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Abstract

A revival of the combined magnetic and telluric electric measurements at magnetic observatories is suggested.

A number of problems, where

such observations might be very helpful, are outlined: 1) the account for the reso-

nance structure of the ULF field during the magnetotelluric probing of low-conductive geoelectrical structures;
2) the hydromagnetic diagnostics of the magnetospheric plasma distribution; 3) the discrimination of iono-
spheric and seismic contributions in anomalous ULF signals possibly related with earthquakes. The experi-

mental apparatus for telluric current measurements, w

Borok (Russia) and L’Aquila (Italy), is described.

Key words ULF waves — magnetic field line reso-
nance — magnetotellurics — seismo-electromagnetic
phenomena

1. Introduction

Nowadays ULF variations (with time scales
between 1 s and 10 min) of the terrestrial elec-
tromagnetic field are recorded on global net-
work of observatories equipped with various
kinds of magnetometers. These observations
are one of the means for the continuous moni-
toring of dynamic phenomena in the magne-
tosphere, ionosphere, atmosphere and crust
(Pilipenko, 1990). Earlier telluric observations
of the electric component of ULF variations
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hich has recently been installed at the observatories of

were widely conducted, but up to now they have
become very scarce due to larger noise level
and industrial interference. Nonetheless, we
believe that the revival of the combined mag-
netic and electric measurements might be very
promising for many problems. In the present
paper we discuss only some of them.

The practical application of the ground-
based observations of ULF waves is mainly re-
lated to the magnetotelluric sounding (MTS) of
the Earth’s crust. From the point of view of
MHD theory, the process of the typical day
side Pc3-4 pulsations energy transport from an
extra-magnetospheric source to the ground is
inevitably related to the transformation of a
compressional wave into an Alfven field line
oscillation. The fundamentals of this process
form the basis of the resonance theory (Chen
and Hasegawa, 1974; Southwood, 1974). This
theory predicts a specific spatial structure of
the ULF field near a resonant field line. On the
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other hand, for magnetotelluric models, the
proper choice of the structure of the initial
wave impinging the crust is of primary impor-
tance. The account for the resonance structure
of the ULF field, verified by numerous experi-
ments, may be significant for the MTS funda-
mentals (Pilipenko and Fedorov, 1993). In this
paper we describe the numerical models which
are used to examine the influence of the mag-
netospheric resonances on the accuracy of the
standard MTS technique for various geoelectri-
cal conditions.

Original MTS data, which include the
records of magnetic and electric components of
the ULF telluric field, can be used by the mag-
netospheric community for the development
of new methods of hydromagnetic diagnost-
ics of the magnetospheric plasma distribution
(Gugliel’'mi, 1989a,b). Here we further develop
this new method and examine the range of its
applicability. Hence hydromagnetic diagnostics
could be enriched by coupling with telluric
electric field data.

Recently, a blast of interest emerged in the
study of anomalous signals in the ULF range
possibly related with earthquakes (Fraser-
Smith et al., 1990; Molchanov et al., 1992).
Here we suggest some simple methods, based
on combined electric and manetic recordings,
which may help to separate signals of iono-
spheric and seismic origin.

Lastly, we describe the experimental appa-
ratus for telluric current measurements, in
which the noise level is somewhat suppressed
by means of special techniques. This experi-
mental facility has recently been installed
at the observatories of Borok (Russia) and
L’Aquila (Italy) within the framework of a
joint project.

2. Resonance effects in the spatial structure
of ULF waves

2.1. Resonant structure of the ULF field

Below, we recall basic principles of the
physics of ULF waves in the terrestrial envi-
ronment. MHD disturbances from remote parts
of the magnetosphere (for example, solar wind
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disturbances, magnetopause surface waves,
magnetosheath turbulence, etc.) propagate in-
side an inhomogeneous magnetosphere and,
through a mode transformation, excite standing
Alfven oscillations of the Earth’s magnetic
field lines. Alfven waves impinging the iono-
sphere are, in most cases, the sources of ULF
geomagnetic pulsations (Pc3-5, Pi2) observed
on the ground. The process of the mode trans-
formation is most effective in the vicinity of
the resonant geomagnetic shells where the lo-
cal eigenfrequency f; (x) of Alfven field line
oscillations coincides with the frequency, f, of
the external source. The mathematical descrip-
tion of the spatial structure of the field pertur-
bation B in the magnetosphere near resonant
shells, according to the qualitative theory of
differential equations (Kivelson and South-
wood, 1986; Krylov et al., 1981), can be ex-
pressed in the form of an asymptotic expansion
in terms of the parameter w = x — xz (f) + i6,,
where x is the coordinate of magnetic shells,
xz (f) is the point where f=f; (x), 6, is the
width of the resonance region above the iono-
sphere and i is the imaginary unit. For the
dipole geometry the solutions for the trans-
verse magnetic components are (Lifshitz and
Fedorov, 1986)

