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Abstract

The question of whether earthquake precursors can arise in the ionosphere is of a special interest in
geophysics. Despite numerous encouraging reports on seismo-ionospheric effects, the mechanism of
the lithosphere-atmosphere-ionosphere coupling (LAIC) during the crust destruction phase was not
revealed yet. One of hypothesis assumes that a seismogenic current transfers an abnormal electric
field from the near-surface atmosphere to the ionosphere prior to an earthquake occurrence. This
current can be caused by the air ionization due to enhancement of radon gas emission from the
soil or upward movement of charged atmospheric aerosols. Here we present a theoretical model
of the spatial structure of the electric field in the atmosphere and bottom ionosphere driven by a
vertical extrinsic current in the lower atmosphere. Perturbation of electric field in the ionosphere
has been derived in the approximation of the “thin” E-layer. Simple analytical estimates have
been obtained that relate the horizontal electric field in the ionosphere, vertical electric field on
the ground, and parameters of the external current. The electric field attenuation with altitude is
caused by the increase of atmospheric conductivity and the horizontal spreading of current. The
estimates obtained enable one to evaluate the feasibility of anomalous variations of electric fields
in the ionosphere related to forthcoming earthquakes. The analysis has shown that the hypothesis
on aerosol upward convection as a cause of ionospheric anomalies seems unrealistic. To interpret
the occurrence of significant ionospheric anomalies it would be necessary to assume the presence of
too large currents and electric fields in the lower atmosphere that had never been observed during
non-thunderstorm periods.

Keywords: Ionospheric earthquake precursor; Aerosols; Radon emission; Seismogenic current;
Atmospheric electric field

1. Introduction

Energy accumulation and redistribution before a seismic shock is a large-scale global phenomenon, involving
all geospheres. The outer geoshell — ionosphere, is a thin layer of ionized plasma which is highly sensitive to
any impact not only from above, but from below as well [Popov et al. 1989]. Geophysical community hopes to
apply the ionosphere monitoring by ground or satellite technique for operative detection of seismic related
precursors before severe earthquakes [Pulinets and Boyarchuk 2004]. However, numerous reports on possible
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seismo-ionospheric anomalies made with the vertical ionosonde sounding [Korsunova and Khegai 2018], radiowave
probing of the ionosphere — ground waveguide [Rozhnoi et al. 2006], monitoring the integral total electron content
(TEC) of the ionospheric plasma with the use of global navigation satellite systems [Liu et al. 2004; Le et al. 2013;
Kelley et al. 2017] still remain empirical. The actual mechanism of the lithosphere — atmosphere — ionosphere
coupling (LAIC) has not been identified yet. This situation causes doubt on statistical significance of the reported
relationships between ionospheric variations and earthquakes [Dautermann et al. 2007; Kamogawa and Kakinami
2013; Thomas et al. 2017; Masci et al. 2017].

Several possible channels of LAIC were suggested so far. It was assumed that this coupling can occur through
the acoustic channel performed by acoustic-gravity waves (AGWs) [Gokhberg and Shalimov 2000; Pulinets and
Ouzounov 2011; Klimenko et al. 2011] although the generation mechanism of AGWs by a pre-earthquake activity
is not clear. While the AGW energy generated during earthquake shock and tsunamis is known to be sufficient to
cause the ionospheric response [Astafyeva et al. 2014; Jin et al. 2015; Shalimov et al. 2019; Sorokin et al. 2019], the
generation of AGWs by some pre-earthquake activity is still difficult to explain [Hayakawa et al. 2007].

Atmospheric electric field E,, much greater than the fair-weather field of ~100 V/m, was observed near the ground
a few days before earthquakes [Rulenko et al. 1992; Rulenko 2000; Hao et al. 2000]. It was hypothesized that the
intense atmospheric electric fields may be responsible for the electrostatic channel of LAIC [Pulinets et al. 2000].
Disturbed quasi-DC electric field in the upper ionosphere above epicenters of forthcoming earthquakes was found
even by low-Earth orbit (LEO) satellites. LEO observations above upcoming earthquake epicenters revealed the
electric field bursts up to 2-10 mV/m [Chmyrev et al.1989; Gousheva et al. 2009]. Electric field anomalies ~1 mV/m
above the earthquake epicenter were detected by FORMOSAT-5 satellite 7 days before M = 6.8 earthquake [Liu
and Chao 2017]. The computer simulations showed that the observable TEC perturbation due to a vertical plasma
drift requires an additional zonal electric field in the F-layer with an amplitude of 3-9 mV/m [Zolotov et al. 2012;
Klimenko et al. 2011].

In the numerical simulations, the origin of the seismogenic current and the nature of the nonelectrostatic forces
driving this current are not specified. Instead, the distribution of the vertical electric field E is set on the earth’s
surface [Kim et al. 2002, 2012, 2017; Hegai et al. 2015; Khegai 2020]. And then a stationary problem is solved for
the electric field and conduction currents in the atmosphere and ionosphere. Note that this approach differs from
the standard one, when zero electric potential is set on the surface of an ideally conducting earth. In fact, this
approach means that the density of the conduction current j = oE is set on the earth’s surface, which flows from
the earth’s surface into the atmosphere. Based on this model Kim et al. [2017], Hegai et al. [2015], and Khegai [2020]
claimed that a large-scale electric field E, > 1 kV/m is needed to cause the electric field disturbance in the nightside
ionosphere of a few mV/m.

