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Abstract

The propagation of electromagnetic ULF perturbations in the thin conductive ionospheric layer in the
magnetic meridian plane is considered. The dispersion relation for the waves propagating in the horizontal
direction is obtained accounting for the influence of the conjugate ionosphere. The dependence of the phase
velocity and absorption coefficient as the function of the wave frequency and magnetic field inclination are found.
It is shown that in the frequency range 0.001-1 Hz the phase velocity increases from a few units to a few tenths
of km/s depending on the frequency and so far follows the approximate dependence w'/3. The phase velocity
decreases with the increase in the magnetic field inclination. The propagation of quasi-harmonic and unipolar
impulses of gyrotropic waves in the horizontal direction is analyzed. The dependence of their characteristics
on the values of conductivity tensor components and on the magnetic field inclination is evaluated. The generation
of gyrotropic waves by the electromagnetic field of atmospheric origin in the presence of ionospheric
inhomogeneities is considered. The calculation of the power spectra of the geomagnetic field oscillations
at the ground level is carried out. The dependence of the spectrum on the magnetic field inclination is
obtained. Some features of geophysical phenomena, associated with propagation of gyrotropic waves in the low
ionosphere are discussed.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

A long time ago Herron (1965) using the data of mid-
latitude geophysical observatories pointed out that Pi2
and Pc3 geomagnetic pulsations can propagate along
the Earth’s surface with the phase velocity of the order
of a few tenths of km/s. The peculiarities of spatio-
temporal distribution of the Pi2 pulsations at mid-
latitudes have been extensively studied by Gokhberg
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et al. (1973). These authors have estimated the pulsation
group velocity along the Earth’s surface and found the
value of the 40-300 km/s. Gogatishvili (1979) provided
the analyses of the spatio-temporal distribution of PcJ,
Pc6 pulsations with periods 5-8 min. He also pointed
out the phase shift that was of the order of 10-15km/s.
A possible influence of the ionosphere on the propaga-
tion of geomagnetic pulsations has been discussed by
Piddington (1959). This author came to conclusion that
strong atmospheric activity can serve as source for
generation of specific ionospheric perturbations and
geomagnetic pulsations propagating with the phase
velocities of the same order. Analyses of magnetograms
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carried out by some researches (Sorokin and Fedor-
ovich, 1982a; Alperovich et al., 1982; Alperovich and
Zheludev, 1999; Ismaguilov et al., 2001) provided the
evidence for the geomagnetic pulsation generation by
earthquakes propagating from the epicenters along the
Earth’s surface with the velocities from a few units to a
few tenths of km/s. The greater the signal period the
smaller the velocities. Similar velocities of the iono-
spheric perturbations have been observed in the
“MASSA” experiment (e.g., Alperovich et al., 1985)
and during rocket launches (Karlov et al., 1984).
Sorokin and Fedorovich (1982a,b) and Sorokin
(1988) have attributed such ionospheric and geomag-
netic perturbations to the so-called gyrotropic
waves. These waves (with frequencies 0.001-1Hz)
can propagate in the conductive ionospheric layer
with velocities 10-100 km/s possessing small damping
and dispersion. Outside the conductive layer the
wave electric field produces a strong electron motion
and thus the waves are observed in the form of the
ionospheric perturbations. Recently Sorokin et al.
(2003) developed a model for the formation of the
narrow band ULF spectrum near the Earth’s surface by
gyrotropic waves driven by thunderstorm activity.
Similar effects can display themselves in seismo-
active regions as the result of the increase in the
electric field (Sorokin et al., 1998; Chmyrev et al.,
1999) or due to acoustic-gravity waves generated by
seismic sources (Mareev et al., 2002). The mechanism of
formation of the geomagnetic pulsation spectra
can be used for monitoring of seismic activity
(Kopytenko et al., 2002; Hayakawa et al., 1996).
All the above-mentioned geophysical phenomena are
associated with generation and propagation of the
gyrotropic waves which may be used for relevant
geophysical interpretation.