B (x, f) =
= Bo(f) {w™ +...+C, In [ik, (/W] +.... }/h,
@2.1)
B™(x, f) =

= By (f){ — ik, In [ik, (h/hy,)W] +...}/h,

where y is the azimuthal coordinate, k, denotes
the azimuthal component of the wave vector,
h, and h, are Lame’s coefficients. The expres-
sion (2.1) is, in fact, a generalization of the
original simple «box model» of the magneto-
spheric resonator (Southwood, 1974; Chen and
Hasegawa, 1974). The leading terms of the
asymptotic expansion (2.1) and the expressions
given by the «box field» model coincide, with
the expense of some correction (the coefficient
C, vanishes in the simple geometries with a
constant curvature radius, as in Southwood
(1974) and Radoski (1974).
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The leading term in the asymptotic expres-
sion (2.1) which describes the resonant singu-
larity of B{™(x, f) near a resonant shell, ie.
when |x —xz(f)| < 6, can be presented in the
form

i6,

B§m)(xa D) =B0(f)x“x(f”;+ﬁi5'
AR m

(2.2)

Due to the dissipation in the system the eigen-
frequencies should contain an imaginary part:
Wy = 27fz = @, — iy, where ¥>0. The reso-
nance width &, is related to the damping rate Y
by the relationship (Nishida, 1978)

-1
ol

2.3)

So, the sign of 6, is determined by the sign of
the gradient of the Alfven frequency. Because
throughout the magnetosphere (except at the
plasmapause) dw,/dx <0, then &, >0. Based on
the eq. (2.2) the meridional structure of the az-
imuthal component of the ULF field can be
qualitatively represented as the combination of
a «source» spectrum and a magnetospheric res-
onance response. The «source» part is related
to a disturbance transported by a large-scale
fast compressional wave and has a weak de-
pendence on the x coordinate. The resonant

magnetospheric response related to the Alfven.

waves excitation is strongly localized and
causes rapid variations of amplitude and phase
when a resonant shell is crossed. The B™ com-
ponent, as (2.1) shows, has a weaker logarith-
mic singularity near the resonance, so the reso-
nant behavior of this component would hardly
be noticeable.

Upon transmission through the ionosphere,
the horizontal spatial structure of ULF waves
is distorted. This distortion can be analytically
described for the Alfven wave with spatial
structure (2.2) transmitting through the «thin»
ionosphere above an infinitely conductive
ground. In the limit k, < k, and k.h >> 1 (h be-
ing the height of the ionospheric E-layer) and
when the interference of the incident wave and
the wave reflected from the ground can be ne-
glected (Alperovich and Fedorov, 1984), the
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theory predicts that, on the ground, oscillations
keep the same spatial form except for: a) a /2
rotation: B{™ — B, (north-south component
at the ground), B — B, (east-west component
at the ground) (Hughes and Southwood,
1976a,b); b) a smoothing of the resonance
peak: 6= g, +h (Alperovich et al., 1991). So,
the leading term (2.2) which describes ampli-
tude and phase characteristics of the north-
south ULF wave component at the ground
can be approximately written in the form
(Gugliel’'mi, 1989a)

Br(f)
[

where & = (x — xz(f))/8 denotes the normalized
distance from the resonant point xz(f), Bg(f)
is the amplitude of the pulsation at the resonant
point, and x is the coordinate of a magnetic
shell, as measured at the ground from the equa-
tor along the geomagnetic meridian.

