagation eﬀects. These graphs are
sorted as in ﬁgure 1. There is a peak frequency
within the range of 210 to 280 Hz for each of the
12 thunders, which is usually called characteristic peak frequency. In general, thunder has one
or more peak frequencies beside the characteristic
peak frequency.
Comparing ﬁgure 2(b) with ﬁgure 2(a), it can
be clearly seen that a thunder signal of more than
600 Hz in the observation location is much weaker
than the thunder signal in the generation location
for most events. The longer the propagation distance is, more obvious is the attenuation. Furthermore, amplitude of a high frequency zone reduces
faster than that of a low frequency zone. In other
words, the higher frequency portion of the thunder signal is most strongly aﬀected by propagation. For example, (1) the dominant frequency of
19:24:03 where lightning distance is 7140 m and
is the farthest one, is close to 210 Hz measured
in the observation location; while tracing back to
the generation location, the dominant frequency
is about 500 Hz, besides the characteristic peak
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Figure 2. (a) Frequency spectra of thunder at the observation location, before considering the propagation eﬀects. Usually,
there are one or several peak frequencies on a given thunder frequency spectrum. Only the characteristic peak frequency
is relatively intense for each event of the 12 thunders at the observation site. (b) Frequency spectra of thunder traced to
generation location. Comparing with ﬁgure 2(a), the attenuation of signal below 160 Hz is negligible, and the amplitude
change increases with frequency.

frequency changes from 210–240 Hz; (2) the lightning distance of 19:28:43 is 4420 m, in observation and generation locations, its dominant
frequency is respectively, 680 and 750 Hz; moreover, the peak frequency (750 Hz) in its generation

frequency spectrum is more obviously intense than
its characteristic peak frequency (250 Hz). There
is little attenuation for frequencies below about
200 Hz. Bass and Losely (1975) calculated that,
for 50% humidity at 20◦ C and a range of 5 km,
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Figure 3. The relative intensity of lines in the optical spectra of lightning discharges. It is calculated from colour stripe
optical spectra obtained by the camcorder with grating. Line identiﬁcation is based on the characteristic lines (4630, 5005,
5680, 6563 Å, etc.).

the attenuation at 400 Hz is a factor 3 but at 50–
100 Hz, it is negligible. It follows that the observed
thunder frequency spectra are aﬀected by attenuation at the high-frequency end, and hence the peak
frequency is likely to be distance-dependent. Last
but not the least, the peak frequencies of the cases
range from 210 to 860 Hz.

3.2 The relation between peak frequency and
some lightning parameters
It is well-known that a given section of the return
stroke channel reaches a temperature of about
30,000 K in a duration of less than 10 μs (Dubovoy
et al 1995). It follows that the channel pressure must rise in response to the temperature
rise since the time is insuﬃcient for the channel
particle density to change appreciably (D’Angola
et al 2008). Calculations from spectroscopic data
indicate an average channel pressure of about 10
bar during the ﬁrst 5 μs. Such a channel overpressure results in an expansion of the channel
behind a shock wave. As the channel expands, its
pressure decreases towards atmospheric level on a
time scale of tens of microseconds. Return strokes
are the strongest generators of audible thunder.
Furthermore, intense ionization occurs during the
evolution of ionization-thermal instability and subsequent heating to the ﬁnal temperature (Uman

et al 2001). So, there is a relationship between the
thunder characteristic and lightning parameters.
Certain features of the lightning discharge have
been identiﬁed as having a deﬁnite inﬂuence on
the nature of thunder (Holmes and Brook 1971).
Most of the energy input is thought to be spent in
radiation, ionization and expansion of the channel
(Rakov and Uman 2003).
As representative, the 12 lightning optical spectra are given in ﬁgure 3. In a general way, lines
lap over the continuum. Line intensity, for most
of the lines, is contributed by a set of multi-ply
transitions, where dominant wavelength carries the
largest transition intensity. For example, a NΠ
emission line at 5005 Å, which exists almost in
every lightning spectrum, includes the three transitions 2p(2 Po )3p 3 D3 –2p(2 Po )3d 3 F4 , 2p(2 Po )3p
3
S1 –2p(2 Po )3d 3 P2 and 2p(2 Po )3s 3 Po1 –2p(2 Po )3p
3
S1 ; and the excitation potential is 23.142 ev,
23.415 ev and 20.940 ev; and the wavelength is
5006.69, 5008.76 and 5012.03 Å, respectively. The
weighed wavelength is 5007.85 Å, which is the
result from the percentage of each line in the group
of multi-ply lines. According to plasma theories,
it can be seen that diﬀerent lightning spectrum
distribution indicates diﬀerent lightning discharge
intensity. Some transition parameters are listed in
table 1. Lightning spectra, naturally, include lines
of molecular and atomic oxygen and nitrogen. No
doubly charged ions have been detected in these
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Table 1. Transition parameters of lines excited in the 12 lightning spectra.
Wavelength (Å)
λobs
λcal
3995
4041
4075
4099
4109
4152
4176
4237
4278
4369
4442
4447
4630
4803
4861
4895
5005

