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a b s t r a c t

Observational data of the seismic related VHF radio emissions at 41 and 53 MHz obtained at the four

stations of Create Island are presented. The epicenter of EQs is located at the distance more than

300 km behind the horizon. It was shown that VHF radiation is generated at the altitudes 1–10 km in

the atmosphere over the epicenter of EQs. The theory of generation of electromagnetic radiation by

random electric discharges was developed. These discharges are excited by DC electric field enhanced

up to the breakdown value in the atmosphere. The field is connected with the electric current flowing in

the atmosphere–ionosphere circuit, whose source is generated by convective transport of charged

aerosols, which are injected in the atmosphere by soil gases during the enhancement of seismicity.

Calculations of the spectrum of electromagnetic radiation are derived, and the theoretical results are

confirmed by observation data.

& 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Recently it is well known that a lot of electromagnetic effects
in different frequency ranges which are related to seismicity are
observed (Hayakawa and Molchanov, 2002; Molchanov and
Hayakawa, 2008; Hayakawa, 2009). We think that the VHF
radiation related to EQ preparation is the least investigated. Let
us present several observational results of the VHF anomaly
phenomena. Based on the radio-locator data, Voinov et al.
(1992) revealed the appearance of distributed electric charges
above the epicenter 1–3 days before the Spitak EQ. The area of
charges distribution was different from those occurred during
thunderstorms. The lifetime of such a seismogenic charged area
was several hours, while the lifetime of the same area during
thunderstorms does not exceed one hour (Proctor, 1981). The
altitude and scattering cross section of those areas of seismogenic
charges had some unusual values. The altitude was 5–30 km and
the scattering cross section exceeded by 10 times the same one
for the thunderstorm (Warwick et al., 1979). Voinov et al. (1992)
suggested that distributed electric charges could be the source of
discharges, which formed an anomaly during the radio-astron-
omy observation at the frequency of 75 MHz. Hata et al. (1998)
revealed 225 Hz electromagnetic radiations generated close to the
sea surface during seismicity and volcanic activity in the zone of

underwater faults. Localization of the radiation source had been
performed by measuring the magnetic components of radiation
(Hata et al., 1996). The glow of sky at distance of 100–200 km
from the epicenter on the eve of a powerful EQ (M¼7.3) in China
was observed at night (Zhao and Qian, 1997). Williams (1989)
then noted that the seismic related airglow can reach altitudes
more than 1–2 km at distance 140 km from the epicenter.

For the first time, the regular observation of pre-EQ anomalies
in VHF electromagnetic radiation had been carried out on Create
Island for three years starting from 1992. This observation was
carried out using receivers with two frequencies 41 and 53 MHz
located on the four sites (Nomicos et al., 1995; Vallianatos and
Nomicos, 1998), and the pre-EQ VHF radiation had been regis-
tered. The center of EQs was located both on the ground and
under the sea bottom. Based on the obtained data Ruzhin et al.
(1999, 2000) have shown that the possible VHF radiation source is
located in the atmosphere at altitudes of several km above the
epicenter of preparing EQs. It was suggested that the generation
of VHF radiation could be occurred as a result of electric
discharges connected with convective transport of the charged
aerosols at altitudes of 1–10 km in the zone of EQ preparation.

Later, Yamada et al. (2002) confirmed this conclusion that VHF
radiation sources are located in the atmosphere at altitudes over
several kilometers. VHF radiation (52.1–52.5 MHz) related to an
EQ was obtained as a result of long-term observations from July
1999. Direction to the EQ epicenters was in the limits of antenna
diagram. The distance to epicenters was several hundreds of
kilometers, and therefore it was possible to register radiation if
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its source was located in the atmosphere at altitude of several
kilometers.

Yonaiguchi et al. (2007) investigated the fractal character of
VHF radiation on frequency 49.5 MHz, which occurred on the eve
of an EQ (M¼7.2) on August 16, 2005. The observations were
made on three stations in the nearby zone located at the distances
in dozens of kilometers from the epicenter. It was assumed that
the occurrence of such radiation depends on geological charac-
teristics of the ground surface.

