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Abstract. It is well known that lithospheric electromag- the behavior of the atmosphere and the ionosphere due to
netic emissions are generated before earthquakes occurrenadrong earthquakes (Kelley et al.,, 1985; Kingsley, 1989;
In our study, we consider the physical penetration mechaPogorel'tsev, 1989; Depuev and Zelenova, 1996; Ruzhin and
nism of the electric field from the Earth’s surface, through Depueva, 1996).

the atmosphere-ionosphere layers, and until its detection in Seijsmic precursory phenomena are generally related to
space by satellites. A simplified approach is investigated usthe formation of micro-cracks in the lithosphere days to
ing the electric conductivity equation, i.&/(-V®)=01in  weeks before the event, which increase in their number den-
the case of a vertical inclination of the geomagnetic field sity and finally end in the earthquake itself (Molchanov and
lines. Particular interest is given to the conductivity pro- Hayakawa, 1995). Several models have been proposed to
file near the ground and the electric field distribution at the explain the main physical mechanisms and the correspond-
Earth’s surface. Our results are discussed and compared {fg effects starting from the ground up to the ionosphere
the models of Pulinets et al. (2003) and Denisenko et al(Gokhberg et al., 1985; Pulinets et al., 2003; Sorokin et
(2008). It is shown that the near ground atmospheric layera|., 2001; Molchanov et al., 2004). Characteristic variations
with low conductivity decreases the electric field penetrationwere reported in the critical frequendgF2 (Silina et al.,

into the ionosphere. The model calculations have demon2001), the total electron content (Liu et al., 2004), the ion
strated that the electric field of lithospheric origin is too weak temperature (Sharma et al., 2006), or the local ion and elec-
to be observed at satellite altitudes. tron density (Berthelier et al., 2006). Detailed reviews can be
Keywords. lonosphere (Electric fields and currents; found in Molchanov and Hayakawa (2008) and Pulinets and
lonosphere-atmosphere interactions) — Meteorology and0yarchuk (2004).

atmospheric dynamics (Atmospheric electricity)
1.1 Electric field penetration into the ionosphere

In the frame of ionospheric precursors, it is important to
know what kind of effect could be observable from space

First unusual disturbances of the electrical conditions in thel0 maintain proper satellite missions. In this connection it is
by Kondo (1968). The systematic research started withorigin penetrate into higher altitudes of the atmosphere. The

Gokhberg et al. (1983) and several authors investigatedirst theoretical investigations of the penetration of an elec-
trostatic field from the lithosphere into the ionosphere were

done by Park and Dejnakarintra (1973). These authors an-

Correspondence tdi. K. Biernat alytically studied the penetration of thundercloud electric
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(helfried.biernat@oeaw.ac.at) fields into the ionosphere and the magnetosphere. For this
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approach they assumed straight and vertical geomagnetithe upper altitude range of the obtained model. Because of
field lines as well as a vertical electric conductivity profile (Eq. 1) the electric potentia can be introduced so that

of piecewise exponential functions. Several authors (Kim

et al., 1994; Pulinets et al., 1998; Grimalsky et al., 2003;E= —Vo. (4)
Denisenko et al., 2008) adapted their theoretical works ONrpep the system of the equations (Eqs. 1-3) is reduced to the
the penetration of electric fields into the ionosphere. equation

There is a contradiction between the results of these mod-
els. The model by Pulinets et al. (1998) and further modifica-— V- (o - V®) =0. (5)
tions of that model reviewed in Pulinets et al. (2003) predict
an electric field of about 1 mV it in the ionosphere when
a 100V nt! vertical electric field appears near ground. The
model investigated by Denisenko et al. (2008) predicts in th
same case much less fields, 10 pvin the night time iono-
sphere and 0.1 pV rt at day time.