The present paper represents the generalization
of the theory of gyrotropic waves accounting for the
effects of oblique external magnetic field and the effects
due the influence of the conjugate ionosphere. The paper
is organized in the following fashion: Section 2 is
devoted to derivation of general dispersion relation for
the gyrotropic waves. The spatio-temporal character-
istics of these waves are analyzed in Section 3. In Section
4 the role of the magnetic field inclination in the
formation of geomagnetic pulsation spectra is investi-
gated. The Appendix gives the details of our calcula-
tions. Our discussion and conclusions are found in
Section 5.

2. Dispersion and damping of gyrotropic waves in the
mid-latitude ionosphere

In a uniform partly ionized plasma the phase velocity
v, of the gyrotropic waves and their damping are given

by (cf. Sorokin et al., 2003)

2
Up = 2u cos ¢ o +4% X
w,-<2cos (p\/l+g2+\/4cosz<pfgzsin4go>
u= B/v4ntMN,
yl g(1 + cos? @)
"= 3= ’
T2 cos @ 1+gz+\/4coszgo—gzsin4q)
Ve i
g=—+—,
®e  Vin

where u stands for the Alfven velocity, M and N are the
mass and the ion number density, respectively, w. and w;
the electron and the ion gyrofrequencies, v, and v;, the
electron and the ion collision frequencies, 4 the
wavelength, ¢ the distance at which the field decreases
in e-times, ¢ the angle between the direction of the wave
propagation and the external magnetic field B. This
expression is valid when w <w;N/N,,, where N, is the
neutral particle number density. In the E-layer g <1 and
thus the gyrotropic wave phase velocity is much smaller
than the Alfven velocity. Moreover, the waves possess a
small damping. Contrary to the Alfven waves, the phase
velocity of these waves strongly depends on the collision
frequencies. These specific waves are localized in the
region where the electrons are magnetized whereas the
ions not. The gyrotropic waves can be described in terms
of the conductivity tensor of partly ionized plasma
(Sorokin et al., 2003). They possess small damping if the
off-diagonal elements of the dielectric tensor are greater
than the diagonal terms. For the sake of simplicity we
obtain the dispersion relation for these waves in a
limiting case of a thin conductive E-layer when the
wavelength is greater than the depth of the layer.

The electric E and magnetic field b perturbations can
be found from Maxwell equations

10b 4n 1 OE

VxE= -2 Vxb="lj4+-"

x cot’ % cJ+c ot’
V.E=4nq, V-b=0, (1)

where ¢ is the electric charge density, j is the electric
current. Eqgs. (1) should be supplemented by the
generalized Ohm’s law given by

jzallB(l;B)_FoP{E_B(E.B)}+JHB><E. @
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Here o, stands for the field-aligned conductivity, op and
oy are the Pedersen and Hall conductivities. Further-
more, we introduce a local Cartezian system of
coordinates (x,y,z) with the longitudinal x and latitu-
dinal y coordinates. The z-axis of our system coincides
with local wvertical direction. A uniform external
magnetic field B lies in the (x,z) plane and directed
under the angle ¢ to the x-axis. The ionosphere is
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assumed to be plane with the electric conductivity that
might depend on the z-coordinate.

Let us consider the propagation of the electromag-
netic field in the (x,z) plane assuming 8/0y = 0. Due to
the high mobility of the electrons along the external
magnetic field o1, <op, og. Thus, setting in Eq. (2)
a11 — oo we find (E - B) = 0. The latter gives

E,=—FE. tan ¢ (3)

From Egs. (1) and (2) one finds the equation for the
perpendicular components of the electric field in the
conductive ionosphere