Bx (xv f) = (24)

2.2. Magnetotellurics and resonant structure
of the ULF field

The horizontal components of the magne-
totelluric field, E, = (E,, E,) and B, = (B,, B,),
recorded at the same point of the Earth’s sur-
face, are related through impedance condition.
The surface impedance Z, in turn, is deter-
mined by the distribution of the crust’s con-
ductivity o. In the 1D case, i.e. when lateral in-
homogeneities in the electrical structure of the
Earth’s crust can be neglected, the magnetotel-
luric problem consists in the measurement of a
Z(w) and the restoration of a dependence of o
along depth z from the parametric dependence
of impedance on frequency. The physical basis
of MTS is the Tikhonov-Cagniard (T-C)
model, which characterizes the ULF electro-
magnetic field over laterally homogeneous
crust by an impedance coinciding with the
impedance Z, of a plane vertically propagating
wave (Dmitriev and Berdichevsky, 1979; Wait,
1982). In this case the impedance relationship
reduces to an extremely simple form

E = —(Z,/uy)nxB, 2.5)
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where L is the magnetic permeability of free
space and n is the unit vector normal to the
Earth’s surface pointing downward.

Equation (2.5) is known in the theory of ra-
diowave propagation over highly conductive
surfaces as the Leontovich-Schelkunov bound-
ary condition (or strong skin-effect approxima-
tion). If the field is homogeneous or linear over
horizontal scales which are greater than the
skin-depth d (i.e. kd < 1, where d = N2/l @ 0),
then the T-C impedance Z, can be applied
(Wait, 1982). When the condition of the T-C
model applicability breaks down the apparent
impedance is determined not only by the geo-
electrical properties of the underlying crust but
also by the spatial structure of the incident
ULF wave. For the resonant structure (2.1),
(2.2), (24) of ULF pulsations the validity
of strong skin-effect approximation can be re-
duced to the inequality |k, 6| > 1, where k, =
= (itlyow)'? = (1 + i)/d is the wave vector in the
ground. The value of d can be estimated
with the numerical relationship d (km) = [10 p
(Q-m) T(s)]"*/2n. The magnetospheric reso-
nant effects may cause distortions of a standard
MTS curve near a local resonant frequency
which could be misinterpreted as a false fea-
ture of the Earth’s crust structure (Alperovich
et al., 1991; Pilipenko and Fedorov, 1993).
Distortion of the MTS curves by the resonant
effects would be especially pronounced above
low-conductive layers.

3. Modelling of the multi-component struc-
ture of the ULF field near the Earth’s
surface

A numerical model has been elaborated for
the study of the influence of resonant effects
on the structure of multi-component ULF field
near the ground. The model is based on the ana-
lytical results on the transmission of a plane in-
cident Alfven wave through the «thin» iono-
sphere (Alperovich et al, 1991; Alperovich
and Fedorov, 1984). The spatial structure of
the incident wave (i.e. the resonant structure
described by (2.2)) is decomposed into spectral
harmonics B (k,, k,) with spatial harmonic wave
parameters k., k,. The impedance condition for
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a plane wave at the Earth’s surface is analyti-
cally calculated with a recurrent formula for N
homogeneous layers (Wait, 1982). The total
fields B (x, y) and E (x, y) are then obtained by
integrating the inputs of all harmonics.

The results of the numerical modelling will
be presented for 3 cases. As a starting point we
describe the multi-component wave structure
at mid-latitudes above a highly conducting
ground, corresponding to the situation of the
mid-latitude Borok observatory. Then we con-
sider the distortions of the wave structure
above a low conductive ground, where the con-
dition of strong skin-effect is violated. Finally,
we present the expected ULF wave structure
for the geoelectrical conditions typical for the
low-latitude observatory of L’Aquila.

The incident Alfven wave is assumed to
have amplitude B{™ =1 nT. Typical day-side
ULF waves have a much wider longitudinal
extent with respect to the latitudinal extent, so
azimuthal variations have been neglected, i.e.
k, = 0. Dayside ionospheric conductivities have
been used, for which the Pedersen and Hall
height-integrated conductivities are X» = 10 mho,

(SI units)
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10 107 10" 10° 107 107
k (Km )

Fig. 1. The spatial spectrum of the ULF resonant
structure above a high-conductive crust (Borok)
with p =10 Q - m.
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%y =15 mho. For a typical value of the Alfven
velocity in the magnetosphere c, = 800 km/s,
the magnetospheric wave conductivity X, is
much lower than ionospheric conductivities,
i.e. Ty = (lgcy)™ =1 mho. The height of the
«thin» ionosphere is assumed to be 4 = 100 km
and the resonance width above the ionosphere
0, =50 km.

3.1. Case 1. Highly conductive ground
(Borok observatory)

The ground resistivity of sedimentary layers
in the region of the observatory is low: p = 10
Q- m, so the validity of strong skin-effect con-
dition is guaranteed: |k,J| =~ 13. The geomag-
netic latitude and inclination of the geomag-
netic field are ® =55° and = 70.7°, respec-
tively. The resonant period is assumed to be
T, =100 s.

