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Abstract

The problem of the unification of the magnetospheric diagnostics and the magnetotelluric sounding with the
use of ULF waves is reviewed. Some fundamental problems of magnetotellurics which cannot be resolved
without a detailed knowledge of the MHD wave transformation in the magnetosphere and the ionosphere are

resonant frequency, meridional gradient, width of the resonance is given. Some possible directions of further
modification of magnetotelluric sounding technique and of the magnetospheric diagnostics are indicated.
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Methods of MTS constitute a useful part of
1. Introduction geophysical prospecting. It is widely accepted
that for the MTS with the use of ULF pulsa-
tions the treatment of these waves as magnetic
disturbances excited by some ionospheric cur-
rents is quite sufficient. Details of ULF gener-
ation mechanisms and of MHD wave propaga-
tion and transformation in the magnetosphere
and ionosphere are not considered. Below we
will try to analyze the problem if the existing
peculiarities of disregarded processes, in par-
ticular — resonant properties of the magne-
tosphere and mode conversion in the iono-
sphere, could put in question some principles
of interpretation of magnetotelluric data.

Nowadays the practical applications of the
ground-based observations of ULF waves are
mainly related with the hydromagnetic diag-
nostics (HD) of magnetospheric plasma and
with the magnetotelluric sounding (MTS) of
the Earth crust. These two approaches were
developed practically independently, though
the problem of their unification has already
been put forward (Gugliel’mi, 1989a,b). In this
review we would like to draw attention to
the problem of «what MTS specialists should
know about magnetospheric field line reso-
nances». As will be demonstrated, the speci-
fics of the MHD wave propagation in the 2.1. Tikhonov—Cagniard model
magnetosphere and the ionosphere can influ-

ence the fundamentals of the MTS theory. Al- The basic physical principles of MTS are
so, it will be shown that hydromagnetic diag- rather clear and are well explained in many
nostics of the magnetosphere could be en- reviews and books (see, for example, Dmitriev
riched by the knowledge of all components of and Berdichevsky, 1979; Van ’jan and Butkov-
a telluric field. sakaya, 1980). The horizontal components of
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the magnetotelluric field E and H, recorded at
the same point of the Earth’s surface, are re-
lated through impedance condition. In its turn
a surface impedance is determined by the dis-
tribution of the crust conductivity o along
depth h. The magnetotelluric problem is re-
duced to the measurement of a surface imped-
ance and the restoration of a dependence o (/)
by the parametric dependence of impedance
on frequency. The characteristics of a crust’s
cross-section are obtained as a result of a fit
of model parameters to the MTS curves.

The physical basis of MTS is the Tikho-
nov-Cagniard (T-C) model based on the fol-
lowing physical considerations. In the atmo-
spheric gap a ULF field has a quasi-static
character, because in this frequency range a
wavelength in the atmosphere is 10°>-10° times
longer than the Earth’s radius. While penetrat-
ing a highly conductive Earth (the condition
of «high conductivity» will be given below),
the ULF electromagnetic field at the Earth’s
surface is characterized by an impedance coin-
ciding with the impedance of a plane vertical-
ly propagating wave. Thus for shortness, will
speak below about T-C model as the model of
a vertically incident plane wave, keeping in
mind a certain incorrectness of this definition.
In general, the transverse components of a
magnetotelluric field near the Earth’s surface
are related by the T-C operator Z, which para-
metrically depends on frequency @ and de-
pends on a distribution of o (h):

E =2 H) @.1)

For the case of stratified media, which con-
stitute a basig of the magnetotelluric theory,
the operator Z is an integro-differential trans-
formation, i.e.

E = J G(r — r')[nH (r")]ds (2.2)

Here n is a versor normal to the Earth’s
surface. the kernel G of an integral operator
can be determined by the spectral impedance
Z"(o, k, k) (Dmitriev and Berdichevsky,
1979). Herewith axes x, y correspond to north-
south and east-west directions, k., and k, are
spatial spectral parameters. ’
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In the case of a vertically incident plane
wave the relation (2.2) results in an extremely
simple form

E, = — Z[nH,] 23)
The equation (2.3) is known in the theory of
radiowave propagation over high-conductive
surfaces as the Leontovich’s boundary condi-
tion. In the magnetotelluric, Z, is the T-C im-
pedance, which is a functional of a conductiv-
ity.

To derive the criteria of practical applica-
bility of a T-C model we will remind the
asymptotic behaviour of Z* for k, = (k} + k)"
= 0. For homogeneous Earth (o = const.), it
has the following form

2

K
8 (k, k) = Z, (1 +i ;

[ iw
where Z, = T o’
o

skin-dept. From (2.4) one can see that if a
field is homogeneous over horizontal scales
which are much greater than the skin-depth
(i.e. d® < 1), then spectral impedance Z”(k,,
ky) coincides with T-C impedance Z, (Wait,
1954).

But T-C model actually has a much wider
range of applicability than it follows from
Wait’s criteria (Price, 1962). It turns out that
when spatial variations of horizontal field
components are linear, then integral operator
(2.2) degenerates to a matrix operator, i.e.

o Z,
{ -4, 0 }

The action of this operator is reduced to a
simple multiplication by Z, Hence, for any
steep linear variation of H(r) at the spatial
scales not less than 3d a formal definition of
T-C impedance is possible.