Further, Hayakawa et al. (2006) have found the strong VHF
radio noise (77.1 MHz) as a precursor to the 2004 Mid Niigata
prefecture EQ (October 23). On October 15–18 they have detected
the VHF radio noises, and their direction finding has indicated
that those noises are coming close to the direction of the EQ
epicenter. Yasuda et al. (2009) have developed an interferometic
VHF system and have found that the VHF radio noises are always
simultaneously detected with the over-horizon VHF transmitter
signal (77.1 MHz), with their azimuths being relatively close to
the epicenter of the EQ.

2. The results of observation of VHF electromagnetic radiation
related to seismicity

As it was mentioned above, VHF electromagnetic EQ precur-
sors were registered by a network of four stations of Create Island
(Nomicos et al., 1995; Vallianatos and Nomicos, 1998). Since 1992
the special network of telemetric stations were created on this
island for investigation of the electromagnetic precursors. On
each station the VHF radio noise on frequency 41 and 53 MHz, is
measured as one of different parameters. These radiations are
found to have occurred for several days before an EQ, and their
duration reaches several days. If VHF electromagnetic radiation is
propagated over the distance more than a wavelength
l� 6-7:5m, the condition of optical propagation is fulfilled.
Consequently, it is possible to receive the signal at distance of
the order of 300 km just in the case if its source is located in the
atmosphere above Earth’s surface. According to Ruzhin and
Nomicos (2007) the region of generation of VHF electromagnetic
radiation is at the altitudes of the order of several kilometers
above EQ epicenters located behind the horizon. An example of
anomalous signals recorded on the frequency of 41 and 53 MHz
on the eve of an EQ on November 21, 1992 is presented in Fig. 1.
The records have been obtained on all the stations of the network
along Create Island (Nipos, Ierapetra, Heraklio and Drapania). One
can see that signals at both frequencies are registered on the
stations 3 and 4. The signal at the frequency of 41 MHz is the

same one at the frequency 53 MHz. The absence of the signal at
the station Ierapetra (I) can be explained in term of both the radio
shadow by mountains and the small altitude of radiation source.
Namely, its altitude must be smaller, such as 2950 m above the
sea level near the epicenter.

The frequencies 41 and 53 MHz of radio waves had been chosen
for electromagnetic monitoring on Create Island because the signal-
to-noise ratio is an optimal one for this frequency range. Radio-
astronomical observation and lightning discharges registration are
usually carried out in this frequency range. It is known that the
spectrum of electromagnetic radiation of thunderstorm discharges
decreases with frequency, while the typical spectrum of natural
noise falls down more sharply already in the beginning of frequency
range 3–30 MHz. Such a character of the spectrum corresponds to
the maximum of signal-to-noise ratio in the frequency range
20–100 MHz (Taylor, 1978). Noise analyses which were derived
by Ruzhin and Nomicos (2007) allow us to conclude that observed
signals were generated by the seismic origin. Let us specify the
general results obtained by the observation of VHF electromagnetic
radiation. Their differences from earlier obtained data (Warwick
et al., 1982; Maeda and Tokimasa, 1996) are as follows:

� VHF signal was registered for a lot of EQs from the continuous
observations during three years.
� VHF signal was registered on two frequencies 41 and 53 MHz

repeatedly and on several stations simultaneously.
� Sources of pre-seismic VHF radiation were located behind the

radio horizon at distances 300–350 km from the receivers.
� Signal was observed for several days before EQs both at day

and at night.
� Center of sea EQs was located under the sea bottom, while the

source of radiation was located in the atmosphere above the
sea surface.

