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Abstract

We suggest a possible explanation of the influence of pre-seismic activity on
the registration rate of natural ELF (extremely low frequency)/VLF (very
low frequency) pulses and the changes of their characteristics. The main
idea is as follows. The distribution of the electric field around a thunder-
cloud depends on the conductivity profile of the atmosphere. Quasi-static
electric fields of a thundercloud decrease in those tropospheric regions
where an increase of air conductivity is generated by pre-seismic activities
due to emanation of radioactive gas and water into the lower atmosphere.
The electric field becomes reduced in the lower troposphere, and the prob-
ability decreases of the cloud-to-ground (CG) strokes in such “contami-
nated” areas. Simultaneously, the electric field grows inside and above the
thunderclouds, and hence, we anticipate a growth in the number of hori-
zontal and tilted inter-cloud (or intra-cloud) (both termed as IC discharges)
strokes. Spatial orientation of lightning strokes reduces vertical projection
of their individual amplitudes, while the rate (median number strokes per a
unit time) of discharges grows. We demonstrate that channel tilt of strokes
modifies the spectral content of ELF/VLF radio noise and changes the rate
of detected pulses during the earthquake preparation phase.
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1. Introduction

Short-term earthquake (EQ) prediction (with lead time of about one week) is
one of the most important topics in geoscience, and there has been made a huge
amount of progress in the study of seismo-electromagnetics during the last few
decades [1]-[6]. Various kinds of precursory anomalies (mainly electromagnetic)
do take place prior to an EQ not only in the lithosphere and lowest atmosphere,
but also in the upper atmosphere, or ionosphere.

Changes in natural radio noises, especially in the frequency ranges of ELF
(extremely low frequency)/VLF (very low frequency)/LF (low frequency) are an
old topic, but one of the core branches in seismo electromagnetics [7] [8] [9]
[10]. See a review on this topic [11]. So, in this paper we want to discuss those
ELF/VLF/LF lightning discharges by paying particular attention to the altera-
tions of those lightning discharges due to the modification in tropospheric con-
ductivity over a seismic-active region, probably due to the emanation of radioac-
tive radon before an EQ.

Here we describe the radon problem as an EQ precursor. Radon emanation
has been known since old days to be a clear precursor to an EQ [e.g., [12] [13]],
for example, increases in radon (***Rn) concentration prior to the 1995 Kobe EQ
were reported in ground-water [14] and in the atmosphere [15]. The emanation
of radon leads to air ionization, then the ionized air molecules move up and at-
tract water vapor, releasing latent heat contributing to anomalous changes
through the complex physical/chemical processes [16], such as changes in air
temperature [17] [18] [19], SLHF (surface latent heat flux) [20] [21] on the
Earth’s surface, and also OLR (outgoing longwave radiation) [22] [23] [24] in
the lowest atmosphere.

Based on the assumption of radon emanation, initially Bliokh (1999) [25]
considered the general variations of electric field and currents in the atmos-
phere, and then found that the variations appear as air conductivity growth near
the ground. Then, Sorokin et al (2007) [26] [27] made extensive theoretical
works on the influence of variations in conductivity and external electric current
in the lower ionosphere on DC electric field over a seismic region, and also So-
rokin et al (2015) [5] have summarized these radon effects on the DC electric
field over a seismic region. On other hand, with using the experimental data of
radon emanation for the Kobe EQ, Omori et al (2007, 2009) [28] [29] consi-
dered the pre-seismic behavior of positive and negative charged particles under
the gravitational sedimentation and estimated the conductivity changes in the
lower atmosphere for the Kobe case.

Whereas, the observational evidence on the pre-seismic activity in the atmos-
pheric electric field is very scarce. The previous workers [e.g., [30] [31] [32]] ob-
served the anomalies in atmospheric electric field only on the order of a few
hundred V/m. But, a recent extensive paper has been published based on the
multi-station observation in China by Nie and Zhang (2023) [33], who have

tried to extract the seismogenic atmospheric electric field changes associated
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with a particular EQ by eliminating climate-related perturbations. They have
found that the anomalies appeared 15 - 30 days before the EQ, electric field
anomalies followed a consistent trend (with the electric field initially decreasing
following sunny days before rising again, showcasing a decrease of 1 - 3 kV/m,
one order higher than the previous results), and the duration of anomaly fluctu-
ations is concentrated to a range of 30 - 60 minutes. This result provides us with
new insights into the electric field anomalies before an EQ.