1 o
(A—§§>(BXE)—BXV(V-E)
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With the help of Egs. (4) and (3) one finds the system of
equations for the electric field components
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The altitude distribution of ¢p and oy is depicted in Fig.
1. Since the wavelength is much greater than the typical
scale of the conductivity inhomogeneity one can replace
these equations by the relevant boundary conditions at
the E-layer and obtain the solution of the system (5).
Outside the layer we set the conductivities to zero. Let
the thin E-layer to coincide with the z =0 plane.
Assuming all perturbed values to vary as
exp(ikx — iwt), we write the boundary conditions for
the components of the electric field at the conductive
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Fig. 1. Altitude dependence of the Hall and Pedersen
conductivities.

thin ionosphere in the form (see Appendix, Eq. (A.5))
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Here the following abbreviations are

/ dmy (1 / dza}(2), laH(O) / dzaH(z)

V= azl/ap

Let us consider the dispersion properties of the wave
propagating in the z =0 plane. For that purpose we
substitute the solution of Egs. (5) into the boundary
conditions (6) for the field above and below this plane.
Above the conductive ionosphere in the semi-plane,

where op = oy = 0, we have
d&’E,
2 kK°E, =0,
g
E.
dd 5+ 2ik cot (pdd— k2 cot? pE. = 0. ®)

The solution for E,, decaying at the infinity, and
oscillatory solution for E. take the form

E, = a) exp(—kz), E. = b, exp(—ikz cot ¢) )

In the region below the ionosphere z<0 corresponding
to the insulated atmosphere we have AE =0. The
solutions for the electric field in this region reduce to

E. = by exp(kz) (10)

Substituting Eqs. (9) and (10) into the boundary
conditions (6) one obtains the system of linear equations
for the coefficients a;, a, by and b,. Equating the
determinant of this system to zero one finds the
dispersion relation for the spectrum of eigen-oscillations
given by

E, = ay exp(kz),

2
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Eq. (11) represents the dispersion relation of gyrotropic
waves propagating in z = 0 plane.

Let us now consider the influence of the conjugate
ionosphere on the properties of the gyrotropic waves.
For that purpose we use the model of the thin conjugate
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ionosphere (e.g., Lyatskii and Maltsev, 1983). According
to this model the conjugate ionosphere can be con-
sidered as a thin layer at the altitude z =L, as it is
insured in the Fig. 2, where L corresponds to the
distance between the conjugate ionospheres. We assume
that at z = 0 the boundary condition (6) holds. At the
conjugate plane z = L the external magnetic field is
directed under the angle y = n — ¢ to the x-axis. Similar
to Egs. (6) one finds

2 12 (02

{dﬂ} 1) +21vwk cos wa(L)

dz ., k*a*lcos® y
_ 2osiny dE.(z=L+0) _
~ kacos?y dz b By =0,
{dE;} =i E(:=L-0),

dz J._, a*lsin®

®

(E-}.op = _WE)J(L). (12)

In the region z<O0 the electric field components are
defined by Eq. (10). In the region 0<z<L, coinciding
with the uniform magnetosphere, E. yields to Eq. (11),
the solution of which is

E. = (b + b3z) exp(—ikz cot ¢). (13)
For z> L, i.e. in the conjugate atmosphere, one obtains

E, =a4 exp[—k(z — L)], E.=b4exp[—k(z—L)].

(14)
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Fig. 2. Schematic drowing of the model. The planes x = 0 and
x = L coinside with the thin conjugate conductive layers. ¢ is
the magnetic field inclination and ¢ corresponds to the
conjugate ionosphere.

The E, component in the region 0<z<L satisfies the
first equation in Eq. (11), the solution of which is

z>0, E, = a; exp(—kz),
z<L, E,=azexplk(z—L)]. (15)

Substituting Egs. (10) and (13)—(15) into the boundary
conditions (6) and (12) one finds the system of linear
equations for the coefficients a;—as and b;—bs. By
setting the determinant of this system to zero one finds
the dispersion relation

2
<2k3lcos2 o — % — i‘;—c;k2 cos’ (p)

21 v
kl+—+il kl cot p — ——5—
% [ L l( ¢ @ sin® (p)}
w? 21 . \10)

Eq. (16) is the dispersion relation for gyrotropic waves
accounting for the effect of the conjugate ionosphere. In
the limiting case k/ <1 and kL> 1 this relation reduces
to

? + iwk?vcos® ¢ — 2k3a*l cos’p = 0, (17)

where the quantity v (it is proportional to Pedersen
conductivity) describes the damping of the gyrotropic
waves.