3. Discharges region in the lower atmosphere

Let us assume that the electric discharges are the source of
electromagnetic radiation. These discharges take place in the
region of atmosphere, in which electric field reaches the break-
down value, and the source of field has to be in operation for
several days. During this time there is an observed significant
growth of DC electric field over a seismic region in such a way
that the magnitude of field reaches up to 10 mV/m in the iono-
sphere (Chmyrev et al., 1989; Gousheva et al., 2008). According to
electrodynamic model of the atmosphere–ionosphere coupling,
such a field enhancement is related to the generation of electric

Fig. 1. The pre-seismic VHF signals for the November 21, 1992 EQ (M¼6.0). The output voltage of the receivers presented is given on the vertical axis. Full scale is 2000 mV

(Ruzhin and Nomicos, 2007). N, I, H and D represent the observing stations of Nipos, Ierapetra, Heraklio and Drapania, respectively, forming Crete monitoring station.
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current in the atmosphere–ionosphere circuit (Sorokin et al.,
2001, 2007; Sorokin and Chmyrev, 2002, 2010). The source of
current is an electromotive force (EMF) occurring by charged
aerosols injected in the atmosphere during EQ preparation. Below
we use this model in the interpretation of generation of VHF radio
emissions in the atmosphere over an EQ zone.

We consider the altitude distribution of electric field in the
atmosphere over a seismic region. The electric field of conducting
current is generated by EMF in the near-Earth atmosphere. An
external current of EMF arises as a result of emanation of charged
aerosols transported into the atmosphere by soil gases and
subsequent processes of upward transfer, gravitational sedimen-
tation and charge relaxation. The field limitation on the Earth
surface is caused by a feedback mechanism between excited
electric field and the causal external current. This feedback is
produced by the potential barrier for charged particles at their
transfer from ground to the atmosphere. Atmospheric radio-
activity produces influence to the external current and conduc-
tivity of the lower atmosphere.

Let us consider generation of the electric field by the external
current je in the Earth-ionosphere layer (Sorokin et al., 2005,
2006). We will derive the equations for potential j of the electric
field disturbance E¼�rUj. We introduce the Cartesian coordi-
nates (x, y, z) with the axis z being directed vertically upward, and
the homogeneous magnetic field B is directed with angle a to the
x axis. The plane y¼0 coincides with the absolutely conductive
Earth’s surface, and we assume that the electric field potential on
this surface is j9z ¼ 0 ¼ 0. The atmosphere characterized by the
conductivity s(z) is located in the layer 0ozoz1. The plane z¼z1

coincides with the thin conducting ionosphere characterized by
the tensor of integral conductivity with components SP , SH

(Pedersen and Hall conductivities, respectively). For the slow
processes with characteristic durations tbe0=s the electric
potential j in the atmosphere is derived from the equation of
continuity and Ohm’s law

rUðs rUj�jeÞ ¼ 0:

Injection of the charged aerosols in the atmosphere results in
the appearance of potential barrier on the Earth surface, which
leads to the limitation of electric field. Sorokin et al. (2006) found
the electric field generated by the external current in the atmo-
sphere whose vertical component is given in the form

jeðr,zÞ ¼ jpðrÞspðzÞ�jnðrÞsnðzÞ;

r¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2þy2

q
:

where jp and jn are the density of external currents, which are
formed by positive and negative charged aerosols, respectively,
and je is the density of total external current. The vertical
component of electric field Ezðr,zÞin the atmosphere–ionosphere
layer is derived from the equation (Sorokin et al., 2006, 2007)

Ezðr,zÞ ¼
1

sðzÞ
kp

r �spðzÞ

� �
jpðrÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

Ezðr,0Þ

Ec

s
�

kn

r �snðzÞ

� �"

�jnðrÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

Ezðr,0Þ

Ec

s #
: ð1Þ

The equations for calculating the electric field potential j1(x, y)
and the horizontal components of electric field in the ionosphere
have a form

1

sin2a
@2

@x2
þ
@2

@y2

 !
j1ðx,yÞ

¼�
1

2rSP
kpjpðrÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

Ezðr,0Þ

Ec

s
�knjnðrÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

Ezðr,0Þ

Ec

s" #
Exðx,yÞ

¼�@j1ðx,yÞ=@x; Eyðx,yÞ ¼�@j1ðx,yÞ=@y: ð2Þ

In Eqs. (1) and (2) we identify

kp ¼

Z z1

0
dz

spðzÞ

sðzÞ ; kn ¼

Z z1

0
dz

snðzÞ

sðzÞ ; r¼
Z z1

0

dz

sðzÞ :