On the basis of this important conclusion,
many leading specialists in magnetotellurics
made a conclusion about «nearly universal ap-
plicability of T-C model for interpretation of

-12
) 2.4)

d = Qrwo)y™ is a

2= (2.5)
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the MTS data»
1979).

(Dmitriev and Berdichevsky,

2.2. Directional analysis

However for a low conductive layer the
condition of T-C model validity may be vio-
lated. In this case a layer impedance would be
determined not only by a conductivity, but by
a spatial structure of an incident field as well.
As a model of local ULF horizontal structure
it is natural to adopt an inhomogeneous plane
wave, i.e.

(E,H) ~exp (—iox + ik r)

where k= k' + ik’ (2.6)
because the experimental data for all types of
ULF pulsations indicate their horizontal prop-
agation along the Earth’s surface.

The theory of MTS, based on the plane in-
homogeneous wave notion (Dmitriev, 1970;
Tikhonov ez al., 1974), comprises some other
physical effects. The ionospheric currents ex-
cited by a magnetospheric MHD wave can ex-
cite electromagnetic ~ disturbances in the
Earth’s crust via two mechanisms. The first
one, actually assumed above, is an electro-
magnetic induction. Since the atmospheric gap
has some electric conductivity, a galvanic
mechanism, i.e. the penetration of some part
of ionospheric current through the atmosphere
into the Earth is also present. The existence of
these two mechanisms formally reveals in the
splitting of Maxwell’s equations into two in-
dependent sub-systems. One corresponds to H
(magnetic) mode (the above consideration as-
sumes the presence of this mode only) and an-
other to E (electric) mode. These modes have
different partial spectral impedances Z* (o,
K)) and Z© (o, k2 ). Only when the condition
of strong skin-effect k* d” << 1 (or Leontov-
ich’s boundary condition) is fulfilled the im-
pedances of these partial modes coincide
Z" ~ 719 ~ 7, In general case, when E-mode
is allowed, T-C operator 2 comprises not only
an integral term (as in (2.2)), but also an in-
tegro-differential term
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E(r') = f G(r — rH(r)dr +
+ f AG(r—r) LH)ds (i =x, y) 2.7)

where £ is some 2nd order differential oper-
ator (Dmitriev and Berdichevsky, 1979).

Chetaev (1985) developed practical algo-
rithms for splitting an original ULF field into
partial H and E modes, basing on simulta-
neous 6-component ULF data in one point or
E,, H , H, measurements in two points. As a
result, partial surface impedances Z© and Z*
can be determined experimentally. There are
geoelectric  structures where effective skin-
depth in the Pc3-4 range is comparable to a
horizontal field scale (about 100-200 km). In
these cases the partial impedances become de-
pendent on wave propagation characteristics.
Then for wave packets with certain &  the
condition of total reflection from an underlay-
ing layer can be fulfilled. In that case the lay-
er boundary is stressed by the characteristics
of the wave, and partial impedances must
have a pronounced peculiarity near critical
values. This interpretation of MTS data forms
the basis for a new scheme of MTS suggested
by Chetaev (1985). The new scheme of MTS
(so called directional analysis) was verified
experimentally in 1973 and gave a reasonable
profile of upper mantle.

The described above MTS schemes were
based on phenomenological notions about 2
ground-based ULF structure, whereas the
physical mechanisms governing the ULF
propagation characteristics were out of consid-
eration. Let us discuss now why the «magne-
tospheric» aspect of the physics of ULF
waves might be essential for the problems of
MTS data interpretation.

2.3 Resonant structure of ULF field

MHD disturbances from remote parts of
the magnetosphere (for example, solar wind
disturbances, magnetopause surface waves,
magnetosheath turbulence, etc.) propagate in-
side an inhomogeneous magnetosphere and
somewhere transform into Alfven field line
oscillations. In their turn the Alfven waves
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impinging the ionosphere in most cases are
the sources of ULF geomagnetic pulsations
(Pc3-5, Pi2) observed on the ground (Yumoto,
1986). The process of the mode transformation
is most effective in the vicinity of the reso-
nant geomagnetic shells where the frequency f
of the external source coincides with the local
frequencies f,(L) of Alfven field line oscilla-
tions, i.e. f~fy(L) (Chen and Hasegawa,
1974; Southwood, 1974). Formal mathematical
description of the spatial field structure in the
magnetosphere near resonant shells is given
by the qualitative theory of differential equa-
tions (Kivelson and Southwood, 1986; Krylov
and Fedorov, 1976; Krylov et al., 1981).

bx, ) = cw™ + ckln(w) + ...
b(x, f) = din(w) + dy + .
w=x— xi(f) + i€

(2.8)

where x is the coordinate of a magnetic shell;
X, is the point where fi(x) = f; € is the width
of a resonance region; coefficients c; d; are
determined by system geometry, source and
boundary conditions. The expression (2.8) is
valid for arbitrary geometries of geomagnetic
fields and is the generalization of the original
simplified models of the magnetospheric res-
onator (Southwood, 1974, Chen and Hasega-
wa, 1974; Radoski, 1974).