The main difference between these models is related t
the boundary condition in the upper atmosphere. It ex-
qludes conductivity of the iono_sphere in the modgl of Pu-4(z) =5 exp(z/h), (6)
linets et al. (1998, 2000) and Kim et al. (1996) and includes
the integral conductivity of the ionosphere in the model by Where the conductivity only depends on an initial vatue
Denisenko et al. (2008). and on the scale height

Denisenko et al. (2008) showed that the field penetration For a better approximation to a real profile of the atmo-
is inverse proportional to the value of the ionospheric Pederspheric conductivity, we separate the height distribution into
sen conductance, which is about 100 times less during nightthree layers at altitudes afow = 2.8 km andzmig = 66 km.
time than during day-time conditions. They concluded that!n accordance to measurements reported by Molchanov and
the electric field penetration is damped and it is not possibléHayakawa (2008), we assume that the electric conductivity
to detect a seismic precursor signal at ionospheric heightds about 30 times less near the ground then it would be if its
because larger electric fields of other nature always exisheight dependence is extrapolated from the rest of the atmo-
in the ionosphere. There was a strict simplification in thatsphere (Fig. 1). The value at the bottom of the ionosphere is
model. An exponential function was used to approximate thel0~’ St in this model as it is in the approximated profile
height distribution of the atmospheric conductivity as shownWwhile it was 6x 10~ St in the simplified approximation
in Fig. 1. (Eq. 6). The values for the actual three-layer model are given

In this paper, we are interested in the behavior of the elecby
tric field penetration, when we use a better approximation _ 14
for the real profile of the electric conductivity. A second ad- o1=10""S/m  h1=081km 0=z <zow,
vancement is done for the electric field on the ground where 92 = 3% 107 3S/m hy=75km, Zziow <z < Zmid.
we use a bipolar distribution, as well as it is done in the model &3 = 1.4 x 1072S/m h3=3.3km, zmig <z < Zups
of Kim et al. (1996). )

3 Conductivity

St can be seen from (Eq. 5) that the electric conductivity
o takes a major part in our investigations. In the model
éDenisenko et al., 2008) the electric conductivity was pre-
sented with an exponential function of the height

. ] and the formula Eq. (6) is modified as
2 Basic equations

Itis possible t teady state model f ductorwith ) 2o P Haw)/ ).

is possible to use a steady state model for a conductor wi - .

a conductivitye when the typical time of the process is much Dj (2) = G3€XP((z — zmia) / h3). ®
larger than the charge relaxation time=¢g/0 (Molchanov  in the second and the third layer, respectively.

and Hayakawa, 2008). In the atmosphere 10~14Sm 1,

Hencer < 10°s, and the steady state model is adequate for

processes longer than one hour. The basic equations for tHe Model geometry

atmospheric electric fiel& are the Faraday law, the charge

conservation law, and Ohm's law, The geometry of the model is chosen in that way, that the

origin of the coordinate system is located exactly at the epi-
V xE=0, (2) center, the y-axis is directed along the fault, and the x-axis
V=0, ) is directed perpendicular to the fault. The z-axis is directed
i —=oE 3) upward, from the ground towards the ionosphere. The dis-
’ tribution only depends on the distance perpendicular to the
wherej is the current density. In the atmosphere, the conductectonic faultx, but along the fauly the field is considered
tivity is approximately isotropic up tayp=80km which is  to be not variable. This simple approach is consistent with
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Fig. 1. Conductivity profile of the atmosphere up to an altitude of Fig. 2. Vertical electric fieldE;(x,0) distribution at the Earth's

80 km. The curves indicate the actual three-layer model (solid line),surface. The curves correspond to the bipolar electric field as con-
the model of Denisenko et al. (2008) (dashed line), and the emsidered here (solid line), and the previous model by Denisenko et
pirical model reported by Molchanov and Hayakawa (2008) (dotted@l. (2008) (dashed line). Both maximum values are 100°m

line).

local one and both poles of the underground generator are in
earlier works (Pulinets et al., 1998; Denisenko et al., 2008) this region. To consider such a property, a bipda(x) dis-
We analyze the two-dimensional model in which no parame-tribution is necessary. Here we use an anti-symmetric func-

ter depends on. In such a model, Eqg. (5) has the form tion that is the simplest among the bipolar ones. It is similar
to that, used in the model by Kim et al. (1996).
9 [a(z)icb(x,z)] 9 |:o(z)3d>(x,z)] =0. 9) The model distribution for the vertical electric field is a
dx dx 9z 9z bipolar sin-distribution and can be written as (see Fig. 2),