The critical field Ec can be estimated from the balance between
viscosity, gravity and electrostatic forces. The estimation of
critical field Ec ¼ 450V=m was performed in Sorokin et al.
(2005). Sorokin et al. (2006, 2007) made computations of DC
electric field both in the ionosphere and in the atmosphere, and
below we will use these results for creation of the origin of VHF
emissions.

Let us choose the axial symmetric distribution of external
current in the lower atmosphere in the form

jeðr,zÞ ¼ ½jp0spðzÞ�jn0snðzÞ�expð�r2=r2
0Þ:

where sp,n(z) and s(z) are the altitude dependences of external
current and conductivity, respectively, jp0, jn0 are the density of
external currents, which are formed by positive and negative
charged aerosols in the epicenter, respectively, and r0 is the
horizontal scale of external current. Sorokin et al. (2006) also
calculated the horizontal distribution of electric field in the
ionosphere, and the result of calculation is depicted in Fig. 2.
Estimation of the critical field gives a value Ec¼450 V/m. This
graph shows that DC electric field reaches up to 10 mV/m in the

Fig. 2. Calculation results of the spatial distribution of radial component of electric field in the ionosphere (Sorokin et al., 2006).
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ionosphere. The calculation results are confirmed by numerous
satellite data on direct measurements of enhancement of DC
electric field in the ionosphere. For example, Chmyrev et al.
(1989) and Gousheva et al. (2008) found that DC electric field
reaches up to 10 mV/m and even more in the ionosphere during
several days before EQs. Experimental confirmation of the calcu-
lation results by Eqs. (1) and (2) of DC electric field in the
ionosphere allows us to use Eq. (1) to determine the altitude
distribution of electric field in the atmosphere. The method for
computing the electric field in the atmosphere was developed
in Sorokin et al. (2007), from which we use functions sp,n(z)
and s(z). The external current is formed by vertical transfer
of positive and negative charged aerosols, which have radii rp

and rn respectively. The aerosols are moved by atmosphere
convection with velocity u0 in the layer of atmosphere with
vertical scale hu. Based on Sorokin et al. (2007) we have calculated
the altitude distribution of electric field for different value of
these parameters. Corresponding calculation results are presented
in Fig. 3, where Ek is the breakdown field. The graphs show
that the growth of aerosols radius and intensification of atmo-
sphere convection leads to an increase in electric field. It is
possible to expect the electric discharges in one or two regions
located at different altitudes in which the electric field reaches a
breakdown value.

4. Generation of VHF radio emissions in the atmosphere

DC electric field is shown above which can be reached to the
breakdown value, and electric discharges are known to occur in
this region. Let us suggest that the discharge is excited substan-
tially by a vertical component of electric field and it is an electric
dipole. We consider an electromagnetic radiation of the impulse

electric dipoles. The electric field E and magnetic field H of their
radiation are expressed by Maxwell equations

r �H¼ jþe0
@E

@t
; r � E¼�m0

@H

@t

rUE¼
q

e0
; rU H¼ 0:

where j is the electric current density of electric current of
dipoles, q is the density of their charges, e0 is the electric constant
of free space and m0 is the permeability of vacuum. Let us denote
the vertical components of electric field and current as Ez�E; jz� j

in the Cartesian coordinates (x, y, z) presented in Fig. 4. We
assume the discharge region of atmosphere to be as cells. Each
center of the cell is located at the points with radius-vector rk as