5179
5328
5330
5436
5680
5710
5942
6008
6046
6168
6194
6482
6563

3994.99
4041.31
4041.95
4075.86
4099.94
4102.90
4109.94
4151.48
4169.22
4237.74
4233.27
4278.13
4368.26
4369.27
4442.45
4447.03
4444.68
4630.77
4804.69
4861.30
4895.12
5006.69
5008.76
5012.03
5179.52
5179.31
5328.62
5330.71
5328.56
5436.27
5681.17
5710.69
5943.18
6008.38
6046.40
6167.98
6158.15
6194.28
6482.09
6484.29
6562.86

Emission
particle
NII
NII
OII
OII
NI
NII
NI
NI
OII
NII
OI
NI
OI
OII
NI
NII
OII
NII
NII
Hβ
NII
NII
NII
NII
NII
NII
NI
OI
NI
OI
NII
NII
NII
NI
OI
NII
OI
NI
NII
NI
Hα

Transition
2

2 o

2s 2p( P )3s

1 o
P1 –

2

2 o

1

2s 2p( P )3p D2

2s2 2p2 (3 P)3d 4 F5/2 – 2s2 2p2 (3 P)4fF 2 [2]o3/2
2s2 2p2 (3 P)3p 4 Do7/2 – 2s2 2p2 (3 P)3d 4 F9/2
2s2 2p2 (3 P)3s 2 P1/2 –2s2 2p2 (1 D)3p 2 Do3/2
2s2p2 (4 P)3s 5 P–2s2 2p (2 Po )3d 5 Do
2s2 2p2 ( 3 P)3s2 P3/2 – 2s2 2p2 ( 1 D)3p2 Do5/2
2s2 2p2 (3 P)3s 4 P5/2 –2s2 2p2 (3 P)4p 4 So3/2
2s2 2p2 (3 P)3p 4 Po5/2 – 2s2 2p2 (3 P)3d 4 P5/2
2s2 2p(2 Po )3p 1 D2 – 2s2 2p(2 Po )4s 1 Po1
2s2 2p3 (4 So )4p 3 P2 – 2s2 2p3 (2 Do3/2 )3d 3 Po2
2s2 2p2 (3 P)3p 2 Do3/2 – 2s2 2p2 (1 D)3d 2 D3/2
2s2 2p3 (4 So )3s 3 So1 – 2s2 2p3 (4 S o )4p 2 P1
2s2 2p2 (3 P)3p 2 Do3/2 – 2s2 2p2 (3 P)3d 2 D3/2
2s2 2p2 (3 P)3p 2 Po3/2 –2s2 2p2 (1 D)3d 2 Po3/2
2s2 2p(2 Po )3p 1 P1 – 2s2 2p(2 Po )3d 1 Do2
2s2 2p2 (1 D)3p 2 Fo7/2 – 2s2 2p2 (1 D)3d 2 F5/2
2p(2 Po )3s 3 P2 – 2p(2 Po )3p 3 P2
2s2 2p(2 Po )3p 3 D3 –2s2 2p(2 Po )3d 3 Do3
2 2 Po – 4 2 D
2s (2 S)2p3 1 Do2 – 2s2 2p (2 Po )3p 1 P1
2p(2 Po )3p 3 D3 – 2p(2 Po )3d 3 F4
2p(2 Po )3p 3 S1 –2p(2 Po )3d 3 P2
2p(2 Po )3s 3 Po1 – 2p(2 Po )3p 3 S1
2s2p2 (4 P)3p 5 Do4 –2s2p2 (4 P)3d 5 F5
2s2p2 (4 P)3p 5 Po3 – 2s2p2 (4 P)3d 5 D4
2s2p4 4 P5/2 – 2s2 2p2 (3 P)4p 4 Do7/2
2s2 2p3 (4 So )3p 5 P3 –2s2 2p3 (4 So )5d 5 Do4
2s2p4 4 P5/2 – 2s2 2p3 (3 P)4p 4 Do7/2
2s2 2p3 (4 So )3p 5 P3 –2s2 2p3 (4 So )6s 5 So2
2p(2 Po )3s 3 P2 – 2p(2 Po )3p 3 D3
2s2 2p(2 Po )3s 3 P2 – 2s2 2p(2 Po )3p 3 D2
2p(2 Po )3p 3 P2 – 2p(2 Po )3d 3 D3
2p2 (3 P)3p 2 So1/2 –2p2 (3 P)4d 2 P3/2
2s2 2p3 (4 So )3p 3 P2 – 2s2 2p3 (4 So )6s 3 So1
2p(2 Po )3d 3 Fo4 – 2p(2 Po )4p 3 D3
2p3 (4 So )3p 5 P3 –2p3 (4 So )4d 5 Do4
2s2 2p2 (3 P)3p 2 Do3/2 – 2s2 2p2 (3 P)5d 2 D3/2
2p(2 Po )3s 1 Po1 – 2p(2 Po )3p 1 P1
2p2 (3 P)3p 4 Do5/2 – 2p2 (3 P)4d 4 F7/2
2p 2 Po3/2 – 3d 2 D1/2