Theoretical investigations of similar topics were done by Park and Dejnakarintra [1973] who studied the
ionospheric response to charged thunderstorm clouds. Very roughly, all the models predicted that the large-scale
DC electric field attenuation is about the ratio of conductivities near the ground and at the bottom ionosphere
(~80 km), ~10~6. However, the simulation in [Denisenko et al. 2013] showed that an atmospheric electric field
with amplitude 100 V/m could provide the electric fields in the ionosphere just <1 uV/m during night-time. The
ionospheric response during daytime was estimated to be 1-2 orders less than during night-time, because the
electric field penetration was inversely proportional to the ionospheric conductance. The ionospheric E-field
response decreased if the horizontal size of the earthquake preparatory zone became smaller than 400 km,
and dropped severely for the scales « 100 km. Thus, the feasibility of the electrostatic channel of LAIC is still
ambiguous.

The atmospheric current between the ground and the bottom ionosphere may be severely distorted by
enhancement of radon gas emanation from soil, which occasionally occurred during seismic activity [Virk and Singh
1994; Yasuoka et al. 2009; Chowdhury et al. 2022]. However, some researchers did not find any statistically significant
changes in the radon activity before earthquakes [e.g., Cigolini et al. 2015]. The increase of the air ionization due to
the radioactive decay of radon nuclei results in an enhancement of the atmospheric electrical conductivity, which, in
turn, modifies the fair-weather electric current [Harrison et al. 2010; Ouzounov et al. 2011; Pulinets and Davidenko
2014; Surkov 2015]. However, theoretical analysis showed that such electro-chemical channel of LAIC hardly can
produce any noticeable variations of the electron density or electric field in the ionosphere [Sorokin and Hayakawa
2013; Surkov et al. 2023].

According to another hypothesis, electrical perturbations in the atmosphere are caused by currents in the
earth, which are carried by so-called positive holes (p-holes) [Freund et al. 2021]. The rock conductivity due to
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p-holes is assumed to prevail in the middle and partly in the lower crust under the influence of high stresses
and deformations. It was hypothesized by Freund et al. [2021] that the p-holes move from the earthquake focal
zone towards the less stressed regions, and then pile up in the thin surface layers of the Earth, thereby producing
an upward-directed electric field in the atmosphere. This field is assumed to be so large that it can lead to the
air ionization in the lower layers of the atmosphere. According to this hypothesis, the electric current in the
atmosphere arises due to the drift of electrons and negatively charged particles from the atmosphere towards
positively charged the earth surface. Thus, the seismogenic telluric current driven by non-electromagnetic forces
is converted into a conduction current at the earth-atmosphere boundary. This model has been used to estimate
the effect of the atmospheric current on the ionosphere [Kuo et al. 2011]. Numerical simulations show that a
vertical current density of 0.2-10 pA/m? in rocks is necessary for the appearance of TEC variations, possibly
related to impending earthquakes. The same current should occur in the atmosphere, due to the continuity
of the vertical component of the current density at the earth-atmosphere boundary. This hypothesis is highly
conjectural, since this current is five to seven orders of magnitude greater than the fair-weather atmospheric
current (~1 pA/m?).

The main features of other model by Kuo et al. [2014] is that the current density j is determined through a
potential function 1 according to the relationship j = —Vi. In that case, the function ¢ may not be related to the
potential of the electric field ¢. Prokhorov and Zolotov [2017] have shown that above equation for j does not satisfy
well-known set of the current continuity equation V-j = 0 and usual Ohm’s law j = —§V¢ except for the case when
the electric conductivity tensor 4 is a spatially invariant scalar. Whence it follows that this approach is not applicable
to actual conditions, since the atmospheric conductivity strongly depends on altitude.

Finally, the suggestion was put forward that seismo-preparatory process may stimulate the upward flow of
charged aerosols contained in the soil and near-surface atmospheric layer. Despite their insignificant percentage
in the air in comparison to the other elements, aerosols play a significant role in the atmospheric thermal and
electrical conditions [Namgaladze et al. 2018]. Aerosol particles capture the radioactive particles and transport
radioactivity for a considerable distance from natural or anthropogenic sources. The aerosols alter the electrical
conductivity of the air due to the attachment of light ions and free electrons. Moreover, the aerosols may be involved
in the formation of the extraneous vertical electric current [Namgaladze and Karpov 2015]. These aerosols can be
captured by upward convective and turbulent air movements, thereby producing vertical flow of charged aerosols,
which in turn can transfer electric perturbations from the lower atmosphere to the lower ionosphere [Pulinets and
Boyarchuk 2004; Klimenko et al. 2011; Sorokin and Hayakawa 2014]. Such “aerosol” channel was claimed to be
more effective mechanism of LAIC [Pulinets et al. 1997; Kim et al. 2002; Sorokin and Ruzhin 2015]. The seismogenic
current due to the turbulent upward diffusion of air with embedded charged aerosol particles was suggested to
exceed significantly the fair-weather current and acts as an additional electromotive force (EMF) in the global
electric circuit [Sorokin et al. 2007].

It is essential to understand how quasi-DC electric fields originating in the near-surface atmosphere by any
mechanism penetrate to higher altitudes and into the ionosphere. The main purpose of our study is to analyze
theoretically the plausibility of hypothesis about the impact of seismogenic vertical current on the ionosphere on
the basis of a fairly general model which can be applied to a seismogenic/extrinsic current of any origin. We have
elaborated the analytical model which provides the estimates of the electric fields in the ionosphere and on the
ground for any parameters of seismogenic current. As compared with numerical models calculated for a fixed set of
parameters, an analytical model has the advantage to describe explicitly the dependence of the effect on primary
parameters.

2. Model of extrinsic current and basic equations

Let us assume that there is an extrinsic quasi-DC vertical current in the near-surface atmosphere, which results
in perturbations of local electric field. In this section, we first examine the features of these perturbations, without
specifying the physical nature of this extrinsic current. We consider a plane-stratified model of the medium, as
illustrated in Figure 1, in which the atmosphere occupies a layer 0 < z < L between two conductive regions that
mimic the ground (z < 0) and the ionosphere (z > L). The origin of the coordinate system is located on the ground
surface (z = 0), while the positive z-axis is directed upward.
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Figure 1. A sketch of the model geometry.