Fig. 3. Altitude distribution of the electric field amplitude relative to its breakdown value. The following parameters are chosen for calculations r0 ¼ 100km, jn0=jp0 ¼ 0:6:

left graphics: rp ¼ 5� 10�6 m, rn ¼ 7� 10�6 m, hu ¼ 2� 103 m, u0 ¼ 2:3� 10�2 m=s; upper panel: jp0 ¼ 1:4� 10�9 A=m2; lower panel: jp0 ¼ 1:3� 10�9 A=m2; right graphics:

rp ¼ 10� 10�6 m, rn ¼ 12� 10�6 m, u0 ¼ 3:2� 10�2 m=s, jp0 ¼ 1:3� 10�9 A=m2; upper panel: hu ¼ 5� 103 m; lower panel: hu ¼ 6� 103 m.

r

z

0

rk
r1

x

R = r−r1

Fig. 4. Coordinates used for the calculation of characteristics of electromagnetic

radiation.
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depicted in Fig. 4. The current density j is formed as a result of
random discharges. One assumes that the dependence of current
density on the coordinate r and time t is defined by the function

jðr,tÞ ¼
X
k,m

jkAðr�rk,t�tkmÞ: ð3Þ

where jk is the current density of a random discharge in the cell
with number k, tkm is the time of occurrence of the statistically
independent discharges in the cell with number k and
Aðr�rk,t�tkmÞis the dimensionless current density of electric
discharge in the cell with radius-vector rk which occurred at time
tkm.

We suggest that all values are dependent on time as
expð�iotÞ. The electric field is defined by the equation in the
wave zone (krb1) on the surface of perfectly conducting Earth

Eðr,oÞ ¼
Z

V
jðr1,oÞGðr�r1,oÞ dr1;

Gðr�r1,oÞ ¼ iom0

2p 1�
z2

1

R2

� �
expðikRÞ

R
; R¼ 9r�r19: ð4Þ

where the vector r1 has the components (x1, y1, z1). Using Fourier
transform to Eq. (3), one finds

jðr,oÞ ¼
X
k,m

jk Aðr�rk,oÞexpðiotkmÞ: ð5Þ

Phases otkm are the independent random values, which are
distributed as Poisson flow (Rytov et al., 1978) in the interval
(0–2p)

/expðiotkmÞS¼ 0; /expðiotkmÞexpð�iotinÞS¼ dkidmn: ð6Þ

where angle brackets denote a statistical averaging (Rytov et al.,
1978). Substituting Eq. (5) in (4) we find

Eðr,oÞ ¼
X

k

Ekðr,oÞ
X

m

expðiotkmÞ

Ekðr,oÞ ¼ jk

Z
V

Aðru�rk,oÞGðr�ru,oÞ dru: ð7Þ

where Ekðr,oÞ is the electric field radiated by the discharge in the
cell with number k. In Eq. (7) the integration is carried out over
the volume of discharges region. Substituting Eq. (7) in (6), one
finds /Eðr,oÞS¼ 0. If the size of source is smaller than the
wavelength of radiation Eq. (7) is transformed to the following
equality:

Eðr,oÞ � aðoÞ
X

k

jkGðr�rk,oÞ
X

m

expðiotkmÞ

aðoÞ ¼
Z

V
Aðru,oÞ dru: ð8Þ

Power spectrum Pðr,oÞ of the electromagnetic radiation of
discharges, which is observed during an interval of time T, is
defined by the formula

Pðr,oÞ ¼ lim
T-1

9ET ðr,oÞ92

T
; ET ðr,oÞ ¼

Z T

0
expðiotÞEðr,tÞ dt:

The frequency spectrum of electric field of radiation Eðr,oÞ is
defined by the power spectrum

Eðr,oÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pðr,oÞ

p
: ð9Þ

Let us introduce the cylindrical coordinates ðr, j, zÞ with the
origin of coordinates located in the epicenter of an EQ. The
calculation of power spectrum has been derived in Appendix
(formula (A4))

Pðr,oÞ ¼/j2
kS9aðoÞ92 m2

0no2

2p

Z 1
0

r1dr1

Z 1
0

dz1
gðr1,z1Þ

r2
ffiffiffiffiffiffiffiffiffiffiffiffi
1�p2

p
� 1�

2z2
1

r2

1

1�p2
þ

z4
1

r4

1þp2=2

ð1�p2Þ
2

" #
: ð10Þ

Let us suggest that a discharge is an infinitely thin pulse linear
current flowing on the line segment l. This current arises in the
cell with number k at the moment of time tkm. Their spatial
temporal distribution is chosen in the form