The spatial spectrum of the ULF resonant
structure, i.e. the dependencies B, (k), B,(k) and
E (k) on the horizontal wave number k=k,,
are shown in fig. 1. The general form of these
plots can be easily understood keeping in mind
the Fourier transform of the singularity
(x+i6)™": Fi[(x+i8)™"] o exp (—k6) (for k>0)
and Fi[(x+i6)"] =0 (for k<0). As might be
expected, for k>57! the spectral densities of
ULF components drop rapidly.

The spatial structure of the amplitudes of
the ULF field components in the meridional di-
rection near the resonant point is shown in fig. 2
(upper plot). To equal the scales of magnetic
and electric components, the component E, on
the plot has been scaled by means of Z,. As ex-
pected, both magnetic and electric horizontal
components (which are practically indistin-
guishable in the figure) have a symmetrical
maximum beneath the resonant field line
(x = 0). The vertical component B, is much less
in magnitude, but it has a steeper maximum
near the resonant point. The corresponding
phase structure is shown in the bottom plot.
Within the interval x = £500 km, B, and E,
exhibit a phase jump slightly less than 180°.
Near the resonance point, the vertical magnetic
component B, has a two times steeper gradient
than B,. The phase shift between B, and E,
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Fig, 2. The spatial structure in the meridional di-
rection near the resonant point above a high-conduc-
tive crust (Borok) with p = 10 Q- m. Upper plot:
amplitudes; bottom plot: phases. Electric component
E, is scaled by Z,.

changes from ~ —7/2 up to ~ 7/2 at the other
sides of the resonant peak. Just at the resonance
point these components are in-phase. As we shall
see later, this behaviour of the vertical magnetic
component accords well to analytical approxima-
tions under the strong-skin-effect condition.

The amplitude and phase ratios between
E, and H, = B,/ll, i.e. the impedance Z, are
shown in fig. 3 (left panels). The amplitude is
8.9-10™ Q, practically coincident with
the known theoretical expression for the
impedance of a plane wave over a homoge-
neous semi-space: |Z, | = ()"

~
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Fig. 3. The expected meridional variation (around the resonant point) of the amplitude (top) and phase (bot-
tom) of the apparent impedance Z above: a high-conductive crust with p =10 Q- m (Borok, left panels), a
low-conductive crust with p = 10* Q - m (middle panels), a crust with p =300 Q- m (L’ Aquila, right panels).
Dashed lines represent the theoretical T-C impedance values.

3.2. Case 2. Low-conductive ground

Now we consider the wave structure above
a low-conductive crust with effective resistiv-
ity p=10* Q- m. The same parameters of the
resonant structure, as in case 1, have been
adopted. The estimates show that in this case
the strong skin-effect condition is violated:
|k,6]=0.4. This situation could be met, for
example, above highly-resistive granites. In
this case (fig. 4) the vertical magnetic compo-
nent becomes comparable with the horizontal
magnetic component. The meridional ampli-
tude distribution is distorted compared with
case 1. Moreover, this distortion differs for the
magnetic and electric components. The phase
meridional profile (fig. 4, bottom plot) is also
distorted. In particular, the «synchroniza-
tion point» between B, and E, is shifted about
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100 km to the north. Hence, the various shifts
and distortions of amplitude-phase profiles of
B, and E| result in significant distortion of the
apparent impedance Z (fig. 3, middle panels).

3.3. Case 3. Intermediate geoelectrical
conditions (L’Aquila observatory)

Finally, we move to the description of the
ULF wave structure at geoelectrical conditions
corresponding to L’ Aquila observatory. The in-
clination of the geomagnetic field is 58.5°.
According to previous observations (Vellante
et al., 1989, 1996), the resonance period T is
set equal to 15 s. Other magnetospheric and
ionospheric parameters are the same as in
cases 1, 2. According to previous magnetotel-
luric measurements (Palangio, private commu-
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Fig. 4. The same as in fig. 2 but for a low-conduc-
tive crust (p = 10* Q - m).

nication) the apparent resistivity in the Pc3
range is p=300 Q-m. The condition of a
«good» conductor is still fulfilled: |k, 6] =6.
The same calculations as in cases 1 and 2,
summarized in fig. 5 and fig. 3 (right panels),
show that deviations from the structure over
highly-conductive crust are rather small,
though noticeable. The plots demonstrate an-
other interesting effect: the shift of the merid-
ional distribution from the projection of the
resonant field line in the direction of phase ve-
locity of pulsations. The physical sense of this
effect, mentioned also by Alperovich et al.
(1991), will be considered elsewhere.
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Fig. 5. The same as in fig. 2 but for L’Aquila geo-
electrical conditions.