The ground is a semi-space with the homogeneous conductivity o,. The atmospheric conductivity o, (z) increases
exponentially with altitude as follows g, (z) = g,exp(z/1).In the ionosphere, that is above ~80 km, the conductivity
of the ionospheric plasma becomes anisotropic. The Ohm’s law for the perturbation of the current density in the
ionosphere can be written as

ji = 0,E) + 0pE + 0y (B X E|)/B,, M

where B, is the geomagnetic field; E; and E, denote the parallel and perpendicular components of the electric
field with respect to By ; 0y is the longitudinal (field-aligned) conductivity of the ionospheric plasma; o, and oy, are
the Pedersen and Hall conductivities, respectively. For simplicity, we assume that By, is directed along the vertical
z-axis. In such a case we come to an axisymmetric problem in which all the functions depend on two variables: the
altitude z and polar radius r.

In the framework of this medium model, we consider the stationary problem of the distribution of electric
fields and currents. In the atmosphere an axisymmetric extrinsic current with density jey = jo(2)exp(—12/1¢)Z,
where r is the characteristic transverse scale of the current, is directed along the z-axis. The function j,(z) may
have different forms depending on the source of the current. The total atmospheric current j,(r,z) is a sum of the
conduction and extrinsic currents

ja(r,2) = 0,(2)E + jo(Dexp(—1?/1$)Z, 2

where E stands for a perturbation of the electric field caused by the extrinsic current.

In the stationary case, the current density in all media must obey the continuity equation V - j = 0. Additionally,
the equation V x E = 0 takes place, whence it follows that the electric field can be expressed from potential
function ¢ through E = -V¢. Let us substitute Eq. (2) into the current continuity equation. Taking into account the
azimuthal symmetry of the problem we write this equation in cylindrical coordinates r, z as follows

11(E)+%+§ﬂ+i% ﬁ =0 ks
ror ) T e T dz Ta, dz o o ®)
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Substituting the dependence g,(z) into Eq. (3) and expressing the radial E, and vertical E, components through
the potential ¢, we obtain

~ 92 10 1 dj z ~ 10 0
¢, 100 _1dj (J__z), A= @

AP T T o o

where A, denotes the radial part of the Laplace operator. Substitution of the current density in the homogeneous
ground j, = o 4E into the continuity equation yields

d2%¢

AT(p + azz

=0. (5)

Even though the ground conductivity does not enter Eq. (5), it affects the atmospheric field structure via the
boundary condition. This condition states that the potential ¢ and normal component of the current density j, must
be continuous on the ground surface (z = 0).

Now we derive the boundary condition at the bottom edge of the ionosphere in the “thin” layer approximation.
To do this we integrate the continuity equation V-j = 0 along z from z = L to z = L + [y, where [ is the thickness
of the conducting gyrotropic E-layer. Then making formally the transition [y — 0 we obtain the following boundary
condition at z = L:

L

U] =Zphrp, Zp= J-Gp(z') dz'. (6)

0

Here the square brackets denote the jump of the normal component of the current density across the E-layer,
2] =Jj,(L +0) —j,(L — 0), and Xp is the height-integrated Pedersen conductivity.

The region z > L above the E layer is supposed to consist of cold collisionless plasma, where the parallel (field-
aligned) conductivity tends to infinity, o — oo. In this region, the potential ¢ does not depend on z because of the
“frozen-in” condition along the geomagnetic field lines. Applying the thin layer approximation to the magnetically
conjugated area of the ionosphere, we obtain the boundary condition in this area, similar to condition (6)

jz(L - 0) = _(ZP + Z;’)Ar(p: (7)

where X} is the height-integrated Pedersen conductivity of the magnetically conjugated ionosphere. Finally, with
account of Eq. (2) we come to the following boundary condition at z = L:

2

0 -
0a(1) 50 = Jo(L)exp (— - ) = (@ + 3k, ®)

2
)
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3. Electric field in the atmosphere

In this section we provide a solution for the derived above system of equations, augmented with the boundary
conditions. First, we consider the situation when the extrinsic current density is maximal in the surface layer of
the atmosphere. The extrinsic current is supposed to be driven by the movement of charged aerosols or light ions,
which are carried upward from the ground surface by ascending air flows. In this case the altitude dependence of
the extrinsic current can be approximated as follows:

Jo(2) = jmexp (=z/h), ©)

where j,, and h are the amplitude and the vertical scale of the current density, respectively.

The solution of Egs. (4) and (5) with the boundary conditions at z= 0 and z = L has been obtained using
Hankel transform with respect to variable r as described in Appendix 1. This solution contains a small parameter
v = dy/d,. Indeed, the conductivity of the upper layers of the Earth’s crust g, =10-3-102 S/m is much greater than
the atmospheric conductivity at the ground level o, ~10-1* S/m. Now we apply the inverse Hankel transform to
solution (A1.5) with coefficients (A1.10) and (A1.11), and neglect the terms, which contain the small factor v. As a
result, we obtain the spatial distribution of the atmospheric electric potential (0 < z < L):

2,.2

12 [ K22\ k
<p(r,z)=’2;‘)’ f £k, 2)exp (— 4r0>;]0(kr)dk. (10)
0

Here we have introduced the following k-functions:

a, exp(A_z) —a_exp(A,2)

f(Z! k) = 2u - exp(_ﬁz))
ay (k) = (A4 + Hk»)exp(£éL) + (h — H)k?exp(—al),
an
u(k) = & cosh(éL) + [Hk? — (21)~Y] sinh (¢L),
1 1A\ "
L_r(k)=—ﬁif, f=<ﬁ+k ) , S=[f—hk*.
Additionally, we used the following notations
11 11 S+
=otw PETte HEomy (12)