Aðr�rk,t�tkmÞ ¼ Bðz�zk,t�tkmÞsdðx�xkÞdðy�ykÞ: ð11Þ

where d(x) is the Dirac delta function, and s is the square of cross-
section of discharge. Substituting Eq. (11) in (8) yields

aðoÞ ¼ s

Z l=2

�l=2
Bðz,oÞ dz: ð12Þ

We use the model of distribution of linear current in the
discharge which has been presented in Iudin and Trakhtengerts
(2001). Corresponding formula has the form

Bðz,tÞ ¼ Z t�
z

u

� �
e�a t�z=uð Þ�e�b t�z=uð Þ
h i

�Zðt�tÞ
n

�½e�aðt�tÞ�e�bðt�tÞ�
o
Z l

2
� zj j

� �
:

where u is the velocity of current wave in the discharge, t¼ l=u,
Z(x) is the Heaviside unit function. According to the data
from Berger et al. (1975) we choose the prameters in this formula
in the form a¼ 2=t; b¼ 8=t. Substituting this equation in
Eq. (12), we obtain

/j2
kS9aðoÞ92

¼
I2
0ðb�aÞ

2u2

o2ða2þo2Þðb2
þo2Þ

9ð1�iotÞexpðiotÞ�192
: ð13Þ

In Eq. (13) I0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
/I2

kS
q

is the mean-square value of linear
current amplitudes of discharges in the cells, and Ik ¼ sjk is the
amplitude of linear current of discharge in the cell with number k.
Substituting Eq.(13) in (10) one finds the power spectrum of
radiation in the form

Pðr,oÞ ¼ m2
0I2

0

n
2p

ðb�aÞ2u2

ða2þo2Þðb2
þo2Þ

9ð1�iotÞexpðiotÞ�192
H2ðrÞ

H2ðrÞ ¼
Z 1

0
r1dr1

Z 1
0

dz1
gðr1,z1Þ

r2
ffiffiffiffiffiffiffiffiffiffiffiffi
1�p2

p 1�
2z2

1

r2

1

1�p2
þ

z4
1

r4

1þp2=2

ð1�p2Þ
2

" #

r2 ¼ r2þr2
1þz2

1; p¼
2rr1

r2
: ð14Þ

Substituting Eq. (14) in (9) one finds the spectrum of electric
field of radiation at a distance r from the epicenter of disturbed
region of the atmosphere

Eðr,oÞ ¼ m0I0

ffiffiffiffiffiffi
n

2p

r
uðb�aÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ða2þo2Þðb2
þo2Þ

q 9ð1�iotÞexpðiotÞ�19HðrÞ;

HðrÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ 1
0

r1dr1

Z 1
0

dz1
gðr1,z1Þ

r2
ffiffiffiffiffiffiffiffiffiffiffiffi
1�p2

p 1�
2z2

1

r2

1

1�p2
þ

z4
1

r4

1þp2=2

ð1�p2Þ
2

" #vuut :

ð15Þ

According to Eqs. (14) and (15), the power spectrum of
electromagnetic radiation and the spectrum of their electric field
are defined by the spatial distribution of probability density of
discharges g(r, z) occurring in the atmosphere region, in which
the electric field can reach the breakdown value. The probability
density has the maximal value in the center of this region and it
decreases depending on the epicentral distance. We choose such a
spatial distribution of the probability density in the form