4. Diagnostics of the magnetospheric plasma
with the data of ground-based ULF
observations

For correct hydromagnetic diagnostics, ef-
fective and simple methods of operative de-
termination of the resonant frequency distri-
bution in a given region should be elabo-
rated. Below we give a short summary of the
existing methods of ground-based hydromag-
netic diagnostics and describe in greater de-
tail a recently proposed method, which uses
both magnetic and electric components of
the ULF field.
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4.1. Gradient and polarization methods of the
ULF resonant structure study

The principal problem of the experimental
fr(x) determination consists in the fact that in
most events, the input in the spectral content of
ULF pulsations from resonant magnetospheric
response and that from the «source» are com-
parable. So, in most cases, a spectral peak does
not necessarily correspond to a local resonant
frequency, and the width of a spectral peak
cannot be directly used to determine the Q-fac-
tor of the magnetospheric resonator. This am-
biguity can be resolved with the help of the ex-
perimental methods mentioned below, in par-
ticular the gradient method, proposed by
Baransky et al. (1985). The measurements of
gradients of spectral amplitude (desirably —
phase also) at a small baseline exclude the
influence of the source spectrum form and re-
veal even relatively weak resonant effects.
The gradient method (Baransky et al., 1985;
Kurchashov et al., 1987; Waters et al., 1991)
and its modifications (Green et al., 1993;
Gugliel’mi, 1992) allow estimation of resonant
frequency of the field line between the stations
and the width of the resonant peak J. Despite
the apparent simplicity of the one-dimensional
resonance model described above, the theoreti-
cally predicted amplitude and phase meridional
structure corresponds well to the experimental
local structure of various types of ULF waves.
The occurrence region of Alfven resonances
spreads from sub-auroral latitudes to rather low
latitudes.

The different «sensitivity» of the various
components of the ULF field to the magneto-
spheric Alfven resonance means that the reso-
nance frequency can be determined not only
from the spatial structure, but also from the po-
larization properties of the ULF field. The po-
larization methods for the determination of
Jfz(x) could supplement the gradient method, or
even substitute it (Baransky et al., 1990;
Vellante et al., 1993; Green et al., 1993). As
the eq. (2.1) show, the resonant response of
the magnetosphere is characterized by a pro-
nounced asymmetry of B, and B, components.
At the same time, a source spectrum is im-
posed on both components in the same way.
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Hence, even when a resonance response is
masked by a source spectrum, the ratio
B,(f)/By(f) (on the ground) should reveal a
maximum at the resonant frequency. The gra-
dient and polarization methods discriminated
the resonant frequency from the complicated
spectral content of low-latitude Pc3 pulsations
(Pilipenko et al., 1996).

4.2. Magnetospheric diagnostics with the
use of the magnetic and electric ULF
components

The vertical component of the ULF mag-
netic field is a sensitive indicator of inhomo-
geneities of both the ULF field and crust con-
ductivity (Southwood and Hughes, 1978). So,
the use of B, data might be very promising for
the elucidation of resonant features of the geo-
magnetic pulsation spatial structure. The rela-
tionship between vertical and horizontal mag-
netic components of the ULF field can be read-
ily estimated in case of strong skin-effect.
Then, the following relationship (Wait, 1982;
Gugliel’mi, 1989a) can be used:

B,=i(Uyw)" (Z,divB,+B,VZ). (41)
For regions with laterally homogeneous con-
ductivity of the Earth’s crust and for typical
Pc3-5 and Pi2 pulsations the meridional gradi-
ent dB,/dx is the dominant term in the right
hand side of (4.1). Using the form (2.4) of the
resonant structure we obtain
Z, B

X

T o 1-iE

4.2)

Under the considered conditions, as follows
from (4.2), the resonant effects in the be-
haviour of the vertical component B, might be
even more pronounced than in the north-south
component B,. This fact is also supported by
the results of numerical modelling (fig. 2).
The complex value of the surface imped-
ance Z, in eq. (4.2) can be excluded from con-
sideration with the help of the impedance rela-
tion (2.5). Thus the relationship between B,
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and Ey is:

B./E, = (1/08) (1 -iE). 4.3)
Just at the frequency of an Alfven resonance
(& = 0) the ratio of spectral power densities
| B,/E, | should have a local maximum, and B,
and E|, should be in-phase. This prediction is
supported by the numerical model (see fig. 6,
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Fig. 6. The expected meridional variation of the ratio B

for Borok (left panels) and L’Aquila (right panels).
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where the relevant spatial distributions are cal-
culated for the Borok and L’Aquila geoelectri-
cal conditions).