Let us introduce the complex refractive index 7 =
n+ ik according to the formula k = (n + ix)w/a. Sub-
stituting this equality into Eq. (17) and assuming that
the waves are weakly damping one finds the dependence
of phase velocity v, = a/n(w) and damping rate ¢ =
/27 = k/n as the function of frequency

vp = Qla®)w'/? cos?? ¢,
e=1x/n=(/6)2/Pd*) ' cos? ¢. (18)

Fig. 3 shows the dependence of v, = vp(w) versus
frequency for different magnetic inclination ¢. For
numerical calculations the following parameters have
been selected: /=3 x10° cm, oy(0)=8 x 10°s~!
and op(0) =2 x 10°s~!. With these parameters in
mind one finds: a~ ¢?/4nlon(0) = 3 x 10°cm/s and
v=2x10"”cm?/s. Eq. (18) shows that the phase
velocity of the gyrotropic waves and their specific
damping increases with the growth of frequency as
o'/3. With the increase in the magnetic field inclination
the wave phase velocity decreases. In the frequency
range from 0.001 to 1 Hz the phase velocity varies from
a few units to a few tenths of km /s.

3. Spatio-temporal characteristics of gyrotropic waves

Now we consider the spatio-temporal properties of
geomagnetic pulsations generated by the gyrotropic
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Fig. 3. Phase velocity of gyrotropic wave as a function of frequency for different values of ¢. (1) ¢ =0, (2) ¢ = 7/6, (3) ¢ = n/4 and
(4) ¢ = n/3. The Hall and Pedersen conductivities are: og(0) = 8 x 10°s~! and op(0) = 2 x 10°s~!. The depth of the conductive layer
I=3x10%cm, a~ /4nlog(0) = 3 x 10°cm/s and v = 2 x 10> cm?/s.

wave in the ionospheric E-layer. The Fourier-compo-
nents of the magnetic and electric fields are connected
through Faradey’s law

< dE,(k,m,2)

bulke, 0) = i dz ’
z=0

The magnetic field can be written as
by(k, ) = D(k) exp{—iw:(k)z},

where the amplitude D(k) should be determined from
the boundary condition and w;(k) is the solution of
dispersion relation (17)

w1(k) = — (i/2)vk> cos® ¢ + wy(k) cos @,

wolk) = \/ 21k a?l.

The spatio-temporal distribution of the magnetic field is

by(x,t) = /OO %D(k) expf{ikx — iwy(k)t}. (19)
o 2T

o0

This expression describes the wave propagating in the
positive x-direction. Let at x = x, the temporal depen-

dence be by(xi,?) = bo(f), the Fourier-component of
bo(?) is

bo(w) = / ~ dtby(t) exp(imt). (20)

Setting in Eq. (19) x =xp and making a Fourier
transform one obtains

bo(w) = /-oo dkD(k) exp(ikxp)o(w (k) — ).

From this expression one can obtain D(k). Substituting
it into Eq. (19) we have

*° dkow; (k .
b = [ SR o) explikts — )

— o) (k)t}. 21)
Expression (21) describes propagation of the magnetic
field along the x-axis from the point x.
Let us consider the propagation of the wave packet
along the x-axis. Let at x = xy the magnetic field be

bo(t) = A(r) sin (Qt),
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where the amplitude A4(¢) slowly varies in time. The
Fourier transform of Eq. (20) gives
bo(w) = {A(w + Q) + A(w — Q)}/2i.