The leading term in the asymptotic expres-
sion (2.8) which describes the resonant singu-
larity of the b, component near a resonant
shell, i.e. when [x — x,(f) |< €, can be present-
ed in the form

i€

m hy(H) (2.9)

bx, f) =

On the grounds of (2.9) the meridional
structure of ULF field can be qualitatively
imagined as the superposition of a «source»
spectrum Ay(f) and a magnetospheric reso-
nance response ~ [x — x,(f) + i€]"". The
«source» part is related with a disturbance
transported by a large-scale fast compressional
mode and it slightly depends on the coordi-
nate. But resonant magnetospheric response
related with Alfven waves excitation is strong-
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ly localized and it causes the rapid variations
of amplitude and phase during the crossing
over a resonant shell. The radial component
b(x, f) has a weaker logarithmic singularity
near resonance, so the resonant behavior of
this component should hardly be noticeable.

After transmission through the ionosphere
the spatial structure of large scale oscillations
remains the same if the wave parameters are
replaced by the rule: b, — D, by—>H, and
€ — €+ h (his the height of the ionospheric
E-layer) (Hughes and Southwood, 1976a,b;
Leonovich and Mazur, 1991a,b; Al’perovich et
al., 1991). The leading term (2.9) which de-
scribes amplitude and phase characteristics of
H component can also be presented in the
form (Gugliel’mi, 1989a):

he()

1—i

where { = (x — x;)/€ is the normalized dis-
tance from the resonant point xz(f), € is the
resonant width, and h(f) is the amplitude of
the pulsation at the resonant point.

The resonant structure (2.9), (2.10) of ULF
pulsations cannot be approximated neither by
a vertically incident plane wave, nor by a
plane inhomogeneous wave. Hence, magneto-
spheric resonant effects may cause distortions
of a standard MTS curve near local resonant
frequency which could be misinterpreted as
false features of the Earth crust structure. This
situation is illustrated in fig. 1 taken from
Al’perovich et al. (1991). As an example 4-
layer geoelectric cross-section with the follow-
ing parameters was chosen: p; = 30 Ohm * m,
h, = 3km, p, =310’ Ohm-m, h, = 50 Km,
p;=3+10> Ohm-'m, h;=50Km, p,=
3-1072 Ohm ' m, h, = . The numerical cal-
culations of the field structure and correspond-
ing impedances were made for a vertically
incident plane wave (solid line) and for a
resonant structure (2.8) at latitudes ¢ = 60°
(dashed line) and ¢ = 55° (dotted line). The
comparison of apparent resistance curves for
classical T-C model p,(7) and for a resonance
structure of the incident field p*(T) shows ad-
ditional extrema near the local resonance peri-
ods (100 sec and 46 sec, correspondingly).

Hx, f) = (2.10)
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Fig. 1. The apparent resistance p(T) curves for
the classical T-C model (vertically incident plane
wave) — solid line and pX(T) for the resonance
structure of the incident field (latitude ¢ =60° —
dashed line; ¢ = 55° — dotted line) above 4-layer
geoelectric structure.

Deflection of two curves reaches 30%. Dis-
tortion of MTS curves by resonant effects
would be especially pronounced above low-
conductive layers.

Recent experimental studies of the reso-
nance effects role in the formation of a local
meridional ULF structure proved the predic-
tions of the resonance theory. Hence the un-
ambiguous application of standard MTS meth-
ods requires a preliminary hydromagnetic di-
agnostics (HD) of magnetospheric resonance
frequencies in a region under study. This fact
demonstrates once again the necessity of uni-
fication of two approaches to the use of geo-
magnetic pulsations — HD and the magnetotel-
luric sounding (MTS) (Gugliel’'mi, 1989a; Pili-
penko, 1990).

Below, some examples which illustrate the
fruitfulness of such «combined» approach and
indicate new opportunities for HD will be
considered.

3. Possible input of electric mode in the
ULF pulsation structure

The presence of E-mode modifies the im-
pedance relations for spectral components e,
h, of a telluric field
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e, =Z%h, + AZ(k k h, — kZ’h,)

Xy
€y = — Z(h)l'l'r + AZ(kyzh,r - k«‘kyhv")
Z(h) _ Z(e)
Rt E

In a classical magnetotellurics the input of
E-mode is considered to be negligible and the
terms with a difference of spectral impedances
~AZ in (3.1) are ignored (Berdichevsky ez
al., 1971). The theoretical calculations of the
magnetospheric  MHD  wave transmission
through the ionosphere (Al’perovich and Fe-
dorov, 1984a,b; Pudovkin er al., 1984) show a
very low effectiveness of E-mode excitation.
In essence, the rate of the E-mode generation
by magnetospheric processes should be pro-
portional to the rate of magnetospheric verti-
cal current penetration into a low-conductive
atmosphere. For all theoretical models and for
a wide range of ionospheric and pulsation pa-
rameters the vertical component of ULF elec-
tric field in the air near the Earth’s surface
does not exceed several V/m. Direct E, mea-
surements in the air recorded E, variations in
the ULF frequency range with amplitudes less
than 10 V/m (Chetaev et al., 1975; Chetaev et
al., 1977). As follows from some estimates
(Berdichevsky et al., 1971) an E-mode can
give an essential input into the pulsation struc-
ture and must be taken into account in MTS
studies only when the magnitude of vertical
electric field component in the air exceeds 10°
V/m.