spectra, indicating that the temperature does not
exceed 30,000 K.
The calculation results given in this work
(table 2) show a fairly good agreement with the
measurements. As illustrated in ﬁgure 3, the NII
emission lines 5005 and 5179 Å, whose excitation
potentials are relative high, are very intense in
the lightning spectra 19:23:30, 19:24:16, 19:24:03,
19:27:42, 19:35:24 and 19:21:41. Moreover, it can

Upper excitation
energy (eV)

g i Ami

21.599

4.050e+00

31.654
28.702
13.701
26.263
13.706
13.322
28.817
24.531
15.284
14.897
12.357
29.058
14.916
23.196
31.143
21.160
23.246

1.584e+01
6.960e−02
1.340e−02
1.560e−01
6.060e−02
1.494e+00
3.240e+00
2.020e−02
2.004e−01
2.274e−02
1.428e+00
1.524e−01
3.420e+00
2.016 e−01
3.860e+00
9.540e−01

20.409
23.142
23.415
20.940
30.139
30.373
13.250
13.066
13.250
13.021
20.665
20.653
23.246
13.665
13.039
25.151
12.754
14.001
20.409
12.088
12.088

2.130e−01
8.120e+00
2.367e+00
6.570e−01
9.630e+00
6.069e+00
1.230e−02
1.897e−01
1.230e−02
1.260e−01
2.625e+00
6.200e−01
2.770e+00
7.160e−02
8.750e−02
2.385e+00
5.334e−01
4.840e−03
9.030e−01
2.520e−01

be known through the qualitative analysis of optic
data and electric data that these six events are
the more intense lightning discharges. There are
many NI emission lines in the 19:28:43 spectrum,
such as 4099, 4152, 4278, 5328 and 6008 Å. This
implies that this lightning is the weakest lightning
discharge among the 12 considered events. At the
same time, there are some OII emission lines in
19:24:16 and 19:23:30 spectra, these two lightning
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Table 2. Thunder peak frequencies and the parameters of lightning discharge channels.