The spatio-temporal distribution (21) in this
case represents the sum over positive and negative
values of k

by(x, ) = — {/ dk@A(wl + Q) explik(x — x) — iw11]

—/ dka—lA(wl
0

Let us consider the second integral in the complex plane
k = &+1ic. Rapidly varying integrand A4 attains the
maximum value at k = k, that is determined from the
equation wj(kg) = Q. For small damping, ¢y <&, the
latter condition gives

Q = wy(&y)cos ¢ = \/2a21E,

2.2
co = v&;cos” ¢/2u,,

Q) explik(x — xo) — 1w l]}.

where

vy = 0w (k) /Okine, = (3/2) cos @+/2a%1&.

The damping is small if v&, cos? ¢ < 2v,. Taking this into
account we expand w; in the power series on & — ;. In
the leading order one obtains

w1 ~ Q4 1y(& = &)

Similar expansion one can made in the first integral.
Taking into account that in the vicinity of &, A is

nonzero we have

_ _X—XO _X—XO
by(x,t) = A(l o )exp( 5 )

X sin {Q (t TN xo)] , (22)
Up

where v, = Q/&, 5:2vg/vcf%cos2 ¢@. The phase and
group velocities can be expressed in terms of Q
according to

vp = (2a*1Q)' P cos* ¢, vy = (3/2)vp. (23)

Fig. 4 illustrates the propagation of the wave packet
described by Egs. (22) and (23). The function A(t)atx =
X is taken in the form

A(t) = by exp[(t/T)*].

The duration of the wave packet is 7= 15s and the
wave packet central frequency is Q/2n = 0.1 Hz. The
curves 2 and 3 shows the perturbation of the magnetic
field at the distances 1000 and 2000 km for the magnetic
field inclinations /6 and 7/3, respectively.

Now we consider the propagation of the impulse of
the gyrotropic waves. We assume that at x =0 the
magnetic field is given by by(f) = bod(t), where (¢) is the
Dirac delta function. Substituting this condition into
Egs. (20) and (21) reduces to

bo3av/1 cos ¢
N T ” dke /TR exp(

X cos[k(x — at\/m cos q))] (24)

be(x, t) = 2 cos go)

!
S

Relative amplitude
o
o w
T
5 .

]
——
%

Relative amplitude

Fig. 4. Time dependence of the magnetic field perturbation generated by the gyrotropic wave packet at different distances for magnetic
field inclinations ¢ = /6 and 7/3 and a ~ ¢*/4nloy(0) = 3 x 10°cm/s and v = 2 x 102 cm?/s. (1) x = 1000 km, (2) x = 2000 km.
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The condition of small damping allows us to use the
stationary phase method for the estimation of the
integral. Let us expand the function f=
k(x — aty/2TTkcos @) in power series on k —ko ac-
counting for the small terms up to the second order

f(k) = fko) + 3" (ko) (k — ko). (25)

The point of stationary phase ky and the expansion
terms (25) are defined by

&k _ _o
dkk—r, © 0T 9242] cos? o’
X 2x3 ; 9724 cos?
(ko) = k) = =220 (26)

2712a2l cos? ¢ 4x
Substituting Egs. (25) and (26) into Eq. (24), one obtains

V2 32
3av/nl cos ¢ P

X exp (— 2t ) cos( 2 - E) 27
3*Ba* P cos? ¢ 32a2lcos2p  4)

Fig. 5 shows the time dependence of the magnetic field
perturbations at the distances 1000 and 2000 km,
respectively. The magnetic field inclinations are w/6
and m/3, respectively.

bx(x,1) = by

4. The role of magnetic inclination in the formation
geomagnetic pulsation spectra by gyrotropic waves

Let us consider the influence of the magnetic field
inclination on the characteristics of the spectra of
geomagnetic pulsations in the ULF frequency range.
The latter can arise as the result of scattering of the

¢=n/6

o
w

o @
- N

Relative amplitude
=

L L L L s
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=)

o
-

L L 1 L L L
20 40 60 80 100 120 140 160 180 200
Time, s

o
N

Fig. 5. Time dependence of the magnetic field perturbation
generated by narrow unipolar impulse of the gyrotropic waves
at different distances for magnetic field inclinations ¢ = /6
and /3. Other parameters are same as in Fig. 4.