On the basis of the described properties of
the vertical magnetic and east-west electric
components of the ULF field an additional
method of hydromagnetic diagnostics of the
magnetosphere can be suggested. With this
method it is possible to reconstruct the func-
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tional dependence fz(x) in the vicinity of the
observation point, with the data from a single
station (Guglie’'mi, 1989a). The distance be-
tween the observation point (x) and the reso-
nant shell (xz(f)) as well as the width of the
resonance 6 can be determined from (4.3) as

X—Xgp=—" |E,/B,| sin y
“4.4)
8=w"|E,/B,| cos y

where ¥ = Arg E,— Arg B, is the phase differ-
ence between components. These relations
make it possible to use multi-component data
from a single site for the determination of the
distance from the resonant field line at a given
frequency. Reversing the dependence xz(f) &
fr(x) the latitudinal variation of the resonant
frequency f3(x) can be determined in the vicin-
ity of the observation point. However, we
should recall that this method for resonant fre-
quency determination cannot be applied for
low-conductive crust, where the condition of
strong skin-effect is not valid.

- 5. Seismo-electromagnetic ULF disturbances

Studies of ULF magnetic disturbances in
seismically active regions have revealed three
classes of electromagnetic phenomena related
with earthquakes:

a) Electromagnetic signals synchronous
with the passage of seismic waves through the
observation point from distant earthquakes
(Eleman, 1965) or explosions (Anisimov et al.,
1985). These disturbances are caused by gener-
ation of currents when the conductor moves in
the external magnetic field.

b) Sporadic magnetic impulses, slightly
preceding (~ 10 s) seismic fronts (Belov et al.,
1974; Gokhberg et al., 1989). Probably, these
transient magnetic impulses are excited by the
rapid movement of large-scale crust blocks
during a quake. No profound theory of this
process has been developed so far, besides
some rough estimates of the effect (Gugliel’mi
and Levshenko, 1994).
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¢) Irregular magnetic pulsations (Fraser-
Smith et al., 1990; Molchanov et al., 1992) or
sporadic impulses (Moore, 1964), observed
tens of minutes-hours before strong earth-
quakes. This class of events is poorly studied
and has no clear physical explanation. These
anomalous ULF pulsations might be related
with pre-shock seismic activity, with electro-
magnetic radiation emitted by large-scale
cracks during the final stage of crust destruc-
tion, with the induction effect of cracking-
induced acoustic emission or with global coordi-
nated systems of mechano-electrical transform-
ers in the forthcoming fault (Gokiberg et al.,
1985).

The principal problem in the study of
anomalous ULF disturbances related with seis-
mic activity is the elaboration of effective al-
gorithms to discriminate signals of different
origin. The simultaneous use of both the mag-
netic and electric components of a signal under
study might be an effective discrimination
tool.

5.1. Effective impedances of seismo-magnetic
signals

The induction effect of seismic waves can
be estimated from Maxwell’s quasi-stationary
equations. The magnitude of the magnetic field
B induced by the conductor oscillations in geo-
magnetic field B, is determined by Reynold’s
magnetic number Re,, = U6 C, A, = 7 (A/d)?,
where C, is the seismic wave velocity and A, is
the wave length.

In the case Re,, > 1 («frozen-in» limit), the
following estimate of the induced magnetic
field can be obtained: B/B, = v/C, =~ &/A,,
where & and v are the displacement and the
velocity of the medium associated to the seis-
mic wave. In the reverse extreme case Re,, < 1
(«diffusion» limit) the induced magnetic field
can be estimated as B/B, =~ (v/C;)Re,,.

The electric field can be estimated from
Faraday’s induction equation E =~ C;B. How-
ever, this estimate of the electric field refers to
the inertial reference system. If sensors oscil-
late with the Earth’s surface, the transforma-
tion of electric field into laboratory system
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should be taken into account: £’ = E+vxB,.
In the frozen-in limit, the electric fields in the
inertial and the laboratory systems are of the
same order. In the diffusion limit, the electric
field in the laboratory system is determined by
transformation factor, i.e. E ~ v B,.