On the other hand, some authors (Tikhonov
et al., 1974; Chetaev, 1985; Savin et al., 1991)
suggested that many experimentally observed
paradoxes of magnetotellurics (non-orthogo-
nality of £ and H ellipses, large magnitudes of
J- in bore-holes, opposite rotation of £ and H
polarization ellipses, etc.) cannot be resolved
without regard for E-mode existence. They
supported their conclusions by the experimen-
tal checking up of the directional analysis al-
gorithms for dayside Pc3 pulsations (Chetaeyv,
1985; Savin et al., 1991). In their experiments
with a 6-component telluric Pc3 field regis-
tration, the large vertical electric currents in
bore-holes reaching 10™® A/m? were detected.
The authors ascribed these intense currents to

(3.1)
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an incident ULF field and not to the influence
of geoelectric inhomogeneities. Consequently,
the conclusion about an essential input of E-
mode in the ULF structure was made. In
many events partial modes of E-type turned
out to be even prevailing. Finally, the direc-
tional method of MTS gave a reasonable pic-
ture of an upper mantle vertical structure
(Chetaev, 1985).

So far there is some uncertainty concerning
the possible input of E-mode in the structure
of geomagnetic pulsation field and its role in
magnetotellurics, in particular, interpretation
of bore-holes observation data. This problem
is still open and its solution requires special-
ized 6-component observations of ULF pulsa-
tions, including the atmospheric vertical elec-
tric field registration. Reliable techniques
which will allow to separate a vertical electric
field and currents, induced correspondingly by
lateral inhomogeneities and by an incident
ULF wave, should be developed in greater de-
tail.

. Hydromagnetic diagnostics of the
magnetospheric plasma parameters by
the data of ground based observations

The above discussion shows that, for cor-
rect MTS or HD, effective and simple meth-
ods of operative determination of the resonant
frequency distribution in a given region
should be elaborated. With this aim in mind,
below we will analyze various ground-based
methods of determination of f, and its merid-
ional gradient. Frequencies of a fundamental
mode of field line Alfven oscillation and its
harmonics may vary considerably in space
(from 10 sec at low latitudes till 10 min at
high latitudes) and in time. In fact, f depends
on geomagnetic field B,, magnetospheric plas-
ma density distribution n, ion plasma compo-
sition, and all these parameters vary consid-
erably (by order of magnitudes and more)
with local time and with the magnetospheric
activity. Therefore, near real-time monitoring
of Alfven resonant frequencies is desirable for
a productive MTS. Below we will describe
some methods of f, determination with the use

24

of the same magnetotelluric data. Both well-
known methods, as well as relatively new
ones are considered and compared.

4.1. Gradient method

Investigations of the ULF spatial structure
have been conducted for tens of years, but on-
ly in the last decade the fundamental role of
an Alfven field line resonance in the forma-
tion of a meridional structure of ULF pulsa-
tions at all latitudes was demonstrated. De-
spite the extreme simplicity of the resonance
model (Southwood, 1974; Chen and Hasega-
wa, 1974), a theoretically predicted amplitude
and phase meridional structure well corre-
sponds to the experimental local structure of
various types of ULF waves at sub-auroral
and middle latitudes: Pc5 (Walker et al.,
1979), Pc4 (Green, 1978; Baransky et al.,
1985, 1989), Pc3 (Fukunishi and Lanzerotti,
1974; Best et al., 1986) and even Pi2 (Pili-
penko et al., 1988). It was found that the ex-
istence region of Alfven resonance spreads till
rather low latitudes (L < 2). The resonant am-
plification of high-frequency Pc3 band at
L = 1.5-1.7 was noticed by Hattingh and Sut-
cliffe (1987), Waters et al. (1991), Vellante et
al. (1989), Green et al. (1992).

The principal problem of the experimental

fo(L) determination consists in the fact that in

most events the input in a spectral content of
ULF pulsations from resonant magnetospheric
response and the one from «source» are com-
parable. So in most cases a spectral peak does
not correspond to a local resonant frequency,
and the width of a spectral peak cannot be
directly used to determine the Q-factor of the
magnetospheric resonator. Usually, reasonable
results are obtained with the use of statistics,
but for individual events the results are con-
tradictory. This ambiguity can be resolved
with the help of the listed below experimental
methods, in particular — the gradient method
proposed by Baransky et al. (1985). The preci-
sion measurements of gradients of spectral
amplitude (desirably — phase also) at a small
base allow to exclude an influence of a source
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spectrum form and to reveal even relatively
weak resonant effects.

Here we will summarize the simple rela-
tionships stemming from function (2.10) prop-
erties which describe the changes in the ULF
spectral characteristics between two near-by
stations along a meridian.