The general solution for this equation can be obtained by sep- _ X 7

aration of the variables in the three different altitude rangesEo(x) = —Eoy [1+cos(7>]sin(7>, x| <a, (11)

0 <z < Zlow, Zlow <2 < Zmid and zmid < z < zyp. TO solve

these differential equations, we need proper boundary condiwherea indicates the size of the affected area on the Earth’s
tions at the Earth’s surface, the intersection to the ionospheresurface, so thako(x) = 0 outside Eo is the maximal value of

and at the interior boundaries at the altitudgg andzmig. the electric field at = 0, andy is a normalization factor that
makes the multiplier afteEg is restricted by unit. Quantity
4.1 Lower boundary condition a can be interpreted as the earthquake preparation area. The

function Eqg(x) reachs its maximal valug€g at x =a/3. It
As the lower boundary condition, the vertical component of can be seen in Fig.2, that shows(x) with a = 400 km.

the electric field on the Earth's surface is given by Direct measurements of the electric field on the Earth’s
9 surface show that disturbances occur before earthquakes in
- 3—Z®(X,Z) o= Eo(). (10)  the epicentral area (Kim et al., 1995). The amplitudes of

those disturbances have been found to range from several
Detailed measurements of this function are not availabletens up to 100-150 V mt, before weak earthquakes (Kondo,
Therefore, we use only typical values, presented in Rycroft1968), and from several hundreds up to 1000Vnbe-
et al. (2008) and other papers. fore strong earthquakes (Vershinin et al., 1999). We use

In the previous model from Denisenko et al. (2008) we 100V nt2 for a moderate earthquake.

followed the models similar to Pulinets et al. (1998) and Bo-
yarchuk et al. (2004) and analyz&gd(x) negative in the do- 4.2 Interior boundary condition
main of interest and zero outside of it. A negative vertical
electric fieldEg(x), in accordance with Ohm’s law, means a Since we have a vertical profile of the electric conductivity
current from the atmosphere to ground. In view of the chargewhich is separated at altitudes= zjow andz = zmjq in three
conservation law, somewhere exists an opposite current, anckgions near the Earth’s surface, the main part of the atmo-
itis at infinity in such a unipolar model. When we analyze an sphere and the upper atmosphere, we need some relations at
earthquake preparation zone, the whole physical process isthese interior boundaries.

www.ann-geophys.net/28/779/2010/ Ann. Geophys., 28, 78892010
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In view of the charge conservation law (Eqg. 2), the vertical boundary condition for equation (Eq. 9)
componentj; must be continuous,

{ 0 <Z 8@) tol )3CD }
. . —_ —_— o(Z -
Jz(Zlow,mid + &) = jz(Zlow,mid — €), (12) 0x P 0x up 0z

wheree — 0 means the limits from the domain> ziony and  WhereXp is the integrated Pedersen conductivity, that is al-
from z < ziow Whene > 0 ands < 0, respectively. The same ways introduced in large scale ionospheric models (Harg-

=0, (17)

<=Zup

is also neat = zmig. reaves, 1979). We use just a constapf since the horizontal
Sincej, = o E, and the functior has no jump atiow and ~ scale of interest is much less than the horizontal scale of the

Zmid, from (Eg. 12) we obtain ionosphere.

E7(Ziow,mid + €) = Ez(Zlow,mid — €). (13)

5 Model calculation
As a consequence of Eq. (1) the horizontal comporgnt

must be continuous, To check out the influence of ionospheric conductivity varia-
tions on the electric field penetration through the atmosphere,
Ex(ziow,mid +€) = Ex(Zlow,mid — &) (14) " we use the functional characteristics for the initial values of

the conductivitye and the scale heightfor the three differ-
entlayers (Eq. 7). This relation is approximated to the empir-
ical model presented by Molchanov and Hayakawa (2008),
as it is shown in Fig. 1, and consider different valuesef
We use the values for the integrated conductivigy which