gðr,zÞ ¼
3

2phd2
1�

r2

d2

� �
1�

z�z0

h

� �2
� �

Zðd�rÞZðh�9z�z09Þ: ð16Þ

which satisfies the normality condition
R

V gðrÞdr¼ 1. In Eq. (16) z0

is the coordinate of the center of radiating region, and h, d are the
thickness and diameter of this region accordingly.
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Let us produce the calculation of spectrum of electromagnetic
radiation generated by discharges in the atmosphere region in
which electric field reaches the breakdown value. In this case, the
occurrence of the spatial irregularities of electric charge leads to
local regions of electric field enhancement. Electric discharge
arises in such local regions. The occurrence of electric charge
irregularities can be related to the atmosphere turbulence and the
dissipative instability of charged aerosol stream (Grach et al.,
2005). Spatial scale of irregularities l in both cases has the same
order of quantity (1–10) m. We estimate the mean-square value
of current amplitude I0 in the charge. Electric field reaches the
breakdown value as a result of deviation from the equilibrium
value of charge 7q inside the irregularity with characteristic
size l. This field has a value of the order of E¼ q=e0l2. The
discharge occurs when the electric field reaches the breakdown
value E¼Ek inside the irregularity. Consequently, the quantity of
charge is defined by the size of irregularityq¼ e0l2Ek. The ampli-
tude of current flowing into the discharge for time t has a
quantity I0 ¼ q=t¼ e0l2Ek=t. Taking into account that the wave
of current in the discharge has the velocity u¼1/t (Bazelyan and
Raizer, 2000) one finds

I0 ¼ e0ulEk:

Let us make an estimation of current quantity I0. Breakdown
field at the altitude (5–10) km has the value of the order of
Ek¼105 V/m. According to the observation of lightning discharges
the velocity of discharge wave has the value of the order of
u¼(107–108) m/s (Betz et al., 2009) , and occurrence frequency of
discharges has the value n¼2�105 s�1 (Iudin and Trakhtengerts,
2001). Taking into account l¼ 10m, u¼ 108 m=s, t¼ 10�7 s, one
finds I0¼50 A. We suggest that discharges formed in the region of
atmosphere are described by the parameters d¼ 40km, h¼

1km, z0 ¼ 6km as depicted in Fig. 3 (lower panel, right graphic).
We compare our results with the data of measurements

in Ruzhin and Nomicos (2007). For comparison we have calcu-
lated the electric field amplitude of radiation at the frequency of
f ¼o=2p¼ 50MHz with spectral interval Df¼20 kHz by the
formula

Eðr,f ,Df Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pðr,2pf ÞDf

p
:

According to this formula and Eqs. (14) and (16), the electric
field at a distance 300 km from the epicenter has a value
Eðr,f ,Df Þ ¼ 6:5� 10�6 V=m. The result of estimations is compared
with the value of radiation field observed in Ruzhin and Nomicos
(2007) at distances (300–350) km from the epicenter of preparing

EQs. Radiation spectrum at distance 300 km calculated by
Eqs. (15) and (16) is depicted in Fig. 5. The spectrum has a
maximum value at frequency of the order of 10 MHz. The
amplitude of radiation in the spectral interval (30–70) MHz is
less by three times than its maximal value. Radial dependence of
the electric field of radiation at the frequency of 50 MHz is
depicted in Fig. 6. The amplitude of field decreases depending
on the epicenter distance.

5. Conclusion

Permanent monitoring of the electromagnetic VHF radiation
for three-year period in Greece shows that the generation region
is located at altitudes (1–10) km in the atmosphere above the
epicenter of an EQ area. The radiation is observed during several
days before an EQ. Enhancement of the DC electric field up to the
value of the order of 10 mV/m in the ionosphere is observed by
the satellite during the same period. The occurrence of such a
strong DC electric field in the ionosphere is related to the electric
current flowing into the atmosphere–ionosphere circuit. The
current source is an electromotive force in the ground-air layer
occurring by injection of charged aerosols with soil gases in the
atmosphere during seismic activity. The electric field of conduct-
ing current flowing between the atmosphere and ionosphere can
reach the breakdown value in the lower atmosphere. Electric field
forms the electric discharges in this region of the atmosphere
which are the source of VHF radiation. Calculation results of the
amplitude and frequency characteristics of radiation are convin-
cingly confirmed by the observation data. It can be assumed that
the enhancement of ionization in the atmosphere region with
discharges can lead to the radio wave refraction on the path of
their propagation close to the disturbed area.