The ratio between amplitude spectra and
the difference of phase spectra of ULF H-
components, recorded in points x, and X,
(x, > x,) have the following form:

_H @ nl 1+ 8\
= e ) (1 n cz) @D
Ap(f) = arctg(ﬁ%) 42)

In a schematic way these model functions
G(f) and A@(f) are shown in fig. 2. We will
stress the typical features of these functions:

a) G(f)) =1 when { = — ¢, ie. at point
Xp(f)) = (x, + x,)/2 = x, laying between two
stations;

b) G(f) reaches extremal values G cand G_
at certain points x,(f.) = x, * [€* + (Ax/2)]]"2,
where Ax = X~ Xy

¢©) G.G_=1and G, — G_= Ax/E;

d) Ag(f) reaches extremal value Ag* =
2arctg(Ax/2€) at resonant frequency f, = fo(x.).

The given above properties of functions
G(f) and A@(f) allow to estimate the reso-
nant frequency of the field line between the
stations (a,d); the width of a resonant peak €
(c,d); magnitude and sign of an Alfven fre-
quency gradient in the magnetosphere (b,a,d).
All these relationships constitute, in essence,
the practical background of the gradient meth-
od and they were used in one or another form
elsewhere (Baransky er al., 1985, 1989, 1990;
Kurchashov ef al., 1987; Waters et al., 1991).

From the point of view of the theory of
signals (Bendat and Piersol, 1986) the analysis
of the gradient measurement data represents
the problem of estimation of linear system pa-
rameters with one input and two outputs. An
input signal X,(f) is produced by a joint un-
observed source (magnetospheric disturbance),
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and output signals X,(f) (i = 1,2) (at ground-
based stations) are a superposition of an input
signal passed through the magnetospheric res-
onator with transfer function H(f) = |H e
and additive non-correlated noise Z(f).
Cross-spectral analysis gives the estimates of
auto and cross power spectra I, I, I,
which are related with unknown spectral pow-
er densities of input signal I}, and of noises
N, Ny, by relationships

I, = 'HIIZI—Z)O + N,
ry,= 'Hzlzl—bo + N,
I, = HxH,I,

“4.3)

Formally, the existing information is not
sufficient for the determination of the ratio
H,(f)/H (f) which depends on the needed pa-
rameters of the magnetospheric resonator. But
if one supposes that ratio signal/noise N, /T,
is the same at two stations, then from 4.3)
one can determine the amplitude and phase
parameters of the system:

|H2/H1' = (Fzz/ru)l/z
Iml,
T

el},

4.4)

Then the calculated according to (4.4) am-
plitude and phase characteristics of ULF sig-
nals at two stations of a meridional profile can
be compared with functions (4.1), (4.2) result-
ing from the theory of magnetospheric resona-
tor.

However, all the developed above ideology
of the gradient method can be applied only
when both stations are situated in the same
geoelectrical conditions. The lateral geoelectri-
cal inhomogeneity, especially when the condi-
tion of a strong skin-effect is violated, may
substantially distort a resonant structure of
pulsations. The disturbing influence of geoe-
lectrical structure would be mainly seen in the
behavior of the component oriented across the
structure’s spreading. Above a rock with high-
er conductivity an abnormal magnetic field
DH increases and an additional phase shift
A¢’ >0 as compared with the incident field
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|

A*

f

A¢°(0)

Fig. 2. Schematic plots of the amplitude spectra ratio G (f) and phase spectra difference A¢(f) be-
tween two near-by stations, as predicted by the resonance theory.

appears. This phase shift can reach values up
to A¢’ ~ (180/m)AH/H.

The theoretical modification of the gradient
method of HD for the case of a crust geoe-
lectrical inhomogeneity requires numerical
calculations of a complicated self-consistent
problem. For the elimination of geological in-
fluence one may attempt to use the following
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simple phenomenological method. Let us sup-
pose that the influence of a geoelectrical in-
homogeneity can be expressed as some coeffi-
cient M, which the ratio G = H™/H® is mul-
tiplied by; and an additional phase shift A¢’,
which is added to the phase difference
Ap= ¢ — ¢?. Then the -experimentally
measured functions G’ and A¢' will be pre-
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sented in the form: G’ = MG and Ag' =
Ag + A¢’. Further, we will neglect a weak
dependence of the unknown coefficients M(f)
and AQ(f) on frequency for a limited frequen-
cy band near resonant frequency, as compared
with G(f) and Ap(f) (3.1), (4.1). The coeffi-
cient M can be found experimentally from the
following set of simple relationships resulting
from the properties (c) of function G():

G, =MG,,G'_=MG._, GG, =1 45)

Finally, the correction coefficient for am-
plitude ratio can be estimated as
M=VG G, (4.6)
As a rough estimate of A¢®, the constant
level of phase shift away from resonant phase
excursion can be taken. So, the amplitude ra-
tio (3.1) and phase difference 4.1) will be
shifted to the new levels M and A¢” (see fig. 2).
The modified gradient method was successful-
ly applied to the data processing of Soviet-
American experiment in Kirgizia (Green ez
al., 1992).
The meridional gradient of Alfven frequen-
Cy can be roughly estimated from the data of
gradient measurements as

Y LZE e+ qupprn @)
ox  x, —x.