Based on the above discussions, we can consider that conductivity anomalies
are generated over a seismic region due to the intensive injection of radioactive
elements such as radon and aerosols during the EQ preparation phase. But, we
have to consider the situation in which there are already existing thunderstorms,
because this must be a real situation. In a good review paper by Liu et al (2015)
[34], they used the conventional lightning data, and they succeeded in extracting
only the seismogenic lightning by paying attention to the difference in natute
between conventional atmospheric lightning and seismogenic one such that the
seismogenic lightning remains nearly at the same place over the EQ epicenter
[9], while conventional atmospheric lightning is known to move due to meteo-
rological effect. In this sense, we need a paper on dealing with the behaviour of
electric fields of a thunderstorm when we anticiptate the conductivity change in
the lower atmosphere, and we find one theoretical paper by Molchanov (1999)
[35], who studied the electric field of a thunderstorm for various atmospheric
conductivity profiles. Finally, he showed that the electric field below the cloud near
the ground decreases in the lower atmosphere, while it increases inside and above
the thunderstorm when we expect the conductivity enhancement due to the radon
emanation. His conclusion will be our fundamental basis of the following discus-
sion, even though there is no experimental proof of this (but with a lot of indirect
evidence as described before), and the objective of the present paper is to suggest a
physically grounded explanation of the changes in ELF/VLF/LF radio noise due to
the tropospheric conductivity changes over a seismic-activity region.

The chemical hypothesis based on radon emanation is considered as a plausible
candidate for the explanation of pre-seismic ionospheric perturbation through the
lithosphere-atmosphere-ionosphere coupling process (e.g., [2] [3] [36] [37]).
There have been proposed a few hypotheses for the generation of seismogenic
ionospheric perturbations, including this chemical channel, and acoustic and
electromagnetic channels with the idea of lithosphere-atmosphere-ionosphere

coupling [1]-[6], but this is not discussed here in this paper.

2. Fundamentals of Changes in Lightning Discharges

Based on the description in Introduction, we imagine that we execute the fol-
lowing experiment. A Van der Graff generator is located at the edge of a
grounded metal plate. A metallic ball is installed above the middle of the plate
suspended on the side of a dielectric stand, and the diameter of this ball is larger

than that of the spherical current collector of the Van der Graff generator. This
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ball is connected by a wire to the generator. We turn on the generator and ob-
serve discharges between the ball and plate. These discharges occur with some
periodicity and are oriented predominantly vertically. It is clear that in a very
general sense our instrument simulates the cloud-to-ground (CG) lightning dis-
charges.

Let us change the air conductivity between the ball and the plate by directing
into this gap a weak air flow from the air ionizer-humidifier. We will find (all
other factors being the same) that the frequency of strokes will increase and their
amplitude will decrease, so that the cumulative charge remains unchanged
transferred per unit time. Simultaneously, a majority of the sparks are oriented
obliquely relative to the metallic plate.

This situation is able to model those changes in thunderstorm activity driven
by the emanation of different substances from the ground to the lowest atmos-
phere prior to an EQ. It is important that the discharges, which were predomi-
nantly vertical under normal conditions, become tilted in the pre-seismic envi-
ronments; they occur more frequently and decrease in amplitude. Consider
changes in the electromagnetic radiation from lightning strokes linked to this
alteration in the atmospheric environment.

The seismogenic radio signals are usually recorded in the ELF/VLF/LF band
by a network of stations with specially designed receiving equipment [9] [10].
However, Liu et al (2015) [34] used the commercial lightning network data, so
they could study only the CG lightning, because most of commercial lightning
network existing in the glove provides only the information of CG lightning.
However, it is very fortunate for us to know the presence of a new lightning
network named JTLN (Japanese Total Lightning Network) owned by The
University of Electro-Communications (Prof. Y. Hobara), constituting of 17
Earth Networks Total Lightning sensors [38], which can distinguish between CG
and IC (including both inter-cloud or intra-cloud) lightning discharges, so these
data will be very useful for our future studies to validate our discussions in this
paper.

Even though Singh et a/ (2003) [39] compared the VLF signal noises by using
both borehole and terrestrial antennas, and they suggested even the presence of
noises of lithospheric origin, we believe that most precursory pulses originate
somewhere in the atmosphere due to severe attenuation of radio waves in the
conducting ground excluding their arrival from the EQ rupture zone to an ob-
server on the ground surface [40]. Our goal is to propose and evaluate a physical
mechanism explaining peculiarities in the precursory ELF/VLF electromagnetic
radiation. The main idea of the present work is as follows.