Note that the function s(k) in the denominator of Eq. (10) vanishes at the point k = (8/h)/2. Nevertheless, the
integrand has no singularity since the function f(k,z) in its numerator vanishes at the same point. Using Eq. (10)
one can find the electric field components:

o

] ; 2..2
_Jm?6 [ (a-A+exp(A42) —ayd_exp (A-2) K22\ k
B=g] { 2 Bexp(~p2) {exp( — = ) <JoCr)dk, (13)
0
2 2.2\ 1,2
_JmTo k*r§\ k
E. = 20, ff(hz)exp( 2 ) i (kr)dk, (14)
0

where Jo(x) and J;(x) are Bessel functions.
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Figure 2. Dimensionless electric potential in the atmosphere as a function of altitude z for fixed distances from z-axis: r = 0,
50, 100 and 150 km (denoted by solid lines 1-4, respectively). Here we have used the parameters gy = 1014 S/m,
r9=100 km, h =10 km, [ = 4 km, L = 80 km, and hy = 5 km. The calculation results obtained with approximate
Egs. (18) and (19) are shown with dashed line 1'.
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Figure 3. Dimensionless vertical component of the electric field in the atmosphere as a function of altitude z for fixed
distances from z-axis: ro = 0, 50, 100 and 150 km (denoted by solid lines 1-4, respectively). The calculation results
obtained with approximate Egs. (18) and (19) are shown with dashed line 1'.
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Figure 4. Dimensionless horizontal component of the electric field in the atmosphere as a function of altitude z. The
graphs 1-3 correspond to the radii r = 50, 100, and 150 km, respectively.

To illustrate the dependence of the electric field on altitude, numerical calculations have been performed for
the following parameters. The characteristic transverse scale of the extrinsic current amounts to tens-hundreds
of km. The parameter [ is of the order of several km. The parameter h can vary from several km to tens of km
depending on the model of the extrinsic current. Therefore, we perform calculation for reasonable parameters:
00=10"1S/m,ry=100 km,h =10 km,l =4 km,L =80 km,Z, = X; = 0.5 S (nighttime ionosphere). Figure 2 shows
the dependence of the dimensionless potential ¢ = ¢a,/j,,l on altitude z at several fixed distances from z-axis.

In Figure 3 we plot the altitude dependence of the dimensionless vertical component of the atmospheric
electric field E, nom = E;00/jm for the same radii. The peculiarity of these dependencies is that the electric field
is concentrated mainly near the ground surface in a layer with a thickness of ~10 km. This size is about the
characteristic scale h of the extrinsic current decrease.

The altitude dependence of the dimensionless horizontal component of electric field in the atmosphere
Ernom = Ey00/jm is shown in Figure 4 for several radii. This figure shows that in the atmosphere the horizontal
component of E-field is almost two orders of magnitude smaller than the vertical component throughout all heights.

3.1 Simplified quasi-1D consideration

In what follows we give a simple interpretation of the above solution for the atmosphere. We consider a wide
distribution of the extrinsic current when its transverse scale r( is comparable or even greater than the distance L
between the ground and ionosphere. Then, one can find an approximate solution for the potential for distances
r < 1,. Figures 3 and 4 show that |E,| > |E,| within this radius interval. Therefore, in the first approximation, the

horizontal current is negligible as compared with the vertical one, and all the functions depend on z only. In this
case, the stationary continuity equation for the total current is reduced to the following 1D form

d d
o +io@) =0. (15)

Upon integration of this equation along z, we obtain
dp . .
_Ua(z)E +Jjo(2) = jrots (16)

where j is the density of the total electric current, which includes both the extrinsic and conduction currents.
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As follows from solution (10), the ground conductivity has little effect on the electric potential, so we assume that

the ground is an ideal conductor. Inserting the function o, = gyexp(z/1)into Eq. (16) and performing the integration
of this equation under the boundary requirement ¢(0) = 0, we arrive at

z

10, z' , Jrotl z
¢ (2) —U—ijo(z )exp<—T> dz —G—O{l—exp(—f)}. a7
0
The approximate solutions for the potential ¢(z) and electric field E,(z) = — d¢/dz are as follows:

_Imog e e il (L

o) =25 (= exp (-p2 =" {1 —ew (- 7)), (18)
1. . z z

E;(2) = o {]tot ~ Jm €Xp (— ﬁ)} exp (— 7)- (19)

The constant j,; may be found from Eq. (18) under the boundary condition ¢(L) =0

i { 1~ exp(=pL) } 0

Jrot = (1+1/h) |1 —exp(—L/1)

The calculation results obtained with approximate Egs. (18) and (19) are shown in Figures 2 and 3 with dashed
lines. These results are very close to the results of calculations using more precise Egs. (10) and (13) for » = 0 shown
with solid lines. Approximate Egs. (18) and (19) can reasonably well approximate the potential and electric field for
other values of r if these formulas were multiplied by the factor exp(—r2 /7).

Figure 5a shows the altitude dependence of the dimensionless extrinsic current j,/j,,, conductivity current
0,(2) E;/jm, and total current j.,./jm. The extrinsic current decreases with altitude in accordance with Eq. (9),
whereas the conductivity current increases in such a way to make the total current constant. Thus, the conductivity
current density tends asymptotically to the value j, given by Eq. (20).

The approximate equations obtained above provide a possibility to estimate the relationship between the
external current and electric field at the interface ground-atmosphere and atmosphere-ionosphere. For realistic
parameters exp (— L/1) < 1and exp (— L/h) < 1, and these relationships simplify to the following

Jml Jmh

O Taaen HO gy

@n

From these estimates it follows that the atmospheric electric field attenuates with altitude exponentially at high
altitudes because E,(z) = jio:04 1 (z) « exp (— z/1) (Figure 5a).