The gradient method can be used even for
the restoration of smooth Jx(L) profile in a
limited interval of latitudes. The properties
(a,b,c) of G(f) function give possibility to esti-
mate the width of resonance €, and 3 resonant
frequency f,, f., f_, of field lines crossing the
meridian between two stations (x =x,) and at
some points to the north and to the south
(x =x_, x =x,). Then the dependence of res-
onant frequency on latitude J#(®@) can be ap-
proximated by some function, for example
& = kcos” @fsin @, The unknown parameters
of this distribution can be determined by a
least square fit to 3 experimentally determined
values. This method of f,(L) restoration was
suggested and applied in Baransky et al.,
(1989).
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4.2. Amplitude-phase gradient method

This modification of a gradient method en-
ables one to determine the resonant frequency
as a function of distance between two obser-
vation points of the Earth (GuglieI’'mi et al.,
1989). Assuming that the dependance of the
complex amplitude H(f, x) has the form of
(2.10) and using the measurements of H at
two points x, and x,, a system of two linear
equations with complex coefficients and three
unknown parameters x,, €, hy can be ob-
tained. As a result, according to the measure-
ments of phase difference ®(f) = D — D,
and amplitude ratio h(f) = |H,|/|H,|, one can
obtain the dependance of the resonance posi-
tion on frequency Xe(f) and resonance width

X(f) — x - 1 — A cos (D) @38
Ax h*— 2h cos (D) + 1
€ h sin (@) @.9)

X, = X, —hz—thos((D)-i-l

As usual the value 4 =1 corresponds  to
the local resonant frequency f, of field line
between the stations, i.e. Xe(fa) = (x; + x)/2.
The gradient of f, at this point can be estimat-
ed by formula

if~a~h‘11— D))/Ax  (4.10)
o <af)( cos (P) 4.

As before, the distribution of resonant fre-
quency on L-value can be restored, after re-
versing of dependance (4.8).

4.3. Multi-point gradient method

For the restoration of a continuous Jr(L) pro-
file another method proposed by Gugliel’mi
et al. (1989) can be used. This technique only
uses the amplitude measurements of H-com-
ponent at a meridional net of stations (not less
than 3). The following algorithm should be
applied:

— a distribution H.(x) (x; — station’s coor-
dinate) for each frequency f is plotted;
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— a local maximum x, at every frequency f
is determined;

— a dependence x,(f) is interpolated to
obtain a smooth curve xi(f);

— a curve x(f) is reversed to obtain f =
f (xg) plot.

This scheme was tested for the restoration
of f(L) profile by Pc5 pulsations at meridion-
al network near Norilsk (Gugliel’'mi et al.,
1989).

5. Polarization methods of the ULF
resonant structure study

The mentioned above remarkable asym-
metry of resonant properties between various
components of the ULF field prompts that res-
onance effects would manifest themselves not
only in the spatial structure, but in their polar-
ization properties too. On the basis of this
idea a number of polarization methods of f
determination were suggested. These methods
could supplement the gradient method and
could even be used for diagnostics of fi(x)
distribution by the data of one station only.

5.1. Polarization of horizontal magnetic
components

Polarization of horizontal magnetic compo-
nents is the sensitive indicator of spatial ULF
structure. As (2.8) shows, the resonant re-
sponse of the magnetosphere is characterized
by a pronounced asymmetry of H and D com-
ponents. At the same time a source spectrum
is imposed on both components in the same
way. Hence, even when a resonance response
is masked by a source spectrum nevertheless a
ratio H(f)/D(f) demonstrates the maximum at
a resonant frequency. The ratio of the spectra
of horizontal components H/D for the determi-
nation of a local resonant frequency was suc-
cessfully used in Baransky (1990) and Green
et al. (1992).

The useful information about pulsations
structure is hidden in polarization parameters —
ellipticity k¥ and orientation of main axis y.

28

Keeping the leading asymptotic terms in the
solution of MHD equations which describes a
transverse wave structure in the magnetosphe-
re near resonant field line, i.e. when s =
(x — xp)/xg < M (N = E/x, is a normalized res-
onance width), one can obtain (Chen and Ha-
segawa, 1974; Hasegawa, 1978)

bx/by =g+ ih
g = mnin(n)
h =mn(m/2 — s/n — ()

(5.1)

The parameters g and h are related with
ellipticity k& and angle y by known formulae
(Hasegawa, 1978). As follows from (5.1) at
some critical frequency, close to resonant one,
the polarization of pulsation becomes linear
and the sense of rotation changes. But because
of rather low Q-factor of a real magnetospher-
ic resonator n = 107", the effect of a polar-
ization switch would be hardly noticeable dur-
ing ground-based observations in contrast with
the expectations of the resonance theory
(Chen and Hasegawa, 1974; Southwood,
1974). Moreover, the polarization features of
horizontal magnetic components are difficult
to use for a practical determination of a reso-
nant frequency, because the shift of a polar-
ization switch point from a resonant one de-
pends on a number of hardly known param-
eters — azimuthal wave number m, scale of
magnetic field inhomogeneity and plasma ani-
sotropy. Nevertheless, the polarization param-
eters can give additional information about the
direction of an azimuthal phase velocity and
sign of radial gradient of Alfven velocity in
the magnetosphere according to the data of
one station only. For that purpose only the
signs of ellipticity k£ and angle y can be used.