Neglecting the transformation effect, the ap-
parent impedance of seismo-induction signals,
i.e. the ratio of the electric component to the
magnetic one, is determined by the velocity of
the seismic wave (Gugliel’mi, 1989b)

Z, ~ uC,. (5.1)

Contrary to this, the above ratio for iono-
spheric signals is equal to the T-C impedance
Z,. So, seismo-magnetic induction signals could
be retrieved from ionosphere~magnetosphere
ULF background based on its specific imped-
ance features.

5.2. Impedance relationships for lithospheric
signals

A similar idea could be applied for the pos-
sible discrimination between signals from
ionospheric sources and underground sources.
As a hint, let us consider the structure of elec-
tromagnetic disturbance at the boundary be-
tween air and crust in those two cases.

Any electromagnetic field which impinges
the Earth’s surface can be presented as a sum
of plane waves of the form exp (—iwt+ik,-r)
{exp(ik,z) + R exp(—ik,z)}, where R is the re-
flection coefficient. Both media are character-
ized by their characteristic resistance (or
impedance) Z and wave vector k, which are de-
termined by dielectric permeability ¢ and con-
ductivity ¢ in the following way

Z=\plE k=oVuE f=c+iclo, (5.2)

Both media are considered to be non-magnetic,
ie. = U, The parameters in (5.2) are essen-
tially different in the two media.
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In the air, where o= 0, Z=2,= \/,uo/eo =
= 1207 Q and k = k) = o\lte, = wle.

In the ground, where olcw) > 1, ke =
=Viap,o, Z=2,=\pwlic = Zy(kolky). At

first glance it seems, as Hayakawa er al. (1993)
believes, that electric and magnetic compo-
nents of the wave in each medium must be re-
lated by the corresponding wave resistance,
e.g., Z, or Z,. However, it is not the case near
the Earth’s surface where the primary and sec-
ondary waves are superposed.

In a laterally homogeneous layer the set of
Maxwell’s equations for plane waves is split
into two groups for partial waves of electric
and magnetic types. In electric (E-) mode E, # 0
and H,=0, E, ||k, This mode is excited by
electric dipole. In magnetic (H-) mode H #0
and E,=0, H, ||k, This mode is excited by
magnetic type source (loop current). Both
modes in a layer are described by the same dis-
persion equation

K+k=ious (5.3)
where 6= o—iwe.

Snelliu’s law for the reflection and refrac-
tion of plane waves at a boundary reduces to
the continuity of the transverse wave vector
k, = (k,, k,). The surface partial impedances of
electric and magnetic modes at the boundary

between two homogeneous hemi-spaces are
(Chetaev, 1984)

2025 zon_ E G
[0} Z

The ratio between electric and magnetic com-
ponents at the boundary of two media is deter-
mined by the impedance of the medium where
the wave will propagate. In the case of a iono-
spheric signal, which is incident on the highly-
conductive Earth surface from above, the im-
pedances of neither mode depend on the
wave’s spatial structure and reduce to the T-C
impedance Z,. For a wave from a probable
lithospheric source, which impinges on the
surface from the FEarth’s interiors, partial
impedances of those modes are different and
depend on the wave structure. For the E- and
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H-mode these expressions are

k
ZO; Za(H)= ; 0 Zo.
ik

yo_ itk

a % (5-5)

The impedances of a signal from an under-
ground source can be compared with ordinary
T-C impedance of a signal from a ionospheric
source

z®

ik \k, z®  k
— = (56)
Z, K L4 ilkl

For the reasonable parameters of a probable
lithospheric source |k, | 2 |k, | > ko, expression
(5.6) shows that |Z®| > |Z,| and |ZE| >
| Z, |. Therefore the ratio of horizontal electric
and magnetic components is essentially differ-
ent for «ionospheric» and «lithospheric» sig-
nals, especially for the electric mode.

Thus, multi-component observations of the
ULF field, including magnetic and electric
components, may be effective in the discrimi-
nation between signals of ionospheric and seis-
mic origins. Regular recording at ULF stations
in seismo-active areas such as L’ Aquila, could
be used for monitoring both magnetospheric
dynamics and seismic activity with the same
data.