background electromagnetic field on horizontal inho-
mogeneities of the ionospheric conductivity. Recently
Sorokin et al. (2003) considered the formation of such
spectra on the Earth’s surface at low latitudes. It has
been shown that this mechanism is due to generation of
the gyrotropic waves in the low ionosphere by polariza-
tion currents that arise in the horizontal inhomogeneities
of the conductivity under the action of the background
electromagnetic field from the atmospheric sources. The
calculations of the spectra were carried out with the use
of the model of the wave propagation in the horizontal
magnetic field. Below we assume that the waves
propagate along the x-axis. The magnetic field is
assumed to be in the (x, z) plane. The conductivity
tensor is taken in the form o(x, z) = o(z) + o(x, z), where
the subscripts 0 and 1 correspond %o thelunperturbed
and perturbed values, respectively. We decompose the
electric field as E = Ey + E;, where E, stands for the
unperturbed electric filed (¢ =0) and E; is the
perturbation caused by the pr(lesence of the ionosphere
inhomogeneities. Assuming the perturbations to be

small, < and neglecting the small terms of the

[
1

[
0
second order from Eq. (5) one finds the electric field
Fourier components as

20

2 — wi(k, ) + ivok® cos? @

Eyl((j),k) = - y()(w)w

X / dx exp(ikx)h(x); cu%(k, @) = 2la*|k|? cos? @,

h(x) = oui(x, Z)/UHO(Z)- (28)

0.7, T T T T T T

0.6f 1

o o o
[#] P wn
N

Relative spectrum

o
¥
T
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0.1 E

0.1 0.2 0.3 0.4 05 06 0.7 0.8
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Fig. 6. Power spectra of geomagnetic pulsations on the Earth’s
surface generated by the gyrotropic waves in the presence of
horizontal inhomogeneities of the ionospheric conductivity. (1)
@ =mn/6 and (2) ¢ = n/3, respectively. The parameters used:
horizontal scale of the inhomogeneities A = 27n/ko = 100 km,
horizontal dimension of the perturbed region L = 500km, a ~
A /4nloy(0) = 3 x 10°cm/s and v =2 x 10'? cm?/s.
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Let us take the perturbation of the Hall conductivity in
the form  A(x) = A4 exp(—|x|/L)cos(kox), where
L> ) =2n/ko. Applying the inverse Fourier transform
over k with the help of Faradey’s law one obtains

2

bix(x=0,0) w
box() w? — wd(ko, @) + 19 (w, ) cos? p|
(0, @) = vk + 6la*i3 /L. (29)

Fig. 6 shows the power spectra for the angles 7/6 and
n/3, calculated with the help of Eq. (29). The parameters
used are: 4 =2n/ko=100km and L = 500km. The
frequencies corresponding to the maxima of the spectra
lies in the frequency range 0.1-1 Hz. With the increase in
the magnetic field inclination and horizontal scale of the
inhomogeneity the frequencies of the maxima become
smaller.

5. Discussion and conclusions

In the present paper it has been shown that the
Earth’s ionosphere can support a specific class of
electromagnetic wave modes termed the gyrotropic
waves. They represent the weakly damping oscillations
of the electric current and the electric field and
propagate in the thin ionospheric layer. The magnetic
field induced by this current can be observed on the
Earth’s surface as geomagnetic pulsations whereas the
electric field forms the ionospheric perturbations in the
F-layer. The phase velocity of these waves lies in the
frequency range 0.001-1 Hz and amounts for the values
stretching from a few units to a few tenths of km/s. It
decreases as cos?/? ¢ with the increase in the magnetic
field inclination. In the mid- and high-latitudes the phase
velocity is smaller than in the low latitudes. The
damping of these waves possess a similar latitudinal
dependence. The frequency dependence of the phase
velocity varies as »'/3. The high-frequency harmonics of
the impulse take the lead over the low-frequency
harmonics. The wave phase velocity decreases with the
growth of Hall conductivity. Thus, it is greater in the
nighttime ionosphere. The wave damping is controlled
by Pedersen conductivity.