1) Pre-seismic activity enhances the electric conductivity of the lower tropos-
phere, which reduces the quasi-static electric field under a thunderstorm located
in the seismically disturbed region [35].

2) The electric field simultaneously grows inside and above the thunderstorm
[35].
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3) The probability decreases of the vertical CG strokes, and it increases simul-
taneously for the tilted discharges, which might be the IC strokes.

We apply the classical model of lightning stroke and demonstrate numerically
that the above-mentioned processes: Point (1) will modify the spectral content of
ELF/VLF radiation; Point (2) may change (increase or decrease) the rate of radio

pulses detected by the VLF lightning detection networks in the form of Point (3).

3. Physical Lightning Model

Figure 1 depicts our suggesting scenario. The left part of this figure shows the
standard situation of lightning. The charge buildup occurring in a thunderstorm
cloud causes the lightning strokes, the substantial portion of which occurs be-
tween the cloud and the ground surface [41] [42] [43] [44]. An increase in the
conductivity of lower troposphere is generated during the pre-seismic process
(right part of Figure 1), since the radioactive substances and gases emanated
from the ground occupy the lower layers of troposphere [5] [25] [26] [27] [28]

[29]. An increase in the air conductivity “pushes” the quasi-static electric field

Static Field

Increased
Decreased UIET HAZA
\
Air . Zone of Increased Air Conductivity

Ground

Figure 1. Modification in the lightning strokes: the regular situation is illustrated by the
left part where the charge buildup causes a vertical CG stroke. An increase in the tropos-
pheric conductivity occurs in pre-seismic conditions (right part, indicated by Hazard). It
“pushes” out the static field beyond the disturbance. The CG stroke initiation is ham-
pered here, and the portion of IC strokes increases. Each of these starts at the lower level
of static field and transfers smaller charge than a CG stroke. Since electric productivity of
the cloud does not vary, the net stroke rate must increase.
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beyond the disturbance [2] [5] [45]. As a result, the charge accumulation is con-
strained inside the cloud owing to the leakage currents, while the charge separa-
tion mechanism continues working with the same intensity. The disturbance of
air conductivity in the lower troposphere reduces the electrostatic electric field
here and amplifies it in the upper layers and above the cloud. The convection
intensity and the charge separation in the troposphere remain unchanged. The
rate remains the same of the buildup of the electrostatic potential within the
cloud. The amplitude and the probability of occurrence of the vertical CG return
strokes decreases in the “contaminated” area.

Since the number of vertical CG strokes is reduced, the charge accumulated in
a cloud tends to download into the elevated parts of the cloud via tilted strokes.
This situation is demonstrated by the right diagram in Figure 1. We suggest that
the electric productivity of a cloud remains fixed as well as the cumulative
charge transferred by the IC strokes. Since individual IC discharges begin at lower
levels of quasi-static electric field, their charge transfer decreases, but the lightning
stroke rate grows so that the cumulative charge transfer remains constant.

We compare the vertical and the tilted strokes. We accept some obvious as-
sumptions. The length of the discharge channel L increases in the tilted strokes.
The formal description of the current wave motion along the lightning channel
remains the same for all types of discharges. Thus, we concentrate on the impact
of geometric orientation of the stroke channel on its radiation ability.

It is obvious that the charge and the current moment of tilted lightning stroke
acquire a horizontal projection in addition to a vertical one. The vertical com-
ponent of the dipole moment will decrease in proportion to the factor of cosé
where 6 is the angle between the channel and the vertical line. Thus, tilt of the
channel will reduce the amplitude of the pulsed vertical electric field E from a
lightning discharge in the atmosphere.

The pulsed vertical electric field emitted by the lightning will also have a mod-
ified spectral content. This modification is caused by a decrease in the vertical

projection of the current wave velocity moving along the tilted channel.

4. Modifications in Radiated ELF/VLF Spectra

We use in our computations the classical model of return strokes suggested by
Jones (1970) [46]. We will demonstrate that properties of radiated field depend
on the stroke orientation. The physical reason for modifications is the finite ve-

locity of the current wave moving along the channel of return stroke:

t

V(t)=V, exp(—g]. 1)

In the Jones (1970) model, the initial speed of the current wave is V; = 8 x 107
m/s, and the time constant is equal to #, = 50 ps. Therefore, the stroke channel
length is: L= Voty=4km.