3.2 Extrinsic current originating well above the ground

The extrinsic current caused by charged atmospheric aerosols may reach its maximum at some altitude above
the ground. For this case, instead of Eq. (9), the dependence of the extrinsic current on altitude can be modeled as

Jo(2) = (mz/ho)exp (1 — z/hy). (22)
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This function reaches a peak value j,, at z = hg. To derive an expression for the electric field resulted from this
kind of extrinsic current, we consider again the case r « r,. For the current described by Eq. (22), the solution of
Eq. (17) is as follows

0) = 21— 1+ pordexn(—po) 225 (1 = exp (7)), (3)
E2) = o-{jioc = n poexp (<) ew (<), 4

where B, = I7* + hy'. As before, taking into account the requirement ¢(L) = 0, we obtain the total current:

Jme {1 — (1 +BoL)exp (—ﬁoL)}’ 25)

1—exp(—L/D)

Jor = (I + ho)Bo

0 10 20 30 40 50 60 70 80 90
z, km

0.4 I I 1 I 1 I 1 L ]
0 10 20 30 40 50 60 70 80 90

z, km

Figure 5. Altitude dependences of dimensionless extrinsic current density, conduction current, and total current are shown
by lines 1-3, correspondingly. The external current was chosen to be maximal at the ground surface (top panel)
or at some altitude above the ground (bottom panel).
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The dimensionless potential ¢ = @0,/ (j,,1) and electric field E, ,om = E,00/jm calculated from Egs. (23) and (24)
are shown in Figures 2 and 3 with lines 5. In the lower atmosphere, the graph for the current model (22) has an opposite
polarity as compared with graphs for the current model (9). This distinction is related to the following feature. For
the extrinsic current described by Eq. (9), the disturbed electric field on the ground is E,(0) = (jior — jm) /0o From
Eq. (20) it follows that j,, > j, and pertinent graphs in Figure 3 are negative E,(0) < 0. At the same time the
extrinsic current described by Eq. (22) vanishes on the ground surface. In this case E,(0) = jio:/0y > 0, hence the
corresponding graph in Figure 3 is positive.

A common feature of all graphs is that the electric field is mainly concentrated near the ground surface, and at
altitudes above 10 km decreases sharply. From Egs. (23) and (24) simple relationships follow for the electric field near
the ground E,(0) = ji,:/0, and beneath the ionosphere E,(L) = jiot/0,(L). These simplified relationships provide
estimates of the same order as Eq. (21).

Figure 5b shows the altitude dependence of the dimensionless external current, conductivity, and total current,
as follows from Eqns. (23-25). This figure demonstrates the same tendency as Figure 5a does, that at high altitudes
the conductivity current density tends asymptotically to the value j., given by Eq. (25). Thus, for any model of the
external current the electric field rapidly decays with altitude in such a way that E,(0) > E,(L). In the next section
we show that spreading of currents across the E-layer results in an additional decay of the electric field amplitude
in the ionosphere.

4. Electric field in the ionosphere

In order to find the electric field in the E-layer, one should take into account that the horizontal electric
field must be continuous at the boundary between the atmosphere and ionosphere (z =L). In the thin layer
approximation, the ionospheric radial field E, can be found from Eq. (14). The vertical electric field experiences a
jump [E,] = E,(L +) — E,(L—) at this boundary, and the vertical field near the lower boundary of the ionosphere
E,(L—) = E,(r,L)is given by Eq. (13).

The continuity requirement for the normal component of the current density at the atmosphere-ionosphere
boundary is o,(L)E,(L—) = 0,E,(L+), taking into account that there the extrinsic current is much smaller than
the conduction current. From this boundary condition it follows that E,(L+) « E,(L —) since the parallel plasma
conductivity o is several orders of magnitude greater than o,(L). Therefore, the vertical electric field in the
ionosphere can be neglected, i.e. E,(L+) - 0.

The atmospheric resistance and the extrinsic current caused by the charged aerosols or radon emission are
mainly concentrated in the bottom atmosphere. This implies that the conditions L > 2land L > h are fulfilled, which
enables one to simplify the equations for E,.(r,L) and E,(r,L). If the characteristic transverse size of the extrinsic
current is comparable to or larger than L and is much greater than other scales, r, > h, [, then the equations for the
electric field are further simplified. For this case the corresponding approximate equations are given in Appendix 2.
Rearranging Egs. (A2.6) and (A2.7), we find that

. ) jm o
Fe (L) = B0 D) = S A i A + A + 4L/ eXp( o+ 41L>’ "
E,(r L) ~ mTs 1 - 27
"L X A IR A + L/H G + Z}S)r{ o (_ M)} -

The equation (26) determines the vertical field in the atmosphere near the interface with the ionosphere (z = L-),
while Eq. (27) determines the horizontal field in the E-layer.

Figure 6 shows the dimensionless vertical and horizontal components of the electric field E, yom = E,(L—) 04(L) /jm
and E, o, = E-(Zp + Zp) /(7o) calculated for the nighttime ionosphere from the exact Egs. (13) and (14) (solid
lines) and approximate Egs. (26) and (27) (dashed lines). The plots for daytime conditions differ from those for
nighttime by not more than a few % (not shown). However, in dimensional units, the horizontal field E, during
nighttime is higher than that during daytime due to the factor 1/(Z, + Z;). The nighttime Pedersen conductance
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0.1

Figure 6. Dimensionless vertical and horizontal components of the electric field as functions of the horizontal distance
to the z-axis. The atmospheric vertical field at the boundary of the atmosphere and ionosphere is shown with
lines 1 and 1'. The horizontal field in the E-layer of the ionosphere is shown with red lines 2 and 2'. Here we have
used the same parameters as in Figures 1-3, and £, = X} = 0.5 S. The results obtained with the exact Egs. (13)
and (14) are shown with solid lines 1 and 2, and results stemming from approximate Egs. (26) and (27) are shown
with dashed lines 1" and 2.

is about order of magnitude smaller than that of the daytime ionosphere, therefore the nighttime horizontal field
is an order of magnitude larger than that during daytime.