6. Experimental complex for multi-compo-
nent ULF observations

The geomagnetic pulsation measuring sys-
tem at L’ Aquila consists of a triaxial high-sen-
sitivity search coil magnetometer which has
been operating almost continuously since 1983.
Sensors are oriented along geographic north-
south, east-west and vertical directions. The in-
strument transfer function is approximately lin-
ear for frequencies smaller than 0.3 Hz. On the
high frequency side a rapid decrease of the
transfer function removes the aliasing effects
of the higher frequency components. A data
processing unit samples the output voltage sig-
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nals at 16 Hz; real time algorithms provide
low-pass filtered data which are stored at a
sampling rate of 1 Hz. More details about in-
strumentation and data reduction can be found
in Cantarano et al. (1983) and Cerulli-Irelli
et al. (1984). A low noise triaxial ring-core flux-
gate magnetometer (variometer model LNVO01,
Nanotesla, Inc.) has also been operating at
L’Aquila observatory since 1994. In order to
investigate the scientific problems outlined in
the previous sections, the geomagnetic pulsa-
tion facility at L’Aquila was recently inte-
grated with an experimental apparatus for tel-
luric current measurements. Threshold sensitiv-
ity of the geovoltmeter is about 0.01 mV/m for
the distance between electrodes of 100 m.
Bandwidth is 0.002-1 Hz, amplitude-frequency
response in the given band is nearly flat. All
data (three magnetic components from the
search-coil magnetometer, three magnetic com-
ponents from the flux-gate magnetometer and
E,) are stored at 1 Hz sampling rate by the
same data acquisition system. System clock is
periodically synchronized with standard radio
transmission from DCF (Germany).

The basic experimental complex of Borok
observatory has been developed for field digi-
tal recording of a wide class of geophysical
signals. The experimental complex comprises
the set of sensors, amplifiers, analog filters,
clock and acquisition system. It gives the pos-
sibility to record variations in the frequency
range 0.001-10 Hz of the following geophysi-
cal parameters: 3-component magnetic field
with the use of induction magnetometers;
atmospheric electric field with the help of an
electrostatic fluxmeter; vertical atmospheric
electric current by the current collector; atmo-
spheric pressure by microbarograph. Also multi-
frequency Doppler sounding of the ionosphere
and riometric observations of cosmic radio
noise absorption at frequency 32 MHz are op-
erating. For the study of multi-component
structures of the ULF field, this complex has
been supplemented with the 3-component tel-
luric current measurements using 300 m base-
line between lead electrodes and 400 m bore-
hole. The on-line digital recordings of any geo-
physical field are performed with the use of PC
computer or analog-digital converter.
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Fig. 7. Block diagram of the telluric electric field measuring system.

The observations of telluric currents require
high sensitivity and the enhanced noise-
defense of measuring installation. This is re-
quired to study fine effects such as: resonant
features of ULF field structure, anomalous
seismo-electromagnetic activity, etc. The prac-
tical measurements are usually conducted un-
der anthropogenic electromagnetic conditions,
including industrial, communication and traffic
interferences. In order to suppress the in-phase
noise, a symmetrical scheme (fig. 7) with dif-
ferential input is used both at L’Aquila and
Borok. The geovoltmeter comprises high-
impedance differential measuring amplifier, two
measuring and one common lead electrodes.

7. Conclusions

All the potentialities of the combined appli-
cation of the gradient and the polarization
methods to restore the meridional structure of
the plasma density in the magnetosphere have
still not been achieved. The new method of hy-
dromagnetic diagnostics which uses the multi-
component structure of a magnetotelluric field
seems promising. It would be particularly in-
teresting to compare the application of these
methods for the study of resonant effects at
low and middle latitudes.

For the illustration of possible effects we
considered a simplified situation: no east-west
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variations (k, =0), vertically homogeneous
crust, etc. However, with the help of an elabo-
rated numerical model more complicated cases
could be treated. The preliminary analysis with
the use of this numerical model would be
especially important to perform MTS in the
regions with low-conductive layers. For a cor-
rect interpretation of MTS curves a prelimi-
nary analysis of possible distortions caused by
magnetospheric resonance effects should be
made.

It is widely believed that electromagnetic
methods will play a key role in the operative
forecasting of earthquake risk. This research
would be more effective if some criteria for the
separation of signals of different nature are
used. Even the current rough knowledge of
the physics of seismo-electromagnetic phe-
nomena suggests some of these criteria. The
realization of the discrimination methods
would require only elaboration of simple algo-
rithms for real-time analysis of the apparent
impedances of detected ULF signals. All the
problems outlined in this paper can be studied
with the same set of magnetic and electric ULF
data.
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