We suppose also that the physical mechanism remains the same for all types

of discharges. The current waveform is found from a standard model of the me-
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dian return stroke [46]:
H(t)=>1, exp[
k

The amplitudes of individual terms are equal to f; = —28.45, L = +23, 5 =5
and Z = 0.450 kA. The time constants of these currents are 77 = 1.67, = 33.333,
7 = 500, and 7, = 6800 ps.

The upper plot (a) in Figure 2 illustrates temporal variations of current (2) at

—tlj when t >0, (2)

k

the stroke base. The time from the stroke initiation is shown on the abscissa in
microseconds, and the stroke current is shown on the ordinate in kilo-Amperes.
It is apparent that the current grows rapidly; it reaches the maximum value in a
few microseconds and slowly decreases afterwards. The current at the base of
lightning channel feeds the current wave moving vertically upward along the
stroke.

The lower frame (b) in Figure 2 demonstrates the progress of the current
wave along the channel of the return stroke. The distance along the channel is
plotted along the abscissa in kilometers and the relevant current amplitude is
shown on the ordinate in kilo-Amperes. Owing to exponential decrease of the
velocity in time, the interval of maximum currents is gradually compressed at

the wave head.

I1(f), kA
! Current at the Stroke Base
(a) 0 - T T T T T T v T t’ HS
20 40 60 80 100
1), kA Progress of Current Wave
" " 3
20 oy a a
—_ <t —
Il 1 I
151 e S e
104
5 1
() o [ — 1z km
0 1 2 3 4

Figure 2. Model of return stroke by Jones (1970) [46]. The upper plot (a) shows the cur-
rent (in kilo-Amperes) at the stroke base as a function of time (in microseconds). The
lower frame (b) depicts successive positions of the current wave along the stroke channel
for the fixed time moments passed from the stroke initiation.
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The current distribution along the stroke channel is described by the follow-
ing equation (Nickolaenko and Hayakawa, 2002 [47]):

I(z):ZkzlkexpﬁV—kln[L_—wﬂ 0<z<H(t) (3)

L-z
Here, z is the contemporary distance along the channel, Z denotes the com-

plete length of the stroke channel L = I:V (t)dt=Vt, , and

H(t)= J;V (x)dx =V,t, [1—exp[—tvlﬂ is the height reached by the tip of the

current wave at the instant ¢

The time dependence of the current moment M9 of a stroke is calculated by
integrating the current distribution along the channel (Ogawa, 1995 [42])
Mc (t) = IOH(t) | (Z,t)dz . The charge My(# and the radiation Mz(9) moments of
the stroke are respectively the integral and the time derivative of the current
moment M(#). The current moment in the frequency domain is found from the

following relation:

M (@) =Vot, Y. i (4)

= (1+iot ) (iott, +t, +t )
and w is the wave angular frequency, and the charge and radiation moments are
equal to My(w) = M{w)/(iw) and My w) = iw-M{w) (4 imaginary) correspon-
dingly.

All these moments generate the vertical electric field at a distance D from the

stroke in free space [48] [49]:

£(0) =M (o)

1.8x10° 60 . 2x107
i i ) (5)

iwD® D D

Formally, one must account for all three stroke moments when computing
fields in the vicinity of the lightning flash. When &D > 1 (k is free space wave
number), which means that D exceeds a few tens of kilometers, only the last
term in Equation (5) is important, therefore, we are interested predominantly in
the radiation moment of the stroke.

The above equations correspond to the vertical lightning strokes. Since the
strokes modified by the pre-seismic activity have the tilted channels, their mo-
ments acquire both the vertical and horizontal components. The length of tilted
channel increase as L/cos@ = V;-ty/cosd where @ is the inclination angle or the
angle between the velocity vector of the current wave and the vertical axis. We
use in what follows tentatively the angle 6= 60°, so cosf = 1/2.