5.2. Resonant properties of the vertical
magnetic component

The vertical component of ULF magnetic
field is a sensitive indicator of inhomogeneity
of both the ULF field and crust conductivity.
So, the use of H, component data might be
very promising for the elucidation of resonant
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features of the geomagnetic pulsation spatial
structure.

In a case of strong skin-effect (this condi-
tion is well fulfilled for typical Pc3-4 pulsa-
tions over low-resistive crust) the relationship
between vertical and horizontal magnetic com-
ponents of the ULF field is given by the fol-
lowing formula (Wait, 1982; Gugliel’mi,
1989b):

icZ, .
Hx, f)= ﬁ (divH, + H VZ) (5.2)

For regions with homogeneous conductiv-
ity of the Earth’s crust, estimates show that
the second term of the above equation can be
neglected for typical Pc3-5 and Pi2 pulsations
(with the exception of specific classes of pul-
sations, e.g. Pg). Then

icZ, oH
H(x,f) = o e T
X

Under these conditions, as follows from
(2.8), (5.3), the resonant effects in the behav-
ior of H, component might be even more pro-
nounced than in H-component. This conclu-
sion was supported by the experiment at me-
ridional profile near Boulder (Green er al.,
1991).

The complex value of the surface imped-
ance Z, in (5.3) can be determined with a pre-
liminary study of the Earth’s crust or it can be
excluded from consideration with the help of
impedance relations (2.3). In latter case the re-
lationship between components H, and E, will
be given as )

(5.3)

bJE, = — é 1+ i (5.4)

The qualitative plot of amplitude curve b/
E[~0+ " and a phase one V= arg
b, — arg E, = 1 — arctg({) are shown in fig. 3.
Just at the frequency of an Alfven resonance
J=J the ratio |H/E | has a local maximum,
and the components /, and E, must be in an-
ti-phase. The slope of the curve W(w) at the
frequency f=f, is determined by the reso-

nance width € and by the Alfven frequency
gradient:

e\ )., '

This formula can be used to estimate of a
local Alfven frequency gradient in the magne-
tosphere.

Through the use of H, and other compo-
nents of the ULF field it is possible even to
reconstruct the functional dependance Jx() in
the vicinity of the observation point, with the
data from a single station. From (5.4), the dis-
tance between the observation point (x = 0)
and the resonant shell x(f) as well as the

4

I fz/Eyl

T f

Fig. 3. Schematic plots of the relationships be-
tween spectra of H, and E, components: a) ratio of
amplitudes; b) phase difference.
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width of the resonance &, can be determined
by

C
Xy = —|EJH ] sin (1)
(5.6)
.
=-—|E
€=~ I|E/H|cos (W)

The relationships -obtained allow the use of
multicomponent data as «distance meter» for
the determination of the distance to the reso-
nant field line at a given frequency f (Gu-
gliel’'mi, 1989a). Reversing the dependence
(5.6) xx(f) — fzx(x), the distribution of reso-
nant frequency fr(x) can be restored in the vi-
cinity of the observation point.

6. Concerning group velocity of ULF
signals along the Earth surface

While investigating the wave properties of
ULF pulsations by the data of ground-based
observatories, it is possible to measure not on-
ly a phase delay between stations but a group
velocity as well. For that purpose, for exam-
ple, a spectral-temporal analysis can be used.
Then a group delay can be determined by the
shift between the wave packet envelopes at
two stations. One may expect that a group ve-
locity calculated in this way indicates the en-
ergy flux propagation and helps to reveal a
physical source of a wave signal.

But the resonant wave transformation in
the magnetosphere may raise doubts about this
obvious, as it seems, approach. In fact, phase
V,, and group V, velocities of a pulsation
packet between stations separated by Ax,
could be formally defined according to stan-
dard formulas:

V.=  Ax
" AQ(w)
(6.1)
V‘:i( W >:_l_d(p(w)
Y do\ V(o) Ax  dw

From the latter formula it follows, that at
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specific frequency, where do(w)/dw— O,
V,. — @, i.e. wave packet propagates with su-
per-light velocity. But the resonance theory
just predicts that a phase delay has an extre-
mum at a resonant frequency (see fig. 2).
Hence, the formal application of (6.1) to me-
ridional propagation of an ULF packet with
central frequency near local resonant one
would give a non-physical result.

The reason for the above paradoxis con-
sists in the fact that in the region of an Alfven
field line resonance the standard expression
(6.1) turns out to be invalid. Let us remind,
following (Ginzburg, 1970), that the «classi-
cal» formula V, =dw/dk is derived only
when A@(w) could be presented as a linear ex-
pansion near central frequency @,

Ap(w) = Ap(w,) + ¢ (W) (0 — @) +

1
+ 5 ¢ (W)@ — @) + ... 6.2)

Only when non-linear terms in (6.2) are
small, a wave impulse slightly changes its
form at a wave length and propagates as a
whole with group velocity (6.1). In the reso-
nance region, ¢'(@, — 0 and higher terms
~ (@ — @y)* in expansion (6.2) become essen-
tial. Then the form of an impulse is severely
distorted and the notion of a group velocity
becomes ambiguous. The correct treatment of
a problem requires special calculations for a
particular packet form (Ginzburg, 1970). So,
in fact, an Alfven field line resonance region
manifests itself for a pulsation packet as a re-
gion with anomalous dispersion for electro-
magnetic waves. Hence the determination of
the ULF group velocities along a meridian
should be performed with great care.