The analysis of the influence of the magnetic field
inclination and Pedersen conductivity on propagation of
the wave packet has shown that at the distance of
1000 km its amplitude is two times smaller whereas at
the distance 2000 km it is three times smaller. The wave
damping constitutes the value x/n=41/2n0=
107'=1072. The phase velocity decreases with the
growth of the wave period and magnetic field inclina-
tion. The wave packet propagates with the group
velocity exponentially decreasing with the amplitude
without significant distortion of the form. The char-
acteristic spatial scale of the amplitude variation

constitutes the value of 2000-3000km. The phase
velocity exceeds the group velocity. The obtained
propagation characteristics of the quasi-harmonic wave
packet agree with observations of the phase shift of
geomagnetic pulsations observed at the array of
spatially displaced magnetometers. In the course of
propagation of the short unipolar impulse it has been
observed the enhancement of its duration and appear-
ance of oscillations. Their frequency decreases with time.
The signal duration increases with the magnetic field
inclination. The formation of the ionospheric horizontal
periodic inhomogeneities of the conductivity leads to the
appearance of geomagnetic pulsations on the Earth’s
surface. These oscillations are associated with the
gyrotropic waves. The waves are generated by the
electric current that arises in the inhomogeneities of
the ionospheric conductivity under the action of the
external electric field from the atmospheric sources. The
spectrum of oscillations possesses the maximum in the
ULF frequency range. The inhomogeneities can arise,
for example, during upward propagation of gravita-
tional waves from seismic sources. If the inhomogene-
ities are elongated in the latitudinal direction and their
horizontal scale is of the order of 100km the central
spectrum frequency lies in the range 0.1-1Hz. The
central frequency decreases with the increase in magnetic
field inclination and spatial scale of the inhomogeneity.
The considered mechanism can be used for the inter-
pretation of the observed phase shift at the Earth’s
surface and dispersion of the ULF waves, connected
with the growth of seismic activity. The horizontal phase
velocity of these oscillations constitutes the values
20-30km/s. The features of the gyrotropic waves can
be used for the interpretation of the electromagnetic
effects that arise in the course of natural and man-made
action on the ionosphere.
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Appendix

Fig. 1 shows the variation of gp and oy conductivities
versus altitude. One sees that both conductivities attain
the maximum values at different altitudes. The max-
imum of Hall conductivity lies higher than that for
Pedersen conductivity. The maximum value of Hall
conductivity exceeds that for Pedersen conductivity by
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one-two orders in value. At the higher altitudes the
Pedersen conductivity substantially exceeds Hall con-
ductivity. Such an altitude profile allows us to represent
the ionosphere in the form of two distinct thin layers.
Let us assume that in the low layer op = 0 whereas in the
upper layer oy = 0. In the low frequency limit, w <op,
we assume all perturbed values to vary as exp(ikx — iwt).
The system of Egs. (5) can be written independently in
each of these layers. In the low layer, in which Hall
conductivity is nonzero, one has

2
dE, RE, =i dnwoy
dz? 2 cos ¢
2
. E. .. dE.
sin? ¢ =+ 2ik sin ¢ cos ¢ — k* cos® @E.

dz2 dz

i47w)aH cos <pEy. A1)

2

In the upper layer, where Pedersen conductivity is
nonzero, one obtains

d’E Yy 2 .4nwop
a2 —k°E, = —i 2 E,,
2
. S omeg dE.
sin” ¢ 2 4 2ik sin ¢ cos ¢ ——— — k* cos® @E.
dz? dz
4
— i (A2)
¢

Let us assume that the horizontal scale of the wave field
variation is much greater than the depth of the
conductive layer /, i.e. k/<1. In this case Egs. (A.l)
and (A.2) can be replaced by the boundary conditions
for the electric field components and their derivatives.
Let us find the boundary conditions in the lower layer
coinciding with the z = 0 plane. Substituting £, from the
second Eq. of the system (A.1) into the second equation
and integrating over the layer we obtain

E. 1/2 2 pl2
{d—}} -k dzE, + (24&> / dze}E,
dz =0 —1/2 ¢k cos [ —1)2 i

8nw sin go/[/z dE.