Since the electric field can be derived from the electric po-
tential ® in accordance to (Eg. 4), the interior boundary con-
ditions (Egs. 13 and 14) are equivalent to the continuity of
the electric potentiab (x, z) and the continuity of its vertical

derivative, ; . . )
are given byzp=10S in day-time (and in auroral zone) and
D (x,2) lz=ziommiate = P.2) lz=ziom mig—e+ (15) ¥p=0.1S in night-time, respectively.
The boundary value problem (Egs. 9, 10 and 15-17) aught
I (x,7) ID(x,2) _be_ s_olvgd in _the tyvo-dimensional _domaiPcQ < Zup, that is
EE— =0 . (16) infinite in x-direction. Acknowledging the fact that itis much
0z lz=ziowmid+e 0z lz=ziow,mid—¢

more simple to deal with periodic functions, we present the
Since there is no difference between the interior boundariesdistribution (Eq.11) with Fourier series. For this aim, we
Egs. (15) and (16) are valid for both intersections, at altitudegpreliminary continue the function over the whole x-axis with

of z=2zlow andz = zmig. a period of 2, where we chose the parameter 10-a and
b > a in such a manner, that the calculations in the domain
4.3 Upper boundary condition of interest,|x| < 2a, are not disturbed by this modification.

o . . o We designed a new functiafy (x) which is equal taEg(x)
The big differences in the results of several investigations fori the intervallx| < » —a and

the penetration of an electric field into the ionosphere are

mainly related to the upper boundary condition (Grimalsky Eq1(x +b) = —E1(x). (18)

et al., 2003). For this model, we use the relation which was

obtained by Denisenko et al. (2008). When we present this periodic function in a Fourier series,
In our model we assumed straight and vertical geomag?his leads to

netic field lines, what is nearly fulfilled in polar regions. Be- 00

cause of the nearly infinite field-aligned conductivity in the E1(x) = ) guSin(k,x), (29)

ionosphere, our model is not sensitive to the value,gf n=1

Test calculations show no significant changes is cho- 1 2

sen in the range 80-90km and in accordance to Denisenko o — —/El(x)sin(k,,x)dx, (20)

et al. (2008), we applyyp=80km. Namely, the horizon- b

tal electric fieldE, in the ionosphere, that is the main re- 0

sult parameter of the model, would be 0,2% less if we usewherek, = (2n — 1)z /b andg, are the Fourier coefficients.
zup=90 km and continue the scalar conductivity distribution The terms with co&,x) as well as all terms with even
(Eg. 7) till this height. values 2 are absent, because the functiBa(x) is anti—
Because of the huge conductivity along the geomagnetisymmetric with respect to =0,5,2b, ... and symmetric for
field lines, they can be considered as equipotential and the =5/2,3b/2, ....
electric field normal to the magnetic field is independent of The interval of integration in (Eg. 20) may be decreased
the height forz > zyp. Therefore, Ohm’s law can be inte- to O<x < a, since E1(x) is antisymmetric andEy(x) =0
grated over and when we take into account the charge con-ata < x < b/2. Only the interval O< x <a may be used.
servation law at the altitude= zyp, we can write the upper Because of thatf1(x) = Eg(x) at O< x < a the expression

Ann. Geophys., 28, 77987, 2010 www.ann-geophys.net/28/779/2010/
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(Eq. 11) may be used and the integral can be calculated ana- 20
lytically, sl 1
a

n =25 [ 1o ) Jsin( T Ysinch

0

2 4
v (2]
T T
(21)

The particular solution of Eq. (9) for each layer can be found
due to separation of variables and is a superposition of the 15[ T
functions, depending on andz separately. The general so- 20 L ‘ ‘ ‘ ‘ ‘ ‘ ‘
lution can be presented as a sum of the particular solutions -400  -300 -200 -100 0 100 200 300 400
with arbitrary coefficients, Distance to the epicenter (k]

10 B

Electric field strength [micro V/m]
o

-10 i

o0
CD(x,z):ZSin(knx)\I/n(z), (22)  Fig. 3. Vertical electric field at the bottom of the ionosphere
= Ez(x,zup) is compared to the modekz(x,zup)/10 (Denisenko
where et al., 2008) (solid and dashed lines), with maximum values of
9.3uvmitand 153 uv ml, respectively.
Wy (2) = [ En€XP(A5n2) + F1 €XP(A6n2) ], Zmid <2 < Zup,