The necessary two-fold increase might take place either due to higher initial
velocity 1} or due to increase in the time constant of the current wave ¢ In the
first case, the current and radiation moments of tilted discharges grow by the
factor of 2 (see Figure 3). However, their vertical projection is proportional to
cosd, so that the vertical electric field will remain unchanged. In the second case,

the reduction of the current wave velocity in time becomes slower. Such a

DOI: 10.4236/0jer.2024.132005

120 Open Journal of Earthquake Research


https://doi.org/10.4236/ojer.2024.132005

M. Hayakawa, A. P. Nickolaenko

=
s
=3 S R R T R
w) E 3
E [sa)
<2
~F3E( . . yaxO"H==d==z3=
%Eg Jones Stroke
S €] |—— JNS model LN
EE -
"3 |—TLTt Valtered | 1~ "7~
5 TLT V 0 altered
QLM e = | L L L] ]
R | ‘
E ] [ | |
L b AT e b T T TR e
S fon
RS
E o
IR <SRN N S RIS
i i
Bl e
Mp(f), Am
SE+006-
4E+006-
3E+006-
2E+006-
1E+006-
9E+005-
8E+005
TE+005
6E+005
SEH005+ -+ —— = === == i B e e o

0.1 1 10 f,kHz

Figure 3. Modifications of the ELF/VLF spectra in the tilted strokes. High frequency
component is reduced for the tilted &= 60° discharge (the bottom panel) when the time

constant increases of the current wave.

modification alters the frequency dependence of the current and radiation mo-
ments of a tilted stroke.

Both the variants of stroke modification are shown in Figure 3. Two upper
frames in this figure depict amplitude spectra of the current and the radiation
moments of lightning stroke. The ELF/VLF frequency in kHz is shown on the
abscissa on logarithmic scale, and the relevant moments are depicted along the
ordinates. The black lines in these frames correspond to the original Jones
(1970) model. The blue lines depict spectra of the moments of the stroke ex-
tended in length due to two-fold increase of the current wave velocity V;. The
red curves show the spectra of the strokes with the modified time constant .

Upper frames in Figure 3 demonstrate that radiation from the tilted stroke
has increased by the factor of 2 when we have a growth in the initial velocity V4.
The red curves relevant to modification of the time constant # occupy the in-
termediate position between the black and blue lines. The vertical electric field
arriving at the lightning detection network depends on the vertical projection of
the stroke moments. This means that radiation efficiency of the tilted channel
into the Earth-ionosphere waveguide is characterized by the color curves in up-
per frames in Figure 3 divided by 2. The lower frame in Figure 3 illustrates the
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result of such an operation, which are compared with the amplitude spectra of
the vertical component of radiation moments. We observe that blue and black
lines are coincident, indicating that nothing alters when the velocity of the cur-
rent wave increases in the tilted stroke.

The outline of amplitude spectrum |Mz(#)| varies when the time constant #yis
modified. In particular, the radiated amplitude is reduced by a factor of 2 in the
tilted stroke over the whole VLF band.

Results of computations indicate that VLF receivers exploited in the lightning
detection networks might fail to notice the electromagnetic radiation from the
tilted strokes, provided that the #, parameter is modified. One may expect that a
conducting haze originating from the underground emanations in the vicinity of
a future EQ is able to change the spectrum radiated by a tilted stroke. The vertic-
al strokes might be replaced by the tilted discharges of higher time constant #y,
and the observed spectral amplitudes might be reduced at VLF where the
lightning detection networks are in operation. As a result, the registered level of
the local thunderstorm activity will seemingly be reduced (or increased) prior to

an EQ shock, as seen below.

5. Modifications in the Pulse Rate

A conductivity disturbance in the lower troposphere modifies the vertical profile
of quasi-electrostatic thunderstorm field [25] [26] [27] [28] [29] [35]. The prob-
ability of tilted IC strokes grows that stipulates the smaller level of charge accu-
mulation. Correspondingly, the number of lightning strokes increases while each
of them transfers a smaller charge than a vertical CG stroke in regular condi-
tions. The net charge transfer remains constant. We conclude that an impact of a
conducting slab above the ground surface might cause a decrease of the number
of vertical strokes, which are substituted by the tilted strokes of smaller ampli-
tude combined with an increase in the lightning stroke rate. We emphasize that
the considered regional thunderstorm activity changes in such a way that the
cloud electrification and the cumulative charge transfer remains essentially con-
stant. Only the proportion varies of the vertical and tilted lightning strokes of a
reduced VLF amplitude, while the general pulse rate increases. We address be-
low the way of how these changes will be observed.