=—— dzoy
ckcos? o J dz
4na sin? @ I d’E,

k*cos3 o Joip

dE .
sin’ q){ ‘} + 2ik sin ¢ cos p{E.}.—
z=0

dz

/2 12

d2E, = im0 cos @

Cz dZGHE,,
Y —1/2

— k*cos? ¢
where the parentheses denote the difference between the
values above and below the layer. The integrand
denotes the multiplication of rapidly varying function
oy that attains the maximum value at z = 0 and slowly
varying along the layer function. From this system one
sees that in the plane z =0 the following conditions

should be satisfied
dE, ?
E)}._,=0, 4 +——"E,0
koo { dz }_,zo K2a2lcos? ¢ »©)
2w sin ¢ dE(0) {dEZ} _o
0

" kacoste dz dz
()
{E:}op = — mEy(W (A3)

In Eq. (A.3) the following abbreviations are introduced

a= 62/4%\/[_/—00;;]_[(;, 10'12_](0) = /OO dZO'Iz_I(Z).

The boundary condition (A.3) for E. one can obtain
from the solution of the second Eq. (A.1) in the layer.
Letting E.(z) = A(z) exp(—ikz cot ¢), one finds

d’4 _ .4nw cos ¢

2

e —i s’ o onk, exp(ikz cot ).

Inside the layer one has

l kI /
E-(2) = {E (— 5) exp (—15 cot (p) + (z + 5) C}

. 4mem cos :
x exp(—ikz cot @) — iLz(p dz
Asin“ o Joip

/ dz"on(z")E, (") explik(z” — z) cot ¢].
J-1)2

The constant C is defined from the condition of
continuity of the derivative

dE; = lim
dz 0 = -0

Defining the constant, for k/cot ¢1, one obtains

/ / 2nw 12
ENz|—-E|—%)|=—5F— d E,(z
- (2) ‘( 2) cksin o J_ “on(Ey ()

X [ik(é — z) cot @ + 1} exp [—ik(é — z) cot qo}.

Substituting oy (z) = ou(0)/d(z), where (z) is the Dirac
delta function, for k/ cot ¢ <1, one obtains

dE. dE.

=0.

dz|z=1/2 a dZ|:=—1/2

-y
{(E.}..o= — mUH(O)IE},(O) <1k§cot o+ 1)
i ®
X €Xp (—lkacot (ﬂ) ~ —WE},(O)

This expression coincides with Eq. (A.3). Thus, the
boundary condition for the vertical component of the
electric field is valid if the condition sin ¢>kl is
satisfied. Let the layer in which Pedersen conductivity
is nonzero lie in the z = zy plane. Integrating Eq. (A.2)
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over the layer, one obtains

dE, o)
{E}:::O —la—PEy(Zo),

E.
{d H} =i (.Uz E-(20),
dz z=z) dpSIn” @

{E}’}Z:ZO =0, {Ez}zzzo =0,

ap = ¢ /4 /OO dzop(2). (A4)

Setting z, to zero and summing up the Egs. (A.3) and
(A.4), one obtains the boundary conditions for the
components of the electric field on the conductive thin
ionosphere

Ey(0)

dE, o + ivok® cos® ¢
dz z=0

k*a?lcos? ¢
2w sin ¢ dE.(z = —0)

= kacosl e dz > B0 =0,
dE. \70)
- = —i———=—E.(z=+0),
{ dz }Z:O a2l sin® 1) (Z )
)
{E:}.o0 = —mEy(o), (A.5)

where v = a*//ap.
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