(23)
where the matriX™ and the coefficients are
W, (2) = [Crexp(rznz) + D, €XP(hanz) ], Ziow <2 < Zmids
W, (2) = [An€XPi1n2) + B €XP(A 0< e o2 o3 o 000
n(z)—[ nexp( lVLZ)+ nexp( ZnZ)]’ =7 <Zlow; F_ )\lnal )\2)1“2 —)»3,1013 _)L4na4 0 0
(25) - 0 0 as e —a7  —ag |’
with 0 0 Azwas  Agpae —Asp07 —Agnog
0 0 0 0 B1 B2
A 1 + 1 +k2,
bn,bn = — 57 —>5
2h3 4h2 a1 = exXp(A1nZiow), a2 = exp(A2,;Ziow),
1 1 a3 = exp(Az;Ziow), a4 =exp(danZiow),
A3n,411:__:t _2+k2 _ . _ .
2h> 4h’ a5 = exp(A3,Zmid). ag = exp(ranzZmid),
1 a7 = exXp(As,Zmid). ag = eXp(AenZmid),
AMn,2n = o + 4h2 +k2. (26) B = (SpkZ +0 (zup)rsn) EXP(AsnZup),
B2 = (E pkZ+0 (zup)A6n) €XP(Aen Zup)- (28)

The x- and z-components of the electric field can be cal-

culated by differentiation of the series (Eq. 22). When we Now the two components of the electric field in the atmo-
put them into the conditions (Egs. 10 and 15-17), we ob-sphere can be calculated from Eq. (4)

tain equalities of the Fourier series’s. Since the functions

a
sin(k,x) are orthogonal ones, each of them leads to an infi-Ex(x,2) = —8—<1>(x ,2), (29)
nite set of equalities for eachseparately. 3
For each index we derive a separate system of six linear E;(x,z) = —a—¢>(x ,2), (30)

algebraic equations where the coefficiedts B,, C,, Dy, _
E,, andF, are the unknowns. The only non-zero right hand where the potential®(x,z) is calculated by formulas
side exists in the equation derived from (Eq. 10) and equaldEgs. 22-25). The third componehj (x,z) =0, since there

to the already known valueg, (Eq. 20), is no variation along the y-coordinate.
Ay —&n
B, 0 6 Summary of the main results

r- Co | _ 0 27 . L .
D, | o |’ The results of this model for the electric field calculation
E, 0 in the Earth’s atmosphere for the night-time ionosphere are
F, 0 shown in Figs. 3-7.
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Fig. 4. Horizontal electric fieldEx(x,zup) in the night-time iono- Fig. 6. Height distributions of the maximum values for the horizon-

sphere withzp = 0.1 (solid line) andSp = 1S (dashed line). tal electric fieldEx(0,z) in this model (solid line) andx (a,z) in
the model of Denisenko et al. (2008) (dashed line).

80
characteristic source size dimensioruef 400 km, which is
twice the size considered by Denisenko et al. (2008). This is

60 |- . necessary to stay clear that the same total electric field flux,

/Ez(x,O)dx, (32)

0

z [km]
8

is going upward from the ground. Such a common parameter
. is useful for comparison of the results of bipolar and unipolar
models.

The horizontal electric fieldEx(x,z) at the altitude of

0 ! L 80 km is shown in Fig. 4 and it stays the same in the iono-
1e-006 1e-005 0.0001 0.001 0.01 0.1 1 10 100 100C . .

Electric field strength [V/m] sphere forz > 80 km because of the large field-aligned con-
ductivity. It is inverse proportional to the integrated Peder-
sen conductivityzp. The typical value of the day-time iono-