Figure 7 shows the spatial structure of the excited currents. The radial current spreading along the E-layer,
Jr(L) = opE,, is found using the formula (7). The vertical current flowing from the E-layer into the magnetosphere
is found from boundary conditions (6) and (7) as j,(L + 0) = 3r~1d (rE,.) /0 r. The vertical current is concentrated
in the region r < (¢ + 4IL)'/2. The horizontal spreading of current along the E-layer prevails at large distances r.
The decrease of the j, and E, amplitudes « r~1 is determined predominantly by the geometrical factor.

Analysis of Eq. (27) shows that the horizontal field reaches its peak value E,. ., at the radius 1, = y(r§ + 41L)/?
(where y = 1.209)

B Jmre {1 — exp(—yH)}
T 21 H /R + L/H)Ep +25)

Er,max = ET (rmaxr L) (28)

For comparison, we find the ratio between the maximum electric field in the ionosphere E. ;. and the maximum
of the atmospheric vertical field E; j,,.x = E,(0) at r = 0 on the ground. Using Eq. (21) we obtain

Eion _ Er max _ Uohr(:lz{l - EXP(—YZ)}
atm Ez,max ZVZ{EP + 2"1*3 + Oq (L)l}(roz + 4lL)1/2 ’

(29)

1

Here we have introduced the notations E,, and Ej,, for the corresponding maximum values of the fields. The
ratio Ej,p, / E.um depends not only on the contrast between the atmospheric conductivities at z= 0 and z = L, but also
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Figure 7. Dimensionless current density in the ionosphere depending on the dimensionless distance to the atmospheric
current axis. Line 1 denotes the density of the vertical current flowing from the E-layer into the magnetosphere.
Line 2 shows the distribution of the horizontal current spreading along the E-layer.

on the ionospheric height-integrated Pedersen conductance. At the same time, it does not depend on the extrinsic
current amplitude. Substituting the above atmospheric and nighttime ionospheric parameters into Eq. (29), we
get Eion/Eatm = 7 - 10710, For daytime conditions, this ratio is even smaller by an order of magnitude, because the
daytime Pedersen conductance is larger by about order of magnitude.

Eq. (29) admits an evident interpretation which is based on the simple consideration of the problem illustrated
in Figure 8. The total current I flowing from the atmosphere into the ionosphere through its lower boundary has
the cross-section ~mr¢. The current magnitude can be estimated as follows I ~ Tr¢jior = T0oE, max T¢h/1. Let I
be a thickness of the E-layer of both conjugated ionospheres. The current I flowing into the ionosphere from the
atmosphere partially spreads along the conductive E-layer through the lateral surface of the cylinder with radius rg
and height [y, and is loss-free transferred in part by field-aligned currents into the conjugate ionosphere. The
appropriate balance of these currents is given by

I~ 27"-'TOZOO'PEr,max + 27'””0loa';Er,max ~ 21y (Zp + 2I*J)Er,max- (30

Equating the above expression for the current I to Eq. (30) we obtain the estimate

Eion aohry

_—~ 31
Fom 215 +23) GD

This expression coincides by order of magnitude with Eq. (29) for a sufficiently wide distribution of the extrinsic
current, i.e., under the conditions rZ » 4IL and 2, + £} > 0,(L)l. The above analysis has shown that spreading of
the current across the E-layer results in an additional decrease of the E-field magnitude.

Formally, the estimates obtained above are valid only for the polar ionosphere. For an inclined geomagnetic
field the problem will not be axially symmetric even for a vertical atmospheric current. The spreading of currents
along the E-layer and the electric field distribution will no longer be axially symmetric. The excited field aligned
current will be guided by an inclined B, and electric field, carried by shear Alfvén waves along the geomagnetic
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field lines, will change. Nevertheless, the account for the geomagnetic field inclination will not modify the results
considerably, the current and field magnitudes will be nearly the same, and the order of magnitude of E;yn/Eatm
factor will retain its former value.

conjugate
ionosphere

magnetosphere

E-la_gcﬁr_r\;\

atmosphere

Figure 8. Simplified illustration of the physical process under consideration.

5. Discussion

Here we have focused on the hypothesis that the extrinsic currents of seismogenic origin can transfer electric
field perturbations from the lower atmosphere to the ionosphere. This hypothesis was used to interpret ionospheric
anomalies as precursors of impending earthquakes. The main conclusion about the rate of the E-field penetration
into the ionosphere follows from the simple fact that the density of the total vertical current in the atmosphere j;,
which includes the conduction and extrinsic currents, practically does not depend on the height. At high altitudes,
where the extrinsic current becomes negligible, the conduction current dominates, i.e. 0, E, = jor. Whence a sharp
increase in the atmospheric conductivity with altitude leads to an almost exponential decrease in the vertical
component of the electric field perturbation in accordance with estimates (19) and (24).

Upward transfer of the charged aerosols by atmospheric convection and their gravitational sedimentation results
in the formation of EMF. Let us dwell, for example, on a model in which the extrinsic current has a maximum on
the earth’s surface. Using Eq. (16) one can obtain the following relation between the vertical electric fields at the
lower edge of the ionosphere and on the ground E,(L) = {o,E,(0)/0,(L)}(1 + &), where & = j,, /[0,E,(0)] (Sorokin
and Hayakawa 2013). If we assume that & > 1, then this expression is simplified to the form: E,(L) = j,,/0,(L).If we
take an external current j,=10"7 A/m2, i.e. about 5 orders of magnitude greater than the fair weather current, then
from this estimate we obtain the value E,(L)~10 mV/m. This value is about the pre-seismic electric field disturbances
sometimes observed on satellites (Chmyrev et al. 1989; Gousheva et al. 2009; Liu and Chao 2017). This consideration
seemingly shows that the aerosol upward current could be a very effective generator of the ionospheric electric
field disturbance, as was suggested in (Sorokin et al. 2007; Namgaladze and Karpov 2015; Namgaladze et al. 2018).