Appendix

The power spectrum of electromagnetic radiation

Pðr,oÞ ¼ lim
T-1

9ET ðr,oÞ92

T
; ET ðr,oÞ ¼

Z T

0
expðiotÞEðr,tÞ dt: ðA1Þ

is calculated using the temporal dependence of electric field
during a long time interval T. The function ET(r, o) is defined by

Fig. 5. Spectrum of electromagnetic radiation at distance 300 km from the

epicenter. The vertical sections of line denote the experimental data. The following

parameters are chosen for calculations: I0 ¼ 50A, n¼ 2� 105 s�1 , u¼ 108 m=s,

t¼ 10�7 s, a¼ 2� 107 s�1, b¼ 8� 107 s�1 , d¼ 40km, h¼ 1km, z0 ¼ 6km.

Fig. 6. Dependence on distance of the amplitude of electromagnetic radiation at a

frequency 50 MHz. The following parameters are chosen for calculations: I0 ¼

50A, n¼ 2� 105 s�1 , u¼ 108 m=s, t¼ 10�7 s, a¼ 2� 107 s�1, b¼ 8� 107 s�1 , d¼

40km, h¼ 1km, z0 ¼ 6km.
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an integral in Eq. (A1). The function E(r, o) is calculated by Eq. (8)

Eðr,oÞ � aðoÞ
X

k

jkGðr�rk,oÞ
X

m

expðiotkmÞ

aðoÞ ¼
Z

V
Aðru,oÞ dru:

In this formula the summation of terms is performed over time
moments tkmoT. We denote n as the average frequency of
discharges, and the quantity of discharges in the time interval
T is N¼nT. Substituting Eq. (8) in (A1), deriving summation and
statistical averaging according to Eq. (6)

/expðiotkmÞS¼ 0; /expðiotkmÞexpð�iotinÞS¼ dkidmn:

one finds the formula for the power spectrum of electromagnetic
radiation in the form

Pðr,oÞ ¼/j2
kS9a92 n

N

X
k

9Gðr�rk,oÞ92
Nk;

X
k

Nk ¼N: ðA2Þ

where Nk is the number of discharges in the cell with radius-
vector rk, Nk/N is the relative number of discharges in the cell with
radius-vector rk, J is the mean-square value of current density of
k discharges. Let us assume that the probability of discharge
occurrence DK in the time interval ðt, tþDtÞ does not depend on
time DK¼nDt. The relative number of discharges is defined by the
formula

Nk

N
¼ gðrkÞDVk;

X
k

gðrkÞDVk ¼ 1: ðA3Þ

where DVk is the volume of cell with number k, g(rk) is the
probability density of discharges distribution on cells with radius-
vector rk. Substituting Eq. (A3) in (A2) and changing summing
over k to the integration over the volume V in Eq. (A2), one finds

Pðr,oÞ ¼/j2
kS9aðoÞ92n

Z
V

gðruÞ9Gðr�ru,oÞ92
dru;

Z
V

gðrÞdr¼ 1:

Taking into account Eq. (4), we obtain from this equation

Pðr,oÞ ¼/j2
kS9aðoÞ92 m2

0no2

4p2

Z
gðruÞ

1

R2
1�

z2
1

R2

� �2

dru:

We suggest the horizontal distribution of a radiation source to
be axially symmetric. The power spectrum of radiation in the
cylindrical coordinates ðr,j,zÞ has the following form:

Pðr,oÞ ¼/j2
kS9aðoÞ92 m2

0no2

2p

Z 1
0

r1dr1

Z 1
0

dz1
gðr1,z1Þ

r2
ffiffiffiffiffiffiffiffiffiffiffiffi
1�p2

p
� 1�

2z2
1

r2

1

1�p2
þ

z4
1

r4

1þp2=2

ð1�p2Þ
2

" #
: ðA4Þ
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