Fig. 5. Height distributions of the maximum values for the vertical spheric Pedersen conductance is about 100 times higher than
electric fieldEz(a/3, z) in this model (solid line) andz(0,z) inthe  during night-time. Figure 4 shows the horizontal electric
model of Denisenko et al. (2008) (dashed line). field for night-time conditions withzp = 0.1 S. The maxi-
mum value of Ex(x,zyp) equals to 1.9uvVm!. The day-
time Ex(x,z) distribution has almost the same shape, but it
The shape of the graphs of the vertical electric field is invisible in this scale because its maximum equals about
E,(x,z) is aimost independent of the altitude as it can be seer0.02 pV n1.
by comparison of Figs. 3 and 2. Tl (x, z) distributions at The electric fields of these magnitudes cannot be observed
the ground and at the upper boundary of the atmosphere arie the ionosphere because much larger fields of other origin
plotted in different scales, where the maximum values areare always present there.
equal to 100V m? atground and 9.3 uV mt atz = Zup- The We investigate the relation between the source size dimen-
shape of the graphs of the horizontal electric fiéldx, z) sion and the share of the current which is going up into the
stays also about the same at differentonst and is shown ionosphere. For this analysis, we design the current function
in Fig. 4. The height distributions afyx(x,z) and E;(x, z) C which can be derived from the relation
can be presented with their maximal values which are ob-,

20 -

tained atx =0 andx = a/3, respectively. These maximal J=VxC, (32)
values are shown in Figs. 5 and 6 as functions. of that means

Since we have chosen a bipolar distribution for the electric aC
field we calculate the penetration into the ionosphere with a/x = oz’ (33)

Ann. Geophys., 28, 77987, 2010 www.ann-geophys.net/28/779/2010/
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—25 0 x, km 25
Fig. 7. Current lines for a source size dimensionaof 100 km,
where about 30% of the total current is closed inside the atmo-
sphere. Fig. 8. Current lines for a source size dimensior:et 10 km.
. aC ) ) o
Je= oo (34)  about 3% of the total vertical current is closed inside the

atmosphere for =400 km and about 30% far = 100 km
(Fig. 7). For a source size dimensionaof 10 km, the hori-
zontal resistivity is much less than the vertical one and only
about 20 % of current reaches ionospheric heights (Fig. 8).
The total currents are 210 Am~1 and 5x 100°Am~1
for a characteristic source sizewnf 400 km and: = 10 km,
respectively. The distance between the current lines in Figs. 7
and 8 are a tenth of the total currents.

In accordance to definition (Eqgs. 33 and 34), the lines at

whereC (x,z) is the y-component of the functio@ which
X-, Z-components equals zero.

Since an arbitrary constant can be addedtavith no
change of (Egs. 33 and 34), we can jdUt-b,z) =0. Be-
cause of symmetry, we hayg= 0 at the vertical linec = —b
as well as ak = b. Therefore, we can integrate (Eq. 33) over
z atx = —b and obtainC(—b,z) =0. Now we can integrate
(Eq. 34) at each level=const and construct

x which C(x,z)=const are the current lines fptx,z). In our
C(x,2)= /jz(x/,z)dx/. (35)  model as well as in each two-dimensional model, we define
the current function for the layély = 1 m, and so the current

—b
, o is measured in Am' instead of Amperes, or we would say
electric potential (Eqg. 4), and the solution for the problem

as the Fourier series’s (Egs. 22—-25), we can expjgssz)

as the Fourier series with already known coefficients and in-7  Discussion and conclusion

tegrate each term separately at each levebnst inside each

of three layers in the atmosphere The values of the horizontal electric fiel (x, z) at the bot-

tom of the night-time ionosphere are in the pvhrange

and about 100 times less during the day. As compared to the

results of Denisenko et al. (2008), the electric field penetra-

Con(x,2) = —0(2)w2/ ky, Zlow =< Z < Zmids tion from the lithosphere into the ionosphere is much weaker.
The maximum value of the vertical component of the electric
field at an altitude of =80 km is about 15 times less than in

Cln(-xvz) = _O-(Z)a)l/kl’h OS Z < Zlow;

Can(x,2) = —0 @Q)ws/kn, imid<z<zup.  (36) e previous model. It can be simply explained by the mod-
where ification of o (z) that is done in this model (see Fig. 1). It
can be seen in Fig. 1, that(0) has become ten times less.
@1 = [AnA1, XP(A12 2) + BpA2n €XP(A21 2) ] COSKy X), Since the total electric field flux (Eq. 31) is left about the
w2 = [Cpr3n€XP(A3, 2) + Dy ran €XP(Aa, 7)]COSky, X)), same, the total current has become 10 times less. This ver-
w3 = [En)50€XP(A5n2) + Fh6n €XP(hen z)]COS(knx). tical current stays approximately the same at all heights in
37) the atmosphere. It can be seen from Fig. 1 that,p) has

become about 1.6 times larger. The same current would be
The resulting current functions are presented in Figs. 7 angrovided by 1.6 times smallef,(x, zyp), and 10 times less