Name

Peak
frequency
(Hz)

A(19:28:43)
B(19:33:10)
C(19:30:36)
D(19:31:12)
E(19:32:39)
F(19:22:41)
G(19:21:41)
H(19:35:24)
I(19:27:42)
J(19:24:03)
K(19:24:16)
L(19:23:30)

750
520,
300,
540
500
250,
230
260,
280,
250,
220
210

860
700

710
600
680
500

Channel
temperature
(K)

Electron
density
(1018 cm−3 )

Ionization
degree
(%)

Channel
pressure
(MPa)

Thunder
lasting
time(s)

Lightning
distance
(m)

23300
23600
24200
24700
25500
26000
26200
26500
27300
27700
28000
29600

0.217
0.453
0.585
0.623
0.861
0.994
1.102
1.299
1.415
1.486
2.750
3.299

96.53
97.17
96.30
96.80
97.32
97.99
98.13
96.24
97.13
97.10
97.70
95.51

0.201
0.225
0.232
0.614
0.664
1.309
1.311
1.375
1.806
1.737
1.832
2.655

7.4
6.9
10.0
9.3
7.9
8.8
5.3
9.4
5.8
10.0
5.2
4.8

4420
3400
4420
3400
2040
5780
6460
4080
5780
7140
5780
7140

discharges are relatively strong. It ﬁts just with the
result from optic or electric data.
According to the theories on plasma and using
the wavelengths, relative intensities and some transition parameters of lines in lightning spectra, the
parameters of lightning discharge channels are calculated. Table 2 provides thunder peak frequencies and channel temperature, electron density,
ionizability, channel pressure, thunder lasting time
and lightning distance. Lightning distance is determined from the time interval between the electromagnetic signal recorded at the optical observation site and the ﬁrst sound of thunder. Channel
pressures change in the range of several to tens

of bars. The electron density, calculated by using
Saha equations, is from 1E17 to 1E18 cm−3 . The
results are similar to those obtained by Orville
(1968). According to Orville (1968, 1980), the electron density was about 8×1E17 cm−3 , which is
obtained from comparison of the measured Stark
width of the Hα line radiated by hydrogen atoms
with the theoretical Stark width of the Hα line.
The average channel pressure was about 8 bar. So
the calculation results in this work ﬁt well with the
references.
Calculations show that peak frequency drops
from 750 to 210 Hz with temperature increasing
from 23,300–29,600 K (ﬁgure 4), similar to the

Figure 4. The relation between thunder peak frequency and some lightning parameters. The order of abscissa establishes
by mean channel temperature from low to high, in this case, the thunder dominant frequency shows trends of falling away.
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trend shown by Few (1995). According to Few’s
thunder theory, the thunder peak frequency is in
inverse proportion to the square root of the channel
energy per length unit. The energy input is dissipated in raising the channel temperature (Capitelli
et al 2000), therefore the temperature is high if
the energy is large. As follows, there are some
experimental data which can further validate the
conclusion. Depasse (1994) measured the acoustic signals of 70 m from rocket-triggered lightning in France and found that the dominant frequency ranged from 300 to 900 Hz for individual
strokes. Uman et al (1970) Fourier-transformed a
typical shock waveform from a spark and found a
peak frequency of 1400 Hz. According to Colgate
and Mckee (1969), the dominant frequency of natural thunder is approximately 135 Hz (the distance was more than 8 km). Of course, the peak
frequency of natural thunder should be higher if
propagation eﬀects had been taken into account. It
is well-known that natural lightning is more powerful than rocket-triggered lightning, and rockettriggered lightning is more powerful than spark
discharge. From these data, it can be clearly seen
that the more powerful the lightning is, the lesser
the relative thunder dominant frequency is.
In addition (ﬁgure 4), channel pressure and electron density increase with temperature, and have
contrary trend with thunder peak frequency. While
ionization degrees are close to saturation under
such conditions, and remain constant. Therefore,
ionizability is almost independent of the natural
thunder peak frequency.
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Usually, in the observation location, the peak frequency of diﬀerent thunders show trends of falling
away with increasing distances. Amplitude of the
high-frequency zone reduces faster than that of
low-frequency zone.
Secondly, certain features of the lightning
discharge have been identiﬁed as having a deﬁnitive inﬂuence on natural thunder. Thunder
frequency distribution is strongly lightning
channel-parameters-dependent. Brieﬂy, the lower
the thunder peak frequency is, the higher the
averaged channel temperature, the channel pressure, and the electron density are. However, mean
ionization degrees show few tendencies with other
parameters because these lightning channels are
almost completely ionized.
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