However, in reality the inequality ¢ > 1 on which the above estimate of E,(L) is based does not hold. The reason
for this is that the parameters j,, and E,(0) cannot be treated as independent variables. They are coupled owing to the
boundary conditions for the potential and current density on the ground and in the ionosphere. For example, from
equation (21), which takes these relationships into account, it follows that § = —(1 + h/l) = —3.5. Substituting this
expression for ¢ into the above formula, we obtain a correct estimate: E, (L) /E,(0) = —ayh/a,(L)l.In the model where
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the extrinsic current reaches its maximum value at a certain height hg, we find similarly & = (I + hy)?/(elhy) = 1.5.
Hence the electric field in the atmosphere decreases with height as E,(L)/E,(0) < 0,/0,(L). The atmospheric
conductivity becomes anisotropic at altitude L ~ 80 km, where o4(L) ~ 1.6-1075 S/m during daytime, and
a4(L) ~ 7-1072 S/m during nighttime. Therefore, the atmospheric E-field attenuation rate may vary around 10~2-107°.

In the previous section, a more precise analysis has been carried out, taking into account the effect of current
spreading in the ionosphere. This analysis has shown that the ratio of the electric field amplitudes in the ionosphere
and on the earth’s surface is determined by Eq. (29), from which it follows that E;,, /E.tm % 0oh/{Zp + Zp + o, (L)1}.
In this relation, ggh is the height-integrated conductivity of the lower atmospheric layer, where the extrinsic current
islocated,and X, + Xp + o, (L)l is the sum of the height-integrated conductivities of the ionospheres and the upper
layer of the atmosphere. For typical parameters we arrive to the estimate Ejyp/Eatm = 7 - 10710 for the nighttime
ionosphere, whereas for daytime conditions this estimate is an order of magnitude lower.

We need to clarify another issue: what magnitude of electrical perturbations generated by the extrinsic current in
the lower atmosphere would be necessary to produce the E-field response in the ionosphere about the perturbations
measured by LEO satellites? For example, the disturbance Ej,, ~ 1 mV/m was recorded onboard the FORMOSAT-5
satellite before M = 6.8 earthquake [Liu and Chao 2017]. As follows from our model, to produce E-field disturbance
in the nighttime ionosphere with such amplitude an atmospheric electric field with amplitude Ey¢y~1.4 - 100 V/m is
necessary. This value is about 4 orders of magnitude greater than the usual atmospheric electric field near the earth’s
surface and is close to the electric discharge threshold 3.2 - 10° V/m at normal atmospheric pressure. The extrinsic
current density on the ground, which corresponds to this field, is j,, = 0o(1 + h/k)Eym =~ 5- 1078 A/m2. Similar
estimates can be obtained for another model in which the extrinsic current reaches its peak at some altitude above
the ground. Before some earthquakes, an anomalous increase in the atmospheric field up to E¢y, = 350-700 V/m
was observed, which could be caused by an extrinsic current of seismogenic origin [Hao et al. 2000]. According
to the above estimates, this effect is to be accompanied by the DC electric field disturbances in the ionosphere
Ejon = 0.25-0.5 uV/m. This value is below the threshold of natural ionospheric fluctuations. A similar conclusion was
made on the basis of the numerical modeling of atmospheric and ionospheric currents caused by a given current
source on the Earth’s surface [Kuo et al. 2014]. According to these numerical calculations, in order to obtain an
electric field in the ionosphere of the order of several mV/m, it is necessary to have at the Earth’s surface a source
with current density ~10~7 A/m2. The associated electric field must be ~500 kV/m, that is 3-4 order of magnitude
greater than the fair-weather electric field. Thus, both analytical estimates and numerical modeling prove that the
hypothesis of the aerosol current as a mechanism of the ionospheric precursors looks far from reality.

However, we do not insist that the channel of LAIC via the atmospheric electric field must be disregarded
completely. As compared with DC field, the non-stationary electric field penetrate the conductive upper atmosphere
more easily although the non-stationary electric field cannot cause significant perturbations of electron density in
F2-region of the ionosphere (Park and Dejnakarintra 1973; Mazur et al. 2023). Therefore, pre-earthquake anomalies
in the form of sporadic sequence of near-ground E-field pulses could be more efficient LAIC factor than DC field.

6. Conclusion

In this study, a general model of the electric field produced by a vertical extrinsic current in the lower atmosphere
has been elaborated. This current may be associated with the upward convection of charged aerosols or the
emanation of radioactive radon gas from the soil. Theoretical consideration has shown that the perturbations
of the atmospheric electric field caused by such current are concentrated mainly in the lower atmosphere. In
this region the vertical component of electrical perturbation is about two orders of magnitude greater than the
horizontal component. At altitudes above 10-15 km, the electric field perturbations decrease with altitude almost
exponentially with the same characteristic scale [ as conductivity variations (several km). The vertical atmospheric
current flowing into the ionosphere through its lower boundary partially spreads along the conductive E-layer and
is partially transferred along the geomagnetic field lines into the magnetically conjugate ionosphere. An additional
field decrease in the E-layer of the ionosphere occurs due to the horizontal spreading of currents. The electric field
in the ionosphere has been estimated in the “thin layer” approximation. Approximate analytical expressions have
been derived that determine the relationship between the amplitudes of electrical disturbances in the atmosphere
E.tm and ionosphere Ejy,. The value Ejon/Eam iS proportional to the ratio of the integral conductivity of the lower
layer of the atmosphere to the sum of the height-integrated conductivity of the upper atmosphere and ionosphere.
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Within the framework of the model, the ratio Ejop/Eam is about 102 and it does not depend on the extrinsic current
amplitude. For daytime conditions, this value is even less by 1-2 orders of magnitude. Therefore, the hypothesis that
ionospheric disturbances ~1-10 mV/m could be caused by seismogenic upward aerosol flow requires unrealistically
large values of E,, and seems unlikely. So, it is necessary to examine other physical mechanisms to explain the
LAIC phenomena.