Figure 4 depicts a diagram of amplitude probability distribution (APD) func-
tion of the lightning strokes [50]. It presents a standard plot often used in statis-

tics. The normalized amplitude x of the random process is plotted along the

abscissa. The ordinate depicts the APD function y(x)= 2{1—i J Xexp(—t2 )dt}
\/; 0

in the form of the percentage of time when the particular abscissa is exceeded by
the amplitude of the natural ELF/VLF radio noise.

Different thresholds are used when designing devices for detecting and ana-
lyzing the lightning pulses. Selection of the threshold depends on what a partic-
ular scientist is interested in, so this is a difficult question. The high thresholds
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Figure 4. Amplitude probability distribution (APD) function for the pulse detection. Ini-
tial threshold is equal to 1, and 31.731% of arriving pulses are registered. The tilted IC
strokes radiate pulses of reduced amplitude, but at a greater rate. The two-fold reduction
in the pulse amplitude reduces the probability of their successful detection to 4.5% level.
Since the pulse rate grows by a factor of 2, their registration rate will decrease by the fac-
tor of 3.5 in the pre-seismic environment.

are used when selecting the pulses of high amplitude, e.g., when studying the
Q-bursts or discrete tweek atmospherics [51]. The threshold is not very high in
the networks monitoring the local lightning activity, which is about the unit of
normalized RMS (root mean square) amplitude of the noise. The unit threshold
is exceeded by 31.731% of pulsed events while 68.289% of them are rejected as a
background noise (the APD is very close to the normal distribution). The choice
of a specific threshold is also conditioned by the level of expected pulse rate
which might overload the equipment. An additional reason is avoiding the pulse
overlapping by applying the threshold. One must guarantee usually that the
threshold allows us to detect as many pulses as possible by any particular
equipment. The vertical blue arrow in the left part of Figure 4 demonstrates the
receiver threshold allowing for registration of almost one third (31.731%) of the
pulsed events arriving from the vertical strokes in quiet circumstances.

We suggest here that the regular pulse rate is equal to 150 events per hour and
the RMS amplitude of these pulses is equal to 1 V at the input of the recorder.
Then, the specific device relevant to Figure 4 will register about 45 events in an
hour.

Now, we recall that the RMS amplitude of arriving pulses decreases by a factor
of 2, but the pulse rate increases by the same factor reaching the level of 300
events per hour (5 strokes in a minute). We suppose that the characteristics of
receiving device remain the same and the probability distribution of radio noise
remained normal, only the pulse RMS amplitude had reduced. Formally, such a
situation should be treated with a new APD function plot relevant to the novel
parameters. However, we may use the plot in Figure 4 having in mind that a

two-fold reduction of the input signal amplitude is equivalent to the increase of
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the receiver threshold by a factor of two. The situation is illustrated by the green

arrow labeled “Tilted Discharges” on the right side of Figure 4. We observe that

the decrease in the pulse amplitude crucially reduces the portion of recorded
pulses to 4.5%. Due to an increase of the pulse rate by a factor of 2, a particular

lightning detection network will show a pulse rate reduction by the factor of 3.5

in thunderstorms over the “seismogenically contaminated” area.

The above formal consideration might be illustrated in a more convincing
form. We demonstrate the ELF/VLF pulsed noise modifications by constructing
the artificial “random series” shown in Figure 5. We postulate that there are lo-
cal thunderstorms generating random lightning strokes. Exclusively vertical
strokes take place in the “Quiet” condition while the lightning discharges are
tilted by @ = 60° in the “Hazard” environment. Three quasi-random series of
numbers are necessary for computing the “time realization”. These series have
the uniform, exponential, and Gaussian probability distributions:

e We assume that the lightning strokes are uniformly distributed along the
distance from the observer in the interval 500 < D < 1500 km;

e  We apply the Gaussian amplitude distribution for the stroke currents with the
median value of 15 kA and standard deviation of 40 kA in “Quiet” conditions.
The pulse amplitudes are reduced by the factor of 2 in the “Hazard” conditions.

e We use the Poisson succession of pulses. The mutual pulse delays have the
exponential distribution with the rate of A: the pulse rate A = 150 in “Quiet”
and A = 300 events per hour in the “Hazard” conditions.