7. Conclusions

By this review we have attempted to draw
the attention of geophysicists to the necessity
to merge the theory of the magnetospheric
MHD waves and the MTS methods. Disregard
of one of these aspects of ULF physics may
lead to principal errors. For example, the in-
fluence of lateral geoelectrical inhomogeneity
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may obscure the magnetospheric resonance ef-
fects in the ground-based structure of ULF
pulsations, which makes the HD impossible.
In their turn, the resonant effects cause the
distortions of MTS curves that may be misin-
terpreted as some features of a geoelectric
structure.

Simple modification of the gradient method
described above allows to exclude in zero-ap-
proximation the influence of geology and to
reveal the resonance effects. But this method
requires a theoretical justification. For that
purpose numerical calculations of a complex
problem of the resonant ULF field reflection
from laterally inhomogeneous geoelectric
structure should be done.

The new methods of HD which use multi-
component structure of a magnetotelluric field
seem rather promising. These methods should
be experimentally verified and the results
must be compared with other HD methods
(f.e. gradient one). It would be especially in-
teresting to apply these methods for the study
of the role of resonant effects near plasma-
pause projection and at very low latitudes.
That would enable to study the peculiarities of
an Alfven resonance at steep gradient and to
determine experimentally an equatorial border
of the ULF field line resonance.

As was demonstrated above, the bandwidth
near resonance frequencies should be excluded
from the conventional «local» MTS scheme.
But the resonance spatial structure is well de-
scribed by the model function (2.9), (2.10)
with parameters x,(f), €, which can be deter-
mined from experimental data. Hence a «spec-
tral» scheme of MTS, which uses the spectral
transformations given by (3.1), could be ap-
plied (Dmitriev and Berdichevsky, 1979). This
scheme allows to determine the distribution of
O(z) averaged over a region under study.

A very promising approach is the study of
statistical properties of ULF time series rec-
orded at magnetic network. Polyakov and Po-
tapov (1989) demonstrated the possibility to
separate a «source signal» and a «resonance
response» in (2.9) with the use of the statisti-
cal theory of oscillations. New information
about irregular properties of a crust conductiv-
ity («turbidity of a crust medium») could be
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obtained with the «statistical theory of MTS».
The attempts to develop such theory were re-
ported in Treumann and Shafer (1977).

The regular monitoring of the dynamics of
geoelectric conductivity in seismoactive re-
gions with the use of MTS methods might
play an important role in the solution of an
earthquake prediction problem. For successful
application of MTS methods it will be essen-
tial to choose the parameters of magnetotellur-
ic ULF variations for which a magnitude of
the expected anomalous effect and the sensi-
tivity to the conductivity dynamics are highest
(Sholpo, 1990). Probably, the optimal spectral
parameters should correspond to the strong
skin-effect limit near the boundary of a seis-
mic source. On the basis of the existing
knowledge of natural ULF field structure new
algorithms for the detection of seismo-magne-
totelluric anomalies could be developed.

Acknowledgements

We acknowledge the useful discussion of
the theoretical and observational aspects of the
considered problems with L. Baransky, A.
Green, W. Worthington, L. Van’jan.

REFERENCES

AvL’PEROVICH, L.S. and E.N. Feporov (1984a): Propaga-
tion of hydromagnetic waves through the ionospheric
plasma and spatial characteristics of geomagnetic var-
iations, Geomagn. Aeron., 24 (4), 650-657.

AL’PEROVICH, L.S. and E.N. FEporOV (1984b): The role
of the finite Earth’s conductivity in a spatial distribu-
tion of geomagnetic pulsations, /zv. Akad. Nauk SSSR,
Fiz. Zemli, 11, 90.

AL’PEROVICH, L.S., ENN. FE»pOROV and T.B. Os’MAKOVA
(1991): About peculiarities of a telluric field near reso-
nant magnetic shell, Izv. Akad. Nauk SSSR, Fiz. Zemli,
7, 60-71.

Baransky, L.N., JE. Borovkov, M.B. GOKHBERG,
SM. KryLov and V.A. Trortskava (1985): High
resolution method of direct measurement of the mag-
netic field lines’ eigenfrequencies, Planet. Space Sci.,
33, 1369.

Baransky, LN., S.P. BeLokrys, Yu.E. Borovkov,
M.B. GokHBERG, E.N. Feporov and C.A. GREEN
(1989): Restoration of the meridional structure of geo-
magnetic pulsation fields from gradient measurements,
Planet. Space Sci., 37 (7), 859-864.

BaraNnsky, L.N., S.P. BELokris, YU.E. Borovkov and