8 for two values of the horizontal scale of the electric field current by about 16 times le€% (x, zup). We have just this
source at groundy = 100 km andz = 10km. These values result in our new model.

are typical for a large scale source whose current is closed in In the model of Denisenko et al. (2008), the horizontal
the ionosphere and for a small scale source with closure beelectric field Ex (x, zyp) of about 10 pV m! penetrating into

ing mainly in the atmosphere. Calculations show that onlythe night-time ionosphere, was obtained. Here we have 5
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times less for the vertical electric field at ground on the same The conductivity near groune (0) can be in the range
scale. As mentioned above, we have saved the same electri® 14-1013Sm! as it is shown in the handbook by
field flux at ground (Eq. 31) and have made ten times less toCampen et al. (1960). The last value ©f0) induces that
tal vertical current. This amount is closed by the ionosphericthe electric field in the ionosphere is about ten times larger
current. For the same ionospheric integrated conductivity itthan in the actual model. It is comparable to the model by
would be provided by a ten times smallBg(x,zyp). The Denisenko et al. (2008) and corresponds to the absence of
previous model was an unipolar distribution and so this cur-the near ground layer with low conductivity in that model
rent was divided to both directions— +o0o andx — —oo as it can be seen in Fig. 1. Hence, 10 kVhvertical elec-
in contrast with the only direction from left to right in this tric field above ground would be enough to produce a few
model. That is why we obtain here 1.9 uVhnearx =0 mV m~1 horizontal electric field in the ionosphere.
instead of£10 pV m ! atx — oo in that model. Of course this does not mean that no other physical pro-
In accordance to Ohm’s law, the total vertical electric cur- cesses can produce earthquake precursors in the ionosphere.
rent I near ground is equal to the total electric field flux For example, Molchanov et al. (1995) have shown that elec-
(Eqg. 31) multiplied by (0). When the horizontal scaleex-  tromagnetic waves in the frequency range 4@ 107 Hz
ceeds 100 km, almost the whole currérdoes from ground can penetrate from ground to the magnetosphere aghlfv
to the ionosphere as can be seen in Fig. 7, where it is closedvaves, which can be observed by satellites.
Hence the ionospheric electric current almost equalsaiod In future investigations, it is necessary to include the nar-
the appropriateEy is about//Xp. Therefore, the maximal rowness of the fault area in the y-direction as well as to pro-
value of Ex which penetrates into the ionosphere is not sen-vide a better approximation of the realistic conductivity pro-
sitive to details of the conductivity height distribution defined file in the atmosphere. This will require a numerical method
by the parameters (Eq. 7), and omly0) is significant when  to solve the boundary value problem for the electric potential
a >100km. Ifa <« 100 km other parameters (Eqg. 7) are im- in contrast to pure analytics as done here, which makes this
portant because they define the atmospheric part of the clomodel well suitable for verification. The anisotropic conduc-
sure current. tivity tensor at ionospheric heights also aught be taken into
Because of the assumption that geomagnetic field lines araccount, as it was discussed by Denisenko et al. (2008) as
parallel in the ionosphere and the field—aligned conductivitywell as the role of inclination of the magnetic field lines.

is huge, the electric field strength does not vary significantly _ )
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tric field in the middle latitude ionosphere is a few mVfn V. V. Variz.ibili'ty qf Earth’s atmospheric e!ectric field gnd ion—
To make the maximal value of the ionospheric electric field 3‘3“:_50'3‘1‘2'”%‘375 g‘ltgelggg%phere’ Studia Geophysicae et Geo-
penetrated from ground equal to 2mV tninstead of ob- aetica, 4z, 5 /—219, . _ .
tained 2 pV nr! the vertical electric field near ground aught Campen, C. F., Ripley, W. S., Cole, A. E,, Sissenwine, N., Condron,
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