Two plots in Figure 5 illustrate the “Quiet” and “Hazard” situations. The up-
per plot depicts the pulsed radio signals from energetic and relatively rare pulses
arriving from the vertical CG discharge in the “Quiet” or regular conditions. The
fixed threshold provides the 31.7% registration probability, and it is shown in
both plots by the horizontal black lines. In the “Hazard” atmosphere with the

Eft), & 500 km <D <1500 k
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Figure 5. Decrease in the detected pulse rate relevant to stroke tilt. The upper plot illu-
strates the regular situation with the pulses arriving from usual vertical discharges. Am-
plitude of individual pulses may substantially exceed the unit threshold, and 31.7% of
stokes is registered. In the “Hazard” environment shown by the lower plot the vertical
strokes are replaced by the tilted discharges. The RMS amplitude of pulses decreases by a
factor of 2, but their rate grows by the same factor. Such changes result in a 3.5-fold de-
crease in the efficiency of the local lightning detection network.
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increased tropospheric conductivity, the pulse rate has increased by the factor of
2 while the pulse median amplitude was reduced by the factor 2.

By comparing the upper and the lower “records” in Figure 5, we observe that
the number of registered pulses had decreased in the “Hazard” plot while the re-
ceiver threshold did not change. Switching from the vertical CG discharges to
the smaller, but more frequent tilted IC discharges decreases the particular rate
of registered ELF/VLF pulses. The 3.5-fold effect obtained reminds of changes
observed before an EQ and reported by [7] [8] [9] [10].

We demonstrate below the importance of the threshold level for the possible
reaction of lightning detection network (as seen in Figure 6). Let the threshold
be low. We accept, in particular, the threshold of 0.125, which allows for regis-
tration of the 90% of the arriving pulses. The “Hazard” pulse rate grows by a
factor of 2, and the probability to register pulses reduces by the factor of (9/8) =
1.125. This is the reason why the registration rate of this network in the
pre-seismic environment will increase by the factor of 2/1.125 = 1.777. Under
the same model conditions, the same device will register an increase or a de-
crease in the pulse rate. The result depends on the level of the threshold.

Obviously, there is an initial threshold for which the changes in the pulse rate
outlined here will not cause noticeable alterations in the readings of the
lightning detection network. This threshold is equal to 0.5, and it allows for suc-
cessful detection of almost 2/3 (61.7%) of the pulses. Seismogenic changes are
equivalent to raising the threshold to 1.0 and reducing the fraction of recorded
impulses to 31.4%. Taking account of the two-fold increase in the pulse flux

density under “Hazard” conditions, the number of pulses registered by the

1.7
lightning detection network will change by o7 0.97 times. Thus, the
2x31.37
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Figure 6. Amplitude probability distribution (APD) function and the proportion of reg-
istered pulses when the threshold is equal to 0.125. The low threshold allows for registra-
tion of 90% of arriving pulses. The two-fold reduction in the pulse amplitude decreases
their detection to 80% level. Since the pulse rate grew by a factor of 2 for the tilted strokes,
their registration rate will increase by the factor of 1.777 in the pre-seismic environment.
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network with a threshold of 0.5 is unable to detect any seismogenic changes in

the pulse rate from the local thunderstorms.

6. Amplitude Spectra Expected for Pulses Caused by the
Cloud to Ionosphere Strokes

In this section we model the current and radiation moments of the cloud-to-
ionosphere discharge (CID). Existence of such strokes in a pre-seismic environ-
ment was not proven yet (see our review by Hayakawa et al (2023) [52]), but
still we inspect the possible distinctions of electromagnetic characteristics of a
CID lightning from the ordinary return strokes. The major feature of a CID is its
huge length. The progress of the current wave along the stroke channel will de-
mand a much longer time, provided that a CID is described similarly by the CG
discharge.

We accept the L = 50 km length of the CID stroke. The channel is extended
from the cloud top at 10 km altitude to the ionosphere lower edge at 60 km. In
distinction from the treatment in section 4, we cannot increase the initial veloci-
ty of the current wave by the factor of 50/4 = 12.5 because V, = 8 x 107 m/s value
is already the 0.266 part of light velocity. We leave the initial velocity unchanged
and turn to varying time constant, which must be now #,= L/ V;, = 0.625 ms in-
stead of 50 ys in the original Jones (1970) model. All other parameters are left as
they were in Jones stroke model. Only the channel length was increased from 4
km to 50 km by an appropriate increase of the time constant.

The stroke current moment and the current wave motion are shown in Figure
7 for the extended Jones stroke. The upper plot shows the MA#) dependence
while the current at the stroke base is as in Figure 2. The logarithmic scales are
used on the both axes. The maximum of this function is found near 0.4 ms, and
it reaches the values of 10® A-m in the top panel.