Appendix 1.

The use of the Hankel transform of Egs. (4), (5) and boundary condition (8) in respect to variable r yields

P —k*P =0, (z<0); (AL.1)
’ ! 2 2..2
1,[}” +¢T_ kzw zlog?ro ex (_k47"0 —%), (0 <z < L), (AI.Z)
0
P 2 2,.2
Y+ Dy = ]Zoing exp (— i 4r° ) (z=1); (AL.3)

where D = k2(2p + 2}3)/0,(L), k is the transform parameter, and the primes denote derivatives with respect to z.
Here 1 stands for the Hankel transform of the potential

[oe)

Y(z k) =f(p(z,r)lo(kr)rdr, (Al.4)

0

where Jo(x) is the Bessel function. Solution of Eq. (A1.1) which attenuates at z —» - is given by ¢ = C, exp(kz),
where C, is undetermined coefficient.

Let us substitute Eq. (9) for the function jy(x) into Eq. (A1.2). Then the general solution of this equation is as
follows

P = Cyexp(A,2) + C, exp(A_z) + Aexp(—f2z), (AL.5)

where C; and C, are undetermined coefficients. Here we have used the following abbreviations

it 1+(1 kz)l/z
F=1tw A=t gt ’
, e L (AL.6)
_Jm™o _ kT it 2
A= 20y5 exp( 7 >, s 5 + ] hk

The requirements of the continuity for the potential 1 and normal component j, of the current density at z= 0
yield:

Co=C+C,+A, (AL.7)
ko,C, i k?r¢
glo _ _JmTo _ Ko
P Cidy +CoA_—pBA 20, exp( 7 ) (A1.8)
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Substituting Eq. (A1.5) for ¥ into the boundary condition (A1.3), we get the following relationship

Ci(A4 + D) exp(A,L) + C(A- + D) exp(A_L) = A(hk? — D) exp(—pL). (A1.9)

Solving the algebraic set of equations (A1.7)-(A1.9) one can find all undetermined coefficients. In particular, the
coefficients € and C, are

¢, =N_/w, C,=—N,/w. (A1.10)

Here we used the notations

Ny = A{k(A4 + D)(1 + vkh) exp(+&/L) + (hk? — D)(k — vAy) exp(—al)},

w = (44 + D)(k —vA_) exp($L) — (A- + D)(k — vA,) exp(—¢L), (A1.11)
o 1.1 _ 1 12
e mmte (= ()

Substituting the above equations for the coefficients €, and C, into Eq. (A1.5), we obtain the potential ¢ of the
electric field in the atmosphere (0 < z < L) and in the E-layer (z = L).

Appendix 2.

The electric field at the interface between the ionosphere and atmosphere (z = L) can be found from Egs. (13)
and (14) as follows

r (p,k? K212\ k
E,(r,)) = Mf { I Bexp( aL)} exp( 2 SJO(kT)dk, (A2.1)
0
(o K2\ k2
E.(r,L) = Mf {7 - exp(—a’L)}exp (— 2 >?]1(kr)dk. (A2.2)
0
Here we have used the following abbreviations
2
_JmTo _ L)
M= eXp( 21)
_ _ oIV _ (A2.3)
p, = 2&lh + (H — h) exp(—aL){sinh(¢L) — 2¢L cosh(éL)},

Py =&+ (H — h) k*exp(—al) sinh (§L).

Taking into account that éL > L/(21) >» 1, we can simplify the integrands by settingsinh(¢éL) ~ cosh(éL) ~ exp (¢L)/2.
Egs. (2.1)-(2.3) can be simplified once again for a sufficiently wide horizontal scale of the extrinsic current,i.e.ry > h
and 1, > 21. The presence of the exponential factor exp(—k?rZ/4) in the integrand in Egs. (A2.1) and (A2.2) means
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that the integral sums are mostly accumulated in the range 0 < k < 2/r,. In this area, integrands in Egs. (2.1)-(2.3)
can be expanded in power series of the small parameter kl. In the first approximation one can use the following
E= Q2D  +1k?, A, = lk?,A_ ~ —1/1,and s(k) ~ . As a result, we obtain

Jm¥E r {exp(—lLkZ) — (1 = h/H)k?1% exp(—L/h) B exp( L)} exp( k*rd

0
204(1) ) (1+1/h)(1 +1/H) " h 4

E,(r,L) = 5

)]O(kr)kdk. (A2.4)

.2 «° 2
JmTo

E.(r L)~ —2m0 {ex (=1Lk?) — I(h + Dk? ex (—5)}@( _RETN | eryak (A2.5)
r NZaa(L)ﬁl(H+l)O P PAITR)S&P\ T3 )1 : :

Eq. (A2.4) can be represented as a sum of three integrals while Eq. (A2.5) is as a sum of two integrals. These
integrals are reduced to tabular integrals (Grandshteyn and Ryzhik 2007, p. 706) that results in

r2
. EXP<_7Z ) 2 2
Jm ¢ + 4L [ r r
E,(r,L) ~ ~la+a-p5|exp (- -5, (A2.6)
O () 1R
0

B (r L) ~ JmT¢ L r? 4l(h+ Dr? h r? A7
DS s a Ty a+ ym e, r o | P\ T A w P TrT)p 4D

where

412 (1-h/H)

1=t T yna— e

(A2.8)
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