The lower plot depicts the progress of the current wave along the stroke
channel. The abscissa shows the distance along the channel and the ordinate
shows the instant current. The process is very similar to that illustrated in the
lower plot of Figure 2, only distances here are an order of magnitude greater
and the particular times have also increased by a factor of ~10.

Modification of the time constant #, results in a 10-fold increase in the ampli-
tude of current moment spectrum and in a clear shift of the spectral content to-
ward the lower frequencies. Figure 8 compares the amplitude spectra of the
current and radiation moments of the CG and CID discharges. The top panel
contains the plots of current moments, and the bottom panel shows the radia-
tion moments. The logarithmic scale is used on all axes. The black curves cor-
respond to the CG strokes and the red curves show the CID data. One may ob-
serve that our expectations were correct.

An important feature must be noted. The spectral modifications are concen-
trated at frequencies below the frequency of 1 kHz. This indicates that the CIDs
would hardly be noticed in the VLF observatories: they will look like ordinary
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Figure 7. Time dependence of the current moment of an extended Jones (1970) stroke of
the cloud-to-ionosphere length (Z = 50 km). The upper plot shows temporal variations of
the current moment and the lower plots demonstrate the upward progress of the current
wave along the stroke channel from the cloud 10 km top.

powerful CG strokes there. But, an amplitude increase will be detected at ELF
below the frequency of 1 kHz. Recently, Schekotov ef al (2007, 2013, 2016) [53]
[54] [55] and Hayakawa et al (2023) [52] have demonstrated the presence of
atmospheric ULF(ultra low frequency)/ELF atmospheric radio emission as a
precursor to EQs, but their major frequency is in a range below 100 Hz. In the
Schumann resonance band (4 - 40 Hz), we may anticipate deviations in the tilt of
field source spectra: the pulses from CIDs will correspond to more “red” sources
than the powerful CG strokes.

7. Conclusions

After confirming the direct evidence of radon emanation [e.g., [12] [13] [14]]
and its related various consequences of changes in different physical parameters
on the Earth’s surface and in the lowest atmosphere, it seems definite that radon
emanation is a clear EQ precursor, so we anticipate the conductivity changes in
the troposphere over a seismic-active region. Based on this supposition, we pro-
posed a physically grounded model, and found the major distinctions in the pa-
rameters of the vertical electric field arriving from a thunderstorm cloud that

had experienced an impact of the EQ preparation process. Only a general
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Figure 8. Current and radiation moments of the Jones return stroke (black line) and the
same stroke extended to cloud-to-ionosphere height Z = 50 km (red line). Increase of the
tv constant amplifies the both moments by an order of magnitude below the frequency of
1 kHz.

framework was discussed in the present paper of possible explanation of
ELF/VLF observations. Still, the model computational results are based on the
well-established fact that an increase of air conductivity in lower troposphere
expels the quasi-static electric field from it. A transformation of the lightning
type occurs due to the conductivity enhancement of air above a future EQ. Mod-
eling predicts possible modifications in spectra and amplitudes of natural radio
signals driven by an increase of conductivity. We list the major results of our
paper.

1) Spectra of the fields radiated by tilted strokes tend to have greater ampli-
tudes over the lower VLF/ELF frequencies. The pulses originating from the tilted
strokes are of smaller RMS amplitudes and tend to occur more frequently.

2) An increase in conductivity of the lower troposphere should lead to a
growth of number of the IC strokes. Validity of this conclusion may be checked
indirectly by comparing the ratio of IC to CG strokes over the rural and the in-
dustrial areas. Tropospheric pollution over the cities and objects of industry
must enhance the share of IC strokes in these zones.

3) Number of events registered by any specific lightning detection network
crucially depends on the threshold value. Special devices might show quite dif-

ferent reactions: the networks with high threshold will show reduction in the
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stroke rate, while the networks with low threshold will not increase in the stroke
rate over the areas with pre-seismic activity.

4) The extended cloud to ionosphere strokes must provide the enhanced elec-
tromagnetic radiation in the ELF band with the “reddish” spectra of the field
sources.

The above conclusions of this paper should be validated in near future with
the use of new lightning data by JTLN Earth Networks system with an ability to
detect separately CG and IC lightning discharges. Further, we hope that those
significant changes in the characteristics of VLF signals may be a possible EQ

